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Editorial on the Research Topic 


The role of angiogenesis and immune response in tumor microenvironment of solid tumor


The microenvironment of solid tumors consists of unrestricted proliferating tumor cells, cancer-associated fibroblasts (CAFs), stroma cells, immune infiltrations, and blood vessels. It is generally recognized that immune system has involved in initializing tumorigenesis, regulating tumor progression, and affecting the effect of tumor therapy (1–4). Within the tumor microenvironment, immune infiltrations and the formation of neoplastic neovascularization are critical for supporting tumor progression (5–8). In recent years, specific genes and molecular patterns, associated with immune response and angiogenesis, have been discovered as predictors of tumor treatment and patients’ prognosis, and as targets of tumor immunotherapy and combined therapy (9–12). Under the circumstance that both antiangiogenetic therapy and immunotherapy have renovated tumor treatment and inspired medical explanation, this Research Topic collected 15 scientific studies focused on tumor immune microenvironment, tumor immunotherapy and antiangiogenetic therapy.

Angiogenesis is considered a significant event in the tumor microenvironment that affects immune infiltrations. Li et al. disclosed the important role of N6-methyladenosine (m6A) modification in synergizing with complex perivascular pathological ecology to mediate the immunosuppressive tumor microenvironment in low-grade glioma (LGG). By means of bioinformatic analysis, the authors elucidated the relevance of the angiogenesis-related genes and m6A regulators (MAGs), and established a high-performance gene-signature (MASig) that revealed somatic mutational mechanisms by which MAGs affect the sensitivity to treatment in LGG patients. This study provided a novel strategy for supporting the development of precision diagnosis and treatment on patients with LGG. As a novel selective vascular endothelial growth factor receptor 2 inhibitor, apatinib expanded the scope of antiangiogenetic therapy. Li et al. overviewed the pharmacological properties of apatinib, relevant molecular mechanisms, and its latest clinical applications. The authors shed lights on the monotherapy and combined application of apatinib with immunotherapy on patients with advanced, chemotherapy-refractory digestive system cancer.

Within the tumor microenvironment, residing microbiota emerge as a research hot spot in immune response. Xu et al. discovered that Actinomyces and Schaalia cardiffensis were the essential microbiota in the sporadic young-onset colorectal cancer (CRC) group. The Actinomyces in CRC was found to be co-localized with CAFs and activated the TLR2/NF-κB pathway and reduces CD8+ T lymphocyte infiltration in CRC microenvironment, providing a potential promising non-invasive tool and intervention target for anti-tumor therapy. Dazzling interactions within the tumor microenvironment raise various explorations in gene patterns of solid tumors. Shen et al. revealed that the expression levels of ETV1 and ETV5 are positively associated with the poor prognosis of CRC patients. Based on multiple bioinformatic databases and a single cohort, the intersections of various analysis highlighted ETV1 as a significant convergence of tumor progression and immune infiltrations, especially CAFs and M2 tumor-associated macrophages (TAMs), hence providing a potential target for CRC treatment. Cao et al. took an in-depth look at the effect of mitochondrial energy metabolism pathway-related genes (MMRGs) on tumor progression, tumor immunity and prognosis of patients with colon adenocarcinoma (COAD). Innovatively, the authors proposed a novel risk model and different COAD subtypes characterized by MMRG patterns, which prompts classification of patients with different prognosis. In addition, Yu et al. identified SPP1-positive macrophages might correlate with cell senescence and lead to poor prognosis of CRC. They presented a novel prognosis model based on senescence-related genes which reflected immunosuppressive tumor microenvironment. Wang et al. identified 34 insertion genes as oxidative stress- and ferroptosis-related genes (OFRG) and developed an OFRG-related prognostic signature to predict the prognosis and therapeutic response in patients with CRC. The study provided a novel tool to precisely distinguish cold and hot tumors in CRC on gene expression pattern level. Li et al. revealed a panoramic view of tumor-related inflammatory cytokines of CRC. Differential expression patterns of cytokines in peripheral blood were related to distant metastasis and the size of the primary tumor, prompting chemokines and cytokines may be potential prognostic factors and targets for treatment. Weng et al. focused on the epithelial-to-mesenchymal transition related gene alternative splicing (AS) event in pancreatic ductal adenocarcinoma (PDAC). The study found that AS events of TMC7 and CHECK1 were associated with liver metastasis in PDAC, especially exon 17 of TMC7 could be a potential therapeutic target in PDAC. Sang et al. came up with a novel gastric cancer (GC) prognostic model and a GC immune stratification based on the tumor microenvironment gene expression patterns from an individual GC cohort. Connective tissue growth factor was reported to be overexpressed in GC and exhibited a significant correlation with the abundance of fibroblasts, potentially related to CAFs. This study provided a novel perspective from tumor microenvironment to further explore carcinogenesis and tumor treatment. Xu et al. emphasized FOXP2 as an immune regulatory factor in thyroid cancer. From the macro perspective, the authors revealed that FOXP2 may affect tumor microenvironment and immune infiltrations, thus providing a new potential diagnostic and prognostic marker of thyroid cancer.

To shape the tumor microenvironment, and revert the immune desert phenotype of malignancy for anti-tumoral immune augmentation, researchers exhibit various explorations. Han et al. comprehensively reviewed the application of ultrasound-target microbubble destruction treatment in adjuvant tumor immunotherapy and its effect on tumor microenvironment modulation, especially on tumor angiogenesis and shaping immune infiltrations. Zhao et al. proposed a novel combination of losartan and doxorubicin hydrochloride liposome (Dox-L) in assisting anti-programmed cell death-1 immunotherapy treating triple-negative breast cancer (TNBC). The authors revealed that losartan could deplete extracellular matrix and facilitate the delivery of Dox-L, and by which the combined therapy was characterized as promoting dendritic cell maturation and reprogramming M2 TAMs to M1 TAMs, thus normalizing immunological-cold tumor microenvironment of TNBC to optimize the immunotherapy. Rahmy et al. developed a beta-90kD heat shock protein selective inhibitor NDNB1182 that induces cytotoxicity to cancer cells rather than causing heat shock response. By means of mouse models of prostate cancer and breast cancer, the authors proved that NDNB1182 collaborated with immune checkpoint blockade therapy, exhibited a synergistic anti-tumoral effect, and showed superior tolerability to pan-Hsp90 inhibition. In this journey, cancer vaccine is unique in tumor prevention and treatment. Jia et al. summarized different categories of CRC vaccines and demonstrated the current scenarios of relevant clinical trials. Especially, they focused on the latest advancements of CRC nano-vaccines and neoantigen vaccines, providing the trends in CRC vaccine development.

In summary, the studies included in this Research Topic exhibit the latest advances in angiogenesis and immune response in the tumor environment of solid tumor. We would like to express our sincere gratitude to all authors, reviewers, editors, topic editors and the editorial team of Frontiers in Immunology for their devotion and assistance in the process of reviewing and publishing all these studies in this Research Topic. In-depth explorations in tumor immune microenvironment and tumor antiangiogenetic therapy promises to move researches in tumorigenesis, tumor progression and tumor treatment a step forward in the next decade.
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Angiogenesis is a complex process in the immunosuppressed low-grade gliomas (LGG) microenvironment and is regulated by multiple factors. N6-methyladenosine (m6A), modified by the m6A modification regulators (“writers” “readers” and “erasers”), can drive LGG formation. In the hypoxic environment of intracranial tumor immune microenvironment (TIME), m6A modifications in glioma stem cells are predominantly distributed around neovascularization and synergize with complex perivascular pathological ecology to mediate the immunosuppressive phenotype of TIME. The exact mechanism of this phenomenon remains unknown. Herein, we elucidated the relevance of the angiogenesis-related genes (ARGs) and m6A regulators (MAGs) and their influencing mechanism from a macro perspective. Based on the expression pattern of MAGs, we divided patients with LGG into two robust categories via consensus clustering, and further annotated the malignant related mechanisms and corresponding targeted agents. The two subgroups (CL1, CL2) demonstrated a significant correlation with prognosis and clinical-pathology features. Moreover, WGCNA has also uncovered the hub genes and related mechanisms of MAGs affecting clinical characters. Clustering analysis revealed a synergistic promoting effect of M6A and angiogenesis on immunosuppression. Based on the expression patterns of MAGs, we established a high-performance gene-signature (MASig). MASig revealed somatic mutational mechanisms by which MAGs affect the sensitivity to treatment in LGG patients. In conclusion, the MAGs were critical participants in the malignant process of LGG, with a vital potential in the prognosis stratification, prediction of outcome, and therapeutic sensitivity of LGG. Findings based on these strategies may facilitate the development of objective diagnosis and treatment systems to quantify patient survival and other outcomes, and in some cases, to identify potential unexplored targeted therapies.
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Introduction

Low-grade gliomas (LGG, World Health Organization, WHO II and III) consist of diffuse low- and moderate-grade gliomas (1). Unlike glioblastoma (GBM, WHO IV), with a 5-year survival rate of only 5.6%, LGG has a median survival period of more than seven years and is relatively less invasive (2). GBM and LGG possessed considerable heterogeneity in pathological characteristics and clinical results (3). Traditionally, patients with grade II gliomas harbored a better prognosis than that of grade III. Still, since the WHO redefined the grade of gliomas in 2016, changes in molecular pathology have been considered (which can be objectively determined) more important than this grade level. Excitingly, a set of genetic features (which is something subjective and tumor tissue-dependent) that are specific to LGG and are closely related to histological and clinical outcomes were identified (4). These genetic markers mainly include high-frequency mutations in genes encoding isocitrate dehydrogenase (IDH) 1 and 2, and codeletion of chromosomal arms 1p and 19q (1p/19q) (5, 6). The TCGA Cancer Research Center proposes to divide LGG into IDH wild-type (IDHwt), and additionally IDH mutants (IDHmut-non-codel) with euploid 1p/19q and IDH mutants (IDHmut-codel) with 1p/19q deletion (4, 7, 8). Although surgical resection, postoperative radiotherapy, and chemotherapy can prolong the survival time of patients, the recurrence outcome is inevitable. Despite the specific treatment for the above classification, the prognosis of LGG is still not significantly improved. Therefore, selected key gene sets for stratification of LGG patients and construction of tumor prediction models could provide new strategies for more precise molecular subtyping and corresponding personalized treatment.

The role of RNA in tumor processes has gradually gained attention in the past decade and has quickly become a focus area for cancer research (9–12). Adenosine N6-methyladenosine (m6A) was considered to be the most common internal modification (10). The accumulation of m6A modification was regulated by methyltransferases (“writers”), including methyltransferase like 3/14 proteins (METTL3/14) (13, 14) and cofactors WTAP (15), RBM15/15B (16), KIAA1429 (VIRMA) (17), and ZC3H13 (18). The realization of m6A biology function depends on the “readers”, include YTHDC1/2 (19), YTHDF1/2/3 (20), HNRNPA2B1 (21), IGF2BP1 (22) and EIF3A (23). As the function of specifically removing the methyl from modified mRNAs, “erasers” mainly include FTO (24, 25) and ALKBH5 (26). Starting with the identification of RNA demethylases and the establishment of methylated RNA sequencing protocols, RNA methylation has become a common phenomenon and a key regulator of RNA transcription (27, 28), the event of processing (29, 30), splicing (31, 32), RNA stabilities (33, 34), and translation (23, 35). Notably, the functional role of m6A modification in cancer-related processes has also received increasing attention (36, 37). Since scholars only focus on the specific functions or specific cellular pathways of designated m6A regulators, most of the existing studies have apparent limitations. Therefore, an integrative analysis of the expression of m6A regulators in LGG was urgent needs to be explored.

Given the critical role of angiogenesis in LGG, the use of angiogenesis-related genes (ARGs) to provide valid risk stratification and identify potential regulatory mechanisms appear to be promising (38). Angiogenesis is an important process in the development of tumorigenesis. Tumor cells release several pro-angiogenic factors, such as vascular endothelial growth factor A (VEGFA), which promote neovascularization in the tumor immune microenvironment (TIME) (39). In the hypoxic environment of intracranial TIME, m6A modification of glioma stem cells and neovascularization promote each other to form an immunosuppressive phenotype of TIME (40–42). Thus, anti-angiogenic therapy and m6A site-targeted therapy have been shown to significantly improve the prognosis of LGG patients (43–45). A comprehensive multi-omics analysis of m6A regulators and ARGs (MAGs) may make a theoretical contribution to the prognosis of LGG, the immunosuppressive profile of TIME, and other features.

In this study, we focused on elucidating the correlation between m6A modification and angiogenesis and the mechanisms of their effects from a macroscopic perspective and constructing a high-performance prognostic survival gene signature based on expression patterns. m6A modification and angiogenesis-associated risk score and gene signature (MASig) were constructed based on the expression values, and we found that MASig performed well in survival prediction. The results of this study are expected to provide a more comprehensive genomic map of intracranial immunosuppression due to epigenetic modifications and angiogenesis and may lead to a better prognostic prediction strategy for human LGG.



Materials and Methods

The materials and Methods section was arranged in the Supporting materials (Supplementary Method).



Results


Transcriptome and Proteome Levels of m6A Regulators and Clinical Parameters in LGG

It has been reported that angiogenesis and hypoxia in glioma TIME lead to the accumulation of Glioma Stem Cells (GSC) around small vessels (41, 45). m6A, the most popular modification pattern of GSC mRNA, plays an important role in the treatment tolerance and stemness maintenance of GSC. To uncover the regulatory patterns among them, we first examined the mutational panorama of m6A regulators. Notably, we observed that the frequencies of genetic abnormal (coy number or mutation change) with the 17 regulators were quite low (ranging from 0% to 3%) in the LGG cohort, indicating the stability of their transcriptional levels when performing biological functions (Figure 1A). We also comprehensively analyzed the relationship between each m6A regulator and the type of sample (normal sample, primary LGG, relapsed LGG). We found that with the exception of RBM15/15B, YTHDF2, ZC3H13, all other regulators were significantly correlated with tumor occurrence (P < 0.05, Figure 1B). Furthermore, FTO, KIAA1429, WTAP, ZC3H13 were significantly associated with tumor recurrence (P < 0.05, Figure 1C). Moreover, the IHC profiles were obtained from HPA also illustrated the expression status of the m6A regulators, along with the corresponding location. As shown in Figure 1D, the proteome levels of most m6A regulators were consistent with their expression levels in transcription, but HPA does not contain any IHC details of YTHDF1, YTHDF2, YTHDF3, RBM15, RBM15B, ZC3H13 in the LGG cohort.




Figure 1 | Transcriptome and proteome levels of m6A regulators and clinical parameters in low-grade gliomas (LGG). (A) Genetic alteration profiles of the studied m6A modification regulators from 529 patients with LGG. (B, C) Violin diagrams of expression levels of the m6A regulators (normal sample vs tumor sample) (B) and (primary LGG vs recurrent LGG) (C) from TCGA database. (D) Immunohistochemistry staining of m6A RNA regulators in LGG retrieved from Human Protein Atlas.



Copy number variation (CNV) and methylation are the molecular mechanisms by which genetic abnormalities lead to carcinogenesis. In the CNV difference analysis of normal and LGG, we found that there were significant differences in the five regulators, which were IGF2BP1, FTO, METTL3, YDHTC1, and YDHTC2 (Figure S1A). Among 17 regulators, we found that the expression values of ten regulators were significantly correlated with CNV (Figures S1B–K). We found that double deletion was associated with low expression, and amplification was significantly associated with high expression. As shown in Figure S1L, we searched the methylation differences of these regulators from the DiseaseMeth database and found that all the regulators were significantly different. The degree of methylation of LGG samples was considerably lower than normal samples. These results indicate that m6A regulators could affect the epigenetic traits of patients with LGG through various mechanisms.



Interaction Between m6A Modifications and Angiogenesis

Given that m6A modifications occur mainly in GSCs that accumulate in the periphery of neovascularization, we analyzed ARGs and m6A modifications to verify their correlation. We first conducted K-M analysis of ARGs and found that 24 out of 36 ARGs were significantly associated with survival, representative images were shown in Figure S2. This result confirms the key effect of ARGs in LGG and argues for the importance of vascular targeting therapy for LGG treatment breakthrough.

Each of the 17 m6A regulators and 36 ARGs exhibited a significant self-positive correlation. Among them, KIAA1429 and YTHDF3 showed the largest correlation of 0.76, followed by RBM15 and YTHDF2 with a correlation of 0.75 (Figures 2A, B). We demonstrate the correlation among the expression patterns of m6A regulators and ARGs using a correlation clustering heatmap. Figure 2C showed a significant negative correlation between FTO, the m6A “eraser”, and most ARGs. Macroscopically, the expression values of most ARGs and m6A regulators correlated significantly, but the correlation trends were inconsistent (positive or negative), suggesting a complex relationship between m6A modifications and angiogenesis. The study of such complex interactions may lead to unexpected results. We then retrieved the protein-protein interactions of 53 MAGs (17 m6A regulators and 36 ARGs) from the String database and found the association between APOH and FTO that were validated in the String database, while other associations were not yet known. HNRNPA2B1 seems to be the hub node of the “m6A readers”, followed by YTHDF2, and its interactions with YTHDC1, YTHDF1, YTHDF2, YTHDF3, EIF3A, and IGF2BP1 were supported both by high-throughput experimental data and by databases and published literature mining in the String database. As for “m6A writers”, METTL3/14, RBM15, and KIAA1429 might be considered as hub genes. VEGFA and SPP1 appear to be the hub genes of ARGs (Figure 2D). A deeper investigation of this unknown relationship may lead to unexpected gains.




Figure 2 | Identification and Functional Enrichment of Two Clusters of LGG. (A) The m6A modification-related interactions among the studied m6A regulators. (B) The angiogenesis-related interactions among the studied angiogenesis-related genes (ARGs). (C) The correlations between each m6A regulators and the expression of each ARGs using Spearman analyses. A negative correlation was marked with blue and positive correlation with red. (D) The protein-protein interaction between ARGs and m6A regulators (MAGs). The denseness of connection lines represented the connection strength of each node. ARGs were labeled as green dots in the circle and m6A regulators were labeled as red dots in the circle. (E) Consensus clustering cumulative distribution function (CDF) for k = 2-10 in TCGA-LGG cohort. (F) Relative change in tracking plot under the CDF curve for k = 2-10 in the TCGA-LGG cohort. (G) Relative change in area under the CDF curve for k = 2-10 in the TCGA-LGG cohort. (H) Consensus clustering matrix for k = 2 in the TCGA-LGG cohort. (I) Kaplan-Meier curves for two robust clusters in the log-rank test. (J, K) Heatmap (J) and volcano map (K) of differential expressed genes between dichotomous layers based on unsupervised clustering. The asterisks represented the statistical P-value ∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001.





Identification and Functional Enrichment of Two Clusters of LGG

Considering the significant correlation between these regulators and ARGs, to obtain a robust classification, consistent unsupervised methodology applied in R was employed to obtain a robust ranking for subsequent analysis. To improve the accuracy of unsupervised clustering and specificity for LGG, considering the wide range of 53 genes among pan-cancers we initially screened 53 genes for univariate regression correlations with clinical prognosis (Figure S4A). Finally, 12 genes with P less than 0.1 were utilized for unsupervised clustering. The consensus distributions for k (2 to 10) were displayed in the empirical cumulative distribution function (CDF) plots (Figures 2E, F). Combined with the consensus matrix for analysis, K=2 was the most suitable choice (Figures 2G, H). Unsupervised classes of the transcriptome data from the 529 samples with LGG revealed two clusters of samples (363 samples in one group labeled as CL1 and 161 samples in another group labeled as CL2). The consensus matrix illumined that the 12 MAGs could distinguish samples clearly, and each sample in a cluster possessed a high correlation (Figure 2H). To investigate the clinical prognosis differences between the two groups, a K-M survival analysis was performed and showed that the survival rate of the CL1 subgroup was significantly higher than that of the CL2 subgroup (P < 0.05, Figure 2I). This result indicated that these MAGs could classify the GBM samples at the prognostic level. We also tested the up-regulated DEGs in the CL2 subgroup (Figure 2J, K). We found that out of 1674 DEGs, 220 genes were significantly associated with poor prognosis (P < 0.05, representative figures were shown in Figure S3). The P-value was listed in Supplementary Table S2. These findings suggest that the two subgroups divided by consensus cluster based on the 12 MAGs. expression are a robust classification. Annotation analysis of network differences for such stable stratification may reveal the molecular regulatory mechanisms inherent in LGG.


Potential Compounds Targeting the MAGs

Considering that consistent cluster analysis revealed MAG-related malignant biological functions and pathways, compounds that target these specific targets and pathways (targeting drugs) are expected to be identified to target pathways and genes associated with m6A modification. The DEGs based on the cluster grouping were submitted to the CMap database (46). CMap mode-of-action (MoA) analysis of the top 48 compounds with 33 mechanisms that can repress the expression pattern was listed in Supplementary Table S3 and Figure 3A. Fourteen compounds (Givinostat, ISOX, trichostatin-a, apicidin, and panobinostat) shared the MoA of HDAC inhibitor.




Figure 3 | Identification of meaningful modules and key genes. (A) Histogram of fourteen compounds shared the CMap mode-of-action of HDAC inhibitor, sorted by descending tau score of compounds. tau, connectivity score. (B) Determination of soft-thresholding power in weighted gene co-expression network analysis (WGCNA). (C) Hierarchical clustering dendrograms of identified co-expressed genes in modules in LGG. The branches of the cluster dendrogram correspond to the 10 different gene modules. Each leaf on the cluster dendrogram corresponds to a gene Each colored row represents a color-coded module which contains a group of highly connected genes. A total of 20 dynamic modules and 16 merged modules was identified in LGG respectively. (D) Correlations between the gene modules and clinical traits. The correlation coefficient in each cell represented the correlation between the gene module and the clinical traits, which decreased in size from red to blue. The corresponding P-value is also annotated. (E–H) Scatter plot of module eigengenes in the MEpurple module with molecular subtype (E), a MEgrey module with molecular subtype (F), a MEred module with histological type (G), a MEyellow module with histological type (H). Cor was the coefficient indices and p was Pearson’s correlation. (I–K) The enrichment differences of typical biological processes (I), oncogenic pathways (J) and immune cell infiltration abundance (K) between CL1 and CL2. The upper and lower ends of the boxes represented an interquartile range of values. The lines in the boxes represented the median value, and the dots showed outliers. The asterisks represented the statistical P-value (∗P <0.05; ∗∗P <0.01; ∗∗∗P <0.001, ns, no significant).



By applying the pRRophetic algorithm, we performed IC50 comparisons between high and low MASig groups for common compounds (FDA approved) and calculated their P-values (47). The results showed a significant difference in MASig for compounds such as Cyclopamine and Pazopanib, which confirms the accuracy and precision of our analysis strategy (Supplementary Table S4). In addition, the discovery of such compounds will provide a predictive study basis for future studies.

Recently, multiple pharmacological studies have shown that compounds acting on multiple genes or molecular pathways need to be designed (48–51). In this study, we observed similar mechanisms among different compounds, which indicated that selective therapy could target the MAGs-related phenotype of LGG.



Identification of Meaningful Modules and Key Genes

To further discover the differences between our cluster analysis subgroups based on MAGs, weighted co-expression network analysis (WGCNA) was applied to structure gene co-expression networks and further identify biologically meaningful modules which positively corresponded to MAG. Screened DEGs with the cutoff value (|logFC| > 1 and P < 0.05), of which 6401 were down-regulated and 3339 were up-regulated, were used to create a scale-free system (Figure 3B). The samples with LGG were hierarchical clustered based on Euclidean distance with FPKM count. Some samples were removed as outliers (Figure S5A). The patients with common clinical-pathological parameters were then added below the sample dendrogram. The sample dendrogram showed no obvious abnormal values, and the heatmap of the basic clinicopathological parameters of the samples did not include atypical patients (data was not shown). The scaleFreePlot shows the selection process of the most suitable parameter β for converting the adjacency matrix into a scale-free topology (Figure 3B). The threshold parameter (β = 7, R2 = 0.911) was identified by the scale-free topology criterion. 20 modules were identified by the dynamic branch cutting algorithm with minClusterSize = 30. Sixteen modules (Merged dynamic) were obtained by combining the modules whose correlation degree was greater than 0.75 (Figure 3C).

To analyze the connection of merged modules and clinical parameters, module Eigengenes (MEs) which can be regarded as a representative of the gene expression patterns in a module was summarized and used to calculate the correlation with clinical traits, such as molecular subtypes, tumor location, histological type, tumor type, laterality, histological grade, and gender. The heatmap revealed that two key modules (MEpurple and MEgrey in molecular subtype, MEyellow and MEred in histological type) most correlated with molecular subtype and histological type in LGG, respectively (Figure 3D). The MEpurple were significantly positively correlated with molecular subtype (cor = 0.49 P = 1e-15), while MEgrey were significantly negatively correlated with molecular subtype (cor = -0.63 P = 6e-28). The MEred were significantly positively correlated with histological type (cor = 0.52 P = 4e-18), while MEyellow were significantly negatively correlated with histological type (cor = -0.51 P = 8e-17). These results allowed us to select the modules of interest for further analysis.



Functional Enrichment Analysis of Critical Modules

For more accurate analysis, MEs with criterion MM > 0.5 and GS > 0.5 were designated as hub genes. The functional analysis was applied in two modules (MEpurple and MEgrey) in molecular subtype and two modules (MEred and MEyellow) in histological type to explore the potential biological processes and pathways which were related to hub genes (Figures 3E–H). As shown in Figure 4A, the GO terms suggested that in the molecular subtype, the hub genes were mainly enriched in cyclin-dependent protein serine, threonine kinase regulator activity, and protein kinase inhibitor activity. KEGG terms mainly include the PI3K−Akt signaling pathway, HIF−1 signaling pathway, and MAPK signaling pathway (Figure 4B). The GO terms axonogenesis, axon development, and neurotransmitter secretion were enriched in MEred and MEyellow modules in histological type (Figure S4B). Cell adhesion molecules, Wnt signaling pathway, and Synaptic vesicle cycle as KEGG terms were enriched in MEred and MEyellow modules in histological type (Figure S4C). These functional annotation results for critical modules reveal a molecular phenotypic regulatory mechanism for both m6A modification and angiogenesis.




Figure 4 | Functional enrichment analysis of key genes and critical modules. (A, B) Functional annotation of the hub genes in the molecular subtype modules with GO analysis (A) and KEGG pathway analysis (B). (C, D) Differences in the expression of immunosuppressive (C) and stimulator genes (D) in the CL1 and CL2 subgroups. The upper and lower ends of the boxes represented an interquartile range of values. The lines in the boxes represented the median value, and the dots showed outliers. The asterisks represented the statistical p-value (*P < 0.05; **P < 0.01; ***P < 0.001, ns, no significant).



Since functional annotation analysis identified such biological processes, we speculate whether there are differences in molecular mechanisms between these two classifications that affect the prognosis of patients in both groups. We applied ssGSEA analysis to identify differences in common signaling pathways between the two groups. We found that angiogenesis, DNA replication, DNA damage repair, and DNA mismatch repair were all significantly elevated in CL2. However, in CL1, CD8 effector T cells, Immune checkpoint, Pan-F-TBRS, WNT, and Inflammation-promoting pathways all exhibited significant-high enrichment (Figure 3I). Previous studies have found that both m6A and angiogenesis can contribute to the immunosuppressive phenotype of TIME (39, 52–54). Here our results were consistent with this fact and laterally confirm the accuracy of our findings. Oncogenic pathways (cell cycle, MYC, and TP53) were highly enriched in CL2 also, to some extent, confirming the reason for the poor prognosis of CL2 (Figure 3J). To reveal the effect of both on immunity, we then analyzed immune infiltration abundance and immune-related genes. We found that the vast majority of immune cells in TIME showed high abundance in the CL1 subpopulation, which explains the high infiltration of CD8 effector cells and the better clinical prognosis in the CL1 subgroup (Figure 3K). This was later confirmed by the results of the analysis of immune-related genes (Figures 4C, D). The results of these meticulous analyses of immune infiltration will undoubtedly enhance our understanding of the mechanisms of epigenetic modifications and angiogenic effects on immunosuppression. However, such a stratification strategy was only appropriate for our understanding of the intrinsic molecular mechanisms and does not apply to clinical management and practice.



Prognostic Value of MAGs in LGG

To measure the prognostic value of the MAGs, univariate Cox regression and LASSO regression were applied to the FPKM expression pattern. Based on the information displayed in Figure S4A, 12 of 53 MAGs exhibited a correlation with the OS. To construct the prognosis gene-signature, these 12 genes were used as candidate genes for lasso regression analysis based on the least square method. In the cross-validation process (Figures 5A, B), lambda. Min = 1.16544352 was considered as the optimal value, log (lambda) = -4.5 (Partial Likelihood Deviance was minimum). The regression coefficient hence was calculated and displayed in Figure 5A. These results show that all of the 10 candidate genes were the optimal genes for constructing the gene-signature (except for FTO and ALKBH5).




Figure 5 | Prognostic Value of MAGs in LGG. (A) Ten-time cross-validation for tuning parameter selection in the TCGA-LGG cohort. (B) Regression coefficient profiles of identified m6A regulators in the TCGA-LGG cohort. (C) The distribution of survival status of MASig. (D) The distribution of MASig (high and low) of patients with LGG. (E) The correlation and distribution of hub MAGs expression values and MASig. (F) Survival analyses for low- and high- MASig groups in TCGA-LGG cohort using Kaplan–Meier in Log-rank test. (G–I) Survival analyses for subgroup patients stratified by both MASig and treatment with pharmacological chemotherapy (G), targeted therapy (H), and radiotherapy (I) using Kaplan– Meier curves in the Log-rank test. (J–L) ROC curves with calculated area under the curve (AUC) for risk prediction in 1 (J), 3 (K), 5 (L) years in the TCGA-LGG cohort. (M–P) GSEA revealed that genes with higher expression in the CL2 subgroup were enriched for hallmarks of malignant tumors.



To test the performance of the prognostic gene-signature, we calculated the risk score (labeled as MASig) of each sample and conducted the further analysis. The MASig of samples were divided into two levels based on the median value. The survival status, OS, and risk score levels of patients were shown in Figures 5C, D. Also, the expression patterns of the six optimal genes were divided into two categories by cluster analysis based on Euclidean distance and were negatively correlated with risk grouping (Figure 5E). These results indicate that survival rates were lower in the high-MASig group. Then, we conducted a K-M survival analysis of the two risk groups and found that there was a significant difference in survival rates between the two risk groups (Figure 5F).

To further explore the reflectivity of MASig on the prevailing therapeutic paradigm of LGG nowadays, we did a more in-depth analysis of them. The results showed that whether patients in the High-MASig group received drugs, radiotherapy, or targeted therapy, their survival time was inferior to that of the Low-MASig group (whether or not the Low-MASig group received treatment, Figures 5G–I). This also reflects the difference in the sensitivity of MASig to the treatment modality. Since MASig can significantly distinguish LGG patients’ sensitivity to treatment, can they be used to predict survival duration? Notably, the ROC curve and AUC were performed and calculated, respectively. The 1-year AUC was 0.758 for MASig. The 3-year AUC and 5-year AUC for MASig were maximums of 0.777 and 0.808, respectively (Figures 5J–L). Together, these findings indicate that the gene-signature shows excellent accuracy for prognosis prediction.

Furthermore, GSEA revealed that the malignant hallmarks of LGG, including inflammatory response (NES=1.81, normalized P-value < 0.001, q-value= 0.038), Wnt-beat-catenin signaling (NES=1.70, normalized P-value < 0.001, q-value= 0.051), hypoxia (NES=1.96, normalized P-value < 0.001, q-value= 0.022), and Hedgehog (NES=1.96, normalized P-value < 0.001, q-value= 0.021), were significantly enriched in the high-MASig subgroup (Figures 5M–P). All these results revealed the malignant related processes and pathways of MAGs in LGG.



Comparisons of Somatic Mutations Under Different MASig

To further reveal the genetic mechanisms behind how MAGs impacted the malignant characteristics and oncogenesis, we investigated the differences between the high and low MASig subgroups at the genomic layer. From the global perspective, the high MASig subgroup had a higher incidence of DEL, SNP, and total variants (Figure 6A). Also, among all six types of SNV, the mutation rate was significantly higher in the high MASig subgroup (Figure 6D). Next, we counted the forms of mutations and found that the missense mutation was predominant in the LGG samples (Figure 6B). These results suggested that the process of genomic variation might have some regularities during the formation processes of m6A modifications and angiogenic. Additionally, elevated SNP and DEL levels were correlated with cancer susceptibility and progression (55–57). In addition, VAF levels of genes differed between high and low MASig subgroups (Figures 6L, M). Altered VAF levels of some genes, such as TP53, were thought to be associated with the prognosis and outcome of oncology treatment (58). Therefore, it was necessary for us to explore the regularity of genetic heterogeneity between the high and low MASig subgroups and reveal their potential biological meanings.




Figure 6 | Comparisons of somatic mutations under different MASig. (A) The differences in the fraction of deletion (DEL), insertion (INS), single-nucleotide polymorphism (SNP), and total variance between high and low MASig subgroups. (B, C) Waterfall plots about the mutation distribution of the top 20 most frequently mutated genes between low (B) and high (C) MASig subgroups. (D) Differences in the fraction of six types of single-nucleotide variants (SNV) between high and low MASig subgroups. (E, F) The correlation heatmaps about correlations of 30 top mutated genes between low (E) and high (F) MASig subgroups. The color and symbol in each square represented the statistical significance of the exclusive or co-occurrence for each pair of genes. (G, H) Driver genes of the low (G) and high (H) MASig subgroups. The horizontal line of the box plot represented the median values. (I) The forest plot about the differential mutation profiles of 30 most frequently mutated genes between high and low MASig subgroups. (J, K) The lollipop plots displayed the differential distribution of mutation loci and types for IDH1 (J) and EGFR (K). In the box plots and the forest plot, p<0.05 was indicated by “*”, p<0.01 was indicated by “**”, p<0.001 was indicated by “***”, and  no significant was indicated by ns.



Firstly, we investigated the differences in the mutation profiles between the two MASig subgroups. We found three of the 30 most frequently mutated genes had a higher mutation rate in the low MASig subgroup (Figures 6I and S6A). Besides the mutation rate, the mutated loci also differed between high and low MASig subgroups. Among the four genes with the most significant differences in mutation rate, mutated loci and types in EGFR, CIC, and FUBP1 were diverse except for IDH1 (Figures 6J, K, and S6A–C). In addition, by comparing the mutation profiles, we found that the mutation rate of IDH1, EGFR, CIC, and FUBP1 were all more than 10% in both high and low MASig subgroups (Figures 6B, C). Also, IDH1 and epidermal growth factor receptor (EGFR) were identified as driver genes in the high MASig subgroup. Importantly, IDH1 was a cancer driver gene in both groups. (Figures 6G, H). Oligodendrogliomas were characterized by a common 1p/19q deletion and mutations in CIC, FUBP1, Notch1, and TERT promoters. Our findings on CIC and FUBP1 mutations may be able to confirm this view. This finding may be attributed to the satellite phenomenon of oligodendroglioma (tumor cells accumulate around blood vessels and interact closely with newly generated vessels) (59). Further analysis showed that PIK3CA was similarly identified as driver genes in both groups (Figures 6G, H). Therefore, the functions performed by IDH1 and PIK3CA in oncogenesis and progression of LGG were relatively stable at different mutation levels. To better understand the mechanisms and underlying regularities in the establishment of genetic heterogeneity, we analyzed the correlations between the top 30 mutated genes. Interestingly, in the high MASig subgroup, most of the genes exhibited the co-occurrence landscape. However, seldom do genes interact with each other in the low MASig subgroup (Figures 6E, F).

Finally, we analyzed the enrichment level of oncogenic signaling pathways between the high and low MASig subgroups. Samples with high MASig were significantly highly enriched in all of these pathways (Figures S6D, E). This finding revealed some of the genetic mechanisms about how m6A modifications and angiogenesis affected the malignant characteristics of LGG. For example, activation of RTK-RAS, TP53, WNT, and PI3K signaling pathways were strongly correlated with oncogenesis and progression of cancers, contributing to a higher grade and worse prognosis (60–63). TGF-Beta, NOTCH, and WNT pathways were involved in regulating the EMT process (64, 65). In addition, Hippo and WNT pathways were associated with stemness generation, and the NOTCH pathway was involved in promoting the formation of the immunosuppressive microenvironment (66–68). In summary, because of genetic heterogeneity, oncogenic signaling pathways were differentially enriched between samples with different subgroups, which further revealed the genetic mechanisms potentially involved in how m6A modifications and angiogenesis affected the malignant characteristics and oncogenesis of LGG.



The Role of the MASig in Anti-PD-1/L1 Immunotherapy

Entering, strategies to block immune checkpoints, such as PD-1 and PD-L1, have been shown to be promising therapeutic approaches that allow patients to achieve therapeutic survival benefits. Considering that some patients are resistant to immunotherapy, the identification of immunotherapy-sensitive biomarkers has become a focus of contemporary research (41, 50–53, 69). Based on our findings of significant correlation between MASig and immune components, we tested the predictive and investigative capacity of MASig for immunotherapy. After analyzing the expression pattern of MAG in the (IMvigor210) cohort we found that the PD-L1 blockade with atezolizumab group and the control group showed significant differences (Figures S7A, B). Among them, high MASig possessed a worse prognosis (Figure S7C). In addition, MASig also had a predictive ability for survival (Figure S7D). Most human solid tumors exhibit one of three distinct immunological phenotypes: immune inflamed, immune excluded, or immune desert (70). We found that the desert phenotype had the highest MASig and was significantly different from the other two phenotypes (Figure S7E). It is known that inflamed cancers are most sensitive to immunotherapy (71). We also found that inflamed cancers had the highest MASig, which echoes the above fact (Figure S7E). These findings implies that immunotherapy cannot modulate the expression pattern of these MAGs, therefore, we hypothesized that the MASig can reflect the sensitivity of immunotherapy. Next, we analyzed the differences in MASig in samples from patients with various responses to immunotherapy and found that the low-MASig group mainly contained samples from patients in the response group (Figure S7F). Tumor neoantigen burden, as a molecular marker that more directly reflects the response to immunotherapy, was introduced to explore the survival benefits between patients with various MASigs. We found that the MASig was significantly negatively correlated with the number of mutations (TMB, Figure S7G). Moreover, we determined the enrichment of canonical oncogenic pathways and found that most of the pathways were highly enriched in the high-MASig group (Figures S7H, I). The above findings suggest that the MASig not only can reflect the sensitivity of patients to immunotherapy but also is related to the progression of cancer.





Discussion

m6A modification, as a hot spot in the epigenetic field nowadays, has been systematically analyzed in numerous studies. However, the interaction between m6A modification and angiogenesis is still sporadically reported (72–74). The systematic analysis of both remains a macroscopic landmark. In this study, we demonstrated the potential malignant mechanism of the common m6A regulator and ARGs in the development of LGG and examined their predictive value for the prognosis of LGG. We first identified significant correlations between these 17 regulators and ARGs and discussed the internal interactions and correlations of these MAGs. Under this premise, we then identify and analyze two robust subgroups by consensus clustering and find out their potential impact on patients with LGG. Also, WGCNA was implemented to identify the modules related to the clinical characteristics of interest and to select these hub genes in the modules. After the functional annotation of these modules, we found the potential mechanisms related to the pathological types and molecular subtypes. Then, we searched the Cmap database to identify the compounds specifically targeting m6A and angiogenic phenotype. We build a gene-signature prediction model with high quality and accuracy based on 12 MAGs and corresponding MASig. Finally, based on MASig, we characterized their somatic mutant subtypes to delve into their underlying mechanisms. We found the correlation between MAGs and clinical characters, which indicated that by analyzing the expression patterns of MAGs, we could find the value of prognosis, diagnosis, and treatment. Our specific and comprehensive analysis of the value of MAGs in LGG can provide guidance for the future study of LGG and facilitate the clinical work of LGG.

Angiogenesis was critical to tumor development and progression and was essential for tumor cell proliferation. VEGF plays an important role in this process. Overexpression of EGFR and EGFRvIII was frequently observed in LGG and was a key factor in LGG progression. LGG was the most common malignant brain tumor in adult CNS and remains incurable with dismal median survival. Targeting EGFR for LGG is an attractive therapeutic strategy. For example, Cabozantinib exerts its antitumor effects by targeting VEGFR2 and inhibiting angiogenesis n hepatocellular carcinoma (75). Regorafenib also inhibits tumor angiogenesis by acting on VEGF and has shown significant survival benefits as second-line therapy in hepatocellular carcinoma (76). Although the EGFR inhibitor gefitinib was effective in the treatment of non-small cell lung cancer, it was not efficacious in GBM (77). The PDGFR inhibitor imatinib also has extremely limited efficacy in recurrent and newly diagnosed GBM (78). Everolimus, an mTOR inhibitor, was not significantly effective in both recurrent and newly diagnosed GBM (79). Tipifarnib regulated transcription and modification of the Ras gene and affects cell proliferation and apoptosis but has no significant efficacy in newly diagnosed GBM (80). Apparently, resistance to EGFR inhibitors in LGG patients has stimulated the development of multi-targeted or epigenetic agents or the use of combination drugs for the treatment of gliomas. Epigenetic modifications were also closely associated with proliferation, invasion, metastasis, and prognosis of glioblastoma (41, 52, 53).

The decisive role of epigenetics in the traditional sense, including only DNA and histone inheritance, in tumor progression and treatment, has been confirmed (81). 163 RNA modifications retrieved from MODOMICS (2017 update), first discovered in 1970, have been identified in almost all forms of natural cellular RNA (9, 82). m6A is mainly concentrated near the stop codon and 3’untranslated terminal region (UTR) and is translated at 5’UTR. These findings reveal that the m6A regulator regulates the synthesis, metabolism, transcription, and translation of mammalian RNA (83, 84). In colon cancer cells, the m6A reader IGF2BP3 promotes neovascularization by recognizing and binding to the m6A modification site in VEGF mRNA and promoting its expression (85). METTL3 promotes the maturation of miR-143-3p to target the vasopressor (VASH) 1 promoter and inhibit its expression in lung cancer (43). VASH1 mediates miR-143-3p-induced angiogenesis by destabilizing VEGFA proteins (86). IGF2BP3 directly recognizes and binds to the m6A modification site of METTL3-mediated HDGF mRNA and enhances the stability of HDGF, thereby promoting gastric tumor angiogenesis (87). In addition, YTHDF2 inhibits the normalization of tumor vasculature in hepatocellular carcinoma cells by increasing the attenuation of IL11 and SERPINE2 mRNAs (88). The link between m6A modification and angiogenesis was identified in our analysis. PPI validated their interaction in glioma. These findings may lead to new research directions for vascular-targeted therapy of gliomas, as m6A modifications in angiogenesis have not been addressed, at least until now.

TCGA has now emerged as an efficient and promising tool for elucidating gene-level alterations in 33 solid tumors by generating comprehensive data consisting of the epigenome, transcriptome, and proteome, as well as histopathology and various standard clinical parameters (89). The resultant resources allow us to comprehensively analyze the impact of MAGs on the clinical prognosis of LGG, the molecular mechanisms affecting prognosis, and the construction of further clinical prediction models. Based on the current convenient resources for many tumors (glioma, GBM, lung cancer, etc.), the comprehensive analysis of m6A and angiogenesis have been reported in different depths (90–93). This study describes the expression pattern of MAGs in LGG and their crucial role in LGG development by retrieving the TCGA-LGG dataset. Research of mRNA modification is an emerging field as yet, and the significance of this epigenetic marker in affecting tumorigenesis is only just beginning to be recognized. Recently, a vital study reported that ALKBH5 elevated in GBM stem cells and maintained tumor initiation through FOXM1 expression and cell proliferation (93). Although m6A is the most abundant in brain tissue, there are only sporadic reports on brain development or brain disease (mostly about GBM), while reports of LGG have not been reported so far (84). This study reveals a causal link between the mRNA m6A regulators and the occurrence of LGG, which represents an important step in the direction of the therapeutic strategies by targeting MAGs in tumors, their upstream regulatory factors, downstream targets, or related malignant pathway.

Apparent modification of RNA has become a rapidly developing research discipline in oncology. With the gradual understanding of m6A modification, it will bring great promise for the therapeutic of human diseases. The dynamic reversibility of m6A powerfully demonstrates the critical role of RNA modification (94). Such a function might be necessary during the proliferation, invasion, and malignant process of tumor cells. Indeed, substantial differences in m6A content between different immortalized cell lines, especially cancer cell lines, have been reported, but their channels for regulating cell immortality still need to be clarified (84). A recent study demonstrated that FTO/m6A/MYC/CEBPA signaling plays a key role in leukemic (28). JAK1/STAT5/C/EBP β pathways (95) and the IL-7/STAT5/SOCS pathways were also reported to be related to BDMS and T cells, respectively (96). However, in cancer research, the m6A-related pathway is still sporadic, and other potential carcinogenic pathways are being explored. In this study, through functional annotation of the results of consistent clustering, a multitude of possible pathways and biological processes in LGG were discovered, including RNA splicing, mRNA processing, spliceosome, MYC target, and Wnt-beat-catenin signaling. These analytical results provide predictive evidence for subsequent experimental verification, although experiments on the interaction between m6A and LGG have not been retrieved so far.

Although consensus clustering and differential analysis provide enormously detailed information, only the application of WGCNA enables us to discriminate the correlation patterns among genes, and further acquire the modules and hub genes related to clinical phenotypes and molecular phenotypes. The prognostic model of GBM constructed by WGCNA demonstrated better predictive power than other strategies (97). Furthermore, distinct pathways have been distinguished between ADC and SCC by various WGCNA modules (98). Since there were only sporadic reports about the molecular subtypes and pathological types of m6A and angiogenesis in tumors, these findings could help us to understand the potential interaction of m6A modification on LGG clinical characteristics more comprehensively. In addition, macro-level correlations between m6A and angiogenesis have been revealed, and more detailed studies are worth being anticipated.

Conventional computational methodologies have been used to determine the prognosis of LGG patients based on gene expression (53, 99–101). When cancer pathway genes are used as input variables, expression regression modeling using lasso strategy performs better than whole-genome input (102). Compared with the previous gene-signature from long non-coding RNA, immune-related RNA, our gene-signature based on MAGs was more convincing and feasible. Importantly, the predictive power of MASig was more reliable than other common clinical traits. It was also worth noting that the GSEA analysis based on MASig revealed a potential mechanism for prognosis. As far as we know, this prognostic gene-signature has not been reported in LGG so far and may provide theoretical guidance for the development of new clinical management strategies. We developed and validated gene-signature derived from MAGs to provide personalized survival assessments for newly diagnosed LGG patients. This prediction system is useful for clinicians to advise patients and their families on treatment decisions, follow-up, and prognostic decisions.

The present study is deficient due to the absence of extensive biological validation, which needs to be correlated by numerous scholars. Herein, we reveal a synergistic effect between m6A modification and angiogenesis-targeted therapy. In addition, since m6A modifications also play an important role in mediating cancer response to chemotherapy, radiotherapy, immunotherapy, and targeted therapies, targeting m6A regulators could also be applied clinically together with chemotherapy, radiotherapy or immunotherapy to achieve better cancer treatment in the near future. Targeting dysregulated m6A regulators by effective inhibitors (or targeting mutated or dysfunctional m6A sites by targeted external transcriptome editing) alone or in combination with other therapies may have potential therapeutic potential for various types of cancers, especially those that were resistant to existing therapies.

Taken together, our results presented a comprehensive characterization of m6A modification and angiogenesis in LGG based on bioinformatics and deep learning analysis. The strengths of the approach are that it leverages features of MAGs across LGG that reflect tumor malignant signaling, biological process, and clinical phenotypes of interest, as well as targeted therapeutic agents. This study also provides strategies for the analysis of the predicting prognostic potential of MAGs based on computational methodologies. Findings based on these strategies may facilitate the development of an objective diagnostic system to quantify patient survival and other outcomes, in some cases, molecular subtypes, which can reduce sequencing costs. Finally, experimental studies of these MAGs will aid further comprehending the potential interactions between m6A modification and angiogenesis in LGG and improve clinical outcomes.
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Triple-negative breast cancer (TNBC) is a particularly aggressive subtype of breast cancer, which is relatively resistant to anti-programmed cell death-1 (α-PD1) therapy, characterized as non-immunogenic, dense stroma and accumulation of M2 tumor-associated macrophages (TAMs). Despite progress in strategies to deplete extracellular matrix (ECM) and enhance tumor-cell immunogenicity, the combinatorial anti-cancer effects with α-PD1 need to be explored. Here, we applied doxorubicin hydrochloride liposome (Dox-L) as immunogenic cell death (ICD)-inducing nano-chemotherapy and used losartan as stroma-depleting agent to improve α-PD1 efficacy (Losartan + Dox-L + α-PD1). The results showed that losartan could cause ECM reduction, facilitating enhanced delivery of Dox-L and further dendritic cell (DC) maturation. Additionally, losartan could also alleviate hypoxia for TNBC, thus reprogramming pro-cancer M2 TAMs to anti-cancer M1 TAMs, successfully overcoming immune-suppressive microenvironment. These modifications led to a significant increase in T cells’ infiltration and augmented anti-tumor immunity as exemplified by the notable reduction in tumor size and lung metastases. In summary, our findings support that combined treatment of losartan with Dox-L normalizes immunological-cold microenvironment, improves immuno-stimulation and optimizes the efficacy of TNBC immunotherapy. A novel combinational strategy with FDA-approved compounds proposed by the study may potentially be useful in TNBC clinical treatment.
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Introduction

Immune checkpoint blockade (ICB), such as anti-programmed cell death-1 (α-PD1) therapy, has achieved remarkable success to fight cancer in the clinic (1, 2), with moderate responses occurring in immunogenic (hot) tumor model (3–5). However, the non-immunogenic (cold) tumors, e.g., triple-negative breast cancer (TNBC), are relatively resistant to ICB therapy (6, 7). TNBC is generally regarded as a particularly aggressive subtype of breast cancer with rapid progression of disease, early attack of metastasis and unfavorable survival outcomes (8, 9). Therefore, the development of strategies to enhance the efficacy of ICB in TNBC is crucial and urgent (7, 10). The immune-suppressive TNBC microenvironment lies on the fact that tumor cell itself is absent of immunogenic nature (11, 12), thereby failing to activate anti-cancer immunity (13). It has been reported that certain chemotherapeutic agents induce immunogenic cell death (ICD) of tumor (14–16). ICD provides stimuli to facilitate tumor antigen cross-presentation for dendritic cell (DC) maturation, which possesses the ability to present tumor antigens to naive T cell (17, 18). Doxorubicin hydrochloride liposome (Dox-L) is approved by the Food and Drug Administration (FDA) and applied in multiple clinical trials as ICD-inducing nanomedicine (19, 20). Nevertheless, the penetration, intra-tumoral distribution and therapeutic outcome of Dox-L were hindered by the dense tumor stroma (16, 21), leading to compromised tumor-killing capacity and ICD effect. Thus, the strategy for stroma normalization is needed to increase anti-tumor activity. The dense tumor extracellular matrix (ECM) acts as major barrier for effective drug delivery. Additionally, the ECM plays a pivotal role in the immune-suppressive tumor microenvironment (22, 23). The hypo-perfusion arising from intra-tumoral mechanical forces causing vessel compression results in the reduction of the number of immune cells infiltrating into the tumor (24, 25). Also, inadequate oxygen supply caused by the impaired tumor blood vessels results in tumor hypoxia and hypoxia-mediated immune exhaustion, attenuating the killing ability of effector immune cells (26, 27). Hypoxic regions of solid tumors could promote the polarization of tumor-promoting (M2-like) phenotype tumor-associated macrophages (TAMs) from pro-inflammatory, antitumor (M1-like) phenotype TAMs (28–30). Previous studies suggested that losartan, an inexpensive antihypertensive and antifibrotic common drug, could potentially be used to improve the efficacy of various nanotherapeutics in multiple tumor types. Losartan had the potential to lessen solid stress, decompress the intratumor vessels, enhance oxygen and drug delivery and raise chemotherapy efficacy for solid tumors (21, 31, 32).

To date, little evidence has shown that combinatorial use of losartan and Dox-L could augment ICB-mediated immunotherapy against TNBC. The purpose of our study was to explore whether the normalization effects of losartan and the ICD effect of Dox-L can be optimized with ICB therapy. We demonstrate that combination of losartan, Dox-L and α-PD1 therapy reprogrammed tumor microenvironment from non-immunogenic to immunogenic. Finally, by depleting tumor stroma and overcoming hypoxia, the combined strategy produces ICD effect, improves T cell recruitment, and suppresses the formation of M2 phenotype TAMs, thus boosting the anti-cancer effect significantly.



Material and Methods


Cell Culture

The 4T1 and EMT6 murine TNBC cell lines were obtained from the Cell Bank of Chinese Academy of Science (Shanghai, China). Both cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics and were incubated at 37°C with 5% CO2 atmosphere.



Mice and Tumor Models

This study complied with all ethical animal testing and research regulations, with study guidelines reviewed and approved by the Laboratory Animal Center of Zhejiang University (NO. ZJU20210070 and NO. ZJU20210232) and was in line with the regulations of the National Ministry of Health. BALB/c mice (6~8 weeks old, female) were purchased from Ziyuan Laboratory Animal in Hangzhou, China. 4T1 cells or EMT6 cells (5 × 105) suspended in 50 μL of PBS were subcutaneously injected into the right mammary fat pad.



In Vitro Experiments


In Vitro Cytotoxicity

4T1 cells or EMT6 cells were seeded in 96-well plates at a density of 3 × 103 cells per well and allowed to adhere for 24h. Cells were then treated with different concentrations of losartan (Absin, China) and Dox-L (Shanghai Fudan-Zhangjiang Bio-Pharmaceutical Co., Ltd., China). Cell viability was measured by MTT Cell Proliferation and Cytotoxicity Assay Kit (Beyotime, China) according to the absorbance at the wavelength of 570 nm with a microplate reader (Bio-Rad, USA).



In Vitro CRT Exposure Analysis

To assess CRT expression by flow cytometry, 4T1 cells or EMT6 cells inoculated in six-well plates (5 × 105 cells/well) were cultured with different concentrations of losartan and Dox-L for 48h. The treated cells were collected and sequentially incubated with a primary rabbit Alexa Fluor® 647-conjugated anti-CRT antibody (dilution 1:50, Abcam, UK) for 20 min at room temperature. The cells were incubated in 500µL PBS containing 10% fetal bovine serum (FBS) and 1µg/mL DAPI (Biolegend, USA) before assessment with a flow cytometer (CytoFLEX LX, Beckman Coulter, USA). The mean fluorescence intensity of stained cells was gated on DAPI- cells.



Detection of HMGB1 Release

4T1 cells or EMT6 cells inoculated in six-well plates (3 × 105 cells/well) were cultured with losartan at a dose of 100μg/ml and Dox-L at a dose of 200μg/ml for 48h. The cell culture supernatant was harvested for quantification of HMGB1 by Mouse/Rat HMGB1 ELISA Kit based on the manufacturer’s instructions (Arigo, China).




In Vivo Biodistribution Analysis

For in vivo Dox-L biodistribution analysis, 4T1 tumor-bearing mice were randomly distributed into two groups (n = 3) for different treatment: Dox-L (control) and Losartan + Dox-L. The 4T1 tumor-bearing mice from the group Losartan + Dox-L were injected intraperitoneally with 200µL 4 mg/mL losartan for 5 days before Dox-L injection. The 4T1 tumor-bearing mice from both groups received injection with Dox-L at a dose of 5mg/kg via the tail vein. Tumors were surgically excised at 12h post-injection to make frozen sections. Staining for blood vessels was done by incubation with rabbit anti-CD31 mouse monoclonal antibody (mAb) (dilution 1:200, Cell Signaling Technology, USA) and Alexa Fluor®647-conjugated anti-rabbit secondary antibody (dilution 1:500, Cell Signaling Technology, USA). DAPI was applied to stain cell nuclei (dilution 1:5000, USA). The images were captured with confocal microscopy (Nikon A1 Ti, Japan).



In Vivo Tumor Growth Inhibition and Lung Metastasis Suppression


Treatment Protocols

For in vivo chemotherapy, 4T1 tumor-bearing mice were randomly distributed into four groups (n = 5) for injection of various agents: (1) Saline (control), (2) Losartan (40mg/kg, i.p., daily for 8 days), (3) Dox-L (5mg/kg, i.v., once every 3 days for up to 3 doses), (4) Losartan + Dox-L. The losartan powder was dissolved in saline to obtain a concentration of 4 mg/mL, and the injection volume was 200µL. The Dox-L was diluted in saline to obtain a concentration of 1mg/mL, and the injection volume was 100µL.

For in vivo chemo-immunotherapy, 4T1 or EMT6 tumor-bearing mice were randomly distributed into six groups (n = 5) for injection of various agents: (1) Saline (control), (2) α-PD1 (10mg/kg, i.p., once every 3 days for up to 3 doses, BioXCell, USA), (3) Losartan + α-PD1, (4) Losartan + Dox-L, (5) Dox-L + α-PD1, (6) Losartan + Dox-L + α-PD1. The injection for losartan and Dox-L was conducted following the same procedure as described above. The α-PD1 was diluted in saline to obtain a concentration of 2mg/mL, and the injection volume was 100µL.



Antitumor Vaccination

To study the immune memory effect, the BALB/c mice (n = 3) treated with losartan combined chemo-immunotherapy were rechallenged with 5 × 105 4T1 cells on the left mammary fat pad 1 month after the tumors disappeared. Meanwhile, the 4T1 orthotopic murine breast cancer model was also established in three BALB/c mice as the control group.



In Vivo Antitumor Efficacy

The tumor growth and body weights were monitored every 3 days for 17 days. Tumor size was measured with a digital caliper, and tumor volumes were calculated by the following formula: volume = (width2 × length)/2. The 18F-FDG PET/CT images of the mice were collected on day -1, day 7, and day 17 to investigate the anti-tumor effects of chemotherapy. To study the lung metastasis, the lungs were harvested and were fixed in Bouin’s solution. The metastatic lung tumors were directly counted through microscopic observation and subsequently studied by pathological histologic evaluation. The major organ tissue slices were stained by H&E following the standard protocol. Prior to organ excision and sacrifice, the mice were anesthetized with Avertin (200mg/kg, i.p.).




In Vivo Immunohistochemical Assessment of Tumor Microenvironment


Tumor Collection and Embedding

The 4T1 tumor-bearing mice were treated with different strategies at the abovementioned doses for up to one dose of α-PD1 and/or Dox-L. The tumors for immunofluorescence staining analysis and quantification were collected from mice, fixed in 4% paraformaldehyde for 24h, whereafter soaked in 30% sucrose solution for 24h. The tumors were embedded in optimum cutting temperature compound (OCT) (Sakura Tissue-Tek, USA) and frozen with liquid nitrogen.



Immunofluorescence Staining

The frozen tumors were cut into 10μm sections for immunofluorescence staining and confocal imaging. Staining for blood vessels was achieved by incubation with anti-CD31 mouse mAb conjugated to Alexa Fluor®488 (dilution 1:200, Santa Cruz, USA). Anti-smooth muscle actin mouse mAb conjugated to Alexa Fluor®647 (dilution 1:200, Santa Cruz, USA) was used for detection of α-SMA. Collagen I was detected with the anti-COL1A1 mouse mAb (dilution 1:200, Santa Cruz, USA) and Alexa Fluor®488-conjugated goat anti-mouse secondary antibody (dilution 1:500, Absin, China). HIF-1α was detected with the anti-HIF-1α rabbit mAb (dilution 1:200, Cell Signaling Technology, USA) and Alexa Fluor®488-conjugated goat anti-rabbit secondary antibody (dilution 1:500, Cell Signaling Technology, USA). PD1 was detected with the anti-PD1 rabbit mAb (dilution 1:200, Cell Signaling Technology, USA) and Alexa Fluor®647-conjugated goat anti-rabbit secondary antibody (dilution 1:500, Cell Signaling Technology, USA). Cell nuclei were marked with DAPI staining (dilution 1:5000, Biolegend, USA). The images were captured at 20× magnification via confocal microscopic examination. The intensity values of the aim indicators were quantified with Image J software.




In Vivo Immune Response Analysis


Immunofluorescence Staining

Staining for CD8 was done by incubation with the anti-CD8-α mouse mAb (dilution 1:200, Santa Cruz, USA) and Alexa Fluor®488-conjugated goat anti-mouse secondary antibody (dilution 1:500, Absin, China). Anti-B7-2 mouse mAb conjugated to Alexa Fluor®488 (dilution 1:200, Santa Cruz, USA) was used to detect CD86. Anti-CD206 mouse mAb conjugated to Alexa Fluor®647 (dilution 1:200, Santa Cruz, USA) was used to detect CD206. Cell nuclei were stained with DAPI (dilution 1:5000, Biolegend, USA). The images were obtained with confocal microscopy.



18F-FDG PET/CT Imaging and Data Analysis

The tumor-bearing mice were treated with (1) Saline, (2) α-PD1, (3) Losartan + α-PD1, (4) Losartan + Dox-L, (5) Dox-L + α-PD1, (6) Losartan + Dox-L + α-PD1 at the abovementioned doses for up to one dose of α-PD1 and/or Dox-L. The mice were kept fasting overnight, and 18F-FDG PET scanning was performed using a Vista eXplore (Sedecal, Spain) animal PET/CT camera system. The 18F-FDG probe (Calibrated doses of 12.5MBq within 100-200 μL sterile saline) was injected via the tail vein. Static PET scanning was performed 45 min after the probe injection. Mice were anaesthetized under 1.5% isoflurane anesthesia (mixed with 100% oxygen). The mice were placed within their cages over a temperature-controlled heating pad during the tracer uptake time and awakening time. Regions-of-interest (ROIs) were carefully delineated of the spleen as the target organ and analyzed with PMOD v4.0 software (PMOD Technologies Ltd, Zurich, Switzerland). The percentage of injected dose per gram (%ID/g) of the spleen was calculated for each ROI based on the mean 18F-FDG uptake. For semiquantitative analysis, ROIs were delineated on the muscle as a nontarget reference. The ratio of the mean spleen uptake to mean muscle uptake was calculated and compared between different interventions. The researcher who analyzed the data was not aware of the experimental groups of mice.



Flow Cytometry Assay

The mice were euthanized 24 hours after the last PET imaging timepoint. To study the immune cells in tumors, tumors from different groups were collected by surgery, then homogenized into single-cell suspensions according to the well-established procedure. To analyze the effector T cells (CD45+, CD3+, CD8+), tumor cells were stained with anti-CD45-FITC (Biolegend, USA), anti-CD3-PE (Biolegend, USA) and anti-CD8a-APC (Biolegend, USA) antibodies according to the standard protocol. TAM cells were classified into M1 TAM (CD11b+, F4/80+, CD86+) and M2 TAM cells (CD11b+, F4/80+, CD206+). For analysis of TAM cells, tumor cells were stained with anti-CD11b-PE (Biolegend, USA), anti-F4/80-FITC (Biolegend, USA), anti-CD86-Percp/Cyanine5.5 (Biolegend, USA), anti-CD206-APC (Biolegend, USA) antibodies and examined using flow cytometry. For DCs maturation (CD11c+, CD80+, CD86+) analysis, spleens collected from mice after different treatments were homogenized into single-cell suspensions and stained with anti-CD11c-FITC (Biolegend, USA), anti-CD80-APC (Biolegend, USA), anti-CD86-Percp/Cyanine5.5 antibodies for flow cytometry examination. All these antibodies used in ex vivo flow cytometry experiments were diluted 150 times.



ELISA Assay

Serum samples were harvested from mice after various treatments and diluted for ELISA analysis. The proinflammatory cytokines secreted within the blood serum, including TNF-α, IFN-γ and IL-6, were determined using ELISA kits (Biolegend, USA) according to the vendor’s instructions.




Statistics

Data were given as means ± SEM. The statistical significance was performed by one-way analysis of variance (ANOVA) test and two-sided unpaired Student’s t-test. Correlation coefficients between acquired PET imaging parameters and the percentage of mature DC cells obtained from flow cytometry were calculated. Statistical significance was set as follows: *p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. The statistical analyses were performed using GraphPad Prism (GraphPad Software v8, CA, USA).




Results


Dox-L Induces Anti-Tumor Effect and ICD In Vitro

Dox-L appeared markedly more cytotoxic than losartan in 4T1 cells (Figures S1A, B) and EMT6 cells (Figures S1C, D). The quantitative results indicate that the antitumor effect induced by Dox-L plays an important role in combination therapy. In addition, we measured levels of calreticulin (CRT) exposure and high mobility group box 1 (HMGB1) release on the 4T1 and EMT6 cells treated by different formulations.

Dox-L, but not losartan or PBS, promoted the translocation of CRT to the cell surface. Surface CRT-positive 4T1 tumor cells induced by Dox-L treatment with 100μg/mL (46.90 ± 3.04%) and 200μg/mL (51.67 ± 5.93%) concentrations were significantly more efficient than PBS treatment (17.37 ± 1.07% CRT-positive cells) (Figures S1E, F). Similar results were observed in EMT6 tumor cells (Figures S1E, G). The HMGB1 release data further confirmed the ICD induction property of Dox-L in both TNBC models (Figures S1H, I).



Losartan Improves the Antitumor Efficacy of Dox-L Chemotherapy

Losartan was administered in combination with Dox-L chemotherapy to test this hypothesis as a first step. 4T1 tumor models were respectively treated with Saline (control), Losartan, Dox-L or Losartan + Dox-L. The experimental procedure, shown in Figure 1A. We found that losartan did not cause any evident delay in tumor growth compared to the control group. However, assessment of tumor size on the last day showed a significant reduction in tumor volume in the mice receiving the combination treatment of losartan with Dox-L compared with Dox-L monotherapy (65.30 ± 11.28mm3 vs. 226.48 ± 13.22mm3, p < 0.0001). The tumor volume trend corresponded with that of tumor weight (0.04 ± 0.01g vs. 0.15 ± 0.02g, p = 0.0005). These data demonstrate that the effect of losartan is essential to improve Dox-L anti-tumor ability (Figures 1B–D). Additionally, no significantly unnatural weight changes were observed in mice after Losartan + Dox-L treatment (Figure 1E), indicating the favorable therapeutic biosafety of the combined losartan and Dox-L.




Figure 1 | Losartan significantly inhibits the growth of tumors treated with Dox-L. (A) Schematic illustration of losartan and Dox-L combination therapy to tumor models (n = 5). (B) Average tumor growth curves of 4T1-tumor-bearing mice from different groups of mice. (C) Average weights of tumors at the end of treatments. (D) Photographs of excised tumors at the end of treatments. (E) Weight of mice after different treatments. Data are expressed as the mean ± SEM. Data are expressed as the mean ± SEM. Statistical significances were calculated via Student’s t-test, ***p < 0.001 and ****p < 0.0001.





Combination Therapy Involved α-PD1 Immunotherapy Alleviates Primary Tumor Burden and Lung Metastases

To assess the synergistic efficiency of the combination therapy, losartan, Dox-L and α-PD1 blockade, 4T1 and EMT6 orthotopic mammary tumor models were employed. Mice bearing tumors were distributed into six groups (1) Saline (control), (2) α-PD1 (3) Losartan + α-PD1, (4) Losartan + Dox-L, (5) Dox-L + α-PD1, (6) Losartan + Dox-L + α-PD1, the treatment schedule is described in Figure 2A. Compared with the other groups, the volumes and weights of 4T1 tumors were significantly decreased in the Losartan + Dox-L + α-PD1 group in 4T1 tumor models (Figures 2B–D). The 2-[18F] fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography (18F-FDG PET/CT) imaging was performed to track the growing process of the 4T1 tumor at different time points (Figure S2). Notably, we found three out of five mice exhibiting negligible tumor signals after the triple-combined treatment, indicating substantially inhibited tumorigenesis. Similar results were found in the EMT6 cancer model (Figures S3A–C). Meanwhile, there were virtually no abnormal weight changes observed in mice after Losartan + Dox-L + α-PD1 combination treatment in both 4T1 (Figure 2E) and EMT6 (Figure S3D) cancer models, indicating the high biosafety of the combined therapeutic strategy.




Figure 2 | Antitumor effect of losartan, Dox-L plus anti-PD1 immunotherapy in orthotopic 4T1 tumor models. (A) Schematic illustration of combined treatment to tumors. (n = 5) (B) Tumor growth curves of different groups of orthotopic tumor-bearing mice after various treatments as indicated in the figure. (C) Average weights of tumors at the end of treatments. (D) Photographs of excised tumors at the end of treatments. (E) Weight of mice after different treatments. (F) The numbers of lung nodules were counted under an anatomy microscope (n = 5). (G) Representative Lung photographs of 4T1 murine breast tumors treated as indicated. Red arrows indicate the metastatic nodules on the lungs. (H) Representative H&E histopathological images of the lung metastasis. Scale bar = 200μm. Data are expressed as the mean ± SEM. Statistical significances were calculated via Student’s t-test and one-way analysis of variance (ANOVA), *p < 0.05, **p < 0.01 and ***p < 0.001.



In addition, we examined the ability of losartan combined with chemo-immunotherapy to reduce lung metastasis in mice bearing 4T1 and EMT6 breast tumors. Macroscopic counting of metastatic lung nodules, as well as tissue section by Hematoxylin and Eosin (H&E) staining, revealed that compared to all other treatment groups, Losartan + Dox-L + α-PD1 treatment was effective in mitigating metastases (Figures 2F–H; Figures S3E, F).

Subsequently, so as to confirm the biosafety of the combinational strategy, we evaluated the probable harmful influence on normal organs caused by the combined treatment. The serum biochemistry assay was conducted, and H&E staining assay was performed on the major organs of tumor-bearing mice receiving different treatments. There was no significant difference found in serum parameters and no obvious damage found in the hearts, spleens, kidneys and livers, indicating the biosafety of the Losartan + Dox-L + α-PD1 triple therapy (Figure S4).



Losartan Depletes Intra-Tumoral Dense Stroma and Hypoxia Microenvironment

To investigate if the significant antitumor effect for the Losartan + Dox-L + α-PD1 group was induced with efficient degradation of the ECM, immunofluorescence staining of tumor cryosections was performed by quantifying fluorescence intensity of main ECM components. We observed that the losartan-treated groups could increase the vascular endothelium marker CD31 and decrease the collagen and smooth muscle actin (α-SMA) content of 4T1 tumor stroma when compared with the other groups (Figures 3A–D). Consequently, exposed to losartan, dense tumor stroma was alleviated, and vascular perfusion was enhanced, leading to reduced tumor hypoxic microenvironment (Figures 3A, E). In addition, by modulating ECM, losartan significantly improved drug delivery to the tumor site of Dox-L (p = 0.001) (Figure S5).




Figure 3 | Enhanced tumor normalization by losartan relieves dense tumor stroma, increasing perfusion and alleviating tumor hypoxia. (A) Representative images of CD31 (endothelial marker, green), Collagen I (stroma content, green), α-SMA (pericyte marker, red), HIF-1α (hypoxia marker, green) immunofluorescence staining and DAPI (blue) nuclear staining after various treatments as indicated. Quantification of CD31 (B), Collagen I (C), α-SMA (D), HIF-1α (E) positive staining signals from the images shown in (A). Scale bar = 100μm. Data are expressed as the mean ± SEM. Statistical significances were calculated via one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001 (n = 9). ****p < 0.0001. ns, no significance.





Combination Therapy Enhances Antitumor Immune Response

The antitumor immunity elicited by losartan combined with chemo-immunotherapy was further verified by the immunofluorescence assay and flow cytometry for effector T cells. It has been observed that combinational treatment instigated CD8+ T cells infiltration into 4T1 tumors effectively by immunofluorescence staining with antibodies against CD8 (Figure 4A). Furthermore, the quantitative changes in effector T cells (CD45+, CD3+, CD8+) were measured by flow cytometry in 4T1 and EMT6 tumor models. In both 4T1 and EMT6 models, effector T cells data showed that the Losartan + Dox-L + α-PD1 treatment led to an obvious increase compared with the other groups, 3.8-fold (8.59 ± 0.48% vs. 2.28 ± 0.40%, p < 0.0001) (Figures 4B, F) and 2.8-fold (7.12 ± 0.57% vs. 2.56 ± 0.45%, p < 0.0001) (Figures S6A, E) more effector T cells than the Saline group.




Figure 4 | Losartan combined with chemo-immunotherapy promotes immune-stimulation in orthotopic 4T1 breast tumors. (A) Representative fluorescence images of 4T1 tumor slices immunostained for (effector T cell marker CD8, green), CD86 (M1-like TAM marker, green), CD206 (M2-like TAM marker, red), CRT (ICD effect marker, red) and DAPI (cell nuclei, blue). (B–D) Representative flow cytometry plots showing the tumor immune cells, including CD8+ T cells (CD45+, CD3+, CD8+), M1-like TAMs (CD11b+, F4/80+, CD86+) and M2-like TAMs (CD11b+, F4/80+, CD206+) in tumors after different treatments. (E) Heat map plot of ELISA results. (F) Quantification of the level of CD8+ T cells by flow cytometry analysis (n = 5). (G) Ratio of M2-like TAM to M1-like TAM by flow cytometry analysis (n = 5). (H) Quantification of CRT positive staining signals from the images shown in (A) (n = 9). Cytokine quantification of the secretion of TNF-α (I), IFN-γ (J), IL-6 (K) in sera from mice after various treatments as indicated in the figure (n = 3). Scale bar = 100μm. Data are expressed as the mean ± SEM. Statistical significances were calculated via one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. ns, no significance.



Considering the favorable efficacy of combination therapy on facilitating oxygen delivery in ECM, whether reprogramming the TAMs polarization could modulate the immune-suppressive environment in 4T1 and EMT6 tumors was investigated. Losartan-treated groups increased the anti-cancer M1-like TAMs and decreased the immune-suppressive M2-like TAM. Subsequently, the reduction of the ratio of M2-like TAMs to M1-like TAMs in losartan-treated groups was identified by flow cytometry and compared with the other groups. The M2-like TAM population was considered according to the expression of CD11b+, F4/80+, CD206+, while the M1-like TAM was according to the expression of CD11b+, F4/80+, CD86+. In 4T1 models, the values of M2/M1-like TAMs in the Losartan + α-PD1 group (1.71 ± 0.48, p = 0.0173), Losartan + Dox-L group (1.38 ± 0.13, p = 0.0054) and Losartan + Dox-L + α-PD1 group (0.85 ± 0.20, p = 0.0008) were significantly lower than in the saline group (4.16 ± 0.83, Figures 4C, D, G). Meanwhile, a comparable trend was observed in EMT6 tumor-bearing mice (Figures S6B, C, F). The reverse of the ratio found in losartan-treated group indicated that losartan reprograms TAMs performing polarization towards M1-like TAMs. The 4T1 tumor cryosections from different treatment groups underwent immunofluorescence staining with CD86 and CD206 antibodies, which are predominantly expressed in M1-like TAMs and M2-like TAMs populations, respectively (Figure 4A). The results of the experiment were consistent with flow cytometry quantitation.

The effect of the drug combination on ICD marker—CRT expression was observed by immunofluorescence staining. The fluorescence intensity of CRT exposure in 4T1 tumors was significantly enhanced in treatment groups exposed to Dox-L compared with the other groups (Figures 4A, H). The ICD effect facilitates DCs maturation, the most crucial antigen-presenting cells, to activate the immune response. Therefore, the spleens of tumor-bearing mice after different therapies were collected and measured by flow cytometry to evaluate the variation of mature DCs (CD11c+, CD80+, CD86+). In 4T1 tumors, the Losartan + Dox-L group and Dox-L + α-PD1 group induced 21.56 ± 1.21% and 21.94 ± 1.26% of splenic DC maturation. In contrast, the combination of Losartan + Dox-L+ α-PD1 improved the mature DC maturation to 30.86 ± 1.20% (p = 0.0012 and p = 0.0018, respectively), suggesting the combinational strategy efficiently amplified the immune response of chemotherapy and ICB therapy (Figures 5A, B). The experiment data of EMT6 models (Figures S6D, G) were in accord with 4T1 results. Additionally, this finding is attributed to the presence of Dox-L inducing the ICD effect because experimental Dox-L-treated groups promote DC maturation without exception.




Figure 5 | Investigation of the splenic DCs infiltrate and splenic 18F-FDG uptake in mice bearing 4T1 tumors after combination therapy. (A, B) The percentage of mature DCs (CD11c+, CD80+, CD86+) was analyzed by flow cytometry (n = 5). (C) Representative PET/CT images showing the 18F-FDG uptake in the spleens of 4T1 tumor-bearing mice at PET scans (n = 5). White dashed line = spleen. (D) Splenic 18F-FDG uptake was determined by scanning in 4T1 tumor-bearing mice. (E) The ratio (spleen/muscle) is expressed as decay-corrected mean SUV of ROI of spleen divided by decay-corrected mean SUV of ROI of muscle. (F, G) Correlation of the 18F-FDG uptake and the ratio (spleen/muscle) respectively with the number of splenic DC cells present. Data are expressed as the mean ± SEM. Statistical significances were calculated via one-way ANOVA using the Tukey post-test, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.



The combination treatment-induced systemic immune response was evaluated by measuring the secretion of serum proinflammatory cytokines with ELISA assay, including tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ) and interleukin-6 (IL-6), that play vital roles in anti-cancer immunity. The three serum cytokines were significantly increased for 4T1 tumor-bearing mice by treatment with losartan combined chemo-immunotherapy (p = 0.0201, p = 0.0006 and p = 0.0049, respectively), illustrating the establishment of powerful systemic antitumor immune responses (Figures 4E, I–K).

To study the immune-memory effect, the mice cured by the Losartan + Dox-L + α-PD1 therapeutic strategy were rechallenged by 4T1 cells on the contralateral mammary fat pad 1 month after the previous tumors disappeared. We found that the mice previously cured by combinational treatment were still resistant to tumor rechallenge, while the tumors of control mice developed rapidly after inoculation (Figure S7), demonstrating long-term immunogenic memory function triggered by the combination therapy.



Splenic 18F-FDG PET Imaging Confirms DC Activation

Splenic 18F-FDG PET imaging was employed to evaluate the immune response against tumors after different treatments in both 4T1 (Figure 5C) and EMT6 (Figure S8A) cancer models. 18F-FDG PET imaging revealed a significantly increased splenic 18F-FDG uptake in Losartan + Dox-L + α-PD1 combination strategy-treated 4T1 tumor-bearing mice when compared to that of Losartan + Dox-L group (p = 0.0038) and Dox-L + α-PD1 group (p = 0.0472, Figure 5D). Also, the spleen-to-muscle ratio calculated by the 18F-FDG PET signal in the triple therapy group was 2.76 ± 0.11, significantly higher than that of the Losartan + Dox-L group (1.21 ± 0.10, p < 0.0001) and the Dox-L + α-PD1 group (1.80 ± 0.21, p = 0.0003, Figure 5E). The findings on 18F-FDG PET parameters in the 4T1 cancer models can also be extended to EMT6 models (Figures S8B, C).

To confirm splenic 18F-FDG PET scanning could reflect systemic immune response, we explored the correlation between splenic DC flow cytometry data and the 18F-FDG PET parameters of the six treatment groups. The correlation coefficients of splenic 18F-FDG uptake with the percentage of mature DCs were 0.6620 in 4T1 tumor-bearing mice (p < 0.0001, Figure 5F) and 0.4782 in EMT6 tumor-bearing mice (p = 0.0075, Figure S8D). Furthermore, the spleen-to-muscle ratio demonstrated a significant correlation to the percentage of CD11c+, CD80+, CD86+ DCs in both 4T1 (r = 0.8102, p < 0.0001, Figure 5G) and EMT6 (r = 0.7489, p < 0.0001, Figure S8E) mice. Our findings indicated that an effective systemic immune response in tumor models undergoing losartan combined chemo-immunotherapy could be assessed by splenic 18F-FDG PET.




Discussion

Our study reported for the first time the effect of tumor inhibition and immune response against TNBC caused by the combined therapeutic strategy (Losartan + Dox-L + α-PD1) to the best of our current knowledge. The study mainly unfolds the coefficient mechanism of antitumor immune activation from losartan, Dox-L and α-PD1 (Figure 6).




Figure 6 | The scheme illustrates the mechanism of losartan-based chemo-immunotherapy to achieve systemic antitumor immune responses.



Given the limited efficacy of PD1 inhibitor monotherapy, considerable efforts have been devoted to improving efficacy with combination therapy to overcome the non-immunogenic nature of TNBC, facilitating immunological function (7, 10). As a rational combination partner, Dox-L triggers the cancer-immunity cycle via ICD effect to promote DC maturation to stimulate effector T cell (33, 34), which has been verified in combination with ICB treatment (1, 35, 36). Damage-associated molecular patterns (DAMPs) such as CRT and HMGB1 induced by ICD enable the host immune activation against tumor cells. As a distinct biomarker of ICD, CRT acts as an “eat me” signal, once exposed on the tumor cell surface, to enhance phagocytosis of dying tumor cells and debris (34, 37). We found that Dox-L had the potential to induce significantly higher CRT exposure and HMGB1 excretion in TNBC cells. However, previous literatures demonstrated that Dox-L still lacked the ability to penetrate sufficiently in solid in-vivo tumor (21, 22), as evidenced by our result.

It is noted that regulating the aberrant ECM is capable of augmenting drug delivery and reversing immunosuppressive nature. Losartan is a kind of angiotensin II type 1 receptor blockers (ARBs), which serves initially for hypertension treatment. But in previous studies (21, 31, 32), losartan was applied to potentiate delivery of nanomedicine through degradation of dense ECM. Our paper also confirmed that losartan could effectively lower ECM content (e.g. collagen I, α-SMA) and restore compressed micro vessel density (CD31), which were consistent with Vikash’s findings (31, 38). After continuous administration of losartan, Dox-L was proved to gain increased biodistribution in local tumor tissue, which ultimately lead to significantly effective ICD effect, as exemplified by DC maturation level. The function of losartan on degrading dominant components of dense ECM may be attribute to decreased expression of profibrotic signals TGF-β1, CCN2 and ET-1, downstream of angiotensin-II-receptor-1 inhibition (31).

Furthermore, dense stroma and resulting hypoxia are associated with the immune-suppressive tumor microenvironment (26, 39), with polarization of M2 TAMs and insufficient accumulation of cytotoxic immune cells. Several studies pointed out that strategy focusing on modulation ECM and hypoxia status might yield promising results in enhancing anti-tumor immunity (16, 22, 40). The depleting ECM resulted in relieving tumor hypoxia, as verified by immunofluorescence imaging. Here we hypothesize that losartan in combination with chemo-immunotherapy might further enhance immune response. In this study, the results demonstrated that the M2 TAMs related to hypoxia were significantly decreased post-losartan treatment. The data also showed during combined therapy, M1 TAMs cells significantly increased, confirming that tumor immune-nature had reversed from cold to hot. After accounting for PD1 inhibitor, the combinational therapy further added to infiltration and activation of CD8+ T cell. Notably, the combined strategy not only efficiently boosted the antitumor immune responses but also showed long-term immune memory effects in the cured mice, therefore leading to substantial therapeutic efficacy for relapse prevention of the primary tumor.

In previous studies, the researchers cited a similar biological strategy to synthesize new nanomedicines with losartan and chemotherapeutics to achieve better immunotherapy effects (38, 41). Research and development of new nanomedicine brings new breakthrough in cancer treatment. However, compared with mature clinical drug combination strategies, there are still some problems to be solved in the clinical transformation of novel nanoparticles, such as drug biosafety, drug stability, etc. The clinical drug combination method proposed by us is easier to apply in clinical practice, has better biological safety, and is more economical. Clinical biosafety is a challenging concern for drug trial. The agents involved in our strategy are all commonly used in clinic. Indeed, our paper and other researches (21, 31, 32) supported that losartan alone, when used at low doses, did not cause significant tumor cell death neither in vitro nor in vivo. Moreover, losartan did not induce body weight loss and failed to do harm to major organs in this paper. Losartan was selected over other angiotensin inhibitors in a recently initiated clinical trial involving pancreatic cancer (NCT01821729) at Massachusetts General Hospital (42). The biosafety and low cost of losartan, along with their potentiation of conventional nano-chemotherapy and immunotherapy, makes a perfect candidate for readily approval in clinical patients with indication.

Growing evidence have shown that successful ICB therapy requires a systemic response against cancer involving primary (e.g. the bone marrow) and secondary lymphoid organs (e.g. the spleen) (43–45). However, there is no reliable prediction model available for supervising anti-tumor immune response. Derived from invasive procedures, PD-L1 expression in histological specimen is often deemed as valuable biomarkers for assessment with limited clinical use (46). As a representative “transpathological” approach, molecular imaging with PET achieves the safe and comprehensive evaluation of disease biological processes (47, 48). The systemic immune response was relied on glycolysis cycles to a large extent, therefore the 18F-FDG PET has been verified to be potential to monitor immunotherapy-associated metabolic changes (43, 44). However, glucose metabolism is a non-immune cell-specific process. In order to analyze the systemic immune environment more accurately, new specific probes need to be developed. DC activation in the spleen were heavily dependent on abundant glucose and extensive glycolysis to intensify the immunologic response (49, 50). Accordingly, the massive glucose consumption caused by DC maturation makes room for 18F-FDG PET detection. In this study, flow cytometry revealed 18F-FDG PET parameters, such as 18F-FDG uptake and spleen-to-muscle ratio, were correlated strongly with DC maturation status measured by flow cytometry in both 4T1 and EMT6 tumor models. But besides splenic DC transformation, the elevated infiltration of splenic neutrophils and T cells could also lead to increased glucose metabolism, which may be observed with 18F-FDG PET imaging (43). Therefore, the topic focusing on the relationship among specific metabolism of various splenic immune cell, splenic PET imaging evaluation and the strength of systemic immune response was needed to be further discussed.



Conclusion

This study indicated that losartan combined chemo-immunotherapy approach could enhance the antitumor immune-activated efficacy for TNBC by degrading stromal structures, remodeled the immunosuppressive microenvironment, thus resulting in a better therapeutic response. Our findings provide the basis for the translational therapeutic approach for TNBC.
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Digestive system malignancies are one of the primary causes of cancer-related death. Meanwhile, angiogenesis has been proved to play an important role in the process of cancer neovascularization. Apatinib, a novel targeted antiangiogenic molecule, could generate highly selective competition in the vascular endothelial growth factor receptor-2, involved in tumor progression and metastasis. It has been implied as a promising cancer treatment agent that can prevent tumor cell proliferation meanwhile inhibit tumor angiogenesis. Furthermore, completed clinical trials demonstrated that apatinib could prolong the progression-free survival and overall survival in advanced gastric cancer and primary liver cancer. Recent studies revealed that apatinib had a synergistic effect with immunotherapy as a second-line and third-line treatment regimen for some other cancers. In this review, we summarize the pharmacological properties of apatinib and the latest clinical application in chemotherapy-refractory patients with advanced digestive system cancer. Based on the comparable survival results, the molecular mechanisms of apatinib are prospective to include the antiangiogenic, apoptosis-inducing, and autophagy-inducing properties in the corresponding signaling pathway. Treatment of apatinib monotherapy or combination immunotherapy remains the optimal option for patients with digestive system malignancies in the future.
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Introduction

Cancer is still one of the principal causes of death, among which digestive system malignancies (DSMs) account for the majority of morbidity and mortality. According to the latest statistics from the American Cancer Society, there will be approximately 338,090 Americans diagnosed and 169,280 will die from DSMs in 2021 (1). Malignant tumors of the digestive system, such as gastrointestinal cancer, liver cancer, cholangiocarcinoma, and so on, account for a large proportion of DSMs. Gastric cancer ranked the third in the world of cancer-related causes of death (2). The fourth leading cause of cancer death in the world is primary liver cancer, and cholangiocarcinoma is also one of the highly malignant tumors (3). Moreover, colorectal cancer (CRC) is one of the most common cancers worldwide and accounts for nearly 8.5% of total cancer mortality (4). In addition, esophageal cancer is the fourth leading cause of cancer-related deaths among malignant tumors worldwide (5). To an aging population, harmful dietary habits and lifestyles can increase the risk of DSMs onset in high-income countries. Advancements in a better understanding of the pathophysiology provide new treatment options for advanced and late-stage cancer diseases including individualized treatment (6). To date, receptor tyrosine kinases (RTKs) are transmembrane glycoproteins in the process of angiogenesis that connect with extracellular ligands and cellular growth factors. Many important physiological processes are activated and regulated, including cell proliferation, cell growth, cell migration, cell differentiation, and apoptosis. RTKs are also associated with pathological conditions including cancer, metabolic and immune diseases. The development of antiangiogenic agents targeting the vascular endothelial growth factor (VEGF) signaling pathway plays a crucial role in the treatment of cancer in recent years, including bevacizumab, ramucirumab, sorafenib, and apatinib (7).

Apatinib, a novel, small molecule, selective tyrosine kinase inhibitor (TKI), could inhibit multiple tumor-related kinases (TRKs), such as vascular endothelial growth factor receptor-2 (VEGFR-2), and induce apoptosis, suppressing tumor proliferation in multiple tumors (8). It was first verified to prolong the progression-free survival (PFS) and overall survival (OS) in advanced gastric cancer in a phase III clinical trial. Thus it was approved by the National Medical Products Administration (NMPA) of China in 2014 as an alternative anti-neoplastic drug available for patients with advanced gastric cancer or gastroesophageal junction (GEJ) carcinoma (9). Furthermore, Apatinib exhibits promising anti-tumor activities in various tumors, including hepatocellular carcinoma, breast cancer, and non-small-cell lung cancer (10–12). Additionally, Apatinib could sensitize resistant tumor cells to chemotherapy drugs meanwhile reverse the multiple drug resistance (MDR) caused by ATP-binding cassette transporters proteins (13).

Inhibition of angiogenesis is an important target of tumor therapy while angiogenesis is one of the immune evasion mechanisms (14, 15). Immunotherapy has become an integral part of cancer treatment, demonstrating unprecedented clinical benefits in a variety of malignancies, including patients with aggressive, metastatic, and drug-resistant malignancies (16, 17). However, mounting evidence shows that only a subgroup of patients benefit, and tumors may adopt additional mechanisms for immune destruction (16). Therefore, there is an increasing interest in enhancing antitumor immunity with novel combinatorial therapeutic strategies of immunotherapy (18, 19). Growing evidence suggests that persistent angiogenesis contributes to immune evasion by inducing a highly immunosuppressive tumor microenvironment (TME) (20). Due to persistent pro-angiogenic signaling pathways, morphologically abnormal tumor vasculature results in additional blood perfusion and oxygenation, leading to hypoxic areas and low pH in the TME (21). Angiogenesis also impedes leukocyte infiltration and inhibits dendritic cell maturation and increases intratumoral numbers of myeloid-derived suppressor cells and regulatory T cells in order to affect immune responses (22). Thus tumor angiogenesis promoting immune barrier for circulating leukocytes has been well established, and an increasing number of immune cells exhibit the dual ability to promote immunosuppression and angiogenesis (23, 24). This impelled researchers to design a dual inhibition study of antiangiogenic and anti-barrier compounds, which could potentially synergize for the treatment of DSMs (25). Therefore, the use of antiangiogenic agents to rebuild TME appears to be an effective way to improve immune efficacy (15, 26). The fact that the ‘immune-excluded’ tumor phenotype has described the presence of T cells in the tumor stroma but not in its parenchyma is also identified (27). Moreover, it has also been found that VEGF inhibits T cell development and function, as well as promotes T cell exhaustion by upregulating immune checkpoints (28). Indeed, the promise of an antiangiogenic drug in monotherapy or combination immunotherapy has been established.

All these shreds of evidence support apatinib to be a rather promising antiangiogenic agent for DSMs. Here in this review, we aim to provide an overview of the structure, pharmacodynamic, and pharmacokinetics of apatinib. Selected preclinical and clinical progress of monotherapy or combined use of antiangiogenic drugs and immunotherapy are also summarized. The inclusion criteria of trials are completed with NCT registration numbers and full data published in open-access journals. We highlight the possible molecular mechanisms meanwhile clinical relevance underlying the therapeutic potential of Apatinib in cancer treatment. Together, evidence contributes to a better understanding of angiogenesis therapy, thus achieving synergistic effects and reducing side effects.



Structure, Pharmacodynamic, and Pharmacokinetics

Apatinib (trade name Aitan®), molecular formula of C25H27N5O4S, is an orally administered small-molecule receptor TKI with a molecular weight of 473.178 Da, first developed by Advenchen Laboratories, LLC (Northridge, CA, USA). The chemical formula of apatinib is N-[4-(1-cyano-cyclopentyl) phenyl]-2-(4-pyridylmethyl) amino-3-pyridine carboxamide derived from PTK787/ZK222584 (Valatinib) (29).

When stimulated by VEGF signaling, the carboxy-terminal tail and kinase-insert region of VEGFR‐2 are specifically auto-phosphorylated for the SH2 domains of various signaling molecules (29). Therefore, downstream signaling pathways such as ERK, PKC, and PLC are successively activated, leading to the peak pro-angiogenic effect. Apatinib could bind to the specific domain of the receptor and consequently inhibit subsequent effects of cell proliferation (30). Apatinib could also block c-Kit, platelet-derived growth factor receptor (PDGFR)-β, Ret, and c-Src in a concentration-dependent manner (29). Moreover, apatinib can suppress tumor growth via stimulating endoplasmic reticulum (ER) stress and protective autophagy, inducing apoptosis by multiple cellular signaling pathways (31, 32).

The recommended apatinib intake dose is 850 mg per day in China for the treatment of patients with advanced gastric cancer or GEJ carcinoma (9). Pharmacokinetic studies revealed that the mean time to peak plasma concentrations (Cmax) of apatinib was 3~4 hours, and the mean half-life (T1/2) was 9 hours following single 500, 750, or, 850 mg doses, meanwhile, the concentrations in plasma increased with dose (33). Interestingly, dose-normalized exposure could decrease with increasing doses in patients with advanced gastric cancer, suggesting non-linear dose proportionality. Based on a study on healthy volunteers and cancer patients, the latter exhibited delayed absorption and slower clearance as a result of renal or hepatic impairment (34). In the dosing groups of 850 mg (n=8), the Cmax and AUC24 values showed high interindividual variability with a geometric mean of 2,833 ng/mL and 21,975 ng·h/mL. In addition, steady-state conditions of eleven patients were achieved by day 6, and no accumulation during 56 days of once-daily dosing with multidose cohort (33). The absorption and elimination processes in healthy volunteers and cancer patients with solid tumors were complexly exhibited by a two-compartment model with mixed first- and zero-order absorption together with first-order elimination. The analysis estimates of the absolute clearance (CL/F) of apatinib were 57.8 L/h, and its apparent volume in a stable condition was 112.5 L. The best feature of the nonlinear dose proportionality was its sigmoidal maximum effect (Emax) function of relative bioavailability (34). The main pathways of apatinib biotransformation are E- and Z-cyclopentyl-3-hydroxylation, N-dealkylation, pyridyl-25-N-oxidation, 16-hydroxylation, deoxygenation, and O-glucuronidation after 3-hydroxylation. After being metabolized mainly by cytochrome P450 (CYP) 3A4/5 and, to a lesser extent, by CYP2D6, CYP2C9, and, CYP2E1, nine major metabolites were identified through comparison with the standard reference (35). Within 96 hours after administration, the total recovery rate of the administered dose was 76.8%, meanwhile, 69.8% and 7.02% of the administered dose were excreted through feces and urine, respectively (36). A negligible amount of unchanged apatinib was detected in the urine, indicating that the systemically available administered dose was extensively metabolized (33). The excellent properties of apatinib make it a promising drug for clinical translation with a sum of 408 relevant clinical trials underway.



Clinical Efficacy in Advanced Gastric Cancer


Monotherapy or Combination Chemotherapy of Apatinib

Based on preclinical studies and phase I data, the main outcome of the randomized, placebo-controlled, double-blind, phase II trial and the phase III trial (NCT00970138) was PFS, while OS was the other coprimary primary outcome in the phase III trial. Secondary endpoints included objective response rate (ORR), disease control rate (DCR), quality of life (QoL), and toxicity (9, 10). In the phase II trial, 144 patients in this study who had failed at least two chemotherapy regimens were divided into three groups, including placebo (group A, n = 48), lapatinib 850 mg once a day (group B, n = 47), or apatinib 425 mg twice a day (group C, n = 46). The results demonstrated that, compared with placebo, treatment with apatinib significantly prolonged the median PFS and OS. The median OS time for group A was 2.50 months (95% CI, 1.87 to 3.70 months) and the median PFS time was 1.40 months (95% CI, 1.20 to 1.83 months), while the median OS time for groups B and C were 4.83 months (95% CI, 4.03 to 5.97 months) and 4.27 months (95% CI, 3.83 to 4.77 months), and the median PFS time was 3.67 months (95% CI, 2.17 to 6.80 months) and 3.20 months (95% CI, 2.37 to 4.53 months), respectively. There was no statistically significant difference between the two different administration methods of apatinib. Concerning safety, patients in group B had fewer grade 3~4 adverse events, including hypertension, hand-foot syndrome, and diarrhea than patients in group C. Therefore, the phase II study recommended the dosing regimen of 850 mg once daily for the phase III trial (9). Among the 267 patients in the Phase III trial, the median OS of the apatinib group was significantly improved (6.5 months; 95% CI, 4.8 to 7.6 months) compared with the placebo group (4.7 months; 95% CI, 3.6 to 5.4 months) and the apatinib group significantly prolonged the median PFS(2.6 months; 95% CI, 2.0 to 2.9 months) in comparison to placebo (1.8 months; 95% CI, 1.4 to 1.9 months) (10).

At the time of the open-label, multicenter, noninterventional study of apatinib (NCT02668380), in a total of 337 patients, of which 62 (18.4%), 102 (30.3%), and 173 (51.3%) received first-line, second-line, and third-line or higher-line apatinib treatment respectively, were divided into three groups, low-dose Group (250 mg, n = 124), medium-dose group (425-500 mg, n = 198) and high-dose group (675~850 mg, n = 15). Findings of the study showed that there was no difference in the median OS (7.13 months; 95% CI, 6.17 to 7.93 months) and the median PFS (4.20 months; 95% CI, 4.60 to 4.77 months) among those three dose groups. Interestingly, the data also demonstrated that the treatment dose of apatinib received by patients with advanced gastric cancer was much lower than the dose used in clinical trials. The lower doses of apatinib (especially 425~500mg) produced the same clinical benefits compared with the higher dose drugs used in clinical trials with lower incidences of grade 3~4 adverse events (37). Coincidentally, in a prospective, multicenter observation study (NCT03333967), a total of 747 patients were eligible and received low-dose apatinib (500 mg or 250 mg per day) with the median PFS (5.56 months; 95% CI, 4.47 to 6.28 months) and the median OS (7.50 months; 95% CI, 6.74 to 8.88 months). Prospective studies suggested that a low-dose apatinib, which was lower than the previous phase III reported dose, was an effective regimen for advanced gastric cancer with tolerable or controllable toxicity (38).

The FAS analysis indicated that 54.9% of a total of 737 patients with advanced gastric cancer received the treatment of apatinib monotherapy, and 45.1% of patients were treated with combination therapy, apatinib plus chemotherapy, including 44.1% of patients in first-line treatment with apatinib, 28.2% in second-line treatment, and 27.7% in third-line and above treatment. In first-line treatment, the ORR of apatinib monotherapy and combination therapy groups was 9.09% and 16.42%, and the DCR was 78.41% and 89.29%, respectively. Compared with monotherapy, patients in combination therapy achieved significantly longer median PFS (6.18 months; 95% CI, 5.26 to 7.73 months versus 3.52months; 95% CI, 2.66 to 5.92 months) and median OS (8.72 months; 95% CI, 7.4 to 10.53 months versus 5.92months; 95% CI, 4.28 to 7.63 months). In second-line and third-line treatment, combination therapy showed a better trend in tumor response and survival outcomes in comparison to monotherapy. The safety of combination treatment, especially combined with paclitaxel, was tolerable, and no apatinib-specific adverse events had been reported (39). In a small retrospective study of 34 patients, the median PFS of the monotherapy group and concurrent apatinib and docetaxel therapy group was 2.5 months (95% CI, 1.99 to 3.01 months) and 4 months (95% CI, 3.29 to 4.71 months), with the median OS of 3.3 months (95% CI, 2.76 to 3.84 months) and 6 months (95% CI, 2.86 to 9.14 months), respectively. This study also found that grade 3~4 toxicities of neutropenia, thrombocytopenia, proteinuria, hyperbilirubinemia, hypertension, and fatigue were less in the combination therapy group than in the monotherapy group (40).

The combination of apatinib in neoadjuvant chemotherapy can turn unresectable advanced gastric cancer into resectable and obtain benefits in the long-term prognosis. Growing evidence suggested that preoperative chemotherapy could often convert initially unresectable gastric cancer into resectable cancers. In a retrospective study of 151 patients with unresectable gastric cancer receiving the combination of S-1 (a fluorouracil drug) and cisplatin or paclitaxel, the median OS time of 40 patients who received conversion surgery was significantly longer than 111 patients who underwent chemotherapy only (53 months versus 14 months) (41). For neoadjuvant chemotherapy, adding targeted drugs in the preoperative treatment had been recognized as an effective way to improve survival outcomes and response rates in patients with locally advanced gastric cancer. Therefore, a single-arm, open-label, phase II trial (NCT04208347) was conducted to evaluate the efficacy and safety of combining neoadjuvant chemotherapy with targeted drug for a total of 29 patients with advanced gastric adenocarcinoma. The patient received three preoperative cycles of neoadjuvant therapy (NAT) (3 weeks/cycle), including SOX (S-1: 80~120 mg/day on 2 weeks; oxaliplatin: 130 mg/m2 intravenously on day 1) and two consecutive cycles of orally administered apatinib (500 mg/day for 3 weeks) at one-cycle intervals, followed by surgery. After the resectability of tumors was assessed by CT, a standard D2 lymphadenectomy gastrectomy was performed and then the patients received three cycles of SOX adjuvant chemotherapy. Pathologic response rate (pRR), the primary end-point, was 89.7% (95% CI, 2.7 to 97.8%) with 28 patients who underwent surgery which was higher than the previously reported SOX regimen in Japan and the previous results in China due to the addition of apatinib in chemotherapy. All 29 patients could be evaluated for preoperative response evaluation with the ORR of 79.3% (95% CI, 60.3 to 92.0%), the DCR of 96.6% (95% CI, 82.2 to 99.9%), the margin-less resection rate of 96.6% (95% CI, 82.2% to 99.9%), and the pathological complete remission rate of 13.8% (95% CI, 1.2 to 26.3%). Concerning safety, the incidence of grade 3~4 adverse events occurred in 10 (34.5%) patients, and surgery-related complications were observed in 12 (42.9%) with the most common complication of fever with no treatment-related death occurring. All adverse events during the NAT period were tolerable and controllable, indicating that apatinib can be safely added to the SOX regimen before surgery (42). Another multicenter, prospective, single-group, open-label, nonrandomized controlled phase II trial (NCT03192735) provided a novel neoadjuvant chemotherapy option, apatinib combined with S-1 plus oxaliplatin, for patients with chemotherapy-refractory advanced gastric cancer. A total of 48 patients with M0 and clinical T2 to T4 or N+ diseases were eligible to receive apatinib (500 mg orally once a day for 3 weeks, and withdrawal in the last cycle) plus SOX, and then a standard D2 gastrectomy was performed within 2 to 4 weeks after the last cycle. The primary endpoint of the R0 resection rate in 40 patients who received surgery (95% had gastrectomy, and the rest had exploratory laparotomy) was 75.0% (95% CI, 60.4 to 86.4%). The radiological response rate was 75.0%, and 16 of 44 patients (36.4%) had T downstage. In the comparison of CT staging before and after treatment, 16 of 44 patients (36.4%) had T downstage, of which 10 patients (62.5%) dropped from T4 to T3, 4 patients (25.0%) from T4 to T2, 2 patients (12.5%) from T4 to T1, and 4 out of 41 patients (9.8%) had N downstage (N+ to N–). There were no grade 4 adverse events or preoperative death observed. Compared with patients who did not experience adverse events, patients with grade 3 adverse events had a significantly lower average number of preoperative cycles, indicating that the incidence of adverse events was not related to the cumulative exposure to the drug (43). Results from clinical trials demonstrated that neoadjuvant chemotherapy combined with apatinib achieved a better survival benefit in the unresectable advanced gastric cancer with acceptable safety.



Combination Immunotherapy of Apatinib

In recent years, the use of anti-programmed cell death 1 (PD-1) in combination with TKI drugs to improve efficacy has attracted considerable attention (44). Although the additive or synergistic effect of this approach has been proved with strong scientific evidence, the acceptable level of toxicity is unknown (45). In 2019 Jianming Xu. et al. conducted a multicenter, single-arm, phase I dose-escalation and expansion study (NCT03463876) to evaluate the safety of the anti-PD-1 antibody camrelizumab (SHR-1210) in combination with apatinib as second-line, or later, therapy in patients with advanced HCC or GC/EGJC (46). A total of fifteen patients entered into the dose-escalation phase (Phase Ia), with patients (n=5 per cohort) receiving apatinib at doses of 125, 250, or 500 mg combined with SHR-1210 200 mg. 28 patients were enrolled in the dose-expansion phase (Phase Ib) and all 43 patients were conducted for safety assessment. In Phase Ia, no adverse events were reported in the 125 mg group. After 28 days of treatment, one patient in the 250 mg apatinib cohort developed grade 3 adverse events (elevated lipase without clinical symptoms of pancreatitis) and three patients in the 500 mg group had grade 3 immune-related pneumonitis. Among 23 evaluable GC/EGJC patients, median PFS was 2.9 months (95% CI, 2.5 to 4.2 months) and median OS was 11.4 months (95% CI, 8,6 to NR months), while the ORR was 17.4% (95% CI, 5.0 to 38.9%) and the DCR was 78.3% (95% CI, 56.3 to 92.5%). The convincing clinical efficacy obtained in this study was also higher than that of apatinib alone. However, apatinib with immunotherapy resulted in a slight increase in the incidence of some apatinib-related adverse events or serious adverse events, including hypertension and elevated alanine transaminase (ALT) and aspartate transaminase (AST) levels. According to Atkins and colleagues, camrelizumab may enhance these adverse events (47). Despite the small number of cases, the results may suggest that the combination treatment of camrelizumab and apatinib may present synergistic effects by stimulating the tumor-induced immunosuppressive microenvironment.

Camrelizumab (200 mg every 3 weeks, i.v.) in combination with capecitabine and oxaliplatin (CAPOX) followed by camrelizumab (200 mg once in 3 weeks, i.v.) plus apatinib (375 mg orally daily of every 3-week cycle) was evaluated in another multicenter, open-label phase II clinical trial (NCT03472365) as first-line combination therapy in patients with advanced gastric or gastroesophageal junction adenocarcinoma. The results of all 48 enrolled patients showed an ORR of 58.3% (95% CI, 43.2 to 72.4%), a median OS of 14.9 months (95% CI, 13.0 to 18.6 months), and a median PFS of 6.8 months (95% CI, 5.6 to 9.5 months). Grade ≥3 adverse events included treatment-related decreased platelet count (20.8%), decreased neutrophil count (18.8%), and hypertension (14.6%). One patient (2.1%) died due to abnormal liver function (48). Combinations of anti-PD-1 drugs and anti-angiogenesis agents are considered to induce T-cell activation and drive tumor cell responses to immune checkpoint blockade, resulting in a more adequate response to anti-PD-1 monotherapy (49). In an open-label, single-arm, phase II clinical trial (NCT04345783), a total of 24 patients with advanced gastric or gastroesophageal junction adenocarcinoma received 200 mg camrelizumab intravenously on day 1, 500 mg oral apatinib once daily, and specific dose of oral S-1 on days 1-14. Regardless of PD-L1 expression, the combination of camrelizumab, apatinib, and S-1 as a promising second-line therapy for cancer patients showed good antitumor activity and manageable toxicity (50).

The current selected clinical trial treatment efficacy data of apatinib are summarized in Table 1. In addition, a Phase III trial of apatinib in combination with immunotherapy (NCT03813784) is underway, and results will be reported in the near future.


Table 1 | Selected clinical trials with apatinib in advanced gastric cancer.






Clinical Efficacy in Liver Cancer and Cholangiocarcinoma


Monotherapy or Combination Transarterial Therapy of Apatinib

The AHELP study, as a randomized, multicenter, double-blind, placebo-controlled, phase III trial (NCT02329860), was completed to evaluate the efficacy and safety of apatinib in pretreated patients with advanced hepatocellular carcinoma who had been refractory or intolerant to previous first-line systemic chemotherapy (oxaliplatin-based chemotherapy), targeted therapy (such as sorafenib), or both. A total of 400 eligible patients were randomly assigned to 2:1 groups receiving apatinib 750 mg (n = 267) or placebo (n = 133) orally once daily for a 28-day treatment cycle. Compared with the placebo group, the median OS in the apatinib group was significantly improved as the primary endpoint (8.70 months, 95% CI, 7.5 to 9.8 months versus 6.8 months, 95% CI, 5.7 to 9.1; hazard ratio 0.785, 95% CI, 0.617 to 0.998) and the median PFS was notably increased in comparison to placebo (4.5 months, 95% CI, 3.9 to 4.7 months versus 1.9 months, 95% CI, 1.9 to 2.0; hazard ratio 0.471, 95% CI, 0.369 to 0.601). 257 patients in the apatinib group and 130 patients in the placebo group received the safety assessment after the study treatment and thus the most common grade 3~4 adverse events were hypertension, hand-foot syndrome, and decreased platelet count. 37 patients (24 in the apatinib group and 13 in the placebo group) died due to adverse events, but the researchers believed that these deaths were not related to therapy. It was worth mentioning that the results of the AHELP trial led NMPA to approve apatinib as a second-line treatment for patients with advanced hepatocellular carcinoma on Dec 31, 2020 (51). Previous studies have shown that antiangiogenic drugs can promote the infiltration of immunosuppressive cells and enhance the expression of immune checkpoint molecules. Anti-VEGF therapy in combination with immunotherapy is a promising strategy to improve the treatment effect of patients with advanced primary liver cancer (52).

In China, most patients at an advanced stage of the disease cannot tolerate a radical surgery, and treatment of transcatheter arterial chemoembolization (TACE) can effectively prolong the survival time and increase the 2-year survival rate as a kind of the preferred non-surgical treatment. However, TACE usually cannot destroy all tumors, and the local hypoxia environment caused by embolization also stimulates tumor neovascularization (53). TACE combined with apatinib was proved to be an effective and safe way for patients with advanced hepatocellular carcinoma from the results of representative studies. In a total of 125 patients with TACE refractory intermediate or advanced-stage study, the median PFS of the TACE-apatinib group and TACE alone group were 7.0 and 2.0 months, while the median OS was 17.0 and 10.7 months, respectively (54). The median time of tumor progression (TTP) and OS of the TACE-apatinib group in another study were also significantly higher than those of the TACE monotherapy group after PSM analysis (TTP: 7.0 months versus 3.0 months; OS: 13.0 Months versus 8.0 months) (55).

Cholangiocarcinoma is one of the highly malignant tumors with a poor prognosis and approximately 60~70% of patients who are diagnosed with advanced stages are not suitable for surgical resection. Although gemcitabine combined with cisplatin or 5-fluorouracil is the first-line treatment to improve survival, the median OS is still shorter than 1 year. The fact that no standard second-line and higher therapy plan suggests that new treatment methods are urgently needed to establish to improve the survival of patients (56). There was a prospective open-label phase II trial (NCT03521219) to assess the clinical efficacy and safety of apatinib in 32 patients with advanced cholangiocarcinoma after the failure of gemcitabine-based chemotherapy. Patients were administered a second-line monotherapy of orally 500 mg apatinib per day for 28 days as a cycle until the disease progressed or unacceptable toxicity appeared. The primary endpoint of the ORR was 20.8% (95% CI, 9.24 to 40.47%) and the DCR was 62.5% (95% CI, 42.71 to 78.84%), meanwhile, the median PFS was 95 days (95% CI, 79.70 to 154.34 days) and the median OS was 250 days (95% CI, 112.86 to 387.14 days). Regarding safety, the most common clinical adverse events, mainly grade 1 or 2, included bone marrow suppression (69.2%), hypertension (57.7%), and proteinuria (46.2%) with no death caused by toxicity (57).



Combination Immunotherapy of Apatinib

The RESCUE study (NCT03463876), conducted by the same author mentioned above, enrolled 70 first-line patients and 120 second-line patients with advanced hepatocellular carcinoma receiving 200 mg intravenous camrelizumab every two weeks plus 250 mg oral apatinib every day in 4-week cycles based on the results of the phase I study (46). As a non-randomized, open-label, multicenter, phase II study, the ORR was 34.3% (95% CI, 23.3 to 46.6%) in the first-line group and 22.5% (95% CI, 15.4 to 31.0%) in the second-line group. The median PFS in the two cohorts was 5.7 months (95% CI, 5.4 to 7.4 months) and 5.5 months (95% CI, 3.7 to 5.6 months), respectively. The 12-month OS were 74.7% (95% CI, 62.5 to 83.5%) and 68.2% (95% CI, 59.0 to 75.7%), respectively. The grade 3 treatment-related adverse events were reported in 147 (77.4%) of patients with hypertension (34.2%). Two patients (1.1%) had treatment-related deaths occurred. This manageable phase II study demonstrated that camrelizumab combined with apatinib represented durable responses, long survival, high ORR, and controllable safety in advanced HCC (58). In a cohort, multicenter phase Ib/II trial (NCT03092895), 28 patients were enrolled to receive 3 mg/kg camrelizumab (once every 2 weeks) plus different doses of apatinib (125, 250, 375, or 500 mg; once daily) during a 3 + 3 dose-escalation phase and subsequent expansion phase with the tolerability and safety as the primary endpoint. The 375 mg cohort was expanded due to reported two dose-limiting toxicities, grade 3 diarrhea in the 500 mg cohort. 8 patients of the 19 patients in the 375 mg cohort reduced apatinib dose to 250 mg within 2 months and 26 patients of 28 patients had treatment-related grade 3~4 adverse events. The secondary endpoints included the median PFS of 3.7 months (95% CI, 2.0 to 5.8 months) and the median OS of 13.2 months (95% CI, 8.9 to NR months). In conclusion, a 250 mg dose of apatinib was recommended as a combination regimen for further studies with controllable toxicity and promising antitumor activity (59).

Similarly, considering the potential combinational effects of apatinib plus camrelizumab, it can be an effective treatment for patients with cholangiocarcinoma. A prospective, non-randomized, open-label phase II trial (NCT04642664) was conducted on a total of 22 patients who had received previously treatments with receiving apatinib 250 mg orally per day, camrelizumab 200 mg intravenously every three weeks until intolerable toxicity or disease progression happened. The results of the median OS of 13.1 months (95% CI, 8.1 to 18.2 months), the median PFS of 4.4 months (95% CI, 2.4 to 6.3 months), the ORR of 19.0%, and the DCR of 71.4% demonstrated that the regimen had favorable therapeutic effects. Moreover, treatment-related adverse events occurred in all patients, with 14 of 22 patients (63.6%) experiencing grade 3~4, and no death was observed (60). This is the first report on the efficacy and safety of camrelizumab in combination with apatinib in patients with cholangiocarcinoma. Most studies on immunotherapy for advanced biliary tract cancer are in the exploratory stage, and these findings demonstrated promising therapeutic efficacy and relatively manageable toxicity, which needs further trials (61, 62).

Selected clinical trials summarized in Table 2 highlighted that PD-1/VEGFR-targeted therapy can maintain efficacy after sorafenib exposure, suggesting no cross-reaction in the two therapeutic approaches for the first time (26). Therefore, an international multicenter randomized phase III study of camrelizumab combined with apatinib (NCT03764293) is conducted in progress in the first-line treatment of advanced primary liver cancer.


Table 2 | Selected clinical trials with apatinib in liver cancer and cholangiocarcinoma.






Clinical Efficacy in Colorectal Cancer


Monotherapy or Combination Therapy of Apatinib

The efficacy and safety of apatinib in chemotherapy-refractory patients with metastatic colorectal cancer were eligible for assessments in a single-arm, multicenter, phase II clinical trial (NCT03397199). The median PFS and OS of 29 patients who received oral apatinib (250 mg daily) combined with S1 (40-60 mg/d in days 1-14, for 3 weeks) were 7.9 months (95% CI, 4.9 to 10.9 months) and 12.9 months (95% CI, 9.6 to 16.2 months), respectively. Exploratory analysis showed that patients who took S-1 for ≥ 70 days achieved an ORR of 13.79% and a DCR of 89.66%. Ten grade 3 adverse events were reported and the incidence of each event was less than 5%. No grade 4 side effects were observed (63). The results of this apatinib combination clinical trial are more convincing than another multicenter, single-arm, prospective study of apatinib alone treatment without NCT number. Overall, 48 patients were given 500 mg apatinib once daily who had advanced progression after second-line or higher-line standard chemotherapy with a median PFS of 4.8 months (95% CI, 3.7 to 5.9 months) and the median OS of 9.1 months (95% CI, 5.2 to 13.1 months) (64). The results did not differ between subgroups and were consistent with the recently published trials of apatinib by a real-world retrospective study (PFS: 3.8 months, not reaching OS) and a pilot Study (PFS: 4.8 months, OS: 10.1 months) (65, 66). The common grade 3~4 adverse events were hypertension (6 of the 48 patients), hand-foot syndrome (5 of those), thrombocytopenia (5 of those), and proteinuria (4 of those), which were the main reasons for dose modification of apatinib (64). It was more likely to benefit from apatinib for patients with metastatic colorectal cancer who previously received antiangiogenesis therapy and had baseline elevated neutrophil to lymphocyte ratio (67). In the latest phase-II, single-arm, prospective study (NCT03210064), 16 patients who had failed at least 2 previous standard treatment regimens with pathologically colorectal cancer received apatinib 250mg for 28 consecutive days and 5-FU, resulting in the ORR was 25.0% (95% CI, 7.3 to 52.4%), and the DCR was 68.8% (95% CI, 41.3 to 89.0%). The median PFS was 4.83 months (95% CI, 2.2 to 8.9 months), and the median OS was 9.10 months (95% CI, 5.6 to 15.2 months). Grade 3 adverse events occurred in 7 patients, including hand-foot syndrome (18.75%), hypertension (12.50%), and proteinuria (12.50%) (68). The excellent anti-tumor effect of the combination regimen may be related to the multiple antitumor mechanisms of apatinib and the cytotoxicity of 5-FU (69).



Combination Immunotherapy of Apatinib

Regarding combination therapy of the REGONIVO study (NCT03912857), a prospective, single-arm, open-label, phase II trial demonstrated that apatinib may improve the efficacy of camrelizumab in the treatment of microsatellite stable (MSS) metastatic colorectal cancer. 10 patients received 375 mg of apatinib orally once daily, and the dose of apatinib could be reduced to 250 mg for those who could not tolerate the toxicity. Camrelizumab is administered intravenously every two weeks at a dose of 200 mg. However, in this study, all patients (100%) had treatment-related adverse events with an ORR of 0%, a DCR of 22.2%, a median PFS of 1.83 months (95% CI, 1.80 to 1.86 months), and a median OS of 7.80 months (95% CI, 0 to 17.07 months). Apatinib combined with immunotherapy failed to improve the therapeutic effect while producing serious adverse effects. Reducing the dose of apatinib or combining anti-PD-1 antibodies with other well-tolerated antiangiogenic drugs may help to design new and better treatment strategies. The leading reason for failure was the intolerable toxicity to patients including hypertension and proteinuria (70% each) (70).

The selected clinical trials are found in Table 3 that apatinib combined with chemotherapy achieved clinical effects in the treatment of advanced colorectal cancer to some extent, while unfortunately, the combination of immunotherapy has not seen the dawn of victory. This result is related to the fact that the sample size is small, hence more follow-up case reports are needed to support the evidence.


Table 3 | Selected clinical trials with apatinib in colorectal cancer and esophageal squamous cell carcinoma.






Clinical Efficacy in Esophageal Squamous Cell Carcinoma


Combination Immunotherapy of Apatinib

For patients with esophageal squamous cell carcinoma who had failed current first-line chemotherapy, apatinib combined with S-1, paclitaxel, or paclitaxel/capecitabine had demonstrated promising outcomes (71–73). The effective and well-tolerated combination therapy had the potential to be a potent therapeutic regime. However, the lack of registered NCT number and relatively small sample size required more investigative and complete clinical trials to validate the findings.

Recent a multicenter study (NCT03736863) of single-arm, open-label phase II immunotherapy combination in patients with unresectable locally recurrent, locally advanced, or metastatic esophageal squamous cell carcinoma who were intolerant to or had progressed after the first-line chemotherapy. A total of 52 patients received camrelizumab 200 mg intravenously every 2 weeks plus oral apatinib 250 mg for 28 days. In the full analysis set, the ORR was 34.6% (95% CI, 22.0 to 49.1%) and the DCR was 78.8% (95% CI, 65.3 to 88.9%). The median PFS was 6.8 months (95% CI, 3.8 to 10.4 months) and the median OS was 15.8 months (95% CI, 8.4 to 16.2 months). 23 (44%) of 52 patients had treatment-related grade 3-4 adverse events including increased gamma-glutamyltransferase (19%), increased aspartate aminotransferase (19%), and increased alanine aminotransferase (10%) (74). As a potential second-line treatment provided an option for patients with advanced esophageal squamous cell carcinoma and the safety was controllable. A phase III clinical study is needed to verify the promising benefit of this combination. In a three-drug combination single-arm prospective phase II trial (NCT03603756) of camrelizumab combined with apatinib and chemotherapy, patients with unresectable locally advanced or recurrent/metastatic esophageal squamous cell carcinoma received 200 mg camrelizumab, 150 mg/m2 liposomal paclitaxel and 50 mg/m2 nedaplatin on day 1, and 250 mg apatinib on days 1-14. The results of ORR in 30 patients was 80.0% (95% CI, 61.4-92.3%) and the DCR reached 96.7% (95% CI, 82.8-99.9%). The median PFS was 6.85 months (95% CI, 4.46-14.20 months) and the median OS was 19.43 months (95% CI, 9.93 months - not reached). The most common grade 3-4 treatment-related adverse events were leukopenia (83.3%) and neutropenia (60.0%) (75). Camrelizumab combined with apatinib, liposomal paclitaxel, and nedaplatin as first-line therapy showed feasible antitumor activity and manageable safety in this patient population. In the near future, it will be necessary to evaluate this new combined approach in a randomized phase III trial. All selected clinical trials are found in Table 3.




Molecular Mechanisms

In clinical trials, apatinib showed comparable survival results, meanwhile, the observed promising efficacy of apatinib may be due to the following reasons. First, apatinib has highly selective competition in the tyrosine kinase activity of VEGFR-2, the most significant receptor in tumor pathological conditions, then blocking downstream VEGF-mediated endothelial cell proliferation and inhibiting tumor angiogenesis (76). Anti-proliferative as a kind of important feature in apatinib has been addressed by researchers. For example, Zhijian Jin et al. have investigated that in anaplastic thyroid carcinoma cells line treatment of apatinib reduced the expression of angiopoietin and inhibited the angiogenesis in vivo and vitro. Apatinib inhibited cell growth by inducing apoptosis and blocking cell cycle progression G0/G1 phase in a dose-dependent manner by inducing suppression of AKT/GSK-3β/ANG signaling pathway (77). He K et al. showed the biological function of apatinib in pancreatic cancer cells line including inhibiting the expression of hypoxia-inducible factor-1α (HIF-1α) and markers of the PI3K/AKT/mTOR signaling pathway was able to reduce the proliferation (78). Second, apoptosis and autophagy are the two main mechanisms leading to programmed cell death. Up-regulation of autophagy and apoptosis may lead to the death of tumor cells. Haoran Feng et al. examined that apatinib down-regulated p-AKT and p-mTOR signals through the AKT/mTOR pathway and induced autophagy and apoptosis in human anaplastic thyroid carcinoma cells line. In addition, inhibition of apatinib-induced autophagy increased apoptosis, and the combination of apatinib and the autophagy inhibitor chloroquine produced a promising tumor suppression effect in vivo and in vitro (31). Meanwhile, Lu et al. firstly discovered that in colorectal cancer cell lines apatinib could induce autophagy in vitro but no further mechanisms had been found (79). Interestingly, a novel antitumor effect of pyroptosis was identified by Qiwu Zhao et al. in the combined application of apatite and melittin for patients with anaplastic thyroid carcinoma. Mechanistically, upregulated cleaved caspase-1 activated caspase-3 by generating GSDMD-N terminal, while cleaved caspase-3 enhanced caspase-1 activation which could induce pyroptosis by GSDME-N and vice versa. These processes constitute a unique system involving two-way positive feedback regulation (80). Our previous study indicated that after apatinib treatment ER stress could induce autophagy in colorectal cancer cell lines through the IRE1α pathway. Moreover, the autophagy activation induced by apatinib treatment had a protective effect on the colorectal cancer cells line. The combination of chloroquine and siRNA targeting Atg5 to block autophagy could significantly drive the apoptosis process. Therefore, the use of chloroquine combined with apatinib therapy tended to have a better significant tumor suppression (81). An interesting mechanism recently reported for gastric cancer xenograft models through microRNA and circular RNA-sequencing analysis was proved by Ling Ma et al. that circRACGAP1 acted as an endogenous sponge of miR-3657 to block its activity and then upregulated ATG7 expression to promote autophagy activation. Moreover, the knockdown of circRACGAP1 in vitro and in vivo by autophagy inhibition made gastric cancer cell lines sensitive to apatinib (82). Further research is needed to provide more comprehensive and detailed evidence.

As previously mentioned, shreds of evidence have been provided that angiogenesis-induced immunosuppression can be used to improve immunotherapy from numerous preclinical studies (83). Therefore, the treatment of adding antiangiogenic drugs to immunotherapy is considered to be attractive. First, the effective antitumor response of PD-1 blockade is mainly dependent on the ability of specific T cells to infiltrate tumor areas. Abnormal tumor vasculature often produces hypoxia and acidic TME to interfere with drug penetration in tumor (84, 85). Hypoxia further promotes angiogenesis, epithelial-mesenchymal transition, and tumor metastasis through vascular endothelial growth factor A (VEGFA) or HIF-1, exacerbating hypoxia and immunosuppression, and patients are less likely to benefit from this therapy (86, 87). In immunosuppressive TME, apatinib may show a promising immunomodulatory activity. Second, sufficient clinical data support that inhibition of the VEGFA signaling pathway may improve T-cell-mediated antitumor immunity (88, 89). However, Yinli Yang et al. proposed that in a syngeneic mouse model of liver cancer, the natural killer cells, but not CD4+ or CD8+ T cells, mediate the therapeutic effect of apatinib. In addition, apatinib not only effectively inhibited tumor growth and angiogenesis in liver cancer but also induced NK cell activation, increased levels of interferon-γ, and decreased levels of tumor necrosis factor-α and interleukin-6, suggesting the potential benefit of combination therapy with PD-1 blockade and apatinib in liver cancer (90). Third, high endothelial venules (HEVs) can arise spontaneously as anatomically postcapillary venules found in cancer (91) and are often associated with good clinical outcomes (92–96). Preliminary exploration by Yu Zhang et al. demonstrated an association between clinical outcomes and HEVs in several solid tumors. The role of HEVs was associated with lymphocyte infiltration, immune targeting, and response to targeted therapy. The combination of apatinib and PD-L1 blockade increased the ratio of CD8+ cytotoxic T cells to Foxp3+ Treg cells, accumulation of CD20+ B cells, and Th1/Th2 cytokine ratio to promote antitumor immunity. Combination therapy induced HEVs formation by activating LTβR signaling, thus promoting the infiltration of CD8+ cytotoxic T cells and CD20+ B cells in the tumor. The results synergistically delayed the tumor growth and improved survival in gastric cancer mice (97). Anti-angiogenesis can prevent metastasis, improve immunotherapy, enhance drug penetration, and reshape the TME (23, 98, 99). In this way, apatinib combined with immunotherapy has a molecular theoretical basis in Figure 1.




Figure 1 | Molecular mechanisms involved in the antitumor effect of apatinib monotherapy and combination immunotherapy.



Apatinib inhibits the tumor cells’ proliferation, angiogenesis, and apoptosis through VEGFR-2/PI3K/AKT/GSK3β. Moreover, apatinib stimulates apoptosis, autophagy, and pyroptosis via PI3K/AKT/mTOR and ER-stress/IRE1α. In TME, a hypoxic environment leads to tumor resistance to PD-1/PD-L1, while apatinib can inhibit HIF/VEGFA to increase the sensitivity of immune checkpoint blockade agents and activate NK、CD4+ or CD8+ T cells. CD8+ T cells, Treg cells, and CD20+ B cells can be activated by combination therapy to increase tumor-associated HEVs, thus reshaping it an immunostimulatory TME. PI3Ks, Phosphoinositide 3-kinases; GSK-3β, Glycogen synthase kinase 3 beta; ANG, Angiogenin; HIF, Hypoxia-inducible factor; mTOR, Mammalian target of rapamycin; IRE1α, Inositol-requiring enzyme-1α.

Several excellent preclinical studies have shown that inhibition of angiogenesis, alone or in combination with different immunotherapies, improves antitumor immunity. For example, the VEGFA-overexpressed mice breast and colon subcutaneous models characterized by hypoxia, hyper-angiogenesis, and immunosuppressive TME were established, which displayed innate resistance to immunosuppressive agents. In the VEGFA-overexpressed TME, apatinib attenuated excessive angiogenesis and hypoxia and converted the immunosuppressive TME to an immunostimulatory TME. In contrast, no beneficial phenomenon was observed in tumor-bearing mice without VEGFA overexpression. The combination of apatinib and immune checkpoint inhibitory caused T cell exhaustion, downregulated inhibitory receptors’ co-expression, and reduced suppressive immune cells’ accumulation, including regulatory T cells (Tregs) (100). These findings indicate that combination immunotherapy can be applied in a specific population, which might bring new inspiration to immunotherapy ineffective patients with colorectal cancer. In another immunocompetent mice model of subcutaneous MFC tumors study, combined treatment with apatinib and PD-L1 blockade synergistically delayed tumor growth and improved survival rates in MFC tumor-bearing immunocompetent mice. It is explained that combined apatinib and PD-L1 blockage treatment synergistically promotes HEV formation and enhances antitumor immune responses in gastric cancer (97). Further, in the co-culture system, apatinib-treated cancer cells upregulated PD-L1 expression and angiogenesis inhibition, and hindered T cell activation and IFN-γ secretion, which was reversed by an anti-PD-1 antibody. The anti-PD-1 antitumor efficacy was enhanced in a mouse model (CT-26 cells in Balb/c). The combination therapy had a more significant inhibitory effect on the growth of allograft tumors in mice than monotherapy (101). Taken together, these studies shown in Figure 2 demonstrate that antiangiogenic drugs can improve intratumoral infiltration and activation of effector T cells, thus enhancing the efficacy of immunotherapy.




Figure 2 | Therapeutic strategies of apatinib combined with immune checkpoint inhibitors to match the expanding gradient of systemic therapeutic responsiveness.





Conclusion and Future Perspective

The efficacy and safety of apatinib in the treatment of advanced gastric cancer and GEJ carcinoma had been confirmed by NMPA in 2014. Meanwhile, several clinical trials based on the molecular mechanisms are in progress to explore the application in other solid tumors currently. In this review, we summarized the results of apatinib treatment in clinical trials and clarified the promising improvement in the treatment of DSMs. In the third-line or subsequent treatment of advanced gastric cancer, compared with placebo, oral apatinib can significantly prolong the median PFS and OS with manageable and tolerable safety from these clinical researches. The AHELP study concluded above demonstrated that apatinib achieved a comparable effect in patients with advanced hepatocellular carcinoma as a second-line treatment approved by NMPA on Dec 31, 2020. Exploratory studies also showed that apatinib had competitive efficacy in cholangiocarcinoma, colorectal cancer, and esophageal squamous cell carcinoma, thus the following large-scale phase III clinical trials were required for detailed verification. Growing evidence indicated that the combination of apatinib and some other invasive or non-invasive treatments could convert initially unresectable advanced tumors into resectable tumors. Up to now, immune checkpoint blockade has been an attractive option, especially for patients with advanced or metastatic tumors, while only a part of patients benefits from it. For patients with advanced gastric cancer, the combination of apatinib and camrelizumab can improve median PFS and median OS notably. The result is better than that of any single drug, especially the median OS, which extended from four months to more than ten months. As the most promising second-line targeted therapy for liver cancer, although there is no significant difference in PFS compared with apatinib monotherapy, immune checkpoint blockade agents greatly improve overall survival time and enhance the ORR and the DCR status to varying degrees. The failure of safety and efficacy of apatinib combined with immunotherapy in colorectal cancer limits the wide range of combination immunotherapy applications. The main reason for failure was the intolerable toxicity and the restricted sample size. The combination of immune checkpoint inhibitors and antiangiogenic drugs has surprising effects in esophageal squamous cell carcinoma, while it still needs to be further confirmed by large-scale, multicenter, randomized phase III clinical trials. The molecular mechanisms of combination therapy include reshaping immunosuppressive TME into immunostimulatory TME, improving NK and T-cell-mediated antitumor immunity, and inducing HEVs formation, thus synergistically improving survival and inhibiting tumor proliferation. It would be plausible to sustain that the angiogenesis process is an important driver of DSMs, meanwhile, it is reasonable to become the optimal target according to the mechanism. Some latest findings of the direct functional mechanisms of apatinib in inhibiting multiple TRKs and related pathways were discussed above. As a result, the anti-proliferation, apoptosis-inducing, and autophagy-inducing properties were explored in the corresponding signaling pathway. However, future research efforts to gain a deeper understanding of the mechanism of apatinib, a new oral VEGFR-2 inhibitor, are still important to improve the survival time of patients with DSMs and find better responders. To date, some standard second-line treatments for DSMs are still controversial. As a promising treatment regimen, combination usage with other drugs and the optimal dose in the treatment of other types of DSMs is required to be determined in further clinical studies and long-term pharmacovigilance. It is also significant to identify predictive biomarkers to select the best candidates based on big data in anti-angiogenesis therapies. In all, given the features of a convenient administration regimen with a good prognosis and limited treatment options, apatinib remains an optimal choice for patients with DSMs in the future.



Author Contributions

LH, HH, and ZT were responsible for the primary review of literature and writing. FH, WS, and ZY analyzed and summarized the information. JX, CX, and ZR guided and supervised this study. All authors listed made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

The study was supported by the Shanghai Science and Technology Commission, 18ZR1424300 (R.Z.); Shanghai hospital development center, SHDC2020CR1026B (R.Z); Shanghai Health Commission, 2019SY058 (R.Z.); National Natural Science Foundation of China, 82002475 (X.C.); Shanghai sailing program, 20YF1427700 (X.C.).



References

1. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer Statistics, 2021. CA Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

2. Thrift, AP, and El-Serag, HB. Burden of Gastric Cancer. Clin Gastroenterol Hepatol (2020) 18(3):534–42. doi: 10.1016/j.cgh.2019.07.045

3. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

4. Siegel, RL, Miller, KD, Goding Sauer, A, Fedewa, SA, Butterly, LF, Anderson, JC, et al. Colorectal Cancer Statistics, 2020. CA Cancer J Clin (2020) 70(3):145–64. doi: 10.3322/caac.21601

5. Chen, W, Zheng, R, Baade, PD, Zhang, S, Zeng, H, Bray, F, et al. Cancer Statistics in China, 2015. CA Cancer J Clin (2016) 66(2):115–32. doi: 10.3322/caac.21338

6. Dekker, E, Tanis, PJ, Vleugels, JLA, Kasi, PM, and Wallace, MB. Colorectal Cancer. Lancet (2019) 394(10207):1467–80. doi: 10.1016/S0140-6736(19)32319-0

7. Apte, RS, Chen, DS, and Ferrara, N. VEGF in Signaling and Disease: Beyond Discovery and Development. Cell. (2019) 176(6):1248–64. doi: 10.1016/j.cell.2019.01.021

8. Ferrara, N, Gerber, HP, and LeCouter, J. The Biology of VEGF and its Receptors. Nat Med (2003) 9(6):669–76. doi: 10.1038/nm0603-669

9. Li, J, Qin, S, Xu, J, Guo, W, Xiong, J, Bai, Y, et al. Apatinib for Chemotherapy-Refractory Advanced Metastatic Gastric Cancer: Results From a Randomized, Placebo-Controlled, Parallel-Arm, Phase II Trial. J Clin Oncol (2013) 31(26):3219–25. doi: 10.1200/JCO.2013.48.8585

10. Li, J, Qin, S, Xu, J, Xiong, J, Wu, C, Bai, Y, et al. Randomized, Double-Blind, Placebo-Controlled Phase III Trial of Apatinib in Patients With Chemotherapy-Refractory Advanced or Metastatic Adenocarcinoma of the Stomach or Gastroesophageal Junction. J Clin Oncol (2016) 34(13):1448–54. doi: 10.1200/JCO.2015.63.5995

11. Hu, X, Zhang, J, Xu, B, Jiang, Z, Ragaz, J, Tong, Z, et al. Multicenter Phase II Study of Apatinib, a Novel VEGFR Inhibitor in Heavily Pretreated Patients With Metastatic Triple-Negative Breast Cancer. Int J Cancer. (2014) 135(8):1961–9. doi: 10.1002/ijc.28829

12. Rong, X, Liu, H, Yu, H, Zhao, J, Wang, J, and Wang, Y. Efficacy of Apatinib Combined With FOLFIRI in the First-Line Treatment of Patients With Metastatic Colorectal Cancer. Invest New Drugs (2022) 40(2):340–8. doi: 10.1007/s10637-021-01205-3

13. Mi, YJ, Liang, YJ, Huang, HB, Zhao, HY, Wu, CP, Wang, F, et al. Apatinib (YN968D1) Reverses Multidrug Resistance by Inhibiting the Efflux Function of Multiple ATP-Binding Cassette Transporters. Cancer Res (2010) 70(20):7981–91. doi: 10.1158/0008-5472.CAN-10-0111

14. Song, Y, Fu, Y, Xie, Q, Zhu, B, Wang, J, and Zhang, B. Anti-Angiogenic Agents in Combination With Immune Checkpoint Inhibitors: A Promising Strategy for Cancer Treatment. Front Immunol (2020) 11:1956. doi: 10.3389/fimmu.2020.01956

15. Yang, T, Xiao, H, Liu, X, Wang, Z, Zhang, Q, Wei, N, et al. Vascular Normalization: A New Window Opened for Cancer Therapies. Front Oncol (2021) 11:719836. doi: 10.3389/fonc.2021.719836

16. Sharma, P, Hu-Lieskovan, S, Wargo, JA, and Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell. (2017) 168(4):707–23. doi: 10.1016/j.cell.2017.01.017

17. Ribas A, WJ. Cancer Immunotherapy Using Checkpoint Blockade. Science (2018) 359:1350–5. doi: 10.1126/science.aar4060

18. Karasarides, M, Cogdill, AP, Robbins, PB, Bowden, M, Burton, EM, Butterfield, LH, et al. Hallmarks of Resistance to Immune-Checkpoint Inhibitors. Cancer Immunol Res (2022) 10(4):372–83. doi: 10.1158/2326-6066.CIR-20-0586

19. He, J, Xiong, X, Yang, H, Li, D, Liu, X, Li, S, et al. Defined Tumor Antigen-Specific T cells Potentiate Personalized TCR-T cell Therapy and Prediction of Immunotherapy Response. Cell Res (2022) 32(6):530–42. doi: 10.1038/s41422-022-00627-9

20. Wu, M, Huang, Q, Xie, Y, Wu, X, Ma, H, Zhang, Y, et al. Improvement of the Anticancer Efficacy of PD-1/PD-L1 Blockade via Combination Therapy and PD-L1 Regulation. J Hematol Oncol (2022) 15(1):24. doi: 10.1186/s13045-022-01242-2

21. Chouaib, S, Noman, MZ, Kosmatopoulos, K, and Curran, MA. Hypoxic Stress: Obstacles and Opportunities for Innovative Immunotherapy of Cancer. Oncogene. (2017) 36(4):439–45. doi: 10.1038/onc.2016.225

22. Gabrilovich, DI, Chen, HL, Girgis, KR, Cunningham, HT, Meny, GM, Nadaf, S, et al. Production of Vascular Endothelial Growth Factor by Human Tumors Inhibits the Functional Maturation of Dendritic Cells. Nat Med (1996) 2(10):1096–103. doi: 10.1038/nm1096-1096

23. Fukumura, D, Kloepper, J, Amoozgar, Z, Duda, DG, and Jain, RK. Enhancing Cancer Immunotherapy Using Antiangiogenics: Opportunities and Challenges. Nat Rev Clin Oncol (2018) 15(5):325–40. doi: 10.1038/nrclinonc.2018.29

24. Khan, KA, and Kerbel, RS. Improving Immunotherapy Outcomes With Anti-Angiogenic Treatments and Vice Versa. Nat Rev Clin Oncol (2018) 15(5):310–24. doi: 10.1038/nrclinonc.2018.9

25. Motz, GT, and Coukos, G. The Parallel Lives of Angiogenesis and Immunosuppression: Cancer and Other Tales. Nat Rev Immunol (2011) 11(10):702–11. doi: 10.1038/nri3064

26. Pinato, DJ, Fessas, P, Cortellini, A, and Rimassa, L. Combined PD-1/VEGFR Blockade: A New Era of Treatment for Hepatocellular Cancer. Clin Cancer Res (2021) 27(4):908–10. doi: 10.1158/1078-0432.CCR-20-4069

27. Padda, SK, and Reckamp, KL. Combination of Immunotherapy and Antiangiogenic Therapy in Cancer-A Rational Approach. J Thorac Oncol (2021) 16(2):178–82. doi: 10.1016/j.jtho.2020.11.007

28. Ohm, JE, Gabrilovich, DI, Sempowski, GD, Kisseleva, E, Parman, KS, Nadaf, S, et al. VEGF Inhibits T-Cell Development and may Contribute to Tumor-Induced Immune Suppression. Blood. (2003) 101(12):4878–86. doi: 10.1182/blood-2002-07-1956

29. Tian, S, Quan, H, Xie, C, Guo, H, Lu, F, Xu, Y, et al. YN968D1 is a Novel and Selective Inhibitor of Vascular Endothelial Growth Factor Receptor-2 Tyrosine Kinase With Potent Activity In Vitro and In Vivo. Cancer Sci (2011) 102(7):1374–80. doi: 10.1111/j.1349-7006.2011.01939.x

30. Zhang, H. Apatinib for Molecular Targeted Therapy in Tumor. Drug Des Devel Ther (2015) 9:6075–81. doi: 10.2147/DDDT.S97235

31. Feng, H, Cheng, X, Kuang, J, Chen, L, Yuen, S, Shi, M, et al. Apatinib-Induced Protective Autophagy and Apoptosis Through the AKT-mTOR Pathway in Anaplastic Thyroid Cancer. Cell Death Dis (2018) 9(10):1030. doi: 10.1038/s41419-018-1054-3

32. Wang, YM, Xu, X, Tang, J, Sun, ZY, Fu, YJ, Zhao, XJ, et al. Apatinib Induces Endoplasmic Reticulum Stress-Mediated Apoptosis and Autophagy and Potentiates Cell Sensitivity to Paclitaxel via the IRE-1α-AKT-mTOR Pathway in Esophageal Squamous Cell Carcinoma. Cell Biosci (2021) 11(1):124. doi: 10.1186/s13578-021-00640-2

33. Ding, J, Chen, X, Gao, Z, Dai, X, Li, L, Xie, C, et al. Metabolism and Pharmacokinetics of Novel Selective Vascular Endothelial Growth Factor Receptor-2 Inhibitor Apatinib in Humans. Drug Metab Dispos (2013) 41(6):1195–210. doi: 10.1124/dmd.112.050310

34. Yu, M, Gao, Z, Dai, X, Gong, H, Zhang, L, Chen, X, et al. Population Pharmacokinetic and Covariate Analysis of Apatinib, an Oral Tyrosine Kinase Inhibitor, in Healthy Volunteers and Patients With Solid Tumors. Clin Pharmacokinet (2017) 56(1):65–76. doi: 10.1007/s40262-016-0427-y

35. Liu, H, Yu, Y, Guo, N, Wang, X, Han, B, and Xiang, X. Application of Physiologically Based Pharmacokinetic Modeling to Evaluate the Drug-Drug and Drug-Disease Interactions of Apatinib. Front Pharmacol (2021) 12:780937. doi: 10.3389/fphar.2021.780937

36. Li, J, Zhao, X, Chen, L, Guo, H, Lv, F, Jia, K, et al. Safety and Pharmacokinetics of Novel Selective Vascular Endothelial Growth Factor Receptor-2 Inhibitor YN968D1 in Patients With Advanced Malignancies. BMC Cancer. (2010) 10:529. doi: 10.1186/1471-2407-10-529

37. Wang, X, Zhang, R, Du, N, Yang, M, Zang, A, Liu, L, et al. An Open Label, Multicenter, Noninterventional Study of Apatinib in Advanced Gastric Cancer Patients (AHEAD-G202). Ther Adv Med Oncol (2020) 12:1758835920905424. doi: 10.1177/1758835920905424

38. Du, Y, Cao, Q, Jiang, C, Liang, H, Ning, Z, Ji, C, et al. Effectiveness and Safety of Low-Dose Apatinib in Advanced Gastric Cancer: A Real-World Study. Cancer Med (2020) 9(14):5008–14. doi: 10.1002/cam4.3105

39. Peng, W, Zhang, F, Wang, Z, Li, D, He, Y, Ning, Z, et al. Large Scale, Multicenter, Prospective Study of Apatinib in Advanced Gastric Cancer: A Real-World Study From China. Cancer Manag Res (2020) 12:6977–85. doi: 10.2147/CMAR.S249153

40. Lin, H, Han, D, Fu, G, Liu, C, Wang, L, Han, S, et al. Concurrent Apatinib and Docetaxel vs Apatinib Monotherapy as Third- or Subsequent-Line Therapy for Advanced Gastric Adenocarcinoma: A Retrospective Study. Onco Targets Ther (2019) 12:1681–9. doi: 10.2147/OTT.S193801

41. Fukuchi, M, Ishiguro, T, Ogata, K, Suzuki, O, Kumagai, Y, Ishibashi, K, et al. Prognostic Role of Conversion Surgery for Unresectable Gastric Cancer. Ann Surg Oncol (2015) 22(11):3618–24. doi: 10.1245/s10434-015-4422-6

42. Zheng, Y, Yang, X, Yan, C, Feng, R, Sah, BK, Yang, Z, et al. Effect of Apatinib Plus Neoadjuvant Chemotherapy Followed by Resection on Pathologic Response in Patients With Locally Advanced Gastric Adenocarcinoma: A Single-Arm, Open-Label, Phase II Trial. Eur J Cancer. (2020) 130:12–9. doi: 10.1016/j.ejca.2020.02.013

43. Lin, JX, Xu, YC, Lin, W, Xue, FQ, Ye, JX, Zang, WD, et al. Effectiveness and Safety of Apatinib Plus Chemotherapy as Neoadjuvant Treatment for Locally Advanced Gastric Cancer: A Nonrandomized Controlled Trial. JAMA Netw Open (2021) 4(7):e2116240. doi: 10.1001/jamanetworkopen.2021.16240

44. Tartour, E, Pere, H, Maillere, B, Terme, M, Merillon, N, Taieb, J, et al. Angiogenesis and Immunity: A Bidirectional Link Potentially Relevant for the Monitoring of Antiangiogenic Therapy and the Development of Novel Therapeutic Combination With Immunotherapy. Cancer Metastasis Rev (2011) 30(1):83–95. doi: 10.1007/s10555-011-9281-4

45. Gotwals, P, Cameron, S, Cipolletta, D, Cremasco, V, Crystal, A, Hewes, B, et al. Prospects for Combining Targeted and Conventional Cancer Therapy With Immunotherapy. Nat Rev Cancer. (2017) 17(5):286–301. doi: 10.1038/nrc.2017.17

46. Xu, J, Zhang, Y, Jia, R, Yue, C, Chang, L, Liu, R, et al. Anti-PD-1 Antibody SHR-1210 Combined With Apatinib for Advanced Hepatocellular Carcinoma, Gastric, or Esophagogastric Junction Cancer: An Open-Label, Dose Escalation and Expansion Study. Clin Cancer Res (2019) 25(2):515–23. doi: 10.1158/1078-0432.CCR-18-2484

47. Atkins, MB, Plimack, ER, Puzanov, I, Fishman, MN, McDermott, DF, Cho, DC, et al. Axitinib in Combination With Pembrolizumab in Patients With Advanced Renal Cell Cancer: A non-Randomised, Open-Label, Dose-Finding, and Dose-Expansion Phase 1b Trial. Lancet Oncol (2018) 19(3):405–15. doi: 10.1016/S1470-2045(18)30081-0

48. Peng, Z, Wei, J, Wang, F, Ying, J, Deng, Y, Gu, K, et al. Camrelizumab Combined With Chemotherapy Followed by Camrelizumab Plus Apatinib as First-Line Therapy for Advanced Gastric or Gastroesophageal Junction Adenocarcinoma. Clin Cancer Res (2021) 27(11):3069–78. doi: 10.1158/1078-0432.CCR-20-4691

49. Allen, E, Jabouille, A, Rivera, LB, Lodewijckx, I, Missiaen, R, Steri, V, et al. Combined Antiangiogenic and Anti-PD-L1 Therapy Stimulates Tumor Immunity Through HEV Formation. Sci Transl Med (2017) 9(385):eaak9679. doi: 10.1126/scitranslmed.aak9679

50. Jing, C, Wang, J, Zhu, M, Bai, Z, Zhao, B, Zhang, J, et al. Camrelizumab Combined With Apatinib and S-1 as Second-Line Treatment for Patients With Advanced Gastric or Gastroesophageal Junction Adenocarcinoma: A Phase 2, Single-Arm, Prospective Study. Cancer Immunol Immunother (2022) 1–12. doi: 10.1007/s00262-022-03174-9

51. Qin, S, Li, Q, Gu, S, Chen, X, Lin, L, Wang, Z, et al. Apatinib as Second-Line or Later Therapy in Patients With Advanced Hepatocellular Carcinoma (AHELP): A Multicentre, Double-Blind, Randomised, Placebo-Controlled, Phase 3 Trial. Lancet Gastroenterol Hepatol (2021) 6(7):559–68. doi: 10.1016/S2468-1253(21)00109-6

52. Hato, T, Zhu, AX, and Duda, DG. Rationally Combining Anti-VEGF Therapy With Checkpoint Inhibitors in Hepatocellular Carcinoma. Immunother. (2016) 8(3):299–313. doi: 10.2217/imt.15.126

53. Lu, W, Jin, XL, Yang, C, Du, P, Jiang, FQ, Ma, JP, et al. Comparison of Efficacy Between TACE Combined With Apatinib and TACE Alone in the Treatment of Intermediate and Advanced Hepatocellular Carcinoma: A Single-Center Randomized Controlled Trial. Cancer Biol Ther (2017) 18(6):433–8. doi: 10.1080/15384047.2017.1323589

54. Qiu, Z, Shen, L, Chen, S, Qi, H, Cao, F, Xie, L, et al. Efficacy Of Apatinib In Transcatheter Arterial Chemoembolization (TACE) Refractory Intermediate And Advanced-Stage Hepatocellular Carcinoma:A Propensity Score Matching Analysis. Cancer Manag Res (2019) 11:9321–30. doi: 10.2147/CMAR.S223271

55. Kan, X, Liang, B, Zhou, G, Xiong, B, Pan, F, Ren, Y, et al. Transarterial Chemoembolization Combined With Apatinib for Advanced Hepatocellular Carcinoma: A Propensity Score Matching Analysis. Front Oncol (2020) 10:970. doi: 10.3389/fonc.2020.00970

56. Tella, SH, Kommalapati, A, Borad, MJ, and Mahipal, A. Second-Line Therapies in Advanced Biliary Tract Cancers. Lancet Oncol (2020) 21(1):e29–41. doi: 10.1016/S1470-2045(19)30733-8

57. Zhang, G, Gong, S, Pang, L, Hou, L, and He, W. Efficacy and Safety of Apatinib Treatment for Advanced Cholangiocarcinoma After Failed Gemcitabine-Based Chemotherapy: An Open-Label Phase II Prospective Study. Front Oncol (2021) 11:659217. doi: 10.3389/fonc.2021.659217

58. Xu, J, Shen, J, Gu, S, Zhang, Y, Wu, L, Wu, J, et al. Camrelizumab in Combination With Apatinib in Patients With Advanced Hepatocellular Carcinoma (RESCUE): A Nonrandomized, Open-Label, Phase II Trial. Clin Cancer Res (2021) 27(4):1003–11. doi: 10.1158/1078-0432.CCR-20-2571

59. Mei, K, Qin, S, Chen, Z, Liu, Y, Wang, L, and Zou, J. Camrelizumab in Combination With Apatinib in Second-Line or Above Therapy for Advanced Primary Liver Cancer: Cohort A Report in a Multicenter Phase Ib/II Trial. J Immunother Cancer. (2021) 9(3):e002191. doi: 10.1136/jitc-2020-002191

60. Wang, D, Yang, X, Long, J, Lin, J, Mao, J, Xie, F, et al. The Efficacy and Safety of Apatinib Plus Camrelizumab in Patients With Previously Treated Advanced Biliary Tract Cancer: A Prospective Clinical Study. Front Oncol (2021) 11:646979. doi: 10.3389/fonc.2021.646979

61. Chen, X, Wu, X, Wu, H, Gu, Y, Shao, Y, Shao, Q, et al. Camrelizumab Plus Gemcitabine and Oxaliplatin (GEMOX) in Patients With Advanced Biliary Tract Cancer: A Single-Arm, Open-Label, Phase II Trial. J Immunother Cancer (2020) 8(2):e001240. doi: 10.1136/jitc-2020-001240

62. Chen, X, Qin, S, Gu, S, Ren, Z, Chen, Z, Xiong, J, et al. Camrelizumab Plus Oxaliplatin-Based Chemotherapy as First-Line Therapy for Advanced Biliary Tract Cancer: A Multicenter, Phase 2 Trial. Int J Cancer. (2021) 149(11):1944–54. doi: 10.1002/ijc.33751

63. Li, N, Deng, W, Zhang, G, Du, Y, Guo, Y, Ma, Y, et al. Low-Dose Apatinib Combined With S-1 in Refractory Metastatic Colorectal Cancer: A Phase 2, Multicenter, Single-Arm, Prospective Study. Front Oncol (2021) 11:728854. doi: 10.3389/fonc.2021.728854

64. Wang, F, Yuan, X, Jia, J, Bi, X, Zhou, Z, Zhou, Q, et al. Apatinib Monotherapy for Chemotherapy-Refractory Metastatic Colorectal Cancer: A Multi-Centre, Single-Arm, Prospective Study. Sci Rep (2020) 10(1):6058. doi: 10.1038/s41598-020-62961-5

65. Liang, L, Wang, L, Zhu, P, Xia, Y, Qiao, Y, Wu, J, et al. A Pilot Study of Apatinib as Third-Line Treatment in Patients With Heavily Treated Metastatic Colorectal Cancer. Clin Colorectal Cancer. (2018) 17(3):e443–e9. doi: 10.1016/j.clcc.2018.02.011

66. Gou, M, Si, H, Zhang, Y, Qian, N, Wang, Z, Shi, W, et al. Efficacy and Safety of Apatinib in Patients With Previously Treated Metastatic Colorectal Cancer: A Real-World Retrospective Study. Sci Rep (2018) 8(1):4602. doi: 10.1038/s41598-018-22302-z

67. Li, A, Wang, K, Xu, A, Wang, G, Miao, Y, Sun, Z, et al. Apatinib as an Optional Treatment in Metastatic Colorectal Cancer. Med (Baltimore). (2019) 98(35):e16919. doi: 10.1097/MD.0000000000016919

68. Chen, R, Yang, L, Hu, S, Yin, Z, Nie, Y, Xu, H, et al. Apatinib Plus 5-Fluorouracil as a Third or Subsequent-Line Treatment Option for Metastatic Colorectal Cancer: A Phase-II, Single-Arm, Prospective Study. Ann Transl Med (2022) 10(2):100. doi: 10.21037/atm-22-77

69. Wei, B, Wang, Y, Wang, J, Cai, X, Xu, L, Wu, J, et al. Apatinib Suppresses Tumor Progression and Enhances Cisplatin Sensitivity in Esophageal Cancer via the Akt/beta-Catenin Pathway. Cancer Cell Int (2020) 20:198. doi: 10.1186/s12935-020-01290-z

70. Ren, C, Mai, ZJ, Jin, Y, He, MM, Wang, ZQ, Luo, HY, et al. Anti-PD-1 Antibody SHR-1210 Plus Apatinib for Metastatic Colorectal Cancer: A Prospective, Single-Arm, Open-Label, Phase II Trial. Am J Cancer Res (2020) 10(9):2946–54.

71. Zhao, J, He, M, Li, J, Li, D, Zhao, Y, Li, X, et al. Apatinib Combined With Paclitaxel and Cisplatin Neoadjuvant Chemotherapy for Locally Advanced Esophageal Squamous Cell Carcinoma. Cancer Biother Radiopharm (2022) 37(4):324–31. doi: 10.1089/cbr.2021.0086

72. Chi, D, Chen, B, Guo, S, Bai, K, Ma, H, Hu, Y, et al. Oral Maintenance Therapy Using Apatinib Combined With S-1/Capecitabine for Esophageal Squamous Cell Carcinoma With Residual Disease After Definitive Chemoradiotherapy. Aging (Albany NY). (2021) 13(6):8408–20. doi: 10.18632/aging.202652

73. Zhao, J, Lei, J, Yu, J, Zhang, C, Song, X, Zhang, N, et al. Clinical Efficacy and Safety of Apatinib Combined With S-1 in Advanced Esophageal Squamous Cell Carcinoma. Invest New Drugs (2020) 38(2):500–6. doi: 10.1007/s10637-019-00866-5

74. Meng, X, Wu, T, Hong, Y, Fan, Q, Ren, Z, Guo, Y, et al. Camrelizumab Plus Apatinib as Second-Line Treatment for Advanced Oesophageal Squamous Cell Carcinoma (CAP 02): A Single-Arm, Open-Label, Phase 2 Trial. Lancet Gastroenterol Hepatol (2022) 7(3):245–53. doi: 10.1016/S2468-1253(21)00378-2

75. Zhang, B, Qi, L, Wang, X, Xu, J, Liu, Y, Mu, L, et al. Phase II Clinical Trial Using Camrelizumab Combined With Apatinib and Chemotherapy as the First-Line Treatment of Advanced Esophageal Squamous Cell Carcinoma. Cancer Commun (Lond). (2020) 40(12):711–20. doi: 10.1002/cac2.12119

76. Fathi Maroufi, N, Rashidi, MR, Vahedian, V, Akbarzadeh, M, Fattahi, A, and Nouri, M. Therapeutic Potentials of Apatinib in Cancer Treatment: Possible Mechanisms and Clinical Relevance. Life Sci (2020) 241:117106. doi: 10.1016/j.lfs.2019.117106

77. Jin, Z, Cheng, X, Feng, H, Kuang, J, Yang, W, Peng, C, et al. Apatinib Inhibits Angiogenesis Via Suppressing Akt/Gsk3β/ANG Signaling Pathway in Anaplastic Thyroid Cancer. Cell Physiol Biochem (2017) 44(4):1471–84. doi: 10.1159/000485583

78. He, K, Wu, L, Ding, Q, Haider, F, Yu, H, Wang, H, et al. Apatinib Promotes Apoptosis of Pancreatic Cancer Cells Through Downregulation of Hypoxia-Inducible Factor-1α and Increased Levels of Reactive Oxygen Species. Oxid Med Cell Longev (2019) 2019:5152072. doi: 10.1155/2019/5152072

79. Lu, W, Ke, H, Qianshan, D, Zhen, W, Guoan, X, and Honggang, Y. Apatinib has Anti-Tumor Effects and Induces Autophagy in Colon Cancer Cells. Iran J Basic Med Sci (2017) 20(9):990–5. doi: 10.22038/IJBMS.2017.9263

80. Zhao, Q, Feng, H, Yang, Z, Liang, J, Jin, Z, Chen, L, et al. The Central Role of a Two-Way Positive Feedback Pathway in Molecular Targeted Therapies-Mediated Pyroptosis in Anaplastic Thyroid Cancer. Clin Transl Med (2022) 12(2):e727. doi: 10.1002/ctm2.727

81. Cheng, X, Feng, H, Wu, H, Jin, Z, Shen, X, Kuang, J, et al. Targeting Autophagy Enhances Apatinib-Induced Apoptosis via Endoplasmic Reticulum Stress for Human Colorectal Cancer. Cancer Lett (2018) 431:105–14. doi: 10.1016/j.canlet.2018.05.046

82. Ma, L, Wang, Z, Xie, M, Quan, Y, Zhu, W, Yang, F, et al. Silencing of Circracgap1 Sensitizes Gastric Cancer Cells to Apatinib via Modulating Autophagy by Targeting miR-3657 and ATG7. Cell Death Dis (2020) 11(3):169. doi: 10.1038/s41419-020-2352-0

83. Rahma, OE, and Hodi, FS. The Intersection Between Tumor Angiogenesis and Immune Suppression. Clin Cancer Res (2019) 25(18):5449–57. doi: 10.1158/1078-0432.CCR-18-1543

84. Viallard, C, and Larrivee, B. Tumor Angiogenesis and Vascular Normalization: Alternative Therapeutic Targets. Angiogenesis. (2017) 20(4):409–26. doi: 10.1007/s10456-017-9562-9

85. Samstein, RM, Lee, CH, Shoushtari, AN, Hellmann, MD, Shen, R, Janjigian, YY, et al. Tumor Mutational Load Predicts Survival After Immunotherapy Across Multiple Cancer Types. Nat Genet (2019) 51(2):202–6. doi: 10.1038/s41588-018-0312-8

86. Terme, M, Pernot, S, Marcheteau, E, Sandoval, F, Benhamouda, N, Colussi, O, et al. VEGFA-VEGFR Pathway Blockade Inhibits Tumor-Induced Regulatory T-Cell Proliferation in Colorectal Cancer. Cancer Res (2013) 73(2):539–49. doi: 10.1158/0008-5472.CAN-12-2325

87. Colegio, OR, Chu, NQ, Szabo, AL, Chu, T, Rhebergen, AM, Jairam, V, et al. Functional Polarization of Tumour-Associated Macrophages by Tumour-Derived Lactic Acid. Nature. (2014) 513(7519):559–63. doi: 10.1038/nature13490

88. Wallin, JJ, Bendell, JC, Funke, R, Sznol, M, Korski, K, Jones, S, et al. Atezolizumab in Combination With Bevacizumab Enhances Antigen-Specific T-Cell Migration in Metastatic Renal Cell Carcinoma. Nat Commun (2016) 7:12624. doi: 10.1038/ncomms12624

89. Hodi, FS, Lawrence, D, Lezcano, C, Wu, X, Zhou, J, Sasada, T, et al. Bevacizumab Plus Ipilimumab in Patients With Metastatic Melanoma. Cancer Immunol Res (2014) 2(7):632–42. doi: 10.1158/2326-6066.CIR-14-0053

90. Yang, Y, Wang, C, Sun, H, Jiang, Z, Zhang, Y, and Pan, Z. Apatinib Prevents Natural Killer Cell Dysfunction to Enhance the Efficacy of Anti-PD-1 Immunotherapy in Hepatocellular Carcinoma. Cancer Gene Ther (2021) 28(1-2):89–97. doi: 10.1038/s41417-020-0186-7

91. Girard, JP, Moussion, C, and Forster, R. HEVs, Lymphatics and Homeostatic Immune Cell Trafficking in Lymph Nodes. Nat Rev Immunol (2012) 12(11):762–73. doi: 10.1038/nri3298

92. Petitprez, F, de Reynies, A, Keung, EZ, Chen, TW, Sun, CM, Calderaro, J, et al. B Cells are Associated With Survival and Immunotherapy Response in Sarcoma. Nature. (2020) 577(7791):556–60. doi: 10.1038/s41586-019-1906-8

93. Martinet, L, Garrido, I, Filleron, T, Le Guellec, S, Bellard, E, Fournie, JJ, et al. Human Solid Tumors Contain High Endothelial Venules: Association With T- and B-Lymphocyte Infiltration and Favorable Prognosis in Breast Cancer. Cancer Res (2011) 71(17):5678–87. doi: 10.1158/0008-5472.CAN-11-0431

94. Wirsing, AM, Ervik, IK, Seppola, M, Uhlin-Hansen, L, Steigen, SE, and Hadler-Olsen, E. Presence of High-Endothelial Venules Correlates With a Favorable Immune Microenvironment in Oral Squamous Cell Carcinoma. Mod Pathol (2018) 31(6):910–22. doi: 10.1038/s41379-018-0019-5

95. Avram, G, Sanchez-Sendra, B, Martin, JM, Terradez, L, Ramos, D, and Monteagudo, C. The Density and Type of MECA-79-Positive High Endothelial Venules Correlate With Lymphocytic Infiltration and Tumour Regression in Primary Cutaneous Melanoma. Histopathol. (2013) 63(6):852–61. doi: 10.1111/his.12235

96. Hill, DG, Yu, L, Gao, H, Balic, JJ, West, A, Oshima, H, et al. Hyperactive Gp130/STAT3-Driven Gastric Tumourigenesis Promotes Submucosal Tertiary Lymphoid Structure Development. Int J Cancer. (2018) 143(1):167–78. doi: 10.1002/ijc.31298

97. Zhang, Y, Wang, F, Sun, HR, Huang, YK, Gao, JP, and Huang, H. Apatinib Combined With PD-L1 Blockade Synergistically Enhances Antitumor Immune Responses and Promotes HEV Formation in Gastric Cancer. J Cancer Res Clin Oncol (2021) 147(8):2209–22. doi: 10.1007/s00432-021-03633-3

98. Martin, JD, Seano, G, and Jain, RK. Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges. Annu Rev Physiol (2019) 81:505–34. doi: 10.1146/annurev-physiol-020518-114700

99. Chen, B, Gao, A, Tu, B, Wang, Y, Yu, X, Wang, Y, et al. Metabolic Modulation via mTOR Pathway and Anti-Angiogenesis Remodels Tumor Microenvironment Using PD-L1-Targeting Codelivery. Biomaterials. (2020) 255:120187. doi: 10.1016/j.biomaterials.2020.120187

100. Wang, Q, Gao, J, Di, W, and Wu, X. Anti-Angiogenesis Therapy Overcomes the Innate Resistance to PD-1/PD-L1 Blockade in VEGFA-Overexpressed Mouse Tumor Models. Cancer Immunol Immunother. (2020) 69(9):1781–99. doi: 10.1007/s00262-020-02576-x

101. Cai, X, Wei, B, Li, L, Chen, X, Liu, W, Cui, J, et al. Apatinib Enhanced Anti-PD-1 Therapy for Colon Cancer in Mice via Promoting PD-L1 Expression. Int Immunopharmacol. (2020) 88:106858. doi: 10.1016/j.intimp.2020.106858




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.


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

Copyright © 2022 Li, Huang, Zhang, Feng, Wang, Zhang, Ji, Cheng and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 01 July 2022

doi: 10.3389/fimmu.2022.937344

[image: image2]


Ultrasound-Targeted Microbubble Destruction: Modulation in the Tumor Microenvironment and Application in Tumor Immunotherapy


Ye Han, Jiawei Sun, Hong Wei, Jiarong Hao, Weiyao Liu and Xiaolei Wang *


In-Patient Ultrasound Department, Second Affiliated Hospital of Harbin Medical University, Harbin, China




Edited by: 

Xi Cheng, Shanghai Jiao Tong University, China

Reviewed by: 

Wang Zheng, Suzhou Institute of Nano-tech and Nano-bionics (CAS), China

Kun Zhang, Tongji University, China

*Correspondence: 

Xiaolei Wang
 wxlghb@126.com

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 06 May 2022

Accepted: 27 May 2022

Published: 01 July 2022

Citation:
Han Y, Sun J, Wei H, Hao J, Liu W and Wang X (2022) Ultrasound-Targeted Microbubble Destruction: Modulation in the Tumor Microenvironment and Application in Tumor Immunotherapy. Front. Immunol. 13:937344. doi: 10.3389/fimmu.2022.937344



Tumor immunotherapy has shown strong therapeutic potential for stimulating or reconstructing the immune system to control and kill tumor cells. It is a promising and effective anti-cancer treatment besides surgery, radiotherapy and chemotherapy. Presently, some immunotherapy methods have been approved for clinical application, and numerous others have demonstrated promising in vitro results and have entered clinical trial stages. Although immunotherapy has exhibited encouraging results in various cancer types, however, a large proportion of patients are limited from these benefits due to specific characteristics of the tumor microenvironment such as hypoxia, tumor vascular malformation and immune escape, and current limitations of immunotherapy such as off-target toxicity, insufficient drug penetration and accumulation and immune cell dysfunction. Ultrasound-target microbubble destruction (UTMD) treatment can help reduce immunotherapy-related adverse events. Using the ultrasonic cavitation effect of microstreaming, microjets and free radicals, UTMD can cause a series of changes in vascular endothelial cells, such as enhancing endothelial cells’ permeability, increasing intracellular calcium levels, regulating gene expression, and stimulating nitric oxide synthase activities. These effects have been shown to promote drug penetration, enhance blood perfusion, increase drug delivery and induce tumor cell death. UTMD, in combination with immunotherapy, has been used to treat melanoma, non-small cell lung cancer, bladder cancer, and ovarian cancer. In this review, we summarized the effects of UTMD on tumor angiogenesis and immune microenvironment, and discussed the application and progress of UTMD in tumor immunotherapy.
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Introduction

In the past decade, rapid advancements in tumor immunotherapy have established it as a crucial treatment for various kinds of cancers (1). Compared with surgery, radiotherapy and chemotherapy that directly act on the tumor itself, tumor immunotherapy stimulates the body’s immune system and indirectly attacks tumor cells by enhancing the immune defense mechanism against the tumor and reshaping the immune microenvironment (2, 3). On the one hand, it can enhance immune-mediated tumor cell death by promoting immune tumor cell recognition and eliminating target cells that carry tumor antigens, while on the other hand, it can eliminate or reduce immunosuppressive signals induced by tumor cells (4, 5).

At present, the common tumor immunotherapy includes tumor vaccines, tumor-agnostic therapies, gene therapies and adoptive cell immunotherapies. Nano-based drug delivery systems (6) and cell-inspired drug delivery platforms (7) are also being used in cancer immunotherapy. A variety of immunotherapy drugs have been approved for clinical use and are benefiting patients with lung cancer (8), bladder cancer (NEO-PV-01) (8), melanoma (NeoVax) (9), and ovarian cancer (OCDC) (10). However, some patients have poor responses to immunotherapy and may even develop hyper progressive disease after treatment. Positive responses to immunotherapy usually depend on the dynamic interactions between tumor cells and immunomodulators in the tumor microenvironment. Low immune responses are often associated with tumor angiogenesis and tumor-specific immunosuppressive microenvironments (11). In addition, complexities in the structures and functions of tumor angiogenesis make drug penetration very challenging, resulting in insufficient drug delivery (12).

Ultrasound-targeted microbubble destruction (UTMD) utilizes microstreaming, microjets and free radicals generated by ultrasonic cavitation to damage endothelial cells (ECs) (Figure 1). Similar to sonodynamic therapy, this regulates the tumor immunosuppressive microenvironment by causing microvascular rupture and tumor cell apoptosis, hindering tumor angiogenesis, and enhancing immunotherapy effects (14–16). Further, local ultrasound irradiation can trigger the targeted release of drugs and exogenous genes to achieve higher treatment efficiency (17). Therefore, UTMD has shown promising prospects in improving the therapeutic efficacies of immunotherapy.




Figure 1 | (A) Schematic diagram of ultrasonic cavitation promoting DNA (green) extravasation into tissue. (B) Microjets generated by inertial cavitation creates acoustic pores that allow DNA to enter the cytoplasm. (C) Inertial cavitation increases the permeability of blood vessels to DNA by damaging the integrity of the vascular endothelium. Reprinted with permission from ref (13). copyright © 2012 Sirsi and Borden.



In this article, we summarized the regulation of UTMD on tumor angiogenesis and the immune microenvironment. Then, we reviewed the practical application of UTMD in various tumor immunotherapies, including tumor vaccines antibody therapy, gene therapy and adoptive cell therapy, and their projected future developments (Table 1).


Table 1 | Application of UTMD combined with immunotherapy in various cancers.





Tumor Angiogenesis and Immune Microenvironment

The tumor immune microenvironment has the following characteristics (29): (a) contains immune cells that lack antigenic stimulation, which could lead to ineffective inhibition of tumor growth and promote tumor immune escape; (b) decreased proliferative ability and insufficiency of immune cells to infiltrate tumoral tissues due to increased interstitial pressure caused by the tumor that acts as a physical barrier; (c) depletion or transient activation of antigen-specific T cells that cannot effectively inhibit tumor growth; (d) poor release of tumor antigens to peripheral lymph nodes, resulting in inadequate direct or indirect antigen presentation and insufficient T cell initiation, and; (e) failure to recognize and present tumor antigens due to the secretion of a variety of negative immune regulatory factors by tumor cells and immunosuppressive cells, leading to immune escape. All these immunosuppressive microenvironments characteristics contributed to the clinically observed drug resistance and off-target toxicity of immunotherapy.

Solid aggressive malignant tumors grow rapidly by inducing the release of various pro-angiogenic and anti-angiogenic factors that prompt the formations of tumor blood vessels to ensure their survival. Among them, the vascular endothelial growth factor (VEGF) has been found to have the most significant pro-angiogenic effect. It can promote vascular ECs division and support ECs migration for constructing more new vessels (30). In addition, VEGF can also induce the expression of adhesion molecules on ECs, mobilize bone marrow-derived cells, and directly or indirectly promote tumor angiogenesis.

Tumor-induced angiogenesis is characterized by structurally distorted tumor vessels and pericellular insufficiency (31). It can cause severe microenvironmental hypoxia, promote VEGF expression and induce vascular malformations (32), resulting in uneven distribution of blood flow and affecting drug penetration and delivery (12). Further, blood leakage from malformed vessels can increase interstitial pressure, which reduces the proliferation, infiltration and survival ability of immune cells. These hinder infiltration and lead to senescence and exhaustion and poor tumor-killing ability of immune cells (33).



Overview on UTMD

As a simple, safe and non-invasive method, ultrasound has been widely used to diagnose and treat diseases. UTMD is a recently developed technology that can target the release of drugs and exogenous genes by augmenting ultrasonic cavitation effects, which has the advantages of being precise, highly efficient and safe, with good repeatability (34–36). The cavitation effect is a significant physical impact of ultrasound. When ultrasonic pressure reaches a certain threshold, the surrounding liquid is rapidly filled with small cavities of gas and steam, forming microbubbles (MBs), also known as cavitation nuclei. Under the activity of ultrasound, these MBs continue to vibrate, expand and contract, which, when finally burst and collapse (37, 38), release instantaneous energy and cause extreme physical phenomena such as luminescence, high temperature, high pressure, discharge, and microjet (39).

Cavitation effects can be divided into non-inertial cavitation (i.e., stable cavitation) and inertial cavitation (i.e., unstable cavitation) (40). When the ultrasonic amplitude is low, the bubbles can oscillate symmetrically around an equilibrium radius without bursting under the action of ultrasonic, producing microflows characterized by fluid flow (41). Microflows impose shear stress on cells while generating heat and lead to sound holes, which help open the tissue barrier formed by ECs. When the ultrasonic amplitude is large, the bubbles oscillate asymmetrically, their volume expands asymmetrically and collapses. The intense compression of gasses inside the bubbles and the huge fluctuation of local pressure generated by the surrounding fluid are called shock waves, which have substantial impacts on cells or tissues and can locally produce high temperature and high pressure. The energy generated by bubble collapse is then converted to kinetic energy, which allows the fluid to be ejected and leads to irreversible tissue or cell damage (42, 43). This significantly increases the permeability of the tumors’ cell membrane, causing damage and widening the gap of ECs, and DNA breakage, which eventually leads to microvascular rupture, hemorrhage and hemolysis (44). MBs can implode under certain acoustic pressure irradiation, which significantly increases the number of cavitation nuclei and enhances the cavitation effect. The fundamentals of cavitation effects are as follows (45): (a) exogenous MBs increase the number of cavitation nuclei, which then increase the intensity of the cavitation effects; (b) as the quantity of MBs increases, the energy required to produce cavitation decreases and the energy threshold for cavitation effect decreases. Moreover, immunotherapy drugs, exogenous genes, or acoustic sensitizers can be incorporated into MBs to target specific tissues. Ultrasound can irradiate the target tissue with a certain amount of radiation energy, destroying the MBs carrying the drugs and releasing the payload, thus achieving the targeted release of drugs or genes (46). Under the action of low-frequency ultrasound, the MB collapse process caused by the cavitation effect produces jet and releases energy, which can instantly break adjacent cell membranes, increasing their permeability and promoting the phagocytosis of the cell to drugs (47). Furthermore, UTMD can temporarily allow immunotherapy drugs to cross the blood-brain barrier (BBB) and blood-tumor barrier and reach the targeted tumor area (48). Therefore, UTMD-mediated antitumor drug release can reduce the off-target toxicity of tumor immunotherapy. As of now, many studies have utilized UTMD to enhance the efficiency of drug targeting and delivery in local tissues (49, 50).



Modulation of UTMD on Tumor Angiogenesis


Antitumor Angiogenesis

Microstreaming and microjets from ultrasonic cavitation-related biological effects can cause ECs damage and microvascular rupture (51). Due to the rapid, loose, and irregular growth of tumor blood vessels and functional defects in their vascular architecture, UTMD can cause significant damage to tumor vascular ECs, manifesting as endothelial cell malformations or endothelial cell contractions (52). Under appropriate sound pressure, UTMD can damage tumor vascularization and exert its antitumor angiogenesis effects (53).

Liu et al. (54) used UTMD (acoustic pressure: 2.6 MPa and 4.8 MPa) to mechanically destroy tumor blood vessels in Walker 256 tumors. They found that contrast-enhanced ultrasound could disrupt tumor neovasculature and significantly decrease tumor perfusion compared with the control group. Histopathologically, the tumor microvascular were destroyed into diffuse hematomas. In a study by Jing et al. (55), the authors showed that the microcirculation of Walker 256 tumors treated with 4.8 MPa could be blocked for 24 h. In a previous study, the investigators used lipid shell MBs loaded with Endostar combined with UTMD to explore the anti-angiogenesis effect of UTMD in established nude mice breast cancer models. Compared with the Endostar group alone, they observed that after ultrasound targeted irradiation of drug-loaded MBs, the release of Endostar was significantly increased, and tumor VEGF expression was significantly down-regulated. Tumor growth inhibition rate was significantly increased, confirming that UTMD combined with drug-carrying MBs could improve the anti-angiogenesis effect of Endostar by downregulating VEGF expression, thus, achieving tumor growth inhibition. Meanwhile, UTMD can release targeted drugs that can accumulate in tumors. Yu et al. (56) treated rats inoculated with Walker 256 tumors using Endostar combined with UTMD and measured the microvascular density by contrast-enhanced ultrasound. They observed that UTMD could significantly lower tumor blood perfusion and had a significantly higher tumor growth inhibition rate than the control group, thus confirming that UTMD enhanced the anti-angiogenic effect of Endostar.

The potential of UTMD in anti-angiogenic therapy remains largely unknown. UTMD at higher energy intensity has been shown to promote apoptosis of ECs by regulating gene expression and contributing to microvascular destruction. Su et al. (57) demonstrated that UTMD (0.5 MHz, 210 mW/cm2) significantly promoted apoptosis and inhibited the angiogenesis of human umbilical vein ECs and human microvascular ECs through the phosphorylation of p38 mitogen-activated protein kinase and activated endoplasmic reticulum stress signal. These results demonstrate the potential value of UTMD in anti-angiogenic therapy.



Enhanced ECs Permeability

Tumor vascular ECs are the first contact point of cavitation effects (58). UTMD was shown to enhance endothelial cell permeability in in vivo and in vitro settings, reversibly opening the BBB or blood-tumor barrier and facilitating extracellular drug transfer into the interstitial space. Hallow et al. (59) quantified the biological effects of UTMD on ECs using isolated live pig carotid arteries. Their results showed that relatively low ultrasound energy (700 kPa-1400 kPa) could target 9%-24% of the drug uptake of ECs. Lelu et al. (60) compared the effects of inertial and non-inertial cavitation on the monolayer resistance and permeability of pigs brain’s ECs in the presence of SonoVue. Their results demonstrated that non-inertial cavitation had better cell permeability than inertial cavitation, could reversibly open the BBB and promoted drug delivery. Wang et al. (61) showed that gambogic acid-loaded porous-lipid MBs in combination with UTMD could instantly increase BBB permeability and promote the release of gambogic acid into the stroma of human glioma (U251 cell line), and could also significantly inhibit the tumor’s growth in in vitro BBB model of mouse brain endothelial cell line. UTMD has also shown therapeutic potential in pancreatic cancer mouse models. In a study by Zhang et al. (62), the authors showed that UTMD enhanced the permeability of the hematoma barrier through cavitation effects. This promoted the delivery of drug-loaded MBs to the tumor matrix and inhibited the growth rate of pancreatic cancer by 89.8% during 21 days of treatment. Zhang et al. (63) utilized C6 glioma-bearing rats to study the mechanism of UTMD in improving BBB permeability. They observed that the enhanced BBB permeability could be associated with the downregulation of cellular junctional adhesion molecule-A and up-regulation of calcium-activated potassium channel expression, which affected the BBB tight connection.

It was shown that intermittent ultrasound irradiation, compared with continuous ultrasound irradiation, improved the permeability of BBB and promoted the extravasation of Evans Blue into the stromal tissues of C6 glioma membranes. Wang et al. (64) confirmed that microRNA-34a encapsulated with nanoparticles combined with UTMD exerted a significant inhibitory effect on castration-resistant prostate cancer by improving membrane permeability and capillary space and promoting the delivery of nanoparticles to prostate cancer xenograft.




Modulation of UTMD on Tumor Immune Microenvironment


Damage-Associated Molecular Pattern (DAMP) and Tumor Antigen Presentation

UTMD promotes tumor cell death by regulating calcium levels and ceramide signaling pathways. Dying or stressed tumor cells release DAMPs, which act as adjuvants or immune recognition stimulants, which trigger immune responses (65, 66). Similarly, ultrasonic cavitation effects produce free radicals, which act as inducing factors that stimulate the release of DAMPs (67). DAMPs then activate inflammatory reaction pathways, lymphocytes, monocytes and macrophages release IL-1 and IL-18 inflammatory regulating cell factors, promoting tumor antigens presentation for induction of T cells adaptive responses, which improves tumor immune escape (68) (Figure 2).




Figure 2 | Effects of tumor cell death on tumor-associated antigen presentation. Tumor-associated antigens (TAA); dendritic cells (DC); major histocompatibility complex (MHC); damage-associated molecular pattern (DAMP); cytotoxic T lymphocytes (CTL); T regulatory cells (Treg); pattern recognition receptor (PRR); T-cell receptor (TCR); helper T cell (Th); tumor necrosis factor (TNF); programmed cell death protein 1 (PD-1); programmed cell death-ligand 1 (PD-L1). Reprinted with permission from ref (69). copyright © 2020 de Souza, Gonçalves, Lepique and de Araujo-Souza.



Ca2+ plays a key role in cell integrity, membrane encapsulation, and intercellular signaling. Ultrasonic cavitation can increase intracellular Ca2+ levels by inducing adjacent intracellular Ca2+ increase via intercellular signaling to neighboring cells (70). Beekers et al. (71) showed that an MB oscillation amplitude between 0.75 μm and 1 μm could maintain stable cell viability, but increasing the amplitude oscillation to greater than 1 μm would cause dramatic fluctuation in Ca2+ concentration. They also showed that contact between adjacent cells was opened when irreversible Ca2+ fluctuations were caused by ultrasound-induced MB oscillation, suggesting that the opening of intercellular contact is a biological response caused by elevated Ca2+ levels; a mechanism that also facilitates drug passage through the BBB (72). Thus, increasing oscillation amplitude increases the degree of pore damage and decreases the ability of cell membranes to reseal. This leads to activation of voltage-sensitive Ca2+ channel, through which extracellular Ca2+ flows into the cell, causing drastic Ca2+ fluctuations and Ca2+ overload.

Some endonucleases responsible for DNA fragments are Ca2+-dependent, and once Ca2+ concentration increases, the enzyme is activated and degrades DNA to induce apoptosis (73). Similarly, Shi et al. (74) found that Ca2+-dependent endonucleases and protease activation could lead to the apoptosis of hepatocellular carcinoma cells, SMMC-7221, by opening their mitochondrial pores and increasing membrane permeability. The ceramide signaling pathway instigated by ECs injury has a significant role in controlling cancer cell demise (14). Al-mahrouki et al. (75) confirmed that UTMD-induced ceramide accumulation was caused by the downregulation of UDP glycosyltransferase-8. The anti-apoptotic function of UDP glycosyltransferase-8 was achieved by disrupting the ceramide signaling pathway and converting ceramide to galactose ceramide.

In a study by Hu et al. (18), the authors compared the antitumor effect of ultrasound-stimulated nanobubbles alone and in combination with an anti-programmed cell death protein 1 (aPD-1) in RM1 (prostate cancer), MC38 (colon cancer), and B16 (melanoma) xenograft mouse models. They found that ultrasound-stimulated nanobubbles combined with aPD-1 induced tumor cell necrosis, significantly increased the release of DAMP and tumor antigen presentation, and promoted the invasion and antitumor activity of CD8+ T cells (Figure 3). Thus, with this strategy, immunogenicity can be improved by remodeling the tumor immune microenvironment and sensitizing poorly immunogenic solid tumors to aPD-1 treatment.




Figure 3 | Schematic illustration showing the effects of ultrasound-stimulated nanobubbles (USNBs) on the mouse tumor model. USNBs can induce tumor cell necrosis, which can release immunogenic substances, further activate innate and adaptive immune cells, and finally activate CD8+ T cells. This leads to systemic anti-tumor immunity, enhancing the efficacy of anti-PD1 therapy and promoting immune memory. Reprinted (adapted) with permission from ref (18). copyright © 2022 Hu, He, Wang, Zhao, Fang, Dong, Chen, Zhang, Zhang, Wang, Tan, Wang, Zi, Liu, Liang, Guo, Ou.






Application of UTMD in Tumor Immunotherapy


UTMD-Mediated Tumor Vaccine

Therapeutic cancer vaccines are an active immunotherapy approach to induce durable antitumor immunity. These include tumor cell vaccines, dendritic cell (DC) vaccines, viral vector vaccines, and molecular vaccines composed of peptides, DNA or RNA (76, 77). DC vaccines are most commonly used in tumor immunotherapy due to their high antigen presentation effect. High-efficiency antigen-presenting cells DC load tumor-associated antigens into the body and activate T cells. Some of them are activated and proliferate into cytotoxic T lymphocytes, causing a strong immune response, while some become long-term memory T cells, producing immune memory. Since the approval of PROVENGE (Sipuleucel-T), the first DC vaccine, to treat advanced resistant prostate cancer by the Food and Drug Administration (FDA) in 2010 (78), several cancer vaccines have been developed against melanoma (NeoVax) and non-small cell lung cancer. Some of them have shown promising benefits and are being further tested in clinical trial settings. However, due to the low efficiency of traditional antigen infusion methods, inducing an effective immune effect with tumor vaccines has been very challenging (79). Therefore, the key of current research is to deliver an adequate concentration of antigens to DC for effective activation of antitumor immunity and preventing the degradation of antigen.

Suzuki et al. (23) delivered antigen into DC using an ultrasonic approach combined with foam liposomes, which was found to act similarly to ultrasonic MBs. The antigen passed through the transient pore produced by cavitation effects without entering the cytoplasm of DC through the endocytosis pathway. This delivery method directly enabled the model antigen (ovalbumin, OVA) to enter the major histocompatibility complex (MHC) class I presentation pathway and activated exogenous antigen-specific cytotoxic T lymphocytes. Further, Oda et al. (22) demonstrated that UTMD combined with immunotherapy could deliver tumor extracted antigen to DC and reduce the incidence of pulmonary metastasis of melanoma by four times. These indicate that bubble liposomes combined with ultrasound could be an effective method to transport antigen to DC. Additionally, studies have shown that immersion of nano-cavitated nuclei with model antigen (OVA) in hydrogel and exposure to ultrasound could significantly increase the transdermal delivery dose and enhance vaccine model antigen penetration, which was associated with highly-specific effects on anti-OVA IgG antibody levels in mice. These results indicate that ultrasound combined with nano cavitation nucleus has potential prospects in adjuvant percutaneous needle-free tumor vaccine vaccination (80). Meng et al. (81) designed an injectable self-healing hydrogel system loaded with nano-vaccines which could be converted into a sol state after ultrasonic treatment, allowing the release of the vaccine and then self-healing into a gel. Thus, multiple ultrasound treatments can repeatedly release nano-vaccines and produce effective antitumor immune responses, allowing one-time ultrasonic mediated inoculation and multiple effective treatments.



UTMD-Mediated Antibody Immunotherapy

Monoclonal antibodies are among the most successful and important strategies for treating patients with hematological malignancies and solid tumors. Due to rapid developments in the field of immunology and protein engineering, monoclonal antibodies are currently the fastest-growing type of immunotherapy (82, 83). Monoclonal antibodies exert their tumor-killing effects via complement-mediated cytotoxicity and antibody-dependent cytotoxicity, while immune checkpoint inhibitors exert their antitumor effects by blocking immunosuppressive signals. In addition, antibody-coupled drugs can specifically bind to tumor surface antigens, releasing drugs that kill tumor cells and activate the immune system. UTMD can assist in the targeting and releasing of antibodies to target tissues, increase treatment efficiency and reduce systemic toxicity.

To investigate the therapeutic effect of UTMD-mediated chemotherapy drugs combined with monoclonal antibodies in multiple myeloma tumor stem cell transplantation mouse models, Shi et al. (84) developed lipoid MBs loaded with epirubicin and combined them with anti-ABCG2 monoclonal antibody. They found that, compared with no ultrasound irradiation, the combined approach could effectively inhibit the growth of multiple myeloma, prolong the survival time of mice, and alleviate the symptoms of multiple myeloma. In addition, the approach was more targeted than epirubicin therapy alone and was associated with reduced cardiac toxicity in mice models. Sun et al. (20) constructed an ultrasonic MB loaded with trastuzumab coupled with acoustic sensitizer nanoparticles. They found that the delivery and treatment efficiency with nanoparticles was improved with UTMD and successfully inhibited the proliferation of tumor cells, achieving a targeted combination of sonodynamic therapy and antibody therapy with nanoparticles for treating HER2-positive gastric cancer (Figure 4).




Figure 4 | Ultrasound microbubbles mediated sonosensitizer and trastuzumab (TP MBs) treatment significantly inhibited the proliferation of tumor cells. The TP MBs + US group showed the best therapeutic effect with almost no tumor volume change for 21 days. Reprinted (adapted) with permission from ref (20). copyright © 2022 American Chemical Society. **p<0.01.



UTMD can increase antigen release, heat shock protein expression, calreticulin levels and pro-phagocytic signals, affecting the tumor microenvironment and comprehensively stimulating tumor immunity (85, 86). In a study by Ye et al. (21), the authors evaluated the ability of UTMD to enhance the targeted accumulation of aPD-L1 in the brain stem. They used UTMD to deliver the study drug to a brain of a mouse glioma model via the intranasal route. Anti-programmed cell death-ligand1 antibody (aPD-L1) was alternately dropped through the nostril, followed by MBs injected through the tail vein and an immediate head ultrasonic irradiation. Their results showed that, compared with intranasal administration alone, UTMD enhanced the targeted accumulation of aPD-L1 in the brain stem after intranasal administration and improved the penetration depth and transmission efficiency of aPD-L1 in the brain parenchyma. The accumulation rates in mice with and without tumor were similar, suggesting that the effect of UTMD-mediated intranasal brain drug delivery was not affected by the tumor microenvironment.



UTMD Mediated Gene Therapy

Gene therapy methods include viral vector transfection and non-viral transfection. Retrovirus and adenovirus transfection methods have systemic toxicity, insertion mutation and other problems (87, 88). In contrast, non-viral chemical and physical transfection methods seem safer, have lesser toxicity and are more specific than viral vector transfection methods (89). Thus, UTMD-mediated gene transfer is one of the most promising non-viral physical delivery methods.

The cavitation effect of ultrasound produces instantaneous pores on the cell membrane. Different ultrasonic peak negative pressures can create instantaneous pores of different sizes and mediate the entry of plasmids through these pores into cells (90–92). After ultrasonic irradiation, the membrane regains its integrity, seals all the pores, and traps the material delivered inside the cell (93). Plasmid DNA uptake induced by UTMD is a rapid, multi-mechanistic process that is not limited to the site of MB attachment (94). The continuity and fluidity of membrane lipid bilayer and the interaction between membrane and cytoskeleton may also be associated with plasmid DNA uptake (46). Due to low toxicity, low immunogenicity and high targeting efficiency, UTMD-mediated gene transfer has shown great application prospects in clinical gene therapy, and has been successfully applied in various tissues and organs, including muscles (95), kidneys (96), liver (97), parotid gland (98) and retina (99), and.

Zhang et al. (24) introduced plasmids into tumor cells using UTMD of different MB sizes. They observed that the transfection rate of the larger MBs (4.23 ± 2.27 μm) was significantly higher than those of smaller MBs (1.27 ± 0.89 μm), and 29.7% of the tumor cells were transfected into the DNA plasmid. Further, after 48 h, the gene expression in tumors using UTMD with larger MBs was more than tripled that of smaller MBs, and had greater infiltration of CD8 T cells and F4/80 macrophages. Dong et al. (25) investigated the effectiveness of in vivo UTMD (ultrasonic peak negative pressure: 5.5 MPa) delivery of pre-miRNAs plasmids, and observed that UTMD could effectively inhibit subcutaneous tumor growth in a mouse liver cancer model. They also found that the plasmid delivery efficiency and cell viability were positively correlated with peak negative ultrasound pressure. In a study by Ilovitsh et al. (26), the authors found that combining UTMD with intraperitoneal administration of checkpoint inhibition and IFN-β plasmid transfection could significantly reduce tumor volume and enhance T cell infiltration by recruiting effective local and distant tumor site immune cells.



UTMD-Mediated Adoptive Cell Immunotherapy

Adoptive cell therapy is a passive immunotherapy method in which a large number of amplified and activated immune cells after in vitro genetic engineering or screening activation are transfused back into the patient to enhance immune responses in the tumor microenvironment and directly or indirectly achieve tumor-killing effects (100). Unlike T cells and B cells, natural killer (NK) cells can express high levels of effector molecules with cytotoxicity, including perforin and granase B, making NK cells the most widely used in adoptive immunotherapy (100, 101). However, the antitumor functions of NK cells in solid tumors are still unclear. The main reason is that the injection of NK cells cannot fully home at the tumor site, leading to a low number of NK cells targeting tumor cells and inadequate effective immune responses. Thus, improving the homing of NK cells at tumor sites could improve therapeutic outcomes (102).

Studies have shown that the stable cavitation effects produced by low-intensity focused ultrasound combined with MB therapy could promote the homing of various cells, including CD8+ cytotoxic T lymphocytes, dendritic cells, NK cells, neutrophils and macrophages, and could induce effective immune responses by disrupting the tight junctions of endothelial cells, increasing vesicular transport and changing ECs membrane proteins (103–105). Thus, UTMD has the potential to provide effective targeted delivery of adoptive cells to tumor lesions.

Alkins et al. (27) demonstrated that MRI-guided low-intensity focused ultrasound combined with MBs (peak sound pressure: 0.33 MPa) could target the implantation of NK-92 cells specifically expressing HER2 into the brain of nude mice before the BBB is destroyed, thereby increasing the high number of effector cells at the metastatic brain tumor site. Intravenous injection of HER2-specific NK-92-scFv (FRP5) zeta cell line, in early tumor developmental stages before BBB disruption, using MRI-guided focused-ultrasound combined with MB local irradiation to the tumor inhibited tumor growth in metastatic breast cancer model by amplifying HER2. This led to a significant reduction in the mean tumor volume, measured on the 28th day, and prolonged the survival of the mice. In a study by Yang et al. (102), the authors investigated the tumor-shrinking efficacy of UTMD combined with NK-92MI versus NK-92MI alone. They observed that although the addition of UTMD demonstrated an accumulation of adoptive NK-92MI cells from blood vessels to the tumor site, the difference in tumor volume reduction between the two groups was not statistically significant. The reason for such observation could be related to an insufficient number of NK cells entering the tumor, leading to low tumor-killing efficacy. Therefore, to improve the transfer efficiency of NK-92MI cells in the treatment of solid tumors, it is still necessary to further optimize the MB dose, ultrasound irradiation time and treatment frequency in future studies.

Sta Maria et al. (28) treated xenograft tumors of human colorectal adenocarcinoma mice with low dose focused ultrasound with MBs (peak sound pressure: 0.50 MPa) and injected MBs plus NK cells into the mouse tail vein. They observed that within 24 h of treatment, the aggregation of NK cells in the 0.5 MPa low-dose ultrasound group was significantly greater than in the non-low-dose ultrasound group, while no NK cell aggregation was observed in the 0.25 MPa low-dose ultrasound group. These observations suggest that sound pressure could be an important factor affecting the local homing of NK cells to tumor sites and the systemic effects of NK cells.




Discussion, Conclusion, and Outlook

Immunotherapy has enormous potential in cancer treatment and has offered patients with advanced malignant tumors new and promising treatment options. The recent combined application of UTMD with tumor immunotherapy has shown great potential in amplifying immunotherapy outcomes as nanometer MB can extend the time for payload drug activities or gene foam half-life, thereby increasing the bioavailability, specificity, and specificity durability of immunotherapy to the tumor site, whilst decreasing systemic toxicity. However, the optimal dose of MB, time for ultrasonic irradiation, and treatment frequency are still undetermined and should be further explored. Different cancer types and individual genetic background need to be taken into account in UTMD combined immunotherapy (106). At present, UTMD-mediated tumor immunotherapy is mainly in an investigational stage in in vitro experiments. Many potential mechanisms of the biological effects of vascular ECs induced by UTMD have not yet been deeply explored, and further clarifications on their underlying mechanisms are still needed to better assist tumor immunotherapy.

In the future, the cross fusion between tumor immunotherapy and other therapeutic methods could further improve the outcomes of tumor immunotherapy. The prospects of combining new technologies and methods with immunotherapy to safely and effectively destroy tumor cells and ultimately achieve the goal of a non-toxic and lasting cure remain promising.
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Objective

Numerous studies recently suggested that the immune microenvironment could influence the development of colorectal cancer (CRC). These findings implied that the infiltration of immune cells could be a promising prognostic biomarker for CRC.



Methods

Furthermore, the Oncomine database and R2 platform analysis were applied in our research to validate CRC clinical prognosis via expression levels of polyoma enhancer activator 3 (PEA3) members. We explored the correlation of ETV1, ETV4, and ETV5 with tumor-infiltrating immune cells (TIICs) in CRC tumor microenvironments via the Tumor Immune Estimation Resource (TIMER) and Gene Expression Profiling Interactive Analysis (GEPIA). Immunohistochemistry (IHC) was used to validate our CRC clinical data.



Results

Our findings indicated that the upregulation of PEA3 members including ETV1 and ETV5 was positively associated with poor prognosis in CRC patients. Meanwhile, ETV1 and ETV5 may play significant roles in the development progress of CRC. Furthermore, ETV1 tends to be associated with immune infiltration of CRC, especially with cancer-associated fibroblasts and M2 macrophages.



Conclusion

These findings revealed that ETV1 and ETV5 played significant roles in the development of CRC. Moreover, ETV1 was significantly associated with the infiltration of cancer-associated fibroblasts and M2 macrophages in CRC. Targeting ETV1 can be a potential auspicious approach for CRC treatment.
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Introduction

Colorectal cancer (CRC) exhibits high incidence and mortality, placing a heavy economic burden on public health systems (1). Despite recent developments in the diagnosis and therapy of CRC, the prognosis of CRC patients remains poor. Various studies have recently indicated the influence of the immune microenvironment on tumor development, implying that infiltration of different types of immune cells could be a promising source of novel prognostic biomarkers for CRC. Cancer immunotherapy, consisting of the modulation of the immunosuppressive tumor microenvironment using antibodies targeting immune checkpoints such as the  programmed cell death protein 1 (PD1) and cytotoxic T-lymphocyte antigen 4 (CTLA4) has changed the landscape of treatment strategy in diverse advanced tumors including CRC (2–5).

The E26 transformation-specific (ETS) transcription factor family includes 28 members. Depending on the similarity of the ETS domain’s sequence and location, they are classified into 12 groups, such as ETS, E74-like factor (ELF), and PEA-polyoma enhancer activator 3 (PEA3) (6–8). ETS transcription factor family plays a role in several physiological and pathological processes such as embryogenesis, wound healing, and tumor progression (6, 9–12). Meanwhile, various ETS family members could contribute to the development, differentiation, and function of T-cell subsets by regulating the expression of multiple genes in T cells (13–15). ETV1, ETV4, and ETV5 comprise the PEA3 transcription factor subfamily and were found to be significantly related to numerous tumor markers (6). Our previous study indicated that ETV5 could target platelet-derived growth factor BB (PDGF-BB) to trigger the angiogenesis of CRC (16, 17). However, the function of the ETS transcription factor family in CRC tumor immunology advancement has not been totally revealed.

In this current study, we comprehensively elucidated the expression and clinical significance of PEA3 members ETV1, ETV4, and ETV5 in CRC. Moreover, we investigated the correlation of ETV1 and ETV5 with tumor-infiltrating immune cells (TIICs) in CRC tumor microenvironments via the Tumor Immune Estimation Resource (TIMER) and Gene Expression Profiling Interactive Analysis (GEPIA). Furthermore, we validated the above findings via our CRC clinical data. These findings shed light on the important roles of PEA3 members in CRC and provided a potential relationship and an underlying mechanism between PEA3 members and CRC tumor–immune interactions.



Materials and Methods


Patient Specimens

From 2010 to 2011, 75 consecutive patients (44 men and 31 women), ranging from 34 to 82 years of age (mean age 57.2 years), were recruited in the current investigation with the informed consent and research consent approved by the ethics committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (Approval ID : RJXK 2012-0011). Our study was in accordance with the Declaration of Helsinki. All 75 pairs of adjacent non-tumorous tissues (at least 5 cm away from the tumor margin) and CRC tissues were collected from patients who had undergone curative surgery at Ruijin Hospital. Clinical and pathological parameters, overall survival (OS), and disease-free survival (DFS) were analyzed. Tumor stage was decided by three pathologists independently in a double-blind manner based on the  union for international cancer control (UICC) TNM classification.



Oncomine Database and R2 Platform Analysis

The Oncomine database (https://www.oncomine.org) was deployed to analyze the differential expression of PEA3 members between CRC and adjacent normal tissues. In brief, the cancer type was defined as CRC and the data type as mRNA (ETV1, ETV4, and ETV5). Cancer vs. normal method was selected as the analysis type. The Cancer Genome Atlas (TCGA) was chosen. The log-transformed, median-centered, and normalized expression values were obtained. The detailed procedure was described before (18). The correlation of PEA3 expression with the survival in CRC was revealed by the visualization platform (http://r2.amc.nl) via TCGA colon adenocarcinoma dataset and R2 genomics analysis.



PrognoScan Database Analysis

The correlation between the expression levels of ETV1, ETV4, and ETV5 and survival in CRC was analyzed by the PrognoScan database (http://www.abren.net/PrognoScan/). The PrognoScan database was used for searching the OS and DFS between gene expression and the prognosis of CRC patients across a large collection of publicly available cancer microarray datasets. The threshold was adjusted to a Cox p-value <0.05.



Database Analysis From TIMER and GEPIA

TIMER is a comprehensive resource to systematically evaluate the clinical impact of different immune infiltrates across diverse cancer types (https://cistrome.Shinyapps.io/timer/). In this study, 10,897 samples across 32 cancer types from TCGA dataset were obtained and plotted from the TIMER platform to estimate the abundance of immune infiltrates. We used TIMER to analyze the expression levels of PEA3 members in diverse cancers and the association of PEA3 member expression with the immune infiltrating abundance. Furthermore, gene markers of TIICs were analyzed to investigate the correlation between PEA3 member expression and gene markers of CRC TIICs via correlation modules. The gene markers of TIICs included markers of CD8+ T cells, T cells (general), B cells, monocytes, tumor-associated macrophages (TAMs), M1 macrophages, M2 macrophages, neutrophils, natural killer (NK) cells, dendritic cells (DCs), T-helper 1 (Th1) cells, T-helper 2 (Th2) cells, follicular helper T (Tfh) cells, T-helper 17 (Th17) cells,  T regulatory cells (Tregs), exhausted T cells, and cancer-associated fibroblasts (CAFs). To further confirm these significant correlated genes obtained from TIMER, GEPIA was performed. Tumor purity is the proportion of cancer cells. Given sets of TCGA expression data were performed to analyze the gene expression correlation, and Spearman correlation analysis was performed to determine the correlation coefficient.



Histology and Immunohistochemistry

Paraffin-embedded tissue sections from CRC specimens were given a heat pretreatment of 60°C for 1 h, then dewaxed in xylene, rehydrated in an ethanol series (100%–50%), and treated in 0.01 mol/L citrate buffer (pH 6.0) for antigen retrieval. After inhibition of endogenous peroxidase activity for 30 min with methanol containing 0.3% H2O2, the sections were stained with antibody at 4°C overnight. The following experimental procedure was according to the manufacturer’s instructions of the LSAB+ kit (Dako, USA). Slides were scanned, and images were captured by NDP.view 2 Plus U12388-02 (Hamamatsu Photonics K.K., Japan). The diagnosis of CRC, nuclear grade, tumor cell differentiation, and growth pattern depended on the examination of hematoxylin–eosin (HE)-stained sections according to the WHO Classification of Tumours of the Digestive System 2010 edition. Formalin-fixed paraffin-embedded (FFPE) slides of CRC specimens were stained based on the manufacturer’s protocol (Histostain-SP kit, DakoCytomation, USA). Immunohistochemistry (IHC) slides were scanned with Pannoramic Digital Slide Scanner (3DHISTECH), and images were cropped from virtual slides in Pannoramic Viewer. To quantify the expression of these molecules, IHC scores were separately evaluated by two pathologists. For the staining score of the ETV family, the staining intensity was graded in four segments on a 3-point scale (staining scores): no staining (0 points), light brown staining (1 point), brown staining (2 points), and dark brown staining (3 points). The number of positive cells was divided into four grades (percentage scores): <5% (grade 0), 5%–30% (grade 1), 31%–70% (grade 2), and 71%–100% (grade 3). IHC staining score was calculated by the following formula: overall staining score = intensity score × percentage score.



Statistical Analyses

Data were presented as the mean ± SD unless indicated otherwise. The Mann–Whitney U test was used to compare the tumor volume. Student’s t-tests and analysis of variance (ANOVA) were used to compare groups. Categorical data were evaluated by Fisher’s exact tests or chi-square. A p-value <0.05 was significant.




Results


The Expression Level of Polyoma Enhancer Activator 3 (PEA3) Members Across Different Types of Human Cancers

To investigate the expression patterns of PEA3 members including ETV1, ETV4, and ETV5 in diverse tumor tissues, data obtained from the Oncomine and TIMER databases were analyzed. From the Oncomine database, multiple tumor types including CRC demonstrated higher ETV4 and ETV5 expression in tumor tissues than those in corresponding normal tissues. However, the expression level of ETV1 did not represent a consistent trend from the 4 datasets (one dataset showed higher expression level while three datasets showed lower) in CRC (Figures 1A, C, E). Furthermore, we found a significantly higher expression of ETV4 and ETV5 in cancer tissues of both colon adenocarcinoma (COAD) and rectal adenocarcinoma (READ) via TIMER (Figures 1D, F). We observed a lower expression level trend of ETV1 in READ, but there was no significant expressional level difference between cancer and normal tissue in COAD (Figure 1B). The different expression levels in COAD and READ may explain the trend we observed from the Oncomine data of ETV1 in CRC.




Figure 1 | The expression level of PEA3 members in different types of human cancer. (A) Upregulation of ETV1 in 7 cancer types in the Oncomine database. (B) Human ETV1 expression levels in different tumor types from TCGA database were determined by TIMER. (C) Upregulation of ETV4 in 6 cancer types in the Oncomine database. (D) Human ETV4 expression levels in different tumor types from TCGA database were determined by TIMER. (E) Upregulation of ETV5 in 7 cancer types in the Oncomine database. (F) Human ETV5 expression levels in different tumor types from TCGA database were determined by TIMER. (G) Representative images of ETV1, ETV4, and ETV5 immunohistochemistry in CRC and matched normal tissue from the 75 clinical CRC cases. *p < 0.05; **p < 0.01; ***p < 0.001.



IHC of ETV1, ETV4, and ETV5 on a retrospective cohort of 75 CRC samples with matched adjacent tissues was further performed to discover the correlation of these three proteins with CRC’s clinical parameters at the protein level. Typical images of IHC were provided in Figure 1G. Table 1 summarized the clinical parameters and the expression intensities of ETV1, ETV4, and ETV5. Importantly, the high ETV1 staining score correlated with positive lymphatic metastasis status (p = 0.034). Furthermore, higher ETV5 expression was associated with a larger tumor size (p = 0.022), positive lymphatic metastasis status (p = 0.032), and advanced TNM stage (p = 0.048). The association with other parameters, such as gender, age, tumor location, carcinoembryonic antigen (CEA) levels, chemotherapy, or radiotherapy was not observed (Table 1).


Table 1 | Basic clinical variables of the 75 CRC patients.



Overall, the data from the databases and clinical information basically suggested that PEA3 members ETV1 and ETV5 had a higher expression level in CRC, indicating that ETV1 and ETV5 may play significant roles in promoting the development of CRC.



Prognostic Potential of PEA3 Members in Colorectal Cancer

To identify the prognostic potential of PEA3 members in CRC, PrognoScan and R2 platform were used in our research. One cohort, GSE17536, from TCGA that included 177 samples at different stages of CRC was analysed via PrognoScan (Figures 2A, C). Higher expression levels of ETV1 and ETV5 predicted lower OS, disease-specific survival (DSS), and DFS in human CRC patients. These results were consistent with R2 platform results (Figures 2D, F). However, we investigated a totally opposite tendency in ETV4. The patients with higher levels of ETV4 tended to have higher OS, DSS, and DFS (Figures 2B, E). These findings indicated that ETV4 may play an opposite role in CRC compared with ETV1 and ETV5.




Figure 2 | Kaplan–Meier survival analysis of CRC based on the different expression levels of ETV1, ETV4, and ETV5. (A–C) Survival curves of overall survival (OS), disease-specific survival (DSS), and disease-free survival (DFS) in CRC cohorts via ProgonoScan (GSE:17536, n = 177) based on ETV1, ETV4, and ETV5 expression level. (D–F) Survival curves of OS and DFS in CRC cohorts via R2 platform based on ETV1, ETV4, and ETV5 expression level. (G–I) DFS and OS curves of the 75-patient cohort, with patients stratified based on the expression levels of ETV1, ETV4, and ETV5.



To further confirm the clinical prognosis potential of PEA3 members, we validated the expression levels of ETV1, ETV4, and ETV5 against our clinical CRC patient’s tissue samples. For prognosis, a high ETV5 expression was associated with shorter OS (p = 0.0492) and DFS (p = 0.0446) (Figure 2I). OS data from our research were in concordance with those from TCGA, PrognoScan, and R2 platform analysis (Figures 2C, F). Additionally, our study indicated that a higher expression level of ETV1 tended to have lower OS and DFS, which was consistent with results from the database. However, the difference was not significant (OS, p = 0.201; DFS, p = 0.408) (Figure 2G), which may be due to the limited number of our CRC cases (only 75 cases in total). When evaluating another PEA3 member, ETV4, in CRC patients’ samples, the trend was similar to PrognoScan and R2 platform but without significance (Figure 2H). Taken together, data from the clinical and public database suggested that higher expressions of ETV1 and ETV5 were associated with shorter long-term survival and that ETV1 and ETV5 may promote CRC progression.



The Expressions of ETV1 and ETV5 Were Positively Correlated With the Infiltration Levels of Immune Cells in Colorectal Cancer

Tumor-infiltrating lymphocytes were independent predictors of sentinel lymph node status and survival in cancer; meanwhile, tumor purity was an important factor in the analysis of immune infiltration in clinical tumor samples by genomic approaches. Therefore, to further investigate whether the expressions of ETV1 and ETV5 were correlated with immune infiltration levels in CRC, the TIMER database was involved in our research. Interestingly, we investigated that the expression of ETV1 and ETV5 appeared to have a significantly positive correlation with immune cell infiltrating levels in COAD and READ (Table 2). ETV5 expression had significantly positive correlations with CD8+ T cells (rcoad = 0.278, rread = 0.354), CD4+ T cells (rcoad = 0.231, rread = 0.303), macrophages (rcoad = 0.412, rread = 0.515), DCs (rcoad = 0.49, rread = 0.495), and CAFs (rcoad = 0.556, rread = 0.541) both in colon and rectal cancer. Meanwhile, ETV5 expression had significantly positive correlations with CD8+ T cells (rcoad = 0.326, rread = 0.369), macrophages (rcoad = 0.228, rread = 0.271), DCs (rcoad = 0.342, rread = 0.332), and CAFs (rcoad = 0.286, rread = 0.365) both in colon and rectal cancer. Among variable immune cells, ETV1 (Figures 3A, B) showed stronger correlations compared with ETV5 (Figures 3C, D) in CRC, especially in macrophages, DCs, and CAFs. These findings suggested that ETV1 may play a specific role in immune infiltrations in CRC, especially macrophages, DCs, and CAFs.


Table 2 | Correlation analysis among ETV1 and ETV5 and immune cells in TIMER.






Figure 3 | Correlation of ETV1 and ETV5 expression levels with immune cell infiltrating levels in colon adenocarcinoma (COAD) and rectal adenocarcinoma (READ). (A) ETV1 expression was negatively related to tumor purity, and ETV1 had positive correlations with infiltrating levels of macrophages, dendritic cells, and CAFs in COAD. (B) ETV1 expression was negatively related to tumor purity, and ETV1 had positive correlations with infiltrating levels of macrophages, dendritic cells, and CAFs in READ. (C) ETV5 expression was negatively related to tumor purity, and ETV5 had positive correlations with infiltrating levels of macrophages, dendritic cells, and CAFs in COAD. (D) ETV5 expression was negatively related to tumor purity, and ETV5 had positive correlations with infiltrating levels of macrophages, dendritic cells, and CAFs in READ.





Correlation Between ETV1 Expression and Immune Cell Marker Sets

To further explore the relationship between ETV1 and various immune infiltrating cells (IICs), we evaluated the relationship concerning ETV1 and immune marker sets of diverse immune cells of colon cancer in TIMER and GEPIA. As shown in Tables 3, 4, the correlation between the expression of PEA3 members and immune marker genes of different immune cells including CD8+ T cells, T cells (general), B cells, monocytes, neutrophils, NK cells, DCs, Th1 cells, Th2 cells, Tfh cells, Th17 cells, Treg and exhausted T cells, TAMs, M1 and M2 macrophages, and CAFs in COAD and READ was investigated in TIMER and GEPIA. A week positive correlation between ETV1 and T-cell exhaustion gene markers was discovered, such as cytotoxic T-lymphocyte antigen-4 (CTLA4), TIM-3, LAG3, and PDCD1. However, we found that the expression level of ETV1 had moderate significant correlations with M2 macrophages and CAFs in TIMER (Figures 4A–D) and GEPIA (Figures 4E–H). In TIMER, we discovered that CD163, MS4A4A, and VSIG4 of M2 macrophages and FAP, PDGFRA, and PDPN of CAFs were positively correlated with ETV1 expression in COAD (rCD163 = 0.491, rMS4A4A = 0.441, rVSIG4 = 0.429, rFAP = 0.528, rPDGFRA = 0.464, rPDPN = 0.523) and READ (rCD163 = 0.526, rMS4A4A = 0.529, rVSIG4 = 0.425, rFAP = 0.552, rPDGFRA = 0.523, rPDPN = 0.473). We used GEPIA to validate the results. We observed that CD163, MS4A4A, and VSIG4 of M2 macrophages and FAP, PDGFRA, and PDPN of CAFs were positively correlated with ETV1 expression in COAD (rCD163 = 0.56, rMS4A4A = 0.53, rVSIG4 = 0.56, rFAP = 0.59, rPDGFRA = 0.55, rPDPN = 0.61) and READ (rCD163 = 0.58, rMS4A4A = 0.58, rVSIG4 = 0.56, rFAP = 0.57, rPDGFRA = 0.53, rPDPN = 0.53). These findings indicated that ETV1 may be positively associated with the functions of M2 macrophages and CAFs in CRC, especially CAFs.


Table 3 | Correlation analysis among ETV1 and related gene markers of immune cells in TIMER.




Table 4 | Correlation analysis among ETV1 and related gene markers of immune cells in GEPIA.






Figure 4 | The correlation among the expression level of ETV1 and M2 macrophages and cancer associated fibroblast (CAFs) in CRC from TIMER and GEPIA. (A–D) Scatterplots of correlations between ETV1 expression and gene markers of CAFs and M2 macrophages in CRC from TIMER. (E–H) Scatterplots of correlations between ETV1 expression and gene markers of CAFs and M2 macrophages in CRC from GEPIA.






Discussion

The PEA3 transcription factor family including ETV1, ETV4, and ETV5 exerts significant correlations with numerous malignant symbols (19–23). Detailed functions of PEA3 factors in Ewing’s sarcoma and prostate and breast cancer have been already partly illustrated (24–28). Our previous study indicated that ETV5 inspired CRC progression and angiogenesis ability via the direct pointing of PDGF-BB (16). Above all, PEA3 factors are the potential diagnostic and predictive markers in CRC. Furthermore, targeting PEA3 may become a prospective strategy for restraining CRC progression. However, the role of other PEA3 family members in CRC tumor biology, especially tumor immunology development, has not been fully established.

Here, we reported that variations in ETV1, ETV4, and ETV5 expression level correlated with prognosis in different types of cancer including CRC. High expression levels of ETV1 and ETV5 were related to poor prognosis of CRC patients, and elevated levels of ETV1 could correlate with a more positive status of lymphatic metastasis (p = 0.034). Meanwhile, a higher ETV5 IHC score was correlated with the superior tumor dimension (p = 0.022), more positive lymphatic metastasis status (p = 0.032), and higher TNM stage (p = 0.048). However, an opposite trend was observed when we evaluated the expression level of ETV4 in CRC regarding the clinical prognosis from the public database of PrognoScan and R2 platform. A higher ETV4 expression was correlated with better prognosis, and these results were consistent with our clinical CRC information. Taken together, these findings strongly indicated that PEA3 members ETV1, ETV4, and ETV5 were prognostic biomarkers in the development of CRC, but their functions are not simply redundant or compensatory of each other.

Another importance of our study was that we discovered that the expression levels of ETV1 and ETV5 were associated with diverse immune infiltration levels in CRC. Tumor-infiltrating lymphocytes are an objective forecaster of sentinel lymph node status and survival in cancer. Meanwhile, tumor purity is an essential aspect that influences the evaluation of immune infiltration in clinical tumor samples by genomic methodologies (29–36). Our data indicated that positive correlations between ETV1 and ETV5 expression level and infiltration level of CD8+ T cells, CD4+ T cells, macrophages, DCs, and CAFs in CRC were found. Further research needs to clarify the results. Among variable immune cells, ETV1 showed stronger correlations compared with ETV5 in CRC, especially in macrophages, DCs, and CAFs. Additionally, the correlation between the expression of ETV1 and the marker genes of immune cells (ICs) implicated the role of ETV1 in regulating tumor immunology. After comprehensive analysis of TIMER and GEPIA, our results indicated that ETV1 was positively associated with immune marker genes of M2 macrophages and CAFs, especially CAFs in CRC. These results could be indicative of a potential mechanism where ETV1 may regulate the functions of CAFs and M2 macrophages and might play an essential role in the invasion and metastasis of CRC.

ETV1 exerted a significant role in CRC. Upregulation of ETV1 was shown to be associated with poor patient prognosis in CRC (37). ETV1 could be upregulated by BRAFV600E/MAPK pathway activation to promote cancer invasiveness and progression (38). Oh et al. (39) revealed that ETV1 may regulate JMJD1A-FOXQ1 axis to drive colorectal tumorigenesis. In skin squamous cell carcinomas, upregulation of ETV1 was sufficient to induce most CAF effectors upregulated by fibroblast growth factor (FGF), which could promote the secretion of multiple chemokines with macrophage-recruiting activity including CXCL1, CXCL10, and CXCL11. Enhanced infiltration of macrophages with M2 marker expression was found with enhanced expression of ETV1 (40). Our study revealed that ETV1 was positively related to immune marker genes of M2 macrophages and CAFs in CRC, indicating that ETV1 may play important roles in regulating CAFs and M2 macrophages to promote colorectal tumorigenesis. Thus, we may provide new targets to inhibit the invasiveness and development of CRC. However, there were some limitations in our study. First, the validation data were limited to the number of patients in one single center. Secondly, the function of ETV1 in the carcinogenesis of CRC needs to be explored in more studies. Thirdly, the association between ETV1 and CAFs and M2 macrophages needs to be verified in more in vivo and in vitro studies. In the near future, we need to make strong efforts to explore the mechanism of ETV1 in the development of CRC.



Conclusion

In conclusion, our study revealed that the increasing expression level of ETV1 and ETV5 indicated poor prognosis of CRC patients. Furthermore, ETV1 tended to have positive correlations with increasing immune infiltration levels in CRC, especially M2 macrophages and CAFs. These findings revealed that ETV1 might be a prospective prognostic indicator in CRC and that targeting ETV1 is a potential auspicious approach for CRC treatment.
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Colorectal cancer (CRC) is one of the most common cancers worldwide. Current therapies such as surgery, chemotherapy, and radiotherapy encounter obstacles in preventing metastasis of CRC even when applied in combination. Immune checkpoint inhibitors depict limited effects due to the limited cases of CRC patients with high microsatellite instability (MSI-H). Cancer vaccines are designed to trigger the elevation of tumor-infiltrated lymphocytes, resulting in the intense response of the immune system to tumor antigens. This review briefly summarizes different categories of CRC vaccines, demonstrates the current outcomes of relevant clinical trials, and provides particular focus on recent advances on nanovaccines and neoantigen vaccines, representing the trend and emphasis of CRC vaccine development.
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1 Introduction

Colorectal cancer (CRC) is one of the most common cancers worldwide and accounts for nearly 8.5% of total cancer mortality (1). Radical surgical resection, chemotherapy, radiotherapy, and targeted therapy are the main treatment approaches for CRC (2). Immune checkpoint blockade (ICB) therapy, such as pembrolizumab and nivolumab, targeting programmed death 1 (PD-1), has been approved for the treatment of CRC that is mismatch repair deficient (dMMR) or has high microsatellite instability (MSI-H) (3, 4). However, MSI-H CRC patients account for only about 15% of the total, and the other 85% are mismatch repair proficient (pMMR), that is, have tumor microsatellite stability (MSS), which are not sensitive enough to existing treatment (5).

This phenomenon may be related to the preexistence of tumor-infiltrating lymphocytes (TILs) in MSI-H patients due to higher immunogenicity caused by the tumor mutational burden (TMB). In contrast, pMMR/MSS status with lower TMB triggers a slight immune response (6). Cancer vaccines could trigger an intense immune response to one or more specific antigens, enhancing local TIL infiltration, leading to cytotoxic effects to cancer cells expressing those antigens. Such a tumor-immune cycle starts with the administration of tumor vaccines containing specific tumor antigens, followed by activation of antigen-presenting cells (APCs), especially dendritic cells (DCs). Immature DCs demonstrate a strong capability of recognizing and capturing antigens through phagocytosis and micropinocytosis (7). After antigen uptake, major histocompatibility complex (MHC) I/II and costimulatory molecules on the surface of DCs will be upregulated due to the production of interleukin (IL)-12 and chemokines. The antigen-loaded DCs then migrate to draining lymph nodes, which are the primary site of T-cell activation. Mature DCs present the processed antigen epitopes on MHC I or MHC II to naive T cells, priming tumor-specific T cells through a two-signal process (8). Activated T cells yield both effector T cells and long-lived memory T cells (9). Effector tumor-specific T cells amplify and move through blood flow into the tumor microenvironment (TME) to induce tumor destruction through cytotoxicity and the production of certain cytokines [e.g., interferon (IFN)-γ and tumor necrosis factor (TNF)-α]. Also, CD4+ T-helper cells (Th1) in different compartments activate DCs through CD40/CD40L interaction and equip tumor cells with more MHC I on the surface by releasing IFN-γ, orchestrating various cell types and contributing to an inflammatory environment (10, 11). Additionally, activated B cells promote tumor killing effects through antibody-dependent cellular cytotoxicity (ADCC) (12). In turn, stressed tumor cells release vast numbers of antigens and damage-associated molecular patterns (DAMPs) that are captured, processed, and presented by APCs to induce polyclonal T-cell responses, thereby multiplying antitumor immune responses (13). Overall, cancer vaccines contribute to tipping the balance from tolerance toward active immunity against tumor cells, rendering the cancer immunity cycle functional.

Compared with traditional therapies, vaccines are generally well tolerated and almost with no dose-related toxicity (14). A great breakthrough in the development of cancer vaccines has been made in the last decade. With the development of sipuleucel-T, approved by Food and Drug Administration (FDA) in 2010, the cancer vaccine field has received massive attention and exploration (15). In the case of CRC, there has been an introduction of new cancer vaccines.

In this review, we summarize the development of appropriate antigens and different vaccine types and adjuvant delivery systems of CRC vaccine. Recent progress in the field in the past 3 years and the prospect of future development were also listed and discussed.



2 Tumor antigens in colorectal cancer vaccine development

Determining the appropriate tumor antigen is an initial stage in the formulation of the CRC vaccine. Tumor antigens can be divided into two types: tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs), also called neoantigens. The former are proteins overexpressed by tumor cells compared with normal cells, while the latter are expressed only by cancer cells but not by normal cells (16). They both can be presented by human leukocyte antigen (HLA) to T cells, initiating an immune response (Figure 1).




Figure 1 | Comparison of tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs). TAAs or TSAs are processed in an order depicted above, including transcription of a genomic locus (TAA) or mutation-containing locus (TSA), translation and posttranslation modification, protein degradation, and MHC molecule loading. After finally being presented on the cell surface, antigens are recognized by T cells via T-cell receptor (TCR) and a sequence of costimulation. APM, antigen-presenting machinery; MHC, major histocompatibility complex.




2.1 Tumor-associated antigen

Carcinoembryonic antigen (CEA) and melanoma-associated antigen (MAGE) are the first TAAs ever identified and widely explored in the clinical trials of CRC vaccine (16). Other TAAs targeted for CRC treatment include mucin 1 (MUC-1), epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor 1 and 2 (VEGFR1, VEGFR2), transmembrane 4 superfamily member 5 protein (TM4SF5), survivin, mitotic centromere-associated kinesin (MCAK), guanylyl cyclase C (GUCY2C), and 5T4 (17–20).



2.2 Tumor-specific antigen

TSAs, produced by cancer cells carrying mutations affecting protein sequences, include non-synonymous point mutations, indel mutations, frameshift mutations, splicing mutations, and gene fusion (2, 21). Several frequently presenting frameshift mutations include TGFβR II, HT001, TP53, AIM2, and mutant KRAS (22, 23).

Previous studies (24–28) identified novel TSAs in three steps: 1) identifying somatic mutations or productions in DNA or messenger RNA (mRNA) sequences; 2) evaluating the affinity and presentation of MHC I/II molecules with new peptides (29); 3) determining whether new epitopes could stimulate T-cell proliferation and related immune responses (2). By improving the algorithm (30) and exploring subtype-specific antigens (24, 27, 31), potential antigen targets of CRC vaccine are gradually found, which lay a foundation for subsequent vaccine preparation.




3 Different types of colorectal cancer vaccines


3.1 Molecular-based vaccine

Molecular-based vaccines include peptide/full-length protein vaccine and DNA and mRNA vaccines (Figure 2).




Figure 2 | Various categories of colon cancer vaccines and their mechanisms. Dendritic cell (DC) vaccines utilize DCs loaded with tumor antigens ex vivo or transfected to express tumor antigens. Molecular-based vaccines and cancer cell vaccines stimulate the autologous antigen-presenting cells (APCs), most are DCs. Then, effector immune cells are activated, boosting an instant and long-term antitumor reaction. TAAs, tumor-associated antigens; DAMPs, damage-associated molecular patterns; MHC, major histocompatibility complex; TCR, T-cell receptor.



The protein-based vaccine contains abundant immunogenic sites (including TAA or TSA), which can be processed and presented by MHC I/II epitopes. In a phase II trial involving 96 patients with advanced CRC, a vaccination mixture of five HLA-A*2404-restricted peptides (RNF43, KOC1, TOMM34, VEGFR1, VEGFR2) was proven safe while simultaneously applied with oxaliplatin-based chemotherapy (32). A combination of KOC1, TTK, URLC10, DEPDC1, and MPHOSPH1 as an HLA-A*2404-restricted vaccine also proved safe and presented with 9.4 months’ overall survival (OS) in a phase I trial (33).

DNA vaccines introduce gene sequences encoding tumor antigens into the body through plasmids. The products of transcription and translation are then presented by MHC I or II molecules. Additionally, the DNA structure can also activate innate immunity through cytoplasmic sensors (17). But more advanced manufacturing technology is urgently needed to produce vaccines that can be transported into the nuclear membrane. Meanwhile, the plasmid could be integrated into the host genome, which increases the uncertainty of products and efficiency.

The mRNA vaccine is the synthesis of RNA-encoding tumor antigens in vitro. After being internalized by the target cells, it completes the translation in the cytoplasm without entering the nuclear membrane. Compared with the DNA vaccine, mRNAs are more effective, easier to modify for different purposes, and the production of which is less time-consuming. mRNA-4157 is a Moderna mRNA-based cancer vaccine depicting safety and clinical efficiency when dosing combined with pembrolizumab in a phase I trial (NCT03313778) (34). A phase I trial of mRNA 5671, a vaccine against KRAS-positive cancers, combined with pembrolizumab in non-MSI-H patients is underway (NCT03948763) (Table 1).


Table 1 | Major clinical trials of colorectal cancer vaccines.





3.2 Cancer cell vaccine

The cancer cell vaccine is an approach to use whole cancer cells or the lysates to prime the immune system (Figure 2). Based on the origin of cancer cells, cancer cell vaccines can be divided into autologous or allogeneic ones. Autologous vaccines are more specific to individuals, while allogeneic ones are more time-saving to produce, so as to benefit large-scale groups (39). The possibility of immune ignorance is reduced due to the large pool of unknown antigens. However, since it also contains many antigens widely expressed in normal tissues, cancer cell vaccine may induce certain autoimmune reactions.

OncoVax is one of the most widely studied CRC cancer vaccines with early phase clinical trials in 1980s (6). It is a combination of autologous cancer cells with bacille Calmette–Guérin (BCG) vaccine. Hoover et al. (40), Harris et al. (35), and Vermorken et al. (41) conducted several studies depicting significant effects of either three- or four-vaccination strategy of this vaccine as an adjuvant to surgery. The Eastern cooperative oncology group (ECOG) study 5383, a phase III trial, randomized 412 patients with CRC to be treated with surgery alone or surgery plus vaccination. After 7.6 years of follow-up, there was no significant difference in disease-free survival (DFS) or OS. Excitingly, subgroup analysis pronounced that stage II patients did have improved OS and DFS (OS p = 0.017; DFS p = 0.002) (35). To improve the clinical effects of OncoVax on stage III patients, its combination with 5-fluorouracil (5FU) and leucovorin proved to be a safe approach; furthermore, a randomized international phase III study is on the way (42).

GVAX is an allogeneic whole-cell vaccine modified to secrete granulocyte-macrophage colony-stimulating factor (GM-CSF). GVAX demonstrated a modulatory effect on the antitumor response in a phase II trial targeting pMMR advanced CRC patients (36). In order to further improve GVAX, epigenetic therapy has been tried to enhance immunologic activity in both preclinical and clinical trials (NCT01966289) (43, 44).

Numerous other types of cancer vaccines need further investigation in clinical trials, such as oncolytic virus (45–47) or immune cell death (ICD) (48), leading to in situ vaccine and colorectal cancer stem cell (CCSC) (49–51) as source of massive antigens.



3.3 Dendritic cell vaccine

DCs, isolated by leukapheresis, are one of the most effective APCs in the human body (Figure 2). DCs are matured in culture with cytokines and pulsed with exogenous peptide or tumor lysate to be prepared for infusion into patients. DC vaccines, indicating ideal effects in clinical trials of melanoma and prostate cancer (52), are commonly studied in CRC as well.

Rodriguez et al. (37) conducted an Randomized Control Trial (RCT) involving patients with surgically amenable liver metastasis of CRC (n = 19). Fifteen patients were randomly divided into two groups, receiving DC vaccinations or observation after surgery and chemotherapy. Median DFS of the vaccine arm and observation arm was 25.26 months (95% CI 8.74–not reached (n.r.)) and 9.53 months (95% CI 5.32–18.88), respectively (37).

MelCancerVac, a vaccine consisting of DCs, is generated by pulse of an allogeneic melanoma cell lysate from DDM-1.13 for its high expression of MAGE-A3, which is also a TAA overexpressed in CRC (6). Twenty patients with stage IV CRC were involved in a phase II trial, receiving up to 10 intradermal vaccinations biweekly. Although the overall results of the trial did not show a large improvement in OS (median OS 7.4 months), five patients experienced prolonged progression-free survival (PFS) (>6 months), two of which remained progression-free for >27 and >37 months (38). A further phase III trial of MelCancerVac for CRC patients is planned, and the results are expected in the future.

To improve the DC vaccine, more research is needed to compare different subsets such as monocyte-derived DCs (moDCs), conventional DCs (cDCs), plasmacytoid DCs (pDCs) (7). Induced pluripotent stem cells (iPSCs) may also be a choice (53).



3.4 Vector-based vaccine

Biological vectors include viral vectors, live-attenuated bacteria, and yeasts. They can be modified to express specific cancer antigen transgenes and initiate an immune response through pathogen-associated molecular patterns (PAMPs)–pattern recognition receptors (PRRs) interaction (54). The comparative safety, immunogenicity, and efficacy profile of vector-based vaccines are provided based on the evidence from CRC clinical trials (Table 2).


Table 2 | Major clinical trials of biological vector-based cancer vaccines.




3.4.1 Viral vector-based vaccines

Highly transfected viruses are mainly composed of adenoviruses, poxviruses, and lentiviruses. Adenovirus subtype 5 (Ad5)-based vectors with deletions of the E1 and E2b regions are designed to overcome host immunity after repeated exposure to Ad5 (63). Morse et al. (55) conducted Ad5 [E1-,E2b-]-CEA (6D) to enhance CEA-specific T cell-mediated immune response and proved its safety and efficacy in 32 metastatic colorectal cancer (mCRC) patients recruited to a phase I/II trial with OS of 48% at 12 months. E1/E3-deleted Ad5 inserted with GUCY2C and PADRE sequences proved safe in a phase I trial (56), and a phase IIa trial is still under exploration (NCT04111172).

PANVAC is a combination of poxvirus platform inserted with genes of CEA and MUC-1, along with TRICOM. A prime-boost strategy, PANVAC-V/F, is most often used to decrease neutralized antibodies (64). Gulley et al. (65) proved its tolerance in a phase I study, while Morse et al. (57) conducted a multicenter trial comparing effects of PANVAC plus GM-CSF or PANVAC-modified DCs in 74 postoperative mCRC patients who underwent adjuvant chemotherapy (90% OS at 40 months), showing no significant in 2-year Recurrence-free survival (RFS) (55% vs. 47%, p = 0.22).

Other vaccines with intrinsic outcomes in phase I/II clinical trials include TroVax (modified vaccinia Ankara encoding 5T4 antigen) (58, 66), ALVAC-CEA-B7 (avipox expressing CEA and B7.1) (67, 68), and AVX701 (a virus-like replicator particle containing CEA) (59, 69).



3.4.2 Live-attenuated bacteria and yeast vaccines

As recombinant vaccine vectors, it is essential to segregate bacteria’s immunogenicity from their toxicity before manufacturing. Strategies for attenuating bacterial virulence include diminishing the replication capacities, suppressing virulence factor expression, and providing killed but metabolically active bacteria (70). Various live-attenuated bacterial platforms have been developed in preclinical studies for the treatment of CRC (17).

Attenuated strains of Listeria monocytogenes have been utilized as vaccine vectors targeting different tumors, especially human papillomavirus (HPV)-associated cancers, pancreatic cancer, and malignant pleural mesothelioma, improving the survival of patients (71). As for CRC, a personalized live-attenuated, double-deleted (pLADD) L. monocytogenes-based immunotherapy was designed for a phase 1 trial to analyze its safety (NCT03189030). Furthermore, ADX-NEO, a combination of L. monocytogenes platform and neoantigens, is undergoing a phase I trial in patients with metastatic solid tumor (NCT03265080). Although L. monocytogenes vaccines have demonstrated poor CD8+ T-cell priming for GUCY2C (72), their combination with Ad5.F35 vaccine against GUCY2C demonstrated robust expansion of specific T cells (73). The PeptiBAC tumor vaccine platform composed of BCG is easy to customize into a personalized cancer vaccine and deserves further investigation (74).

Heat-killed Saccharomyces cerevisiae as a vector, encoded with CEA or TSA to form GI-6207 (60), GI-4000 (62), and GI-3601 (61), proved safe in several phase I trials. Yeast-derived β-glucan particles (GPs) loaded with MC38 lysates and CpG form a sustained-release vaccine, triggering stronger antibody responses in murine models (75).





4 Adjuvants and administration routes of colorectal cancer vaccines

Adjuvants are substances that improve the efficiency of antigen presentation of APCs and enhance the immune response induced by vaccines. An appropriate administration route is another important part of amplifying the role of vaccines, improving accuracy and effectiveness, facilitating large-scale industrial production, and promoting the clinical transformation of vaccines.


4.1 Molecular adjuvants

Cytokines are major adjuvants that have been commercialized in colon cancer vaccines (39). GM-CSF, a white blood cell growth factor, is a secreting cytokine that provides robust immune potentiation through inducing activation of T cells and B cells while enhancing the production of IL-1, TNF, and IL-6 (76). It can be added directly to a vaccine or to a medium for maturation of DCs in vitro. Moreover, tumor cells are genetically modified to release GM-CSF. However, it is controversial that administration of excessive sustained doses of GM-CSF may induce myeloid suppressor cells, which deserves further clarification (77).

Another classical costimulatory strategy involves the application of TRICOM, a combination of three separate molecules found on APCs (78). B7.1 (CD80) is a protein that interacts with T-cell ligands CD28 and CTLA-4 resulting in T-cell stimulation in vitro. ICAM-A (CD56) is an adhesion molecule on the surface of APCs, binding to T-cell ligand LFA-A. LFA-3 (human CD58) is a surface protein that binds to CD2, priming T cells. TRICOM is a common companion of viral vector-based vaccines, widely investigated in many clinical trials (65, 79).

Other common adjuvants include IFN-γ and its upstream agonists, various toll-like receptor (TLR) agonists such as guanosine phosphate oligonucleotide (CPG), polyriboinosinic:polyribocytidylic acid (polyI:C), polyriboinosinic-polyribocytidylic acidpolylysine carboxymethylcellulose (polyI:CLC, best known as Hiltonol™) (80–82).



4.2 Administration routes of colorectal cancer vaccines

Subcutaneous, intramuscular, and intradermal vaccinations are among the most common administration routes of the CRC vaccine. The ingredients of vaccines reach lymph nodes through afferent lymph fluid and subsequently activate T-cell activation. Also, some DC-based vaccines are administered directly into the lymph node to present specific antigens to T cells.

In situ vaccination is an alternative route of administration in addition to standard subcutaneous and intravenous injections for the early diagnosis and treatment of CRC, which relies on endoscopy-guided puncture. In situ injection of K3-SPG as a monotherapy can fully induce systemic and persistent memory responses, and the combination of systemic administration of check point inhibitors (CPIs) and local administration of CD40 agonists has a synergistic antitumor effect (83).

Vaccination by the oral route is favored by populations as it is easy to administer, convenient, and needle-free. Liposomes or W/O/W double emulsions and biohybrid-bacterial hybridization have been made to encapsulate antigen peptides and TLR2 ligand Pam2Cys, which can activate mucosal immunity and reduce tumor burden in CRC murine models (84, 85). Outer membrane vesicles that exist in the complex gastrointestinal environment and cross the intestinal epithelial barrier are also worth further study as delivery systems of oral CRC vaccines (86).




5 Recent progression


5.1 Nanovaccines in colorectal cancer

With the rapid development of material and biomedical science, new technologies have been provided to tailor cancer vaccines (87). Nanotechnology is one of the most promising candidates, possessing versatile properties such as multivalent delivery to lymphoid tissues and effective phagocytosis by APCs (88). Nanovaccines can be divided into four types: lipid-based vaccines, polymeric vaccines, inorganic vector-based vaccines, and biologically derived vaccines (89–91) (Figure 3).




Figure 3 | Classes of nanovaccines. Each class of nanovaccine features multiple subclasses, with some of the most common highlighted. Lipid-based vaccines include liposome-loading peptides (left) and lipid nanoparticle (NP)-loading nucleic acid (right). Polymeric vaccines include polymersome (left) that is able to load antigens inside the shell or directly onto the surface and polymer micelle (right)-wrapping peptides. Inorganic vectors include porous silica, gold NP, quantum dot, etc. Biologically derived vaccines include exosomes from human and outer membrane vesicles from microorganisms. Each class has numerous advantages and disadvantages regarding manufacturing, assembly, delivery, and patient response.



Liposomes, composed of phospholipids, are capable of entrapping hydrophilic and lipophilic compounds. L-BLP25 (tecemotide), containing 25 amino acids from the MUC1 sequence as antigen and lipids as carrier, was investigated as an adjuvant therapy in a phase II trial involving patients with mCRC after R0/R1 resection of colorectal liver metastases (92). Median RFS and OS of the tecemotide arm were 6.1 months (95% CI 4.5–8.9, p = 0.1754) and 62.8 months (p = 0.2141), respectively, while improved median OS was observed in secondarily resected patients compared to two other trials, CELIM and FIRE-3 (93).

Polymers with various payloads and cargo-retention efficiency are ideal candidates as vaccine vectors, some precisely targeting the endosome for its characteristic pH/enzyme-responsiveness or acting as in situ cancer vaccine (94, 95). BanNV is a self-assembled vaccine based on maleimide-functionalized poly (ethylene oxide)-block-poly (d,l-lactic acid) (MAL-PEG-b-PLA) micelles, loading with neoantigen peptide (Adpgk) and dual synergistic adjuvants (96). PD-1 receptor can be sensitized by BanNV, resulting in 70% complete remission of neoantigen-specific cancer in combination with anti-PD-1 therapy in mice.

Although inorganic vectors such as gold, iron, and silica possess potential toxicity toward human, abundant physical properties are intriguing. For instance, the porous structure of silicon microparticles enables controlled release of tumor antigen and adjuvants inside, inhibiting CRC development in a murine model (97). A nanovaccine made up of both loaded with cancer cell membranes, CCM@(PSiNPs@Au), represents success in the combination of cancer vaccine and photothermal therapy (98). Chang et al. (99) successfully designed a Cu2O@CaCO3@HA nanovaccine that achieved synergistic CRC-targeted and TME-triggered photothermal/photodynamic/chemodynamic/calcium overload-mediated therapy in a CT26 murine model.

Biologically derived nanoparticles are vesicles extracted from outer membranes of microorganisms or human (exosome) with good biocompatibility and non-self-replicability (88). Contrary to prewrapped vaccines, a versatile antigen display platform for tumor vaccination was created by Cheng et al. (100). Targeted tumor antigens, such as Adgpk aimed at MC38 cells, can be displayed on the bioengineered outer membrane vesicle (OMV) through automatic formation of a peptide linkage after being tagged with specific proteins.



5.2 Neoantigen vaccines

Advances in sequencing technology and bioinformatics enlarge human multi-omic databases, allowing for the appropriate detection of neoantigens (2, 30). Comparing whole-genome (WGS) or whole-exome sequencing (WES) data of somatic tissues with those of germline tissues enables identification of shared mutations (29). Furthermore, RNA sequencing helps to infer the expression and activity of mutant peptides. HLA genotypes are also significant information for deterring the affinity of presentation and binding in subsequent steps (101). Computational approaches based on machine learning algorithms such as NetMHCpan, NetMHCIIpan, and MuPeXI predict and prioritize neopeptides (26).

The higher mutation frequency of CRC (102) especially for the MSI-H subgroup and the high-frequency and relatively fixed-mode mutations in microsatellite regions lead to the generation of shared multiple MHC I ligands (31). An off-the-shelf cancer vaccine, Nous-209, encodes several frameshift peptides and can be presented by human APCs, activating CD8+ T cells (103). Its combination with pembrolizumab is undergoing a phase I/II trial recruiting patients with metastatic gastrointestinal tumor (NCT04041310). Other clinical trials of neoantigen vaccines in CRC are currently underway (Table 3). Despite low TMB, MSS tumors can still produce a large number of tumor-specific HLA-I peptide ligands with high affinity through proteomics and polypeptide analysis based on CRC organoids (104).


Table 3 | Major clinical trials of neoantigen vaccines in CRC.






6 Conclusion and future perspective

Cancer vaccines for CRC have gone a long way, and essential progress has been made. So far, present research has indicated that therapeutic vaccines appear to be suitable for cancer patients with minimal lesion residue or those at advanced stages as an adjuvant therapy. In order to break Programmed Cell Death-Ligand 1 (PD-L1)/PD-1 axis, a significant negative feedback loop restricting tumor immunity, the combination of CRC vaccines and anti-PD-1 drugs is frequently tested in clinical trials, demonstrating promising effects on patients who would not benefit from either therapy alone.

However, limited evidence of clinical benefits has been observed despite the successful induction of immune response. Despite the initial success of sipuleucel-T, further vaccines have failed to progress and there has been limited uptake of sipuleucel-T in the clinic probably due to its limited effect on prolonging OS of patients and high costs of production (105). In addition, various types of CRC vaccines have been evaluated in clinical trials, but none has led to significant benefits in large phase III trials. A possible explanation of the phenomenon is that the effective antitumor immunity does not last long enough to improve the survival of patients. Additionally, amplification of both immunogenic and tolerogenic T-cell subclones may nullify the therapeutic effects (106). There are still several obstacles with CRC vaccines. Firstly, immunosuppression/immune tolerance is a critical problem resisting vaccines to prolong the survival of CRC patients. According to the “immunoediting” theory, the paradoxical interaction between tumor cells and the immune system depicts a sequential course of elimination, equilibrium, and escape (107). An immunosuppressive microenvironment at the “escape” phase cannot be easily converted to an antitumor one, crippling anticipated effects of efficiently eradicating tumor cells. Secondly, there is always a trade-off between precise medication and off-the-shelf large-scale production. In terms of neoantigen vaccines, both the cost and time of prevaccination procedures require reduction, especially for patients with metastatic disease. Currently, the period for tissue acquisition to personalized vaccine delivery varies from 3 to 5 months (108). Moreover, the early-stage diagnosis rate of CRC or precancer lesions raises the question of whether prophylactic vaccines for non-viral origin cancers are a dream or a real possibility. Cancer vaccines targeted at MUC1 that were proven safe and elicited tumor-specific long-term memory in clinical trials are under consideration for preventative purposes (109, 110). However, how strong this immunity will be and how long it will persist are crucial points that deserve further investigation.

Future clinical trials will be urged to carry out in stratified patient populations. Several trials are exploring the safety and effect of prophylactic vaccines in patients diagnosed with Lynch syndrome (NCT05078866). Rapid development of neoantigens and nanovaccines also sheds new light into the field, making CRC vaccines a proud member of the immunotherapy family.
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Increasing evidence has elucidated that the tumor microenvironment (TME) shows a strong association with tumor progression and therapeutic outcome. We comprehensively estimated the TME infiltration patterns of 111 gastric cancer (GC) and 21 normal stomach mucosa samples based on bulk transcriptomic profiles based on which GC could be clustered as three subtypes, TME-Stromal, TME-Mix, and TME-Immune. The expression data of TME-relevant genes were utilized to build a GC prognostic model—GC_Score. Among the three GC TME subtypes, TME-Stomal displayed the worst prognosis and the highest GC_Score, while TME-Immune had the best prognosis and the lowest GC_Score. Connective tissue growth factor (CTGF), the highest weighted gene in the GC_Score, was found to be overexpressed in GC. In addition, CTGF exhibited a significant correlation with the abundance of fibroblasts. CTGF has the potential to induce transdifferentiation of peritumoral fibroblasts (PTFs) to cancer-associated fibroblasts (CAFs). Beyond characterizing TME subtypes associated with clinical outcomes, we correlated TME infiltration to molecular features and explored their functional relevance, which helps to get a better understanding of carcinogenesis and therapeutic response and provide novel strategies for tumor treatments.
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Introduction

Gastric cancer (GC) is responsible for over 1 million new cases in 2020 and an estimated 0.77 million deaths, incidence ranked fifth, and mortality ranked fourth, as proposed by WHO in 2020 (1). In addition to tumor cells, cancer tissue is also composed of numerous distinct non-cancerous cell types. Together, these are termed as the tumor microenvironment (TME). Increasing evidence has elucidated a crucial role of the TME in carcinogenesis and therapeutic response (2). Exploring biomarkers in the scenario of the TME will provide new ideas for predicting prognosis and developing novel therapeutic strategies.

In the past several decades, TNM staging system has been playing an important role in the clinical practice of GC; however, it is difficult to explain the patients with the same TNM stages and similar treatment options but different clinical outcomes. Some studies have explored the significance of dysregulated signaling events in both GC cells and environment cells (3), suggesting that the TME infiltration pattern has predictive power for clinical outcomes and GC subtyping based on the TME could be a complement to current staging methods.

A series of computational tools, such as CIBERSORT (4), MCP-counter (5), TIMER (6), xCell (7), EPIC (8), and quanTIseq (9), designed for estimating the abundance of various cell populations based on bulk transcriptome, provide more accessible opportunities to decipher the TME infiltration. In a recent study (10), the CIBERSORT algorithm and Microenvironment Cell Populations-counter method were applied to bulk transcriptomic data of GC patients by which the abundance of 22 types of immune cells and two types of stromal cells was estimated, and three TME phenotypes were eventually defined based on the landscape of the GC TME infiltration. However, quite a number of cell types were ignored due to the restriction of algorithms. By integrating the advantages of gene set enrichment with deconvolution approaches, xCell (7) accommodates the most comprehensive cell types, a total of 64 immune and stromal cell types, including a variety of adaptive and innate immune cells (lymphoids and myeloid), hematopoietic progenitor cells, epithelial cells, and extracellular matrix (ECM) cells.

In our previous work, the gene expression profiles of 111 GC and 21 normal samples in the Chinese population were examined (GSE54129); meanwhile, the clinical information was collected, and follow-up was carried out for 13 years. In this study, we comprehensively calculated the TME infiltration patterns of 111 tumor and 21 normal samples based on bulk transcriptomic profiles by using xCell. Based on the xCell scores, three GC TME subtypes with distinct survival outcomes were then obtained. We further built a GC prognostic model, GC_Score, with the expression level of TME-relevant genes. The higher the patient’s GC_Score, the worse the survival and the lower the drug sensitivity as well. Fibroblasts, which were significantly correlated to the GC_Score, and connective tissue growth factor (CTGF), the highest weighted gene in the GC_Score model, were taken to the subsequent study. CTGF, also known as cellular communication network 2 (CCN2), is a member of the CCN (CCN1-6) family proteins (11). CTGF plays a role in diverse biological processes including tumorigenesis and fibrosis (12), regulates diverse cellular processes including ECM protein synthesis, adhesion, proliferation, and apoptosis through its diverse interacting partners, and thus affects developmental and pathological processes ranging from fibrosis, progenitor cell fate decisions, angiogenesis, to inflammation and tumorigenesis (13, 14). The increased CTGF expression was observed in GC, and a high CTGF expression was associated with poor clinical outcomes. By examining the marker gene expression at transcript and protein levels, CTGF was proven to have the potential to induce transdifferentiation of peritumoral fibroblasts (PTFs) to cancer-associated fibroblasts (CAFs), which had been shown to actively communicate with cancer cells and contribute to tumor progression.



Materials and methods


Data source

The gene expression profile dataset GSE54129 (tissues from 111 GC and 21 normal samples, Ruijin cohort) was from the platform of Affymetrix HG-U133_Plus_2. All patients provided a written informed consent (IC). Ethics committees approved the collection of samples. The clinicopathologic information including Gender, Age, pTNM stage, Histological type, Borrmann classification, Tumor location, Differentiation, Tumor invasion, Regional lymph node, and Distant metastasis and 13 years of follow-up were collected.



Characterization of cell-type proportions in the tumor microenvironment

xCell R package was used to calculate the proportion of cell populations based on bulk gene expression data (7). xCell integrates single-sample gene set enrichment analysis (ssGSEA) and deconvolution approaches and allows the enumeration of 64 cell types, which were divided into five cell type clusters: Stromal, Epithelial, Lymphoid, Myeloid, and hematopoietic stem cells (HSCs).



Construction of the GC_score model

The limma package (15) was used to identify differentially expressed genes (DEGs) with the cutoff of |log fold change| >1.5 and Benjamini–Hochberg-adjusted p < 0.01. In order to investigate the prognostic significance of individual DEGs, Kaplan–Meier survival analysis was performed, and genes with log-rank p < 0.05 in both overall survival (OS) and disease-free survival (DFS) were taken as independent prognostic biomarkers to build the GC_Score model.

The samples with survival information available were randomly divided into a training set and a test set by the ratio of 7:3. Glmnet R package was adopted to build the GC_Score model. The most significant prognostic markers were selected using the penalized Cox regression model with least absolute shrinkage and selection operator (LASSO) penalty, and the optimal values of penalty parameter λ were determined by 10-fold cross-validations in the training set (16).

Receiver operating characteristic curve (ROC) curves were used to assess the sensitivity and specificity for survival prediction based on the GC_Score (17).



Drug sensitivity analysis

The pRRophetic R package (18) was used to predict clinical drug response according to tumor gene expression data, which was achieved with statistical models based on gene expression and drug sensitivity data in a large panel of cancer cell lines.



Isolation and purification of cancer-associated fibroblasts and peritumoral fibroblasts

Human tumor tissues and their non-tumor tissues were obtained from GC patients who underwent surgical resection at the Ruijin Hospital (Shanghai, China). The tumor and peritumoral tissues of GC were minced into small pieces and digested in dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum, 400 U/ml collagenase IV, and 1% penicillin/streptomycin at 37°C for 1 h. After centrifuging for 15 min at 1,100 rpm, the suspension was washed twice with DMEM. Following manufacturer’s instructions, anti-fibroblast MicroBeads (MiltenyiBiotec) were used to isolate fibroblasts from the cell pellet.



Cell culture

DMEM supplemented with 20% fetal bovine serum (Gibco), 1% penicillin/streptomycin (Yeasen), and 1% penicillin/streptomycin (Yeasen) was used for resuspending the fibroblasts. All experiments were conducted with cells from passages 3–6. Fibroblasts were plated in 35-mm culture dishes and cultured with DMEM containing 20% fetal bovine serum overnight. Then, the medium of PTF dishes was added to the rhCTGF protein (R&D Systems) at the concentrations of 0, 50, 100, and 200 ng/ml.



Immunohistochemistry staining

A total of 101 pairs of human gastric tumor tissues and their non-tumor tissues were collected from the Ruijin Hospital (Shanghai, China). According to the previous description, immunohistochemistry (IHC) was performed (19). The staining intensity was classified into three grades: no staining (1 point), light brown (2 points), and dark brown (3 points). Based on the number of positive cells (percentages), four grades were assigned.: 0%–25% (1 point), 26%–50% (2 points), 51%–75% (3 points), and 76%–100% (4 points). Overall staining score = intensity score × percentage score.



Real-time quantitative RT-PCR

The cell lines in the logarithmic phase were collected for RNA extraction. Total RNA was extracted utilizing an EZ-press RNA purification kit (EZBioscience), and cDNA synthesis was performed by Reverse Transcription system. The mRNA expression levels were measured using the SYBR Green PCR Master Mix and the Applied Biosystems 7900HT sequence detection system. Gene-specific primers were obtained from Primer-BLAST (US National Library of Medicine) and Primer-Bank (Massachusetts General Hospital, The Center for Computational and Integrative Biology, and Harvard Medical School). The primer sequences were listed in Table S1. Glyceraldehyde-3-phosphate dehydrogenase (GADPH) was used as an internal control.



Western blotting assay

According to the previous description (20), Western blotting assay was performed. Total protein was extracted in radio immunoprecipitation assay (RIPA) lysis buffer (Solarbio Life Sciences) with proteinase inhibitors and phosphatase inhibitors. In order to determine the protein concentration in each lysate, we used a protein assay reagent kit (Thermo Fisher Scientific). Transfection of the proteins onto polyvinylidene difluoride membranes was carried out after electrophoresis (Millipore). Then, the membranes were blocked for 1.5 h in tris-buffered saline (TBS) with 5.0% bovine serum albumin (BSA) and probed with the primary antibodies. After being washed three times with tris buffered saline with tween 20 (TBST), the protein content was incubated with Goat Anti-Rabbit IgG (H+L), Horseradish Peroxidase (HRP) conjugate (Proteintech), or Goat Anti-Mouse IgG (H+L), HRP conjugate. The primary antibodies used were listed below: GAPDH (1:1,000, Proteintech), S100A4 (1:1,000, Abcam), and fibroblast activation protein (FAP) (1:1,000, Abcam).




Results


The landscape of the tumor microenvironment in gastric cancer

This study’s schematic overview can be seen in Figure 1. The TME infiltration landscapes of 111 GC and 21 normal stomach mucosa samples (Ruijin cohort, GSE54129) were characterized by using the xCell tool, and a total of 64 cell types were taken into consideration (Table S2). As shown in Figures 2A, S1A, the normal gastric mucosae were mainly composed of lymphoid and epithelial cells (Figure S1D), while the GC samples exhibit higher heterogeneity with more cell types involved, such as stroma and HSC, but with less common cell types across patients compared with normal samples.




Figure 1 | Flowchart of the study. The TME infiltration patterns of 111 GC and 21 normal stomach mucosa samples based on bulk transcriptomic profiles were estimated in this study, and a predictive model GC_Score for prognosis and drug responses with interpretability for carcinogenesis was developed. Furthermore, a TME-modulating gene, CTGF, was proposed to activate CAFs, thereby promoting the progression of GC.






Figure 2 | The landscape of the TME in GC. (A) Heatmap of 64 TME cells for 111 GC and 21 normal samples. pTNM, Borrmann classification, Tumor invasion depth, Regional lymph node, Distant metastasis, Tumor location, Tumor position, Gender, Age, Tissue differentiation, Histological type, Status, Cluster, and CellType were shown as patient annotations. (B, C) Correlation of cell proportion among the 12 survival-related cell populations in normal and tumor groups. Red, positive correlation; green, negative correlation; black, no correlation. The width of the connection line was correlated with the absolute value of its corresponding Spearman correlation coefficient. Note that the cell bar in panels (B) and (C) has a different scale.



We then checked the prognosis significance of the abundance of individual cell types. Kaplan–Meier survival analysis identified 12 cell types that were independently associated with OS with p ≤ 0.01 (Figure S2, Figures 3D–H, noted by circles) and hereinafter referred to as survival-related cell types. Specifically, the TME of the GC patients with poor prognosis was abundantly infiltrated with adipocytes, chondrocytes, fibroblasts, HSC, megakaryocytes, and neurons (Figures 3D–H, noted by blue circles) and depleted with epithelial cells, hepatocytes, keratinocytes, neutrophils, sebocytes, and Th1 (Figures 3D–H, noted by green circles).




Figure 3 | The characteristics of TME subtypes. (A) Unsupervised clustering of GSE54129 cohort with matched xCell scores; the samples named in black font was the normal group. (B, C) Kaplan–Meier curves for overall survival (OS) and disease-free survival (DFS) of GC patients with the TME subtypes (log-rank test). (D–H) The distribution of five cell types included 64 TME cells in TME-Stromal and TME-Immune subtypes. TME-Stromal and TME-Immune were shown in blue and green, respectively. The cell types associated with poor clinical outcomes were circled in blue, while the cell types associated with good clinical outcomes were circled in green. The dominant cell types displayed a significant difference proportion in TME-Stromal and TME-Immune noted by the red rectangular frame. The thick line represented the median value. The bottom and top of the boxes were the 25th and 75th percentiles (interquartile range). The dotted line showed the average score of each cell type. The cells enclosed by the circle were significant for OS. The statistical difference was compared through the t-test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.



Aiming to explore potential coordination between survival-related cell types, we calculated Spearman correlation coefficients of cell proportion among the above 12 survival-related cell types in normal and tumor tissues. In general, the absolute value of the Spearman correlation coefficient between cell types turned larger from normal to tumor [Cor normal = 0.34 (average); Cor cancer = 0.53 (average)], suggesting a closer communication among cells in tumor (Figures 2B, C). Cell interactions with the change of correlation coefficient between normal and tumor groups greater than 0.5 were retained, resulting in a total of 11 pairs of cell types, involving eight cell types, adipocytes, chondrocytes, epithelial cells, fibroblasts, HSC, megakaryocytes, neurons, and Th1 cells (Figures 2B, C; Table 1). Considering fibroblasts play an important role in tumor invasion and metastasis (21), we especially examined cell communication related to fibroblasts. Fibroblasts and chondrocytes, both displaying high proportion in poor-prognosis GC patients (Figures S2B, C), had a weak positive correlation in normal (Cor = 0.26) but a strong positive correlation in tumor (Cor = 0.84). Different from fibroblasts–chondrocytes pair, fibroblasts and Th1 cells and fibroblasts and epithelial cells appeared to have no correlations in normal (Cor Fibroblasts-Th1 cells = -0.05, Cor Fibroblasts-Epithelial cells = -0.11) while showing strong negative correlations in tumor (Cor Fibroblasts-Th1 cells = -0.55, Cor Fibroblasts-Epithelial cells = -0.64) (Table 1). These observations are accordant with the reports that fibroblasts and chondrocytes have a positive cross-talk during disease progression in skeletal-related diseases (22, 23), that fibroblasts inhibit the proliferation of Th1 cells in rheumatoid arthritis (24), and that uncontrolled continued transition from epithelial cells to fibroblasts through the epithelial–mesenchymal transition (EMT) confers metastasis-initiating abilities (25). Also, it is consistent with our observation that patients with a lower proportion of fibroblasts, a higher proportion of Th1 cells, or a higher proportion of epithelial cells, displayed better survival (Figures S2L, G).


Table 1 | Correlation coefficients between cell types with the change between normal and tumor. greater than 0.5.





Cell infiltration-based tumor microenvironment subtypes of gastric cancer

To check the association of the TME infiltration pattern with clinical outcome, unsupervised hierarchical clustering (26) of the 111 GC and 21 normal samples was performed with their matched xCell scores, i.e., the proportions of 64 cell types (distance = “manhattan”, method = “ward.D”). A total of four clusters were obtained (Figure 3A), where the normal samples formed a separate cluster, termed “TME-Control.” The three tumor-related clusters were taken as TME subtypes, which showed significantly different OS (log-rank test, p = 0.03) (Figure S3), indicating the reliability of TME-based subtyping. Fisher’s exact test indicated that the TME subtypes were significantly correlated with histological type (p = 0.035), Borrmann classification (p = 0.003), and tumor location (p = 0.039) among the clinicopathologic variables (Table S3).

In order to check the difference between the TME subtypes in their cell abundance and explore the functional relevance of cell infiltration patterns, we defined dominant cell types in each sample cluster (subtype). First of all, the proportion value of each cell type was ranked among all samples within a cluster, and the median values of the 64 cell types were retrieved. For a specific subtype, the top 20 out of the 64 cell types were taken to determine the dominant cell types of the subtype. In the worst-prognosis subtype (marked in blue in Figure 3A), seven out of the top 20 cell types were stromal cells, accounting for 50% of stromal cells, including adipocytes, chondrocytes, endothelial cells, fibroblasts, ly endothelial cells, mv endothelial cells, mesenchymal stem cells (MSCs) (Figure S1B), accordant with the roles of stromal cells in tumor invasion and metastasis. The worst-prognosis cluster was therefore termed “TME-Stromal” (Figures 3B, C). While in the best-prognosis subtype (marked in green in Figure 3A, Figures 3B, C), 11 out of the top 20 cell types were immune cells, accounting for 32% of immune cells, including CD4+ memory T cells, CD4+ T cells, Natural killer T cell (NKT), gamma delta T cells (Tgd cells), Th1 cells, Th2 cells, aDC, basophils, eosinophils, macrophages, and neutrophils (Figure S1C), consistent with the tumor inhibitory functions of immune cells. This cluster was then termed “TME-Immune.” Figures 3B and 2C showed the significant differences in OS (log-rank test, p = 0.01) and DFS (log-rank test, p = 0.04) between TME-Stromal and TME-Immune.

It was noticed that the third subtype (marked in yellow in Figure 3A) involved even more immune cells (12 out of the top 20 cell types) and the same number of stromal cells (three out of 20) as TME-Immune but displayed worse prognosis than TME-Immune (Figure S3). This might be attributed to the contribution of specific cell types instead of simply calculating the number of immune- or stromal-related cell populations. This cluster was then termed “TME-Mix,” and the following study was focused on TME-Stromal and TME-Immune.

As expected, all of the dominant stromal cell types for TME-Stromal except MSCs displayed a significantly higher proportion in TME-Stromal than in TME-Immune (Figure 3D, noted by the red rectangular frame). Similarly, among the 11 dominant immune cell types for TME-Immune, NKT, Tgd cells, Th1 cells, basophils, macrophages, and neutrophils had a significantly higher proportion in TME-Immune compared with TME-Stromal (Figures 3E, F, noted by the red rectangular frame).

Among the 12 survival-related cell types (noted by circles in Figures 3D–H, Figure S2), six cell types (adipocytes, chondrocytes, fibroblasts, neurons, HSCs, megakaryocytes) had a higher proportion in TME-Stromal compared with TME-Immune (noted by blue circles in Figures 3D–H), and the high proportion was associated with poor clinical outcomes (Figure S2). While the other six cell types (Th1 cells, neutrophils, epithelial cells, hepatocytes, keratinocytes, sebocytes) were associated with good clinical outcomes (noted by green circles in Figures 3D–H) showed a higher proportion in TME-Immune than in TME-Stromal.



Identification of tumor microenvironment infiltration-dependent differentially expressed genes

Although TME infiltration patterns have recently been correlated to clinical features in various cancers, the linkage between cellular interactions in the TME and the underlying molecular events remains obscure. To address this issue, we first identified 345 DEGs between TME-Stromal (poor prognosis) and TME-Immune (good prognosis) by using the R package Limma with log2 (fold change) >1.5 and adjusted p < 0.01. Among them, 238 were upregulated in TME-Stromal and 107 were downregulated, which were regarded as relevant to tumor progression, and named DEGs_Up and DEGs_Down, respectively (Figures 4A, B; Table S4). The potential functions of these two sets of genes were then inferred with functional enrichment analysis by using the R package clusterProfiler. The DEGs_Up genes were enriched in matrix remodeling and cell proliferation-related pathways, such as ECM organization, extracellular structure organization, connective tissue development, mesenchyme development, regulation of cellular response to growth factor stimulus, and cell growth (Figure 4C, Table S5). Meanwhile, the DEGs_Down genes were mainly enriched in immunity-related pathways, such as antimicrobial humoral response and cellular response to xenobiotic stimulus (Figure 4D, Table S5). Taken together, these upregulated and downregulated genes could explain the distinct prognosis of the patients in TME-Stromal and TME-Immune.




Figure 4 | Investigation of the TME infiltration-dependent expression change. (A) Heatmap of the 345 differentially expressed genes (DEGs) between TME-Stromal and TME-Immune. (B) Volcano plot of the 345 DEGs. (C, D) GO enrichment analysis of the 345 DEGs: DEGs_Up and DEGs_Down. (E) Unsupervised hierarchical clustering of the 345 DEGs based on expression data to classify patients into four groups: DEG-Control, DEG-GoodP, DEG-IntermediateP, and DEG-PoorP. (F) Kaplan–Meier curves for overall survival (OS) of GC patients with the TME-dependent transcriptomic subtypes (log-rank test).



We then carried out unsupervised hierarchical clustering on the 111 GC and 21 normal samples based on the expression data of the 345 DEGs. Similar to the above TME infiltration-based clustering result, the normal samples formed a separate cluster (DEG-Control), supporting the reliability of the TME-dependent DEG-based clustering. Again, besides DEG-Control cluster, three clusters were obtained and marked as DEG-GoodP, DEG-IntermediateP, and DEG-PoorP (Figure 4E) according to their prognosis. The three tumor subtypes showed significant differences in OS (Figure 4F), with DEG-PoorP corresponding to the worst prognosis and DEG-GoodP corresponding to the best prognosis (log-rank test, p = 0.01). More importantly, the TME-dependent transcriptomic subtypes were basically consistent with the TME subtypes, which confirmed the linkage between the TME cell infiltration pattern and gene expression pattern, and indicated the functional relevance of the DEGs used in the clustering process in explaining the TME subtypes. As shown in the alluvial diagram (Figure S4, Table S6), the matching rates of the TME subtypes and the TME-dependent transcriptomic subtypes for TME-Immune vs. DEG-GoodP, TME-Stromal vs. DEG-PoorP, TME-Mix vs. DEG-IntermediateP, and TME-Control vs. DEG-Control were 85.71%, 68.42%, 18.18%, and 100%, respectively.



The gastric cancer prognostic model-GC_score

Among the above 345 DEGs between TME-Stromal and TME-Immune, 94 genes were proven to be significantly associated with OS and DFS by Kaplan–Meier survival analysis (Table S7). Based on the 94 prognostic genes, we built a GC_Score model with LASSO Cox regression (Figure 5A) using the following formula: GC_Score = (0.21* CTGF) + (0.08 * EFEMP1) - (0.17 * PI3) - (0.16 * SLC3A1), which involved four genes (see Table S8 for their functional annotation, relation with cell types, survival relevance, and so on). The prognostic accuracy of the GC_Score model was investigated with time-dependent ROC analysis. The average Area Under Curve (AUC) values of 2-, 3-, and 5-year prognosis predictions in the training set reached 0.74, 0.72, and 0.84, and the average AUC values of survival predictions in the test set were 0.78, 0.82, and 0.87 (Figures 5B, C), respectively. The mean GC_Score of the DEG-PoorP group was higher than that of the DEG-GoodP group (Figure 5D). Similarly, the mean GC_Score of TME-Stromal was higher than that of TME-Immune (Figure S5A).




Figure 5 | The GC_Score model and its prognostic significance. (A) Several cell types were involved in the LASSO model. (B, C) The GC_Score was measured by time-dependent receiver operating characteristic (ROC) curves in the training set and the test set. (D) The boxplot of GC_Score in DEG-GoodP and DEG-PoorP subtypes. The thick line represented the median value. The bottom and top of the boxes were the 25th and 75th percentiles (interquartile range). (E, F) Survival impact of the GC_Score, Kaplan–Meier curves for overall survival (OS) and disease-free survival (DFS) in the GSE54129 cohort. (G–K) The boxplot of drug sensitivity in the GC_Score_Low and the GC_Score_High group. (G) Axitinib, (H) methotrexate, (I) RDEA119, (J) trametinib, (K) vorinostat.



The samples were then classified into GC_Score_High and GC_Score_Low groups according to the median value. As expected, Kaplan–Meier survival analyses (Figures 5E, F) showed that the GC_Score_High group had a poorer OS and DFS compared with the GC_Score_Low group (Figure S5G). Moreover, whether in the early or late stages of pTNM, the GC_Score can accurately discriminate the survival of GC patients within the same TNM stages (Figure S5B, C).

Furthermore, we predicted the 111 GC patients’ clinical outcomes of chemotherapy based on the tumor gene expression data in GSE54129 by using R packages pRRopheticin that adopted gene expression and drug sensitivity data in a large panel of cancer cell lines (18). It was found that for several commonly used chemotherapeutics in GC like axitinib, RDEA119, methotrexate, trametinib, and vorinostat, the GC_Score_Low group had a lower IC50 value, or higher drug sensitivity, than that of the GC_Score_High group, suggesting that the GC_Score model is also capable of predicting the chemotherapeutic response of patients (Figures 5G–K).

To test whether the GC_Score model has robust prognostic value across different populations, the performance of the GC_Score was assessed on three GC cohorts, including two independent Gene Expression Omnibus (GEO) datasets (ACRG, N = 300; GSE15459, N = 191, Singapore) and TCGA-STAD dataset (N = 417). For the three validation cohorts, the GC_Score_High group consistently had a worse OS than that of the GC_Score_Low group (Figures S5D–F, log-rank p-values: ACRG = 0.01, GSE15459 = 0.003, TCGA-STAD = 0.03). Collectively, the GC_Score can be used as a robust prognostic signature for GC.



Connective tissue growth factor has the potential to induce peritumoral fibroblasts to become cancer-associated fibroblasts

To elucidate the biological relevance of our GC_Score from the viewpoint of TME infiltration, we further calculated the correlations between the GC_Score and each of the 64 TME cell types based on the GSE54129 dataset, and chondrocytes, fibroblasts, and ly endothelial cells held the top 3 (Figure S6A). Again, given the important roles of fibroblasts in tumor invasion and metastasis (21), we set out to focus on fibroblasts (Figure 6A, r = 0.76, p = 2.8e-26). Considering that CTGF occupied the highest weight among the four genes involved in the GC_Score model, we specifically calculated the Pearson correlation coefficient between fibroblasts and CTGF. It was revealed that the expression of CTGF was strongly positively correlated with the proportion of fibroblasts (Figure 6B, r = 0.65, p = 1.99e-17).




Figure 6 | CTGF has the potential to induce PTFs to be CAFs. (A, B) Correlations between GC_Score and fibroblasts/CTGF and fibroblasts. The regression lines and confidence interval shadows were calculated by single-variable regression. (C) The boxplot of the CTGF expression in normal and cancer samples. The thick line represented the median value. The bottom and top of the boxes were the 25th and 75th percentiles (interquartile range). (D) Survival impact of the CTGF expression, Kaplan–Meier curves for overall survival (OS) in the GSE54129 cohort. (E) Representative IHC staining with CTGF antibody in GC and paired adjacent non-tumor tissues. Magnification ×200 and ×400. (F) The pie graph of IHC Score of CTGF in GC tissues and corresponding non-tumor tissues, Positive: IHC ≥8, Negative: IHC <8. (G) The boxplot of IHC Score of CTGF in normal and cancer samples. The thick line represented the median value. The bottom and top of the boxes were the 25th and 75th percentiles (interquartile range). (H) Survival impact of IHC Score of CTGF, Kaplan–Meier curves for OS. (I) Gene set enrichment analysis (GSEA) of CTGF. (J) qRT-PCR detection of FSP and FAP mRNA levels in PTFs, CAFs, and PTFs treated with different concentrations of rhCTGF protein for 50, 100, and 200 ng/ml. (K, L) Protein levels of FSP and FAP in PTFs, CAFs, and PTFs treated with different concentrations of rhCTGF protein were analyzed by Western blotting. These data were presented as the mean ± SD; n = 3 independent experiments.



In the GSE54129 cohort, CTGF expression was significantly increased in GC (Figure 6C), and the high expression of CTGF was associated with poor OS (Figure 6D, log-rank p = 0.01), also in TCGA-STAD (Figures S6B, C). We then examined CTGF protein expression in 101 other independent pairs of GC and adjacent non-tumor tissues by IHC (Figure 6E). It was found that the positive rate of CTGF was about 66% in GC tissues, while it was approximately 31% in adjacent non-tumor tissues (Figure 6F), indicating increased expression of CTGF protein in GC (Figure 6G). Furthermore, Kaplan–Meier analysis showed that CTGF expression was inversely correlated to OS in the 101 GC samples (Figure 6H). Gene set enrichment analysis (GSEA) was then performed on CTGF-High and CTGF-Low groups (grouped by median) in GSE54129 cohort by using R packages GSVA and clusterProfiler. Based on C2: Kyoto Encyclopedia of Genes and Genomes (KEGG), the differential expression was found to be associated with the EMT, metastasis stroma, gastric cancer early up, lung fibrosis, and so on (Figure 6I; Table S9).

It was noticed that CTGF was a marker gene for mesangial cells (Table S8) (7), while the proportions of mesangial cells were not significantly different between TME-Stromal and TME-Immune [TME-Immune = 0.047 (median), TME-Stromal = 0.041(median), Table S2]. We, therefore, speculated that the elevated CTGF expression mainly originated from cancer cells.

Increasing evidence in the past few years has demonstrated that CAFs promote carcinogenesis by maintaining a tumor-supportive and immunosuppressive TME (27). Considering the strong positive correlation between fibroblast abundance and CTGF expression in cancer cells and the inverse correlation between CTGF expression and survival, we conceived the hypothesis that CTGF may have the potential to induce transdifferentiation of PTFs (resting fibroblasts) to CAFs and, in turn, promote cancer progression. We added recombinant CTGF protein (rhCTGF) to the culture medium of PTFs and measured the changes of marker genes/proteins of PTFs. It has been well established that fibroblast-specific protein (FSP) and fibroblast activation protein (FAP) are widely expressed in fibroblasts (28, 29), while PTFs hold the higher expression of FSP and lower expression of FAP, and CAFs display the opposite features (30). As shown in Figures 6J–L, after PTFs were treated with rhCTGF (50–200 ng/ml), FSP expression was downregulated and FAP expression was upregulated both in mRNA and protein levels basically in a concentration-dependent way compared with the untreated PTFs. Specifically, although there was no significant difference in FAP transcription level between PTF incubated with or without 50 ng/ml rhCTGF, when the concentration reached 100 and 200 ng/ml of rhCTGF, the mRNA expression of FAP was upregulated, even higher than that in CAFs (Figure 6J). Taken together, CTGF seems to have the potential to induce PTFs to be CAFs.




Discussion

GC is highly heterogeneous in terms of clinical manifestations, therapeutic outcomes, histological morphology, and TME infiltration (31). The TME that refers to the internal and external environment of tumor cells, including not only the structure, function, and metabolism of tumor tissues but also the internal environment of tumor cells themselves, has been proven to have important clinical and pathological significance in predicting prognosis and curative effects (25, 32). Exploring the composition of the TME, the functional relevance of cellular interactions, and the underlying molecular events is critical to understand tumor heterogeneity and develop novel therapeutic treatments (33).

The single-cell RNA sequencing (scRNA-seq) technology is becoming widely used to systematically delineate cellular and molecular heterogeneity in tumors. A recent study (34) reported a single-cell transcriptional atlas of GC from nine tumors and three non-tumor samples (>20,000 cells) and obtained differentiation degree-related subtypes that corresponded well to prognosis and histopathological features of Lauren’s subtypes. Kumar etal. (35) described a more comprehensive single-cell atlas of GC from 31 patients (>200,000 cells) and identified 34 distinct cell-lineage states, some of which exhibited distinct cancer-associated expression profiles. Another very recent study (36) profiled 36,897 cells from eight patients with GC using scRNA-seq, aimed to study the heterogeneity of TME cells in GC. They mainly discussed CAFs in GC TME and revealed the unique roles of CAFs in regulating different aspects of the biology of the TME, including immune modulation, invasion, migration, and angiogenesis. However, considering the discrepancy in single-cell dissociation efficiency, high dropouts, high cost, and naturally low coverage of inter-tumor heterogeneity, scRNA-seq still has obstacles in practical application (37, 38), while large cohorts with bulk transcriptomic data and clinical phenotype information through a long-term follow-up provide valuable and more accessible opportunities to decipher TME infiltration with the assistance of tools designed for estimating the abundance of various cell types based on bulk transcriptome.

In the present study, we applied xCell (7) that integrates ssGSEA and deconvolution approaches to the bulk transcriptomic profile (GSE54129) of 111 GC and 21 normal stomach mucosa samples with matched clinical information and calculated the proportion of 64 types of cell populations in the TME (Table S2). Among them, 12 cell types were identified as associated with survival (Figure S2, Figures 3D–H, noted by circles). Given the significant role of fibroblasts in tumor invasion and metastasis (21), we put a particular focus on fibroblasts and the cell types that had differential correlations between normal and cancer. It was found that fibroblasts had a weak positive correlation with chondrocytes in normal (Cor = 0.26), which turned strongly positive in tumor (Cor = 0.84); meanwhile, fibroblasts had no correlations with Th1 cells and epithelial cells in normal (Cor Fibroblasts-Th1 cells = -0.05, Cor Fibroblasts-Epithelial cells = -0.11), while fibroblasts became strongly negatively correlated with them in tumor (Cor Fibroblasts-Th1 cells = -0.55, Cor Fibroblasts-Epithelial cells = -0.64) (Figures 2B, C; Table 1). Fibroblasts were reported to promote the transdifferentiation of chondrocytes in skeletal-related diseases that could, in turn, stimulate fibroblasts to release proangiogenic factors (22, 23). In rheumatoid arthritis, fibroblasts suppressed the proliferation of Th1 cells by tryptophan metabolism and therefore decreased the secretion of Interferon γ (IFN-γ) in a cell contact-independent manner (24). In the process of EMT, epithelial cells undergo a phenotypic switch through acquiring fibroblast-like properties to exhibit reduced cell–cell adhesion and increased motility, which has been regarded as a driving event in the pathogenesis of cancer, including GC (25, 39). Obviously, the detailed mechanisms underlying the coordination between fibroblasts and chondrocytes, the inhibition of Th1 cells by fibroblasts, and the transition from epithelial cells to fibroblasts during gastric carcinogenesis are worthy of further investigation. It has been well established that fibroblasts synthesize the ECM proteins to maintain the structural integrity of most tissues (40). In line with this, CAFs maintain a tumor-supportive microenvironment by producing components of the ECM, matrix remodeling enzymes, and protumor and proangiogenic cytokines (27). Moreover, CAFs could modulate the immune system, yielding an immunosuppressive TME (21). Clinical and epidemiological studies have demonstrated a strong association between CAFs and poor prognosis in GC (41). The very recent single-cell transcriptional atlas of GC also reported the accrual of CAF subpopulations (35). In our previous work, CAFs can promote EMT and metastasis of GC by secreting hepatocyte growth factor (HGF) (42), Interleukin (IL)-6 (43), and IL-33 (44).

As described above, although the TME landscapes of the 111 GC and 21 normal samples involved a total of 64 cell types, the subsequent analyses were limited to12 survival-related cell types and further focused on fibroblasts. We also obtained the abundance of the other more than 50 cell types. Since NK cells are the first line of defense against transformed and infected cells, we take NK cells as an example. It is well known that the function of NK cells is finely regulated by a balance between signals received through stimulatory and inhibitory receptors (45). Compared with TME-Immune, the inhibitory ligands of NK cells such as CD48, HLA-E, and CLEC2D were highly expressed in TME-Stromal (Figures S7A–C). Specially, the correlation between CLEC2D and its receptor KLRB1 (46) was lower in TME-Immune (cor = 0.38, p = 0.02) than in TME-Stromal (cor = 0.6, p = 3.09e-07) (Figures S7D, E). It is indicated that the overexpression of inhibitory ligands of NK cells may cause immunosuppression and lead to worse outcomes in GC patients.

As shown in Figures 3B, C and Figure S3, the three GC TME subtypes based on the proportions of 64 cell types displayed distinct survival outcomes. A GC prognostic model was then built based on the DEGs between TME-Stromal (poor prognosis) and TME-Immune (good prognosis) (Figure 5A). Quite encouragingly, the GC_Score could accurately discriminate the survival of patients within the same TNM stages (Figures S5B, C); moreover, the GC_Score model is capable of predicting the chemotherapeutic response of patients to several common chemotherapeutic drugs for GC (Figures 5G–K). As the clinical translation of molecular targets of GC has been disappointing, our study aimed to discover novel genes correlated with drug response in GC, which may be a hint for further investigation on therapeutic mechanisms of these drugs. We also found some studies that supported our results. Sun etal. (47) reported that CTGF increased the sensitivity of rapidly accelerated fibrosarcoma isoform B inhibitor (BRAFi)-resistant cells to vemurafenib (BRAF inhibitor). It is acknowledged that MEK is the downstream molecule of BRAF/mitogen-activated extracellular signal-regulated kinase (MEK)/extracellular signal regulatedkinase (ERK) pathway, and RDEA119 is the MEK inhibitor. So CTGF might participate in GC sensitivity of RDEA119 via the BRAF/MEK/ERK pathway. Also, Hua etal. (48) found that HDAC7 participated in CTGF production and cell fibrosis. As CTGF is the downstream target of Histone Deacetylase 7 (HDAC), it might participate in GC response to HDAC inhibitor methotrexate. As expected, fibroblasts held almost top correlation to GC_Score among the 64 cell types (Figure 6A, Figure S6, r = 0.76, p = 2.8e-26). We believe that a combination of our GC_Score and the conventional clinicopathological characteristics will allow better prediction of prognosis and drug responses.

Beyond identifying transcriptome features of certain subtypes as scRNA-seq studies always did, we explored molecular events underlying fibroblast infiltration during carcinogenesis. First, we analyzed the correlation between fibroblasts and CTGF (Figure 6B), the highest-weighted gene in our GC_Score model. Interestingly, in the RNA single cell-type data of THE HUMAN PROTEIN ATLAS database, we also see that CTGF has a high correlation with fibroblasts. By examining marker gene expression at RNA and protein levels, we have proven that CTGF has the potential to induce transdifferentiation of PTFs to CAFs (Figures 6J–L). It has been established that contact between cancer cells and fibroblasts can promote the CAF phenotype in cancer through a variety of signaling pathways, such as Notch signaling, inflammatory signaling, Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling, and Yes-associated protein/Transcriptional enhanced associate domain (YAP1/TEAD) signaling (21). Particularly, CTGF was reported to be among the genes associated with CAFs (21). However, the tissue-specific and context-specific mechanisms remain to be demonstrated. The in vitro experimental data (Figures 6J–L), in combination with our computational results, indicated that highly expressed CTGF from GC cells is capable of promoting the transdifferentiation of PTFs to CAFs. In this sense, CTGF could be regarded as a TME-modulating gene in GC and thus a potential therapeutic target for CAF-targeted therapy. It is worth noting that compared with Transforming growth factor-β (TGF-β) (49), which is an inducer of CTGF expression, CTGF mediates fibrosis and protumor effects but does not participate in anti-inflammatory and antitumor effects (50) and therefore might be more promising for antitumor drug development than TGF-β. So far, there is a line of CTGF-targeted drugs in clinical trials (51, 52), most of which are designed for treating fibrosis-related diseases, while ocaperidone and pamrevlumab also include pancreatic cancer as their indications (53). Here we propose that CTGF-targeted drugs might be repositioned to control gastric carcinogenesis.



Conclusion

The present work characterizes a comprehensive TME landscape of GC involving 64 cell populations and develops a predictive model GC_Score for prognosis and drug responses with interpretability for carcinogenesis. Furthermore, a TME-modulating gene, CTGF, was proposed to activate CAFs, thereby promoting the progression of GC. This work provides a feasible framework for exploring molecular events underlying TME cell infiltration based on bulk-sequencing data, which makes a complement to scRNA-seq based methodologies. By linking TME cell infiltration and molecular features, it proved useful to interpret carcinogenesis and proposes novel strategies for GC treatment.
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Supplementary Figure 1 | Cell types in TME (A-C) The boxplot of 64 cell types in TME-Control, TME-Stomal, and TME-Immune subtypes. (D) The boxplot of five Types in 21 normal samples.

Supplementary Figure 2 | Survival impact of the 12 genes significant for survival, Kaplan-Meier curves for overall survival (OS) in the GSE54129 cohort.

Supplementary Figure 3 | Kaplan-Meier curves for overall survival (OS) of GC patients with the TME subtypes (log-rank test).

Supplementary Figure 4 | Alluvial diagram showing differences among patients by TME subtypes, TME-dependent transcriptomic subtypes, CG_Score, and Survival outcome.

Supplementary Figure 5 | The GC_Score model and its prognostic significance. (A) The boxplot of GC_Score in TME-Stomal and TME-Immune subtypes. The thick line represented the median value. The bottom and top of the boxes were the 25th and 75th percentiles (interquartile range). (B, C) Survival impact of the GC_Score, Kaplan-Meier curves for overall survival (OS) and disease-free survival (DFS) in the GSE54129 cohort. (D–F) Survival impact of the GC_Score, Kaplan-Meier curves for overall survival (OS) in the ACRG, GSE15459, and TCGA-STAD cohorts. (G) Forest plot of hazard ratios from multivariable Cox proportional hazard regression mode.

Supplementary Figure 6 | (A) Histogram of correlation between 64 cell types and the GC_Score. (B) The boxplot of CTGF in TCGA-STAD cohort. (C) Survival impact of CTGF, Kaplan-Meier curves for overall survival (OS) in the TCGA-STAD cohort.

Supplementary Figure 7 | The inhibitory receptors of NK cells (A-C) The boxplot of inhibitory receptors of NK cells. (D, E) Histogram of correlation between inhibitory receptors and ligands of NK cells in TME-Stomal and TME-Immune subtypes.
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Colorectal cancer (CRC) is the third most common form of cancer, and the incidence of sporadic young-onset colorectal cancer (yCRC) has been increasing. Microbiota residing in the tumor microenvironment are emerging tumor components. The colonic microbiome differs between patients with CRC and healthy controls; however, few studies have investigated the role of the tumor microbiota in disease diagnosis and tumorigenesis of yCRC. We performed 16S rRNA sequencing analysis to identify the microbiome in CRC and found that tumor microbial diversity decreased in yCRC. Proteobacteria and Firmicutes were the most abundant phyla in all CRC samples, and Actinomyces and Schaalia cardiffensis were the key microbiota in the yCRC group. Correlation analysis revealed that Actinomyces co-occurred with various pro-tumor microbial taxa, including Bacteroidia, Gammaproteobacteria, and Pseudomonas. An independent cohort was used to validate the results. The Actinomyces in CRC was co-localized with cancer-associated fibroblasts and activated the TLR2/NF-κB pathway and reduces CD8+ T lymphocyte infiltration in CRC microenvironment. This study suggests that tumoral microbiota plays an important role in promoting tumorigenesis and therefore has potential as a promising non-invasive tool and intervention target for anti-tumor therapy.
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Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors of the digestive system, and its morbidity and mortality rank third worldwide (1). Traditionally, CRC is considered a disease of elderly individuals, but in recent years, the incidence of sporadic CRC of patients under 50 years of age has been steadily increasing worldwide. Patients with young-onset colorectal cancer (yCRC) often exhibit more advanced disease and adverse pathological features than patients with old-onset CRC (oCRC), which considerably affect the former’s survival outcomes and quality of life (2). There are insufficient clinical diagnostic and therapeutic protocols for yCRC, and the characteristics and mechanisms of tumor progression in yCRC remain unclear.

Tumorigenesis, tumor development, and metastasis are complex processes involving tumor cells and the tumor microenvironment (TME). The microbiota of the TME is an emerging tumor component (3). Increasing evidence suggests that the gut microbiota is involved in the prevention or promotion of different diseases and has emerged as a key environmental factor implicated in the development of CRC (4, 5). The colonic microbiome in patients with CRC and healthy controls differs (6), but few studies have investigated the role of the tumor microbiota in yCRC disease diagnosis and tumor progression. Studies have reported that the gut microbiota of older adults differs from that of younger adults. Owing to lifestyle changes among different generations, the prevalence of major risk factors (e.g., unhealthy diets, obesity, and sedentary lifestyles) in young adults is increasing. These changes may contribute to alterations in the gut microbiota, which interact with the underlying genetic background and lead to diseases such as CRC (7). Simultaneously, specific gut bacteria can invade CRC tissues and alter the TME (8). Therefore, there may be a characteristic spectrum of pathogenic microbiota with diagnostic value for yCRC.

Ma et al. performed 16S rRNA gene sequencing for 1038 samples from China and analyzed the fecal microbial composition, functional changes in the microbial community, and microbial markers in yCRC, oCRC, and age-matched healthy controls (9). Their research demonstrated the powerful classification potential of gut microbiota biomarkers for the accurate detection and differentiation of individuals with yCRC. However, owing to differences in the invasive and colonizing abilities of bacteria, the gut microbiota cannot fully reflect the microbial composition in the TME, and few studies have reported the compositional and functional changes in the tumor microbial community in yCRC. Therefore, in this study, we characterized the tumor microbiota of yCRC and oCRC to identify microbial markers for yCRC diagnosis and explored their potential roles in the tumor immune microenvironment and tumorigenesis. We hypothesized that yCRC and oCRC may have distinct tumor microbial bases and play an important role in promoting tumorigenesis and tumor progression, potentially serving as promising non-invasive tools and intervention targets for anti-tumor therapy.



Methods


Patients and specimens

Specimens from patients with CRC were collected after obtaining informed consent from the Biomedical Ethics Committee of Ruijin Hospital. Between 2020 and 2022, we collected tumor tissues from 39 patients at the Shanghai Minimally Invasive Surgery Center of Ruijin Hospital for 16S rRNA sequencing analysis (discovery cohort) (Tables S1, S7). A tissue microarray consisting of 78 pairs of CRC samples [validation set; described in our previous study (10)] was used for Immunohistochemistry (IHC) staining (Table S2). All patients were pathologically diagnosed with CRC and underwent laparoscopic surgery at our center. Sections from each patient were TNM staged according to the 2015 National Comprehensive Cancer Network guidelines. All patients were fully informed of the study and signed an informed consent form.



16S rDNA sequencing

Snap-frozen tumor tissue samples from patients with CRC were sent to TinyGene Bio-Tech (Shanghai) Co., Ltd. and subjected to 16S rDNA sequencing using the Illumina MiSeq platform. For details regarding the materials and methods, please refer to the Supplemental Information. The original raw data of 16S rDNA sequencing was uploaded to NCBI SRA database and the BioProject accession number was PRJNA865279.



Fluorescence in situ hybridization

We prepared 4-µm thick tissue sections from paraffin-embedded specimens and dewaxed them. The specimens were then treated with proteinase K solution in a dry oven at 37°C for 30 min. Subsequently, a DNA probe targeting Actinomyces was added at 400 nM and incubated overnight in a humid environment at 37–45°C. The slides were mounted and observed under a microscope. Details of the probe sequence are provided in Table S3. For the 16S rDNA sequencing, samples with Actinomyces detectable were defined as high Actinomyces abundance, and samples below detectable abundance were defined as low Actinomyces abundance. For the FISH analysis, the Actinomyces positive staining area at 10% as the cut-off value between high Actinomyces abundance and low Actinomyces abundance.



IHC analysis

A tissue microarray consisting of 78 pairs of CRC samples, which was described in our previous study, was used for IHC staining. IHC staining was performed according to the manufacturer’s protocol (Immunostain SP Kit, DakoCytomation, USA). In brief, the tissues were fixed in 4% neutral buffered formalin, paraffin-embedded, and sectioned. The slices were IHC stained, and TLR2, TLR4, CD45, CD8, NF-κB, and α-SMA antibodies were used for IHC analysis. IHC staining was scored semi-quantitatively by two independent pathologists. Details on the antibodies are provided in Table S4.



Bioinformatics analysis

The correlation between the mRNA expression of TLR2, TLR4, and NF-κB was analyzed using GEPIA (http://gepia.cancer-pku.cn/). The infiltration of immune cells into the tumor was analyzed using TIMER (http://timer.cistrome.org/).



Statistical analyses

Quantitative data were compared using the Student’s t test. The associations between clinical characteristics were assessed using Pearson’s chi-square test or Fisher’s exact test. Data are shown as the mean ± SD. Statistical significance was set at P < 0.05. All data were analyzed using SPSS version 20.0 (IBM Corp., Armonk, NY, USA), Graph Pad Prism 8.0 (Graph Pad software, lnc., San Diego, CA, USA), R version 3.6.3 (R Foundation for Statistical Computing, Vienna, Austria), and Microsoft Excel (Microsoft Corporation, Seattle, WA, USA).




Results


Participant characteristics

We included 39 individuals undergoing radical colon cancer surgery in the current analysis: 20 patients with yCRC and 19 in patients with CRC (Table S1). Patients with CRC with a family history of cancer were excluded. The patients with yCRC and oCRC were similar in sex, Body Mass Index (BMI), and TNM stage. Forty-five percent of yCRC cases (n = 9) and 53% of oCRC cases (n = 10) were considered advanced. A total of 4,776,993 paired-end reads were generated, with an average (s.d.) of 122,487 reads per sample. After quality control, we obtained 3,700,525 high-quality reads free of adaptor and human DNA contaminants, with an average (s.d.) of 94,885 reads per sample (Additional file 1). The obtained valid data were then deduplicated to obtain the deduplication sequence amplicon sequence variants (ASVs) or operational taxonomic units (OTUs). Finally, normalization was performed using the diversity core-metrics-phylogenetic command in QIIME2 software. The normalized sample sequencing depth was 50,659 and the number of ASVs was 21,659 (Additional file 1). The distribution and overlap of the differential ASV/OTUs between the yCRC and oCRC groups are shown as a Venn diagram (Figure S1A). Of a total of 20,114 ASV/OTUs, 2893 were shared between the two groups, 7061 ASV/OTUs were unique to yCRC, and 10,160 ASV/OTUs were unique to oCRC. We performed rarefaction analysis to determine the rationality of the sequencing data. The rarefaction curve for all samples tended to be flat, suggesting that the sequencing depth was sufficient to capture most of the gene diversity (Figure S1B).



Tumor microbiota diversity of yCRC and oCRC

We first investigated the microbial diversity of the participants by calculating the alpha diversity of the samples, including microbiota richness and diversity. Microbiota richness was measured according to the Chao1 and abundance-based coverage estimator (ACE) indices to estimate the number of microbiota (Figures 1A, B), and microbiota diversity was measured using the Shannon, Simpson, and Pielou_e indices to estimate the evenness of the microbiota (Figures 1C, D; S1C, S1D). yCRC cases tended to have lower community richness than oCRC cases (ACE index: p = 0.003; Chao1 index: p = 0.002), and the community diversity was similar in the two groups (Shannon index, p = 0.063; Simpson index, p = 0.673; Pielou _e index, p = 0.354) (Table S5). The 21,659 ASVs obtained in the first part were aligned with the Silva database (Release138, http://www.arb-silva.de) for species annotation. Sequences were then aligned for alpha diversity to assess differences in bacterial diversity among groups. The results showed that tumor microbial alpha diversity was significantly lower in the yCRC group than in the oCRC group, indicating microflora dysbiosis in yCRC (Figure 2A).




Figure 1 | Diversity of tumor microbiota in patients with old-onset colorectal cancer (oCRC) and patients with young-onset colorectal cancer (yCRC). (A–D) Alpha diversity of the two groups was measured in terms of the ACE, Chao1, Shannon, and Simpson indices. Data represent the mean ± SD. *P < 0.05.






Figure 2 | Abundance and diversity of tumor microbiota in patients with oCRC and patients with yCRC. (A) Statistical chart of microbial diversity results of each species level by observed count of amplicon sequence variants (ASVs). (B) Bar plots displaying taxonomic composition at the major phyla of each sample. (C, D) Relative abundance of the tumor microbiota in the two groups at class level and genus level.



To further explore the features of the tumor microbial community in patients with CRC, we compared the relative abundance of the tumor microbiota at the phylum level between yCRCs and oCRCs (Figures 2B; S2A). Similar phyla were detected in patients with yCRC and patients with oCRC. In all CRC samples, we found that the dominant phyla consisted of Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and Acidobacteria. In contrast, at the class and genus levels, four microbiotas were enriched in patients with yCRC compared to the oCRC group: Gammaproteobacteria, Actinobacteria, Enterococcus, and Castellaniella, and three microbiotas were reduced in patients with yCRC: Alphaproteobacteria, Escherichia-Shigella, and Streptococcus (Figures 2C, D). At the order, family, and species levels, seven microbiotas were enriched in patients with yCRC compared to the oCRC group: Burkholderiales, Alcaligenaceae, Comamonadaceae, Enterococcaceae, Enterococcus_cecorum, Castellaniella_defragrans, and Bacteroides_vulgatus, and six microbiotas were reduced in patients with yCRC: Enterobacterales, Enterobacteriaceae, Streptococcaceae, uncultured_bacterium, Campylobacter_showae, and Treponema_medium (Figures S2B–D).



Identification of specific microbial taxa changes in yCRC

To compare the similarity in microbiome diversity between yCRC and oCRC, we performed beta diversity analysis. The distances between samples were calculated using weighted (weighted UniFrac) and unweighted (Jaccard and Unweighted UniFrac) methods, and principal coordinate analysis (PCoA) was performed (Figures 3A, B; S3A–C). Analysis of similarities (Anosim) was used to verify the significance of the differences in beta diversity among groups of samples. The results showed that the between-sample variability (beta diversity) of the tumor microbial community structure tended to be lower in oCRC than in yCRC (yCRCs vs. oCRCs: unweighted UniFrac p = 0.051, Jaccard p = 0.003), suggesting that patients with yCRC have unique diversity and microbial distance (Figures 3C, D).




Figure 3 | Identification of specific microbial taxa changes in yCRC. (A, C) Beta diversity calculated by principal coordinates analysis (PCoA) of Unweighted UniFrac methods and analysis of similarities (Anosim). (B, D) Beta diversity calculated by PCoA of Jaccard methods and Anosim, indicating a different distribution of microbial community between oCRC and yCRC. (E) The histogram represents linear discriminant analysis (LDA) scores of bacteria with significant differential abundance between two groups. LDA score > 2.0, p < 0.05. (F) Taxonomic cladogram represents linear discriminant analysis effect size (LEfSe) analysis for tumor microbiota in two groups. Each node represents a specific taxonomic type. Yellow nodes denote the taxonomic features not significantly differentiated between two groups. Red nodes denote taxonomic types with more abundance in oCRC group than in the yCRC group; green nodes denote taxonomic types more abundant in the yCRC group than in the oCRC group. (G) Relative abundance of Actinomycetales of each sample at order level.



To identify differentially abundant taxa in oCRC and yCRC, we used linear discriminant analysis (LDA) and linear discriminant analysis effect size (LEfSe) algorithms to examine the tumor microbiota compositions of the two groups based on the results of rRNA sequencing analysis, and a logarithmic LDA score cut-off>4.0 was used. The abundance of Schaalia_cardiffensis, Diaphorobacter, Actinomyces, Actinomycetaceae, and Actinomycetales increased in the yCRC group, and the abundance of phylum_Acidobacteriota and species_Pyramidobacter_piscolens increased in the oCRC group (Figure 3E). Because Actinomycetales, Actinomycetaceae, Actinomyces, and Schaalia cardiffensis contained the key phylotypes in the yCRC group, we further identified Actinomyces as the key microbiota in the yControl group (Figure 3F). To further verify the results of the LDA and LEfSe algorithms, we compared the relative abundance of specific microbiota between the patients with yCRC and patients with oCRC. At the order level, patients with yCRC showed higher prevalence rates of Actinomycetales than those with oCRC (Figure 3G). The relative abundances of the specific microbiota in the two groups at the phylum, class, and species levels are shown in Figures S3D–F. The statistical distribution and relative abundance of specific microbiota supported the prevalence of Actinomyces in most yCRC samples. Collectively, these results show a significant alteration in tumor microbial diversity in yCRC, with a significantly higher abundance of Actinomyces.



Association between Actinomyces and microflora dysbiosis in yCRC

We investigated whether microflora dysbiosis in yCRC is correlated with the abundance of Actinomyces. Correlation analysis revealed that Actinobacteria were positively correlated with Proteobacteria, Firmicutes, and Bacteroidetes at the phylum level (r > 0.5, P < 0.05). Gammaproteobacteria, Bacilli, and Bacteroidia were strongly positively correlated with Actinobacteria at the class level (r > 0.6, P < 0.05). Pseudomonadales and Lactobacillales were positively correlated with Actinomycetales at the order level (r > 0.5, P < 0.05). Enterococcaceae and Pseudomonadaceae were positively but weakly correlated with Actinomycetaceae at the family level (r > 0.4, P < 0.05). Enterococcus and Pseudomonas were positively but weakly correlated with Actinomyces at the genus level (r > 0.4, P < 0.05) (Figure 4A). To explore the ecological significance of related microbiota and infer their interaction patterns in different habitats (co-occurrence or co-exclusion), we constructed an association network of dominant microbial taxa according to the 16S species composition profile. The results showed that the OTUs that formed correlated networks of yCRC were significantly fewer than those of oCRC, confirming microflora dysbiosis in yCRC. S. cardiffensis co-occurred with various tumor microbiota, and OTUs formed a positive network (Figure 4B).




Figure 4 | Correlation of Actinomyces with differentially abundant genera and functional prediction of the tumor microbiome in CRC. (A) Correlation heatmap. Red indicates positive correlations; blue indicates negative correlations. (B) Co-occurrence network of oCRC and yCRC. (C) PICRUSt analysis identified 10 core predicted categories present in all CRC samples. (D) Gene functions in tumor microbiota in patients with oCRC and patients with oCRC.





Functional prediction and analysis of the tumor microbiome in CRC

To investigate the differences in the function of tumor microbial communities in the yCRC and oCRC groups, we used the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) approach to map 16S sequences to the genes and pathways that these tumor microbiotas may contain. PICRUSt analysis revealed the functional content of different marker gene sequences and identified 10 core predicted categories present in all CRC samples (Figure 4C). Subsequently, we compared the enrichment of differential pathways between the yCRC and oCRC groups; the results showed that yCRC samples exhibited enrichment in predicted functional categories related to metabolic processes, such as lipid transport and metabolism (Figures 4D; S4A). Our results suggest that patients with yCRC have bacterial metabolic profiles unique from those of patients with oCRC.



Actinomyces resides in cancer-associated fibroblasts and affects the TME

To explore the clinicopathological significance of Actinomyces in CRC, we performed a more detailed analysis of the clinical data of patients with CRC (Figure 5A). Patients with CRC were divided into high and low categories based on the median relative abundance of Actinomyces. The analysis showed that a high expression of Actinomyces was significantly correlated with age (P = 0.0225) and sex (P = 0.0492). To further validate our results, a tissue microarray consisting of 78 pairs of CRC samples, which was described in our previous study, served as an independent external validation phase. A specific probe of Actinomyces was synthesized based on the specific OTU sequence of Actinomyces obtained by 16S rRNA sequencing and was used in FISH to target Actinomyces regions in CRC tissues. We first validated the specificity of the probes in CRC tissues with high and low Actinomyces abundances and found that the percentage of Actinomyces positive staining area in the high Actinomyces abundance group was higher than 10% (Figure 5B). Subsequently, we evaluated whether Actinomyces was significantly enriched in CRC and whether Actinomyces could be used to discriminate between yCRC and oCRC. The results showed that the abundance of Actinomyces in yCRC was higher than that in oCRC (Figure 5C), and the abundance of Actinomyces in CRC tissues was slightly higher than that in normal tissues (Figure 5D). Receiver operating curve (ROC) analysis showed that Actinomyces performed well in identifying yCRCs, with an area under the curve (AUC) of 0.747 (Figure 5E). In addition, we detected immune cells in the same CRC samples using the CD45 antibody and CAFs. The results showed that most of the positive Actinomyces DNA was enriched in CAFs, and a few were co-localized with immune cells (Figures 5F, H). Correlation analysis revealed that the proportion of α-SMA+ cells was positively correlated with the abundance of Actinomyces in CRC and normal tissues (Figure 5G). These results strongly suggest that Actinomyces in CRC resides in CAFs and thus affects the TME.




Figure 5 | Localization of Actinomyces in CRC. (A) Heatmap shows clinical characteristics of 39 patients for 16S rRNA sequencing analysis. Statistical significance was analyzed by the χ2 test. P values are as indicated. (B) Actinomyces staining in human CRC tissues. Fluorescence in situ hybridization (FISH) analysis revealed the presence of punctate bacteria (red) in yCRC tissues. Scale, 100 μm. (C) The area occupied by Actinomyces was evaluated by FISH. Abundance of Actinomyces in yCRC was higher than that in oCRC (mean ± SD, Student’s t-test, **P < 0.01, ***, p < 0.001). (D) Abundance of Actinomyces in CRC tissues was slightly higher than that in normal tissues (mean ± SD, Student’s t-test, *P < 0.05). (E) Receiver operating characteristic curves (ROC) of oCRC vs. yCRC in validation set (n = 78). Area under the curve (AUC) values for prediction of oCRC and yCRC using Actinomyces markers. (F) FISH analysis revealed the localization of Actinomyces in CRC. Most of the positively stained bacteria were enriched in cancer-associated fibroblasts (α-SMA+), and a few co-localized with immune cells (CD45+). Scale, 200 μm. (G) The proportion of α-SMA+ cells was positively correlated with abundance of Actinomyces in CRC tissues and normal tissues. (H) FISH and IHC staining in human CRC tissues and normal tissues. Red, Actinomyces probe. Green, α-SMA. Scale, 100 μm.





Actinomyces activates the TLR2/NF-κB pathway and reduces CD8+ T lymphocyte infiltration in CRC microenvironment

Tumor microbiota has been revealed to play an active role in cancer development by recognizing toll like receptors (TLR) and regulating the expression of immune response genes (11). We further investigated whether infection with the gram-positive bacteria Actinomyces affects the inflammatory phenotype and anti-tumor immune response of CRC. TLR2 and TLR4 are responsible for the recognition of gram-positive and gram-negative bacteria, respectively (12), and both TLR2 and TLR4 can activate NF-κB signaling and mediate the inhibition of CD8+ T lymphocytes (13). In addition, GEPIA software showed that the expression of TLR2, TLR4, and NF-κB was highly correlated (Figure S5A). Subsequently, we detected the expression of TLR2, TLR4, CD8, and NF-κB in CRC tissues by IHC staining (Figure 6A). The results showed that expression levels of TLR2, TLR4, and NF-κB were higher in CRCs with high Actinomyces abundance than in CRCs with low Actinomyces abundance, indicating that Actinomyces induced activation of the TLR2/NF-κB pathway (Figures 6B, C). Due to the coexistence of Actinomyces with Gram-negative bacteria (e.g. Bacteroidia, Gammaproteobacteria, and Pseudomonas), TLR4/NF-κB activation also existed in tissues with high abundance of Actinomyces. Subsequently, TIMER software was used to analyze the infiltration of immune cells in CRC. The expression of TLR2, TLR4 and NFKB1 were highly positively correlated with the infiltration of neutrophils, macrophages, dendritic cells, and CAFs, while TLR2 was negatively correlated with the infiltration of CD8+ T cells (Figure S5B). Notably, the number of CD8+ T lymphocytes was significantly reduced in CRC with a high abundance of Actinomyces, suggesting that Actinomyces and the ecological environment inhibited the infiltration of CD8+ T lymphocytes into CRC (Figure 6D). Finally, we analyzed the clinical characteristics of the discovery cohort of patients with CRC (n = 78). The results show that high expression of Actinomyces was significantly correlated with age (P = 0.0033) and TMN stage (P = 0.0082) (Figure 6E). In contrast, the abundance of Actinomyces was not significantly correlated with the survival time of patients with CRC (Figure S5C), suggesting that Actinomyces mainly affects tumorigenesis in CRC, especially in young patients.




Figure 6 | Abundance of Actinomyces was associated with TLR2/4 activation and immune cell infiltration in CRC. (A) FISH and IHC staining of TLR2, TLR4, NF-κB, and CD8 in human CRC tissues. Scale, 200 μm. (B) Expression of TLR2 and TLR4 were positively correlated with abundance of Actinomyces in CRC tissues. (C) Expression of NF-κB was positively correlated with abundance of Actinomyces in CRC tissues. (D) Proportion of CD8+ cells was negatively correlated with abundance of Actinomyces in CRC tissues. (E) Heatmap shows the clinical characteristics of 78 patients for IHC analysis. Statistical significance was analyzed by the χ2 test. P values are as indicated.






Discussion

The annual incidence of sporadic CRC in young adults has been steadily increasing worldwide, but the tumor characteristics and mechanisms of tumor progression in yCRC have been less studied than those in oCRC (14). The microbiome and the ecosystem it creates have begun to attract extensive attention, owing to their important role in tumor development and excellent performance in early diagnosis and prognostic evaluation (15).

Homeostasis of the microbiome (including bacteria, viruses, and fungi) regulates body health, and dysbiosis can lead to disease (16). Accumulating evidence has shown that alterations in the abundance of the gut microbiome promote chronic inflammation and the production of carcinogenic metabolites that contribute to CRC formation (17). In addition, evidence shows that changes in the gut microbiome often occur in the early stages of colorectal carcinogenesis; therefore, microbiome changes may be used as biomarkers for early detection of CRC to improve screening strategies (7). By comparing stool samples collected from patients with CRC and healthy controls, many studies have reported increased levels of some gut microbiomes in patients with CRC (18), including Fusobacterium nucleatum, Enterotoxigenic Bacteroides fragilis, and Escherichia coli. In addition, some oral microbiomes, such as Porphyromonas, Peptostreptococcus, and Parvimonas micra, were also enriched in the stool of patients with CRC. However, the gut microbiome of elderly individuals differs from that of young individuals. As major risk factors (unhealthy diet, obesity, and sedentary lifestyle) increase in prevalence in young adults, their gut microbiome might change (19). Therefore, our study focused on exploring the microbiome composition and function of yCRC and establishing a microbiome signature to differentiate yCRC from oCRC.

The significant role of the gut microbiome in various human diseases, especially tumors, has been confirmed by many studies, but accumulating evidence indicates that tumor tissue also has a local type-specific microbiome involved in tumor progression and immune response (20). The diversity and composition of the tumor microbiome have been reported to influence pancreatic cancer outcomes through modulated immune responses (21). Cai et al. reported that a conserved intracellular bacterial profile was detected in breast cancer, which played an important role in promoting cancer metastasis (22). Studies of hepatocellular carcinoma (HCC) have found that patients with HCC exhibited imbalances in the tumor microbiome, with a higher abundance of S. maltophilia, which induced the expression of senescence-associated secretory phenotype in hepatic stellate cells and liver cirrhosis, contributing to the progression of HCC (23). Specific gut bacteria can invade CRC tumor tissue (24); therefore, the gut microbiome does not fully reflect the microbial composition in tumors, owing to differences in the invasive and colonizing abilities of different bacteria. Few studies have reported on the compositional and functional characteristics of the tumor microbiome in patients with yCRC.

In this study, we characterized the tumor microbiota composition of 39 yCRC or oCRC samples (discovery cohort) and validated it using an additional 78 samples (validation set) from human tissues, including CRC. 16S rRNA sequencing analysis was used to identify specific microbiomes in yCRC tissue, and IHC staining was used to analyze their correlation with immune cell infiltration and patient prognosis. Overall, the tumor microbial diversity of yCRC was lower than that of oCRC, indicating microbiome dysbiosis in patients with yCRC. Among all CRC samples, Proteobacteria and Firmicutes were the most abundant phyla; Actinomyces, Diaphorobacter, and Schaalia cardiffensis were the key microbiota in the yCRC group. In addition, Actinomyces taxa provided an excellent means to discriminate individuals with yCRC, and Actinomyces biomarkers could be used as a tool for distinguishing individuals with yCRC. Ma et al. performed 16S rRNA gene sequencing for 1038 samples and analyzed the fecal microbial composition and functional changes in yCRC, oCRC, and healthy controls. In contrast, our study characterized the tumor microbiota of yCRC and oCRC to explore their potential roles in the tumor immune microenvironment and tumorigenesis. The merit of our study is to report the microbial composition of the tumor microenvironment inhabiting yCRC and to clarify that yCRC and oCRC have distinct tumor microbial bases.

Ecosystems created by the resident microbiome have profound implications for human health and cancer development. Many microbiomes have been reported to be directly related to tumors. For example, Helicobacter pylori has been designated by the International Agency for Cancer Research as a carcinogen for gastric cancer, as it increases susceptibility to gastric cancer by activating the WNT/β-catenin pathway by transporting CagA to gastric epithelial cells (25). In addition to directly causing tumors, studies have suggested that microenvironmental dysregulation caused by interactions between microbiomes can promote tumor development by, for instance, secreting microbial virulence factors, participating in signal transmission, and influencing immune cell recruitment (26). Our research advances the understanding of the molecular mechanisms underlying Actinomyces- and gram-negative bacteria-associated CRC tumorigenesis. Actinomyces triggers the expression of several microbial- and immune-related genes, including TLR2, TLR4, and NF-κB, which promote CRC development by regulating inflammation and anti-tumor immunity. We further showed that the gram-positive bacteria Actinomyces was recognized by the specific receptor TLR2 and activated the downstream NF-κB pathway to regulate inflammation. Because Actinomyces co-occurs with various tumor microbiota and causes microbial dysbiosis in CRC, we speculated that Actinomyces activates the downstream TLR4/NF-κB pathway by regulating the occurrence of gram-negative bacteria. In addition, Actinomyces suppresses immune responses by inhibiting the infiltration of CD8+ T lymphocytes.

In conclusion, our study revealed a common state of tumor microbial dysbiosis in yCRC populations. Our findings may help identify novel contributors to yCRC pathogenesis, as well as evidence that the tumor microbiome influences the TME and immune response. Although further clinical and laboratory validation and mechanistic studies are necessary, our study highlights the need for further research on the potential association between the tumor microbiome and yCRC risk. We propose that the tumor-specific microbiome holds potential as a biomarker or as a new target for anti-tumor therapy.



Conclusion

This study revealed that tumor microbial diversity was decreased in yCRC, and the genus Actinomyces was an important constituent of the yCRC microbiota. Actinomyces in CRC reside in CAFs and co-occur with various pro-tumor microbial taxa, including Bacteroidia, Gammaproteobacteria, and Pseudomonas. Actinomyces induces activation of the TLR2/NF-κB and TLR4/NF-κB pathways to promote inflammation and suppress anti-tumor responses by inhibiting the infiltration of CD8+ T lymphocytes (Figure 7).




Figure 7 | The schematic shows that Actinomyces in CRC resided in CAFs and co-occurred with various pro-tumor microbiota, including Bacteroidia, Gammaproteobacteria, and Pseudomonas. Actinomyces is recognized by TLR2 in neutrophils and macrophages and activates the downstream NF-κB pathway to regulate inflammation. Simultaneously, Actinomyces suppresses immune responses by inhibiting the infiltration of CD8+ T lymphocytes.
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Background

The prognosis for colon adenocarcinoma (COAD) today remains poor. Changes in mitochondria-related genes and metabolic reprogramming are related to tumor growth, metastasis, and immune evasion and are key factors in tumor genesis and development.



Methods

TCGA database was used to analyze the differentially expressed mitochondrial energy metabolism pathway-related genes (MMRGs) in COAD patients, and the mutation of MMRG in tumor cells, the biological processes involved, and the correlation with tumor immunity were also analyzed. Then, MMRG and MMRG-related genes were used to divide COAD patients into different subtypes, and immunocorrelation analysis and survival analysis were performed. Finally, univariate regression analysis and LASSO regression analysis were used to construct a prognostic risk model for COAD patients, which was verified by the GEO database and evaluated by Kaplan–Meier (K-M) and receiver operating characteristic (ROC) curves, and the correlation between the risk model and immunity and clinical subtypes based on MMRG was analyzed.



Results

In this study, the MMRG patterns and tumor immune microenvironment characteristics in COAD patients were systematically evaluated by clustering the expression of 188 MMRGs. We identified two subtypes of COAD with different clinical and immunological characteristics. Eight of the 28 differentially expressed MMRG genes were used to construct risk scores. ROC and K-M curves suggested that the risk model could well predict the prognosis of COAD patients, and the risk model was related to immune cell infiltration and immune function.



Conclusions

The two COAD subtypes identified by MMRG are helpful for the clinical differentiation of patients with different prognoses and tumor progressions, and the risk score can assist the clinical evaluation of patient prognosis. Our results suggest that CPT2 contributes to the recruitment and regulation of neutrophils in COAD. CPT2 may act as a valuable biomarker for COAD immunotherapy.
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Introduction

High incidence and mortality rates have made colorectal cancer a major public health problem (1, 2). Colon adenocarcinoma (COAD) is the most common pathological type of colorectal cancer (3). Recently, the onset age of COAD has been becoming younger and more aggressive, which makes the treatment of COAD confronted with more severe challenges (4). Metabolic reprogramming in COAD can drive tumor progression and influence tumor metastasis (5). Many tumors maintain survival in an environment of nutrient scarcity and oxidative stress by enhancing glycolysis and promoting changes in mitochondrial metabolism (6, 7). Therefore, cellular metabolic pathways, especially mitochondrial metabolism, not only affect the occurrence and development of colorectal cancer but also are potential targets for tumor therapy.

The mitochondria provide most of the biological energy for the activities of organisms and are important production sites of catabolism of organisms, as well as key regulatory factors of cell proliferation and apoptosis (8). Mitochondrial dysfunction is closely related to many congenital diseases, inflammation, and tumors (9, 10). In tumors, mitochondria are key factors in tumor progression. They not only provide ATP for tumors but also produce reactive oxygen species that promote the accumulation of oncogenic DNA (11, 12). In terms of tumor metastasis, mitochondrial metabolites can promote the epithelial–mesenchymal transformation (EMT) of tumor cells, thus enhancing the invasion ability of cancer cells (13–15). In the aspect of malignant transformation, mitochondrial outer membrane permeability or mitochondrial permeability transformation is necessary for the early survival of cancer cells (16, 17). In the aspect of tumor immunity, mitochondria participate not only in the activation of inflammasome but also in the differentiation of memory immune cells and macrophages and the activation of antitumor activity (18–21). This indicates that mitochondria play an important role in tumor, and mitochondria, as the production site of energy metabolism, affect the process of mitochondrial energy metabolism by changing mitochondrial genes and metabolic patterns. Therefore, abnormal mitochondrial energy metabolism pathway-related genes (MMRGs) may lead to abnormal energy production, thus affecting the occurrence and development of COAD.

In this study, we systematically analyzed 188 MMRGs in colorectal adenocarcinoma, including their expression levels, mutations, participating biological functions, and correlation with the tumor immune microenvironment using The Cancer Genome Atlas (TCGA) database. In addition, the 188 MMRGs were used to identify two COAD subtypes with different clinical and immune characteristics and were used to construct a prognostic risk score model which was verified by the Gene Expression Omnibus (GEO) database. COAD subtypes differentiated based on MMRGs can distinguish patients with different clinical prognoses effectively, and the risk model can well predict the prognosis of patients with COAD. Furthermore, we initially validated our findings in clinical specimens and explored the immunocorrelation of the identified member CPT2 in colon cancer-derived cell lines.



Materials and methods


Data collection

The mRNA expression data, mutant maf data, and clinical information of COAD patients were downloaded from TCGA database (https://portal.gdc.cancer.gov/repository) and GEO database (http://www.ncbi.nlm.nih.gov/geo/). These data contain 437 samples (39 normal tissue, 398 COAD tissues) in TCGA and 579 cases in GSE39582. The GEO samples were analyzed by the Affymetrix Human Genome U133 Plus 2.0 Array platform. All cases from TCGA or GEO database that miss the information were excluded from analysis. The clinical characters of patients (age, gender, stage, T stage, N stage, M stage) were recorded. Unknown clinical characteristics were deleted.



Differential expression gene and gene mutation analysis

The summary and collection of complete MMRGs refer to the research of Ye et al. (22). The R-package limma was used to analyze MMRGs that were differentially expressed in normal and tumor tissues and to map the genes used to build risk models in the volcano map. R package maftools was used to visually analyze the mutation frequency of patients’ mutated genes. FDR value ≤0.05 and | log2 fold change | ≥1 were used as cutoff values to analyze differentially expressed genes.



Gene set enrichment analysis

GSEA software (version 3.0) was used to analyze the gene set enrichment, and the samples can be divided into normal tissue and tumor tissue groups. c5.go.bp.v7.4.symbols.gmt was used as the database to evaluate the biological processes involved in normal and tumor tissues of the 188 MMRGs in COAD patients. Based on gene expression profile and phenotypic grouping, the minimum gene set was set as 5, and the maximum gene set was set as 5,000. The p value <0.05 was considered statistically significant.



Protein–protein interaction network

The STRING database (https://string-db.org/) is set for searching online for known protein interoperability relationships. We used this database to analyze and predict the functional relationship among MMRGs, and the cytoHubba plugin in the software of Cytoscape (version 3.8.1) was used to show the correlation between MMRG in our risk model and other MMRGs.



Correlation analysis of immune cell infiltration and immune function

The “GSVA” R package was utilized to conduct the ssGSEA to calculate the scores of infiltrating immune cells and to evaluate the activity of immune-related pathways. Then, the correlation between the expression level of differentially expressed MMRGs and immune cells as well as immune function was analyzed. Meanwhile, in the subsequent tumor classification and tumor risk model, the differences in immune cell infiltration and immune function between different tumor types and different risk groups was analyzed. We reexamined the association between CPT2 expression and common immune cell abundance using the Tumor Immune Estimation Resource (TIMER 2.0).



Unsupervised clustering for MMRG

Unsupervised clustering methods were used to identify different MMRG patterns and classify patients for further analysis. A total of 188 MMRG genes were used to conduct the unsupervised clustering. A consensus clustering algorithm was performed using the R package ConsensusClusterPlus.



Risk model construction

The correlation between 28 differentially expressed genes and prognosis was analyzed by univariate Cox regression. In order not to omit genes that can be used to build the model, we set the p value to 0.2. Then, LASSO cox regression analysis was performed using the R package to construct the risk model. Each COAD patient risk score was calculated by this model and used to divide patients into two groups (low-risk and high-risk groups) by the value which was determined by the software of X-tile (23). The receiver operating characteristic (ROC) and Kaplan–Meier (K-M) curves were used to evaluate the prognostic ability of the risk model. GSE39582 was regarded as the validation set to verify the predictive ability of the prognostic risk model based on TCGA database.



Survival prognosis and clinical stage analysis

The overall survival (OS) survival map data and pathological stage plot for MMRGs in colorectal adenocarcinoma in TCGA database were obtained via the GEPIA2 online website.



Human neutrophil isolation

An alternative method for the isolation of neutrophils using a discontinuous density gradient composed of two solutions of a radiopaque medium of differential density (Histopaque-1077 and -1119) is commercially available from Sigma. Following the manufacturer’s procedure, neutrophils can be enriched from human peripheral blood. In the next step, the erythrocytes were lysed with a hemolytic solution for 10′ (93.00 g/l NH4Cl, 10.00 g/l KHCO3, and 0.40 g/l EDTA, pH 7.2). The neutrophil pellet, free of erythrocyte debris after a 300 g centrifugation of 10′, was washed two times with HBSS and centrifuged twice at 300 g for 10′ each time. A new neutrophil pellet was obtained after removing the HBSS washing solution.



Cell line culture

Human CRC cell line RKO was acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA) and was routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM; Meilun, China) supplemented with 10% fetal bovine serum (FBS; Gibco) and 100 U/ml penicillin and 100 μg/ml streptomycin (Meilun, China).



Transient transfection

Small interfering RNA for CP2 (si-CPT2, 150 nM) was transfected into RKO and SW480 to knock down CPT2. si-CPT2 was designed and produced by GeneChem (Shanghai, China). Cell transfection was performed by using Lipofectamine® 2000 (Invitrogen) at indicated times.



Validation in a tissue microarray using immunohistochemistry

A total of 61 patients with colon cancer were pathologically diagnosed at Ruijin Hospital Affiliated to Shanghai Jiaotong University from October 2012 to January 2016. The patients were informed of the study and signed informed consent forms. Furthermore, the study was approved by the ethics committee of Ruijin Hospital. Tissue microarray analysis was performed as described previously, immunostained with primary antibodies against CPT2 (ProteinTech, 26555-1-AP) and MPO (ProteinTech, 66177-1-Ig) overnight at approximately 4°C, and subsequently incubated with a goat anti-rabbit secondary antibody (Servicebio Technology, Wuhan, China) for 30 min at approximately 20°C. Immunohistochemistry (IHC) results were scored as previously described. CPT2 was scored on a sliding scale according to the percentage of positive cells (0 = 0%, 1 = 1%–20%, 2 = 21%–50%, 3 = 51%–80%, 4 = 81%–100%) and the staining intensity (0 = negative, 1 = weak, 2 = moderate, 3 = strong). The two scores were multiplied to generate an immunoreactive score (IRS) ranging from 0 to 12, and neutrophil infiltration was scored according to the percentage of infiltration (%).



RNA isolation and real-time PCR

Real-time reverse transcription–PCR was performed as described previously. The primers used for quantitative PCR were as follows: CPT2, 5′-CATACAAGCTACATTTCGGGACC-3′ forward and 5′-AGCCCGGAGTGTCTTCAGAA-3′ reverse GAPDH, 5′-GAAATCCCAT CACCATCTTCCAGG-3′ forward and 5′-GAGCCCCAGCCTTCTCCATG-3′ reverse. All PCR experiments were performed in triplicate.



Transwell migration assay

Neutrophil migration was measured in a Transwell chamber (3 μm, Corning Costar, USA). Neutrophils (5 × 105 cells) were added to the upper chamber, and the supernatant of CRC cells was added to the lower chamber. After 2 h of incubation, the number of neutrophils located in the lower chamber was counted.



Flow cytometry

The apoptosis rate of neutrophil cells was determined by flow cytometry using a dead cell apoptosis kit with Annexin V and 7-AAD (BD Biosciences). Briefly, 200 μl binding buffer containing 5 μl Annexin V and 7 μl 7AAD was added to the samples for 1 h in the dark. The stained cells were analyzed using FACSCalibur™ flow cytometry (BD Biosciences, San Jose, CA, USA) and CellQuest software.



Statistical analysis

R version 4.0.5 and Perl version 5.28 were used to perform statistical analysis. Excel office 2019 was used to organize data from TCGA and GEO databases. Except that the p-value <0.2 was set as the condition for screening prognostic genes in univariate Cox regression analysis, the p-value <0.05 was used as the significant condition for others without special explanation.




Results


Differentially expressed genes

A total of 28 MMRGs were differentially expressed in normal and tumor tissues in patients with COAD. Of these, 16 genes (ADH1B, ADH1A, ADH1C, ACADS, PPARGC1A, ACADL, ACAA2, ACOX1, CPT2, ECI2, ADH6, ACADM, ACAT1, EHHADH, PPARGC1B, CPT1A) were downregulated in tumors and 12 (PPAN, ACSBG2, ACSL4, PPA1, PPAT, ALDH7A1P1, ALDH4A1, CYP4A22-AS1, ACSL3-AS1, PPATP1, ALDH3B2, ACSL6) were upregulated in tumors. The volcano diagram in Figure 1A visually shows the expression of differentially expressed genes.




Figure 1 | Expression and biological processes of the MMRG gene. (A) Volcanic map of MMRG gene expression in COAD; green represents downregulation in tumors, red represents upregulation in tumors. (B, C) The biological processes of MMRG, which were activated in normal tissue on the left and tumor tissue on the right. MMRGs, mitochondrial energy metabolism pathway-related genes; COAD, colon adenocarcinoma.





Gene function, mutation, and PPI analysis of MMRGs

Results of biological process analysis (Figures 1B, C) showed that 188 MMRGs were mainly involved in lipid metabolism in normal tissues and were mainly involved in ATP energy generation-related pathways (such as oxidative phosphorylation) in tumor tissues. These results suggest changes in mitochondrial energy metabolism in COAD. In Figure 2A, gene mutation analysis frequency showed that the MMRG mutation frequency was high in COAD, with the highest frequency reaching 17.8%. The mutation frequency of the top 15 genes with the highest mutation frequency was not less than 10%. The protein–protein interaction (PPI) network shows (Figure 2B) that MMRGs have a wide range of protein interactions, and the proteins of MMRGs form a complex network that jointly participates in the process of mitochondrial energy metabolism, thus affecting the transformation of energy metabolism model in tumor and promoting tumor progression.




Figure 2 | Map of MMRG gene mutation and protein interaction in COAD. (A) The first 15 MMRGs mutated in COAD. (B) MMRG protein interaction diagram; the darker the red, the more critical the protein is.





Immunocorrelation of MMRG in colorectal adenocarcinoma

To understand the value of MMRGs in tumor immunity, we analyzed the correlation of 28 differentially expressed MMRGs with tumor immune cell infiltration and immune function. The analysis results indicated (Figures 3A, B) that the expression levels of most MMRGs were correlated with various immune cell infiltrates in the tumor immune microenvironment, as well as with various immune function processes. These results suggested that MMRGs may be involved in the process of tumor immune invasion.




Figure 3 | Correlation between differentially expressed MMRGs and immune characteristics. (A) Correlation between differentially expressed MMRGs and tumor immune cell infiltration; red is positive, blue is negative. (B) Correlation between differentially expressed MMRGs and tumor immune function, red is positive, blue is negative. *p < 0.05; **p < 0.01.





Clinical typing by MMRGs in TCGA COAD patients

In order to understand the relationship between MMRG and the COAD subtype, consensus clustering analysis was used to analyze the patients from TCGA database. As the clustering variable (k) increased (from 2 to 10), intragroup connections were the highest and intergroup connections were the lowest when k = 2 (Figure 4A), indicating that the COAD patients could be well divided into two subtypes. The results of survival analysis suggested (Figure 4B) that there were differences in the survival of the two COAD subtypes based on 188 MMRG genes. The prognosis of subtype C2 is worse than that of C1. A clinically relevant heat map (Figure 4C) showed that the expression of most MMRGs decreased in the C2 subtype, and there were differences in N, M, and TNM staging between the two COAD subtypes. These results suggest that COAD typing based on MMRG can well distinguish the prognosis of COAD patients, and this typing reflects the differences in lymph node metastasis, distant metastasis, and TNM stage of patients.




Figure 4 | Tumor classification based on the MMRGs. (A) COAD patients were grouped into two clusters according to the consensus clustering matrix (k = 2). (B) Kaplan–Meier curves for the two clusters. (C) Heatmap for the expression of MMRGs and clinical features between two clusters; red represents high expression, and blue represents low expression.





Differential immune characteristics of MMRG patterns

In order to understand the functions and signaling pathways of differentially expressed genes among COAD subtypes, 633 differentially expressed genes (p < 0.05, |log2 fold change| ≥1) among COAD subtypes were analyzed. Gene Ontology (GO) analysis results showed (Figure 5A) that genes differentially expressed between the two subtypes were involved in extracellular matrix organization, extracellular structure organization, collagen fibril organization and other biological processes (BP), collagen-containing extracellular matrix, collagen trimer and other cellular component (CC), extracellular matrix structural constituent, glycosaminoglycan binding, and other molecular function (MF). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis is exhibited in Figure 5B. Figures 5C, D showed differences in immune cell infiltration and immune function involvement among subtypes, and the results showed that B cells, immature dendritic cells (iDCs), macrophages, mast cells, neutrophils, T helper cells, tumor infiltrating lymphocytes (TIL), and Treg cells in C2 showed higher levels of infiltration compared with C1. In addition, type C2 showed a higher type II IFN response. These results suggest that there are differences in immune infiltration among patients of this classification, which may provide guidance for immunotherapy.




Figure 5 | Differential immune characteristics of MMRG patterns C1 and C2. (A) GO bar graph for genes in BP, CC, and MF. (B) Bubble graph of the top five KEGG pathways with the most enriched genes; the vertical axis refers to the names of the pathway, and the horizontal axis refers to the number of genes. (C) Relative infiltration of 16 types of immune cells in MMRG clusters C1 and C2. (D) Relative enrichment score of 13 immune-related functions in MMRG clusters C1 and C2. GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes.  *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





The clinical and transcriptomic characteristics of MMRG-related gene clusters

The heatmap of the 633 gene expressions is shown in Supplementary Figure 1. Most of the genes were upregulated in C2 type. According to the above analysis results, these genes are mainly responsible for extracellular matrix remodeling and biological processes. In order to further explore the heterogeneity of COAD under different MMRG modes, unsupervised cluster analysis was performed on patients according to the 633 differentially expressed genes, and COAD patients were further divided into two subtypes (Figure 6A). The results of survival analysis (Figure 6B) showed that there were survival differences between two subtypes, and the prognosis of the C3 subtype was worse than that of the C4 subtype. The difference in immune cell infiltration and immune function between C3 and C4 subtypes is shown in Figures 6C, D.




Figure 6 | Tumor classification based on the MMRG-related gene. (A) COAD patients were grouped into two clusters according to the consensus clustering matrix (k = 2). (B) Kaplan–Meier curves for the two clusters. (C) Relative infiltration of 16 types of immune cells in MMRG-related gene clusters C3 and C4. (D) Relative enrichment score of 13 immune-related functions in MMRG-related gene clusters C3 and C4. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





Risk model construction

Univariate cox regression was used to analyze the correlation between 28 differentially expressed MMRGs and their prognosis. In order not to omit genes that could be used to build risk models, the p value was set to 0.2, and a total of 10 genes were screened out (Supplementary Figure 2A). LASSO Cox regression analysis was then used to further screen the genes used to build the model and build the risk model. A total of eight genes were used to build the risk model (Supplementary Figure 2B). The risk scoring formula is as follows:

	

The risk score of COAD patients in TCGA and GEO databases was calculated according to the risk model, and the patients were divided into high-risk and low-risk groups according to the cutoff value of -4.88 determined by X-tile. The survival analysis showed that the survival of patients in the high-risk group was worse than that in the low-risk group (Figures 7A, B). The ROC and principal component analysis (PCA) analysis results of the risk model constructed by using TCGA data are shown in Supplementary Figures 2C, D, suggesting that the risk model could predict the prognosis of COAD patients and distinguish COAD patients with different risks well. Analysis of the correlation between COAD typing and risk model constructed by MMRG and MMRG-related genes showed that the risk score of the C2 and C3 COAD subtypes was higher than that of C1 and C4, which was consistent with the poor prognosis of C2 and C3 (Figures 7C, D). These results suggest that our risk model can distinguish patients with different risks and provide reference for clinical prognosis prediction of patients.




Figure 7 | Survival analysis of risk models and correlation with COAD subtypes. (A) Analysis of survival differences between high-risk and low-risk COAD patients in TCGA database. (B) Analysis of survival differences between high-risk and low-risk COAD patients in GSE39582. (C) The correlation of risk score with the MMRG pattern. (D) The correlation of risk score with the MMRG-related gene pattern.





Correlation between risk model and immunity

As shown in Supplementary Figures 3A, B, tumor tissue infiltration levels of aDCs, CD8+ T cells, macrophages, T helper cells, Tfh, Th2 cells, and TIL were higher in high-risk patients with COAD in TCGA than in low-risk patients. In COAD patients with GEO, the infiltration levels of aDCs, B cells, CD8+ T cells, DCs, macrophages, neutrophils, T helper cells, Tfh, Th2 cells, and TIL in tumor tissues of high-risk patients were higher than those of low-risk patients, suggesting that our risk model could reflect the immune infiltration of patients. In addition, Supplementary Figures 3C, D respectively show the relationship between different risk patients and immune function in TCGA and GEO, and the results suggest that high-risk patients are related to the activation of multiple immune functions. These results suggest that our risk model is associated with immune cell infiltration and immune function, suggesting that MMRG was associated with tumor immunity.



Correlation of CPT2 expression and tumor immune infiltration in clinical specimens

To identify the correlations between MMRGs and clinical parameters, we investigated the association between the expression levels of the 28 differentially expressed genes (DEGs) and their prognosis and clinical staging. We found that the expression levels of four DEGs, namely, ACAA2 (p < 0.05), ADH6 (p < 0.05), CPT2 (p < 0.01), and PPARGC1A (p < 0.01), had survival significance (Figure 8A; Supplementary Figure 4). Among the four DEGs, only ADH6 (p < 0.01) and CPT2 (p < 0.01) were negatively related to the clinical stage and met statistical significance (Figure 8B; Supplementary Figure 5). Therefore, we chose ADH6 and CPT2 as potential targets for further study.




Figure 8 | Correlation of CPT2 expression and immune infiltration in human specimens. (A, B) Correlation of CPT2 expression with Kaplan–Meier curves and clinical stages in COAD patients. (C) Relative mRNA expression of CPT2 in 28 paired human specimens, N normal vs. T tumor. (D) Representative multiplexed IHC image of tissue area (2 mm × 1.5 mm) with an enlarged image for COAD human specimens, showing staining of CPT2 (brown) and MPO (red). (E) Spearman correlation analyses suggested that the expression of CPT2 negatively correlated with that of MPO (Spearman r = −0.42, p < 0.01). Scale bars are 20 and 200 μm in (D).



As shown in Figure 3A, we revealed that CPT2 was significantly correlated with immune infiltration, including neutrophils (p < 0.05) and NK cells (p < 0.01). Correlation analyses using data from the TIMER2 database showed that CPT2 was correlated with the infiltration levels of CD8+ T cells (r = 0.262, p < 0.001), CD4+ T cells (r = 0.111, p < 0.05), and neutrophils (r = 0.174, p < 0.001) (Supplementary Figure 6). We used 28 colorectal cancer and paired adjacent normal tissues and found that CPT2 expression was downregulated in tumor (p = 0.0027) (Figure 8C). To evaluate the correlation of CPT2 and neutrophil infiltration in human CRC tissues, we performed immunohistochemical staining for CPT2 and MPO on tissue microarrays. A representative picture is shown in Figure 8D. However, Spearman correlation analyses suggested that the expression of CPT2 negatively correlated with MPO (Spearman r = −0.42, p < 0.01), which is contrary to the results of bioinformatics (Figure 8E).



CPT2 modulates migration and apoptosis of neutrophils

The role of CPT2 in the accumulation of neutrophils was tested by assessing whether the conditioned medium (CM) from CRC cells with different expressions of CPT2 could alter neutrophil apoptosis or migration in vitro. The knockdown efficiency of small interfering RNA was detected by RT-qPCR (Supplementary Figure 7). There was increased neutrophil migration and deduced neutrophil apoptosis toward the CM derived from si-CPT2 cells (Figures 9A, B). Together, these findings are consistent with the conclusion that CPT2 is a key mediator of neutrophil recruitment in CRC.




Figure 9 | CPT2 modulates migration and apoptosis of neutrophils. (A) Migration of neutrophils toward CM from CPT2-si and CPT2-nc RKO cells was evaluated using in vitro Transwell migration assay in triplicate (one-way ANOVA test). (B) Tumor cell-derived conditioned medium from RKO cells with different expressions of CPT2 alter neutrophil survival. Data are presented as means ± SEM. **p < 0.01; ***p < 0.001.






Discussion

Analysis of the MMRGs in the COAD, suggested that they were involved in different processes and associated with tumor immunity. By using differentially expressed genes, COAD patients could be divided into two subtypes, and the risk model could well predict the prognosis of patients. All these imply that MMRGs have potential clinical value in predicting patients' prognoses as well as guiding relevant immunotherapy.

Mitochondria are the main energy providers of the body and are involved in many biological processes, including cell homeostasis, energy growth, and apoptosis. The catabolism process of glucose, fatty acids, and amino acids is ultimately completed in the mitochondria of the cell. Abnormal mitochondrial genes and changes in mitochondrial metabolic pathways can affect the expression of cancer-related genes in vivo, thus promoting tumor development and immune escape (24). Shi et al. found that mitochondrial dysfunction can enhance the resistance of COAD to radiotherapy, thus promoting tumor progression (25). Cheng et al. found that metastatic COAD can change the mitochondrial metabolic pattern to enable tumor survival under low energy conditions, thus supporting tumor growth (26). Oxidative phosphorylation of mitochondria has become an important field of tumor therapy (27, 28). COAD stem cells maintain their survival by oxidative phosphorylation and glycolysis and promote tumor cell resistance to 5-Fu and antimycin A through oxidative phosphorylation (29). In addition, inhibition of oxidative phosphorylation enhances the sensitivity of COAD tumor cells to drug therapy (30). We used MMRGs to divide COAD into two subtypes, and the prognosis of patients with different MMRG subtypes was different. Meanwhile, the risk model constructed using MMRGs can well predict the prognosis of patients. These results suggest that mitochondrial dysfunction and changes in energy metabolism are important features of cancer, especially COAD, as well as important biological targets for COAD treatment, and patients’ mitochondrial metabolism patterns affect their clinical prognosis.

Most of the genes associated with mitochondrial energy metabolism used to construct risk models were involved in the growth and progression of multiple tumors. In melanoma, ACOX1-mediated fatty acid oxidation is involved in tumor resistance to BRAF/MEK inhibitors (31). In oral squamous cell carcinoma, ACOX1 boosts tumor cell viability (32). In COAD, downregulation of CPT2 promotes tumor resistance to oxaliplatin, while in ovarian cancer, downregulation of CPT2 promotes tumor growth and metastasis (33, 34). ADH6 is downregulated in hepatocellular carcinoma and is an important prognostic marker of pancreatic cancer (35, 36). PPARGC1A can promote tumor metastasis by promoting oxidative phosphorylation, while PPARGC1B can promote the proliferation of HER2-overexpressed breast cancer cells (37, 38). ACADL can inhibit the proliferation of hepatocellular carcinoma tumor cells through Hippo/YAP signaling (39). ALDH4A1 is downregulated in lung cancer and is an important biomarker for differentiating lung cancer tumor tissue from normal tissue (22). These studies indicated that the genes used to construct risk models were associated with tumors, and therefore, our risk model was a tumor-associated risk model.

The tumor immune microenvironment plays an important role in tumor immunotherapy (40). Infiltration of specific subsets of functional immune cells within the tumor can influence the prognosis and risk of postoperative recurrence in patients with COAD (41). Mitochondria can influence immune monitoring through internal and external mechanisms of cancer cells (11). In addition, immune cells in the tumor microenvironment can also influence the changes of mitochondrial metabolic patterns in the tumor, thus stimulating the growth of cancer cells and inhibiting cell apoptosis (42). In our study, we found that MMRG was associated with infiltration of various immune cells and immune function. MMRG-based COAD typing and related risk models were found to be correlated with tumor immunity in immune correlation analysis. Therefore, MMRG not only participates in the construction of energy metabolism mode of tumor cells, enabling tumor cells to survive in the environment of oxidative stress and nutrient deficiency, but also participates in the process of immunity in tumor tissues and further promotes tumor progress through the interaction between tumor cells and immune cells.

Our study showed that MMRG-based COAD patient typing could well distinguish patients with different prognoses, and the MMRG-based risk model could well predict the clinical prognosis of patients. CPT2 exhibited potential clinical predictive and prognostic value based on a series of bioinformatic analyses. We primarily reveal that CPT2 was related to tumor immune infiltration and may act as a valuable biomarker for COAD immunotherapy. However, there are still two shortcomings. Firstly, a large number of clinical samples are still required to further validate the clinical value of typing and risk models. Secondly, insights into the molecular mechanisms of CPT2 in tumorigenesis should be elucidated by further laboratory work.



Conclusions

Using TCGA database, we found 28 differentially expressed MMRGs and found 188 MMRGs involved in different biological processes in normal colon and tumor tissues. In addition, MMRG-based clinical subtype analysis was able to distinguish COAD patients with different clinical outcomes, while the associated risk model was able to predict the prognosis of patients with COAD. Finally, we found that not only the MMRG gene but also clinical classification and risk model based on MMRG were correlated with tumor tissue immune cell infiltration and related immune function of tumor patients. We preliminarily recognize CPT2 as a potential tumor-suppressor gene and is associated with a state of neutrophil infiltration.
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Background

The clinical outcomes are not always favorable in certain thyroid cancer patients. The effect of Forkhead-box family on immune cells infiltration and tumor microenvironment in thyroid cancer was explored. The role of FOXP2 in tumor invasion and recurrence was investigated consequently.



Methods

TIMER and GEPIA were firstly employed to compare FOXPs expression in normal and cancer tissues from multiple human cancers. The results from database were confirmed by quantitative Real Time-PCR and Western blot in matched thyroid cancer and adjacent normal tissues, in addition to a panel of thyroid cancer cell lines and normal thyroid cell. GEPIA platform was employed to discover the possibility of FOXPs as prognostic indicator. TISIBD and UACLCAN were then employed to estimate the influence of FOXPs on lymph node metastasis and tumor staging. GEPIA analysis was initially employed to analyze correlation of FOXPs and tumor immune infiltrating cells, and TIMER dataset was then included for standardization according to tumor purity.



Result

Different member of FOXPs showed divergence in expression in various cancer tissues. Lower FOXP1, FOXP2 and higher FOXP3, FOXP4 levels could be identified in thyroid cancer tissues when compared with matched normal tissue. There was an inverse correlation between FOXP2, FOXP4 and immune invasion, whereas FOXP1 and FOXP3 were positively correlated. FOXPs showed remarkable correlations with multiply immune cells. More importantly, only FOXP2 showed the significant effect on recurrence and tumor staging.



Conclusion

As immune regulatory factor, the reduction of FOXP2 may affect tumor microenvironments and immune cells infiltration, enhance tumor immune escape, and promote recurrence of thyroid cancer. FOXP2 could be a new potential diagnostic and prognostic marker.





Keywords: FOXP2, thyroid cancer, immune infiltration, clinical prognosis, diagnosis



Introduction

Thyroid cancer (THCA) is the most common type of head and neck cancer, and the incidence is increasing worldwide (1–3). Although the majority of THCA patients have a good clinical prognosis after standardized therapies of surgery, radioactive iodine, and TSH inhibition, the clinical outcomes in certain patients are not always favorable (4, 5). Recent studies have confirmed that infiltration of different types of immune cells might be involved in neoplastic transformation of thyroid cancer, which suggested the role of the immune microenvironment in THCA (6).

Human Forkhead-box (FOX) family comprises diverse tissue and cell type-specific transcription factors with a conserved winged-helix DNA-binding domain (DBD) or forkhead domain, which constituted 19 subfamilies (A-S) (7). As transcriptional factors, FOXs play an important role in biological processes, including metabolism, development, differentiation, proliferation, apoptosis, migration, and invasion (8). Among subfamilies, FOXP, including FOXP1, FOXP2, FOXP3, and FOXP4, is closely associated with the genesis and the development of several malignancies (9). Dysregulation of FOXPs expression as the result of copy number alterations or chromosomal translocation was shown to be involved in development of various malignancies (9–11). Furthermore, FOXP were also shown to be essential for the development and maintenance of immunocyte (12). Therefore, recognizing the role of FOXP in the immune microenvironment and carcinogenesis of THCA will be helpful in the identification of new diagnostic, prognostic markers, and therapeutic interventions (13).

In present study, TIMER and GEPIA databases were employed to analyze the clinical significance of FOXPs. Then, the expression analysis of FOXPs in THCA were performed through multiple bioinformatics tools. The correlation between FOXPs expression and THCA patient prognosis was analyzed using the TCGA data. Evidenced by Western blot and Real Time-PCR were also used for further validation of our discovery. Furthermore, we validate these above outcomes via our own thyroid cancer clinical data. Subsequently, the correlation of immune cell infiltration and THCA were performed by TIMER and GEPIA. These findings demonstrate the potential clinical value of FOXPs in THCA. In particular, FOXP2 shows great potential in the diagnosis and may provide a new treatment strategy for THCA patients.



Material and methods


TIMER

TIMER (Tumor Immune Estimation Resource) is a comprehensive resource to systematically evaluate the clinical impact of different immune infiltrates across diverse cancer types (https://cistrome.Shinyapps.io/timer/). 10897 samples of 32 cancer types were obtained from the TCGA dataset and plotted on the TIMER platform to estimate the richness of immune infiltration. We used TIMER to analyze the expression of FOXPs in different human cancer. And the correlation between the expression of FOXPs and the abundance of immune infiltration. In addition, we also analyzed the marker genes of TIICs (tumor immune infiltrating cells) and studied the correlation between the expression of FOXPs and TIICs marker genes. Combined with the related role of TIICs, our selected TIICs markers include CD8+ T cells, T cells (general), B cells, monocytes, TAMs, M1 macrophages, M2 macrophages, neutrophils, natural killer (NK) cells, dendritic cells (DCs), T-helper 1 (Th1) cells, T-helper 2 (Th2) cells, follicular helper T (Tfh) cells, T-helper 17 (Th17) cells, Tregs, and exhausted T cells.



GEPIA

GEPIA (Gene Expression Profiling Interactive Analysis), is a way of RNA sequencing analysis. We used GEPIA to analyze the expression difference between THCA and normal tissues. GEPIA was used to analyze the relationship between the expressions of FOXPs and the survival rate of THCA. Meanwhile gene markers of TIICs were analyzed to investigate the correlation between FOXPs expression and gene markers of TIICs via correlation modules.



Cell culture and patient samples

Human thyroid cancer cell lines CAL-62, KHM-5M, BHT-101, B-CPAP, and normal thyroid cell lines Nthy-ori-3-1 were purchased from the China Center for Type Culture Collection (CCTCC, China). The CAL-62 and BHT-101 cells were cultured in DMEM medium supplemented with 10% and 20% fetal bovine serum (Gibco, USA) at 37°C in 5% CO2, respectively. KHM-5M, B-CPAP and Nthy-ori-3-1 were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco, USA) at 37°C in 5% CO2. A total 15 of DTC patients who underwent radical thyroidectomy in Ruijin Hospital of Shanghai Jiaotong University Medical College and were confirmed as DTC by postoperative histopathological examination were included in this study. All samples were obtained with the patients’ informed consent, and the samples were histologically confirmed by at least 2 pathologists independently in a double-blinded fashion.



RNA extraction and quantitative Real Time-PCR

Total RNA was isolated from fresh DTC tissues using TRIzol reagent (15596018, Invitrogen, USA) and then reverse transcribed into cDNA with gDNA Eraser using the HiScript III RT SuperMix (Vazyme, China) according to the manufacturer’s instructions. Quantitative PCR experiments were performed using ChamQ SYBR Color qPCR Master Mix (Vazyme, China). Briefly, this procedure included 60s of preincubation at 95°C and 40 cycles of denaturation at 95°C for 5s, annealing at 60°C for 15s, and extension at 72°C for 45s. The data was calculated using 2-ΔΔCt method.



Western blotting

Western blotting was performed as previously described (14). Briefly, cells were solubilized in SDS-Sample Buffer containing 5% 2-Mercaptoethanol in the presence of ProtLytic Protease and Phosphatase Inhibitor Cocktail (New Cell & Molecular Biotech, China), 30-50 μg protein was separated by 10% or 12.5% SDS-PAGE gel and transferred to PVDF membranes. The membranes were blocked with 5% bovine serum albumin (BSA) for 2h and then were incubated at 4°C overnight with primary antibodies. The antibodies used in this study included anti-FoxP2 (Cell Signaling Technology, 5337), and anti-GAPDH (abcam, ab8245). Membranes were then incubated with secondary antibody [HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+L) (Proteintech, SA00001-1), HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H+L) (Proteintech, SA00001-2)] for 2h at room temperature and visualized using an enhanced chemiluminescence detection system (Tanon, China) according to the manufacturer’s instructions. GAPDH was used as the internal control. Three independent experiments were conducted at the same conditions.



Kaplan-meier plotter

We used the Kaplan–Meier survival curve drawing website based on the TCGA database (http://kmplot.com/analysis/) to explore the relationship between the expression of FOXPs and the disease-free survival rate of THCA.



UALCAN and TISIDB

An easy-to-use interactive portal for in-depth analysis of TCGA gene expression data. UALCAN (http://ualcan.path.uab.edu/index.html) uses TCGA Level 3 RNA-seq and clinical data from 31 cancer types. We used this database to analyze the relationship between FOXPs expression and lymph node metastasis. TISIDB is a comprehensive repository portal for tumor-immune system interactions. We used it to determine the Spearman correlations between FOXPs expression and 28 type of TIICs across human cancers.



Statistical analysis

Data are expressed as the means ± SD. Analysis of variance (ANOVA) and Student’s t-test were chosen for comparison among groups. The Mann-Whitney U-test was applied in tumor volume’s comparison. Categorical data were evaluated with the chi-square test or Fisher’s exact test. P-values less than 0.05 were considered significant. Statistical analyses were processed using SPSS 22.0 (IBM, USA).




Result


Expression of FOXPs in different human cancers

To explore the role of FOXP1, FOXP2, FOXP3, and FOXP4 in different human cancers, TIMER and GEPIA were firstly employed to compare expression difference between normal and cancer tissues. Besides expression gap between cancer and normal tissues noticed in Figures 1A–D, different member of FOXPs showed divergence in expression in various cancer tissues. In a number of cancer types, including THCA, we observed that lower FOXP1, FOXP2 and higher FOXP3, FOXP4 levels in cancer tissues when compared with matched normal tissue. GEPIA database also confirmed this result that FOXP1 and FOXP2 were notably decreased in THCA, while FOXP3 and FOXP4 could be readily detected in THCA (Figures 1E–G).




Figure 1 | Expression of FOXPs in different human cancers. (A) Expression of FOXP1 in different tumor types in TCGA database was detected by TIMER. (B) Expression of FOXP2 in different tumor types in TCGA database was detected by TIMER. (C) Expression of FOXP3 in different tumor types in TCGA database was detected by TIMER. (D) Expression of FOXP4 in different tumor types in TCGA database was detected by TIMER. E, GEPIA was used to verify the difference of FOXP1 expression between thyroid cancer tissues and normal thyroid tissues in TCGA database. (F) GEPIA was used to verify the difference of FOXP2 expression between thyroid cancer tissues and normal thyroid tissues in TCGA database. (G) GEPIA was used to verify the difference of FOXP3 expression between thyroid cancer tissues and normal thyroid tissues in TCGA database. (H) GEPIA was used to verify the difference of FOXP4 expression between thyroid cancer tissues and normal thyroid tissues in TCGA database. *p < 0.05; **p < 0.01; ***p < 0.001.





Expression of FOXP2 in THCA

Evidenced by quantitative Real Time-PCR, only FOXP2 mRNA showed the significantly down-regulation in tumor in 15 matched DTC and adjacent normal tissues (Figure 2A). The other members failed to demonstrate remarkable differences. In protein level, significant low expression of FOXP2 in DTC tissues was verified by Western blot in clinical samples (Figure 2B). A panel of cell lines including CAL62, BHT-101, KHM-5M, BCPAP and normal thyroid cell Nthy-Ori were also examined. As expected, there was a decrease in FOXP2 protein observed in a majority of THCA cell lines. FOXP2 expression in CAL62 and BCAPAP was significantly decreased, whereas, FOXP2 in BHT-101 and KHM-5M was increased than that in normal thyroid cell line Nthy-Ori.




Figure 2 | Verification of FOXP1, FOXP2, FOXP3, and FOXP4 expressions in THCA by Real Time-PCR and Western blot. (A) The average relative mRNA expression of FOXP1, FOXP2, FOXP3, and FOXP4 by - Real Time -PCR in DTC (tumor vs peritumor) tissues. (B) FOXP2 expression level in 15 paired DTC tissues detected by Western blot. (C) FOXP2 expression level was detected by Western blot in four thyroid cancer and normal thyroid cell lines. Each experiment is representative of three independent experiments. (D) 15 pairs of FOXP2 immunohistochemical staining of DTC and normal tissues, the expression of FOXP2 in cancer tissue was significantly lower than that in adjacent tissue, p=0.029(*) “*” represents comparing with the control.





Prognostic potential of FOXP2 in THCA

GEPIA and Kaplan-Meier Plotter platform were then employed to explore the possibility of FOXPs as prognostic indicator for THCA. Considering the survival rate and long follow-up time, the routine criteria for prognosis determination may not be appropriate for THCA. The ability to estimate the risk of disease recurrence may be a more meaningful outcome than the risk of disease-specific death. Therefore, overall survival (OS) and disease-free survival (DFS) was evaluated here. The results showed that FOXP1, FOXP3, and FOXP4 showed no apparent effects on OS and DFS (Figures 3A–D). As to FOXP2, the lower expression is closely related to the shorter DFS (Figure 3E–H). These results proposed that down-regulation of FOXP2 may be associated with the recurrence of THCA.




Figure 3 | Kaplan-Meier survival curve in THCA based on the expression of FOXPs. (A–D) Expressions of FOXP1, FOXP2, FOXP3, and FOXP4 obtained by GEPIA on the OS survival curve of THCA. (E–H) Expressions of FOXP1, FOXP2, FOXP3, and FOXP4 obtained by GEPIA on the DFS survival curve of THCA. (I–L) Expressions of FOXP1, FOXP2, FOXP3, and FOXP4 obtained by Kaplan-Meier Plotter on the DFS survival curve of THCA.



Furthermore, TISIBD and UACLCAN were employed to explore FOXPs levels on lymph node metastasis and tumor staging. As shown in Figures 4A, B, FOXP2 has a significant influence and the down-regulation of FOXP2 could promote lymph node metastasis. Consequently, FOXP2 is closely related to tumor staging. Thus, the lower expression of FOXP2, the higher the tumor stage.




Figure 4 | The relationship between FOXPs expression and lymph node metastasis and tumor stage. (A) The relationship between FOXPs expression and tumor lymph node metastasis. (B) The relationship between FOXPs expression and tumor stage.





Correlation of FOXPs and TIICs in THCA

TISIBD was employed to analyze the relationship between FOXP1, FOXP2, FOXP3, and FOXP4 and tumor-infiltrating immune cells in 28 kinds of tumor. As shown in Figure 5A, there was an inverse correlation between FOXP2, FOXP4 and immune invasion, whereas FOXP1 and FOXP3 were positively correlated.




Figure 5 | Correlation between the expression of FOXP1, FOXP2, FOXP3, and FOXP4 and the level of immune infiltration in THCA. (A) Expression of FOXPs with TIICs in different cancer types. (B) Expression of FOXP1 was significantly positively correlated with the infiltration level of B cells, macrophages, neutrophils and dendritic cells in THCA, and negatively correlated with CD8+ T cells in THCA. Expression of FOXP2 was significantly positively correlated with the infiltration level of B cells and macrophages in THCA, and negatively correlated with CD8+ T cells in THCA. Expression of FOXP3 was significantly positively correlated with the infiltration level of B cells, CD8+ T cells, macrophages, neutrophils and dendritic cells in THCA. Expression of FOXP4 was significantly positively correlated with the infiltration level of B cells and macrophages in THCA, and negatively correlated with CD8+ T cells in THCA.



TIMER was then included to analyze the relationship between FOXPs expression and the level of immune cell infiltration quantitively. As shown in Figure 5B, the infiltration levels of B cells, CD4+T cells and macrophages were positively correlated with all FOXPs. There was also a significant positive correlation between the infiltration level of neutrophil, dendritic cells and FOXP1, FOXP3. A negative correlation was found between FOXP1, FOXP2, FOXP4 and the infiltration levels of CD8+T cell. In Figure 6, similar relationships between different gene copy numbers of FOXPs and TIICs were also found. These results strongly suggested that FOXPs play a key role in immune cell infiltration in THCA.




Figure 6 | Correlation between FOXP1, FOXP 2, FOXP3, and FOXP4 expression and gene copy number. (A–D) Correlation between the expression levels of FOXP1, FOXP2, FOXP3, and FOXP4 and gene copy number in THCA. A, FOXP1; B, FOXP2; C, FOXP3; D, FOXP4. *p < 0.05; **p < 0.01; ***p < 0.001.





Correlation between expression of FOXPs and immune cell markers sets

Based on the established relationship between FOXPs and TIICs, the involvement of FOXPs was evaluated in different immune cells markers in THCA. GEPIA analysis was initially employed and TIMER dataset was then included for standardization according to tumor purity, which could reveal more reliable results by complement of two databases. As shown in Table 1, 2, the expression of FOXPs was significantly correlated with T cell (general), Monocyte, M1 Macrophage, M2 Macrophage, Dendritic cell, Th1, Th2, Tfh, Th17, and exhaustion T cell in THCA.


Table 1 | Correlation analyses between FOXP1, FOXP2, FOXP3, FOXP4 and relate genes and markers of immune cells in TIMER.




Table 2 | Correlation analyses between FOXP1, FOXP2, FOXP3, FOXP4 and relate genes and markers of immune cells in GEPIA.



After integrating the results from two database, FOXPs showed remarkable correlations with T cells general, CD8 + T cells, Monocytes, Dendritic cells, and exhaustion T cells (Figure 7). In detail, FOXP2 and FOXP4 demonstrated negative correlation with most immune cell markers with positive connection observed in FOXP1 and FOXP3.




Figure 7 | FOXP1, FOXP2, FOXP3, and FOXP4 expression correlated with TIICs. Scatterplots of correlations between FOXPs expression and gene markers of CD8+ T cell, Monocyte, T cell exhaustion, Dendritic cells, and T cell (General).



Dendritic Cell markers HLA-DPQ1, HLA-DQB1, HLA-DRA, HLA-DPA1, NRP1, and ITGAX were negatively correlated with FOXP2 significantly. It suggested that the down-regulation of FOXP2 might affect the infiltration of Dendritic cells in THCA. Moreover, there was also significant negative correlations between FOXP2 and CD86, CD115 of Monocytes, CD68 of TAM, and INOS of M1 macrophage. FOXP2 was inversely correlated with exhaustion T cell markers CTLA4, LAG3 and Treg markers FOXP3, STAT5B. Thus, FOXP2 may be involved in macrophage polarization and affect the regulation of cellular immune process in THCA.

As to FOXP1, the relationship with Dendritic cells was consistent with FOXP2. Immune markers of Th2, including GATA3, STAT6, and STAT5A, were positively correlated with FOXP1 significantly. As an immune marker, FOXP3 did show a close relation to most immune cell markers in Figure 7. Meanwhile, we noticed the higher expression of FOXP4 was connected to the more infiltration of Th2 cells in THCA, which meant FOXP4 might be involved in mediating Th2 invasion. FOXP4 was also positively correlated with STAT5B and TGFB1 in Treg cells. Hence, FOXP4 could facilitate tumor metastasis via upregulating Treg cells and diminishing CD8+T cell cytotoxicity. Taken together, more evidence supported that FOXPs were specifically associated with immune infiltrating of THCA.




Discussion

The evolutionarily conserved family of FOX genes encompasses a large number of transcription factors involved in many developmental and differentiation processes (15, 16). As one of transcription factors, Forkhead box P (FOXP) family consists of FOXP1, FOXP2, FOXP3, and FOXP4 with similar 110 amino acid DNA-binding domain termed winged helix/forkhead domain (17). Many studies have proved FOXPs may be involved in carcinogenesis, cancer growth, tumor progression, migration, and tumor immunization (18). Previous studies suggest that the expression of FOXP factors in most human cancer can directly affect the invasion and growth of tumors, thus affecting the prognosis of patients (19, 20).

The differential expression of FOXPs between cancer and normal tissues was observed in many types of cancers. Interestingly, although FOXPs share extensive sequence similarity and appear to have very similar biological and biochemical effects, the individual family members display distinct patterns of expression and regulation. Overexpression of FOXP1 inhibits proliferation and invasion in Glioma (21). Downregulation of FOXP2 enhances tumor initiation in breast cancers as a putative tumor/metastasis suppressor (22, 23). Also, FOXP2 was downregulated in hepatocellular carcinoma (HCC) tumor tissues with poor overall survival rate and significantly promoted the invasiveness of HCC (24). FOXP3 promotes immune evasion by inhibiting Treg cell markers of cancer immune response (25). FOXP4 gene was closely associated with prostate cancer risk and is suggested a poor prognostic factor in colorectal cancer and osteosarcoma (26, 27). Detailed functional and mechanistic studies have recognized the role of FOXP factors in many cancer types such as breast cancer, osteosarcoma, and prostate cancer (28, 29). In this study, a variety of bioinformatics tools were employed to explore the effect of FOXPs on clinical indicators and immune invasion of THCA. We found that among 4 members, only low expression of FOXP2 is strongly associated with shorter DFS, higher tumor stage, and more lymph node metastases. These findings suggested that FOXPs may be a specific diagnostic and prognostic marker in cancer and targeting FOXP2 may be a potential therapeutic option for THCA.

We have shown that patients with down-regulated FOXP2 have a higher probability of tumor recurrence. Immune cell infiltration has been reported to be closely related to the progression of THCA (30, 31). Considering the possible tumor specificity of FOXPs and the significant impact of FOXP2 on the prognosis of THCA, we focused on the link between FOXP2 level and TIICs. The inseparable associations between immune cell infiltration and FOXP2 expression was firstly identified, including B cells, CD4+ T cells, CD8+ T cells, DCs, and macrophages. Based on the role of Dendritic cells in tumor immunity (32), reduced expression of Dendritic cells by FOXP2 down-regulation may promote the occurrence of tumor immune escape. FOXP2 may also increase the invasiveness of THCA and affect the prognosis by affecting infiltrating Tregs cells, due to the correlation between the invasion of Tregs cells in tumors and the aggressiveness of THCA (33, 34). Exhausted T cells, as a type of functionally limited T cells, can promote tumor development through up-regulated inhibitory receptors (35). FOXP2 expression correlates with genetic markers of exhausted T cells in THCA. Taken together, FOXP2 may promote THCA invasion and recurrence by influencing tumor microenvironment and affecting the associated immune infiltrating cells.

Our findings confirm that the contribution of FOXP2 on TIICS may trigger recurrence of THCA through the effect on Dendritic cells, Treg cells, and exhausted T cells. In this scenario, FOXP2 may be a new potential diagnostic and prognostic marker, and FOXP2 targeting therapy could be a new strategy for THCA.



Conclusions

The present study indicated that FOXP2 was significantly correlated with markers of Dendritic cells, Treg cells and Exhausted T cells in THCA. As immune regulatory factor, the reduction of FOXP2 may affect tumor microenvironments and immune cells infiltration, enhance tumor immune escape, and promote recurrence. Therefore, FOXP2 could be a new potential diagnostic and prognostic marker. FOXP2 targeting therapy may be a promising strategy for THCA.
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Response resistance to the immune checkpoint blockade (ICB) immunotherapy remains a major clinical challenge that may be overcome through the rational combination of ICB and specific targeted therapeutics. One emerging combination strategy is based on sensitizing ICB-refractory tumors with antagonists of 90kD heat shock protein (Hsp90) that target all four isoforms. However, pan-Hsp90 inhibitors are limited by the modest efficacy, on-target and off-tumor toxicities, and induction of the heat shock response (HSR) that overrides the effect of Hsp90 inhibition. Recently, we developed Hsp90β-selective inhibitors that were cytotoxic to cancer cells but did not induce HSR in vitro. Here, we report that the Hsp90β inhibitor NDNB1182 downregulated CDK4 (an Hsp90β-dependent client protein) and induced the expression of endogenous retroviral elements and interferon-stimulated genes. In syngeneic mouse models of prostate cancer and breast cancer, NDNB1182 significantly augmented the efficacy of ICB therapy. Furthermore, NDNB1182 showed superior tolerability to the pan-Hsp90 inhibitor Ganetespib in mice. Our findings provide evidence that Hsp90β inhibition is a potentially effective and safe regimen to combine with ICB to treat immunotherapy-refractory solid tumors.
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Introduction

Novel immunotherapies have revolutionized the treatment of cancer patients in recent years. The broadest impact comes from immune checkpoint blockade (ICB) that reinvigorates anti-tumor cytotoxic T lymphocytes (CTLs) using antibodies against CTLA4 or PD1/PD-L1 and generates therapeutic responses across a variety of cancer types (1). However, some solid tumor types remain largely resistant to ICB therapy, including breast cancer and prostate cancer which represent the first and third most frequently diagnosed malignancies worldwide, respectively (2). Advanced prostate cancer (metastatic and castration-resistant) shows overwhelming de novo resistance to anti-CTLA4 or anti-PD1 therapies (3–6). When ipilimumab and nivolumab were combined in a preliminary phase II clinical trial (CheckMate 650), improved objective response rates were reported (25% and 10% for pre- and post-chemotherapy), yet inadequate response rate and strong adverse effect remain frustrating (7). For metastatic triple-negative breast cancer, two ICB drugs, atezolizumab and pembrolizumab, in combination with chemotherapy, have been approved by the FDA to treat PD-L1+ cases (8, 9). However, the majority of the patients remain nonresponsive to ICB therapy. In order to bring broad benefits to patients with advanced prostate cancer and breast cancer, therapeutic approaches to overcome the resistance and sensitize the disease to ICB are urgently needed.

The 90kD heat shock protein (Hsp90) family functions as an evolutionarily conserved molecular chaperone to regulate protein homeostasis under physiological and stress conditions (10–13). Hsp90 family consists of four members: Hsp90α (inducible) and Hsp90β (constitutive) in the cytoplasm, glucose-regulated protein 94 (Grp94) in endoplasmic reticulum, and tumor necrosis factor receptor-associated protein-1 (Trap1) in mitochondria. Hsp90 proteins are responsible for the proper folding, disaggregation and intracellular trafficking of over 400 client proteins, including protein kinases, steroid hormone receptors, transcription factors, E3 ubiquitin ligases and more. Many of these clients control the hallmarks of cancer, therefore inhibition of Hsp90 may offer a unique benefit of co-targeting many oncogenic pathways (13). Various reports suggest that mutated and overexpressed oncoproteins rely more on the Hsp90 chaperone activity for proper folding, thus neoplastic cells may be more dependent on the function of Hsp90 chaperone for survival and proliferation than normal cells are, which could create a therapeutic window (14–17).

Many cell types express Hsp90 on the cell surface or secrete Hsp90 into the extracellular space (18, 19), and often Hsp90 expressed on the cell surface is more abundant in cancer cells than normal cells (20). Tumor cells appear to be more sensitive to Hsp90 inhibition, because the Hsp90 complex in cancer cells is distinct from normal cells with its higher affinity binding state (14). Moreover, in approximately 50% of cancers especially those fueled by MYC, Hsp90 acts as a nucleating site to form functionally integrated complexes termed ‘epichaperome’, which render tumor cells more sensitive to Hsp90 inhibitors (Hsp90i) (17). Lastly, Hsp90i preferentially accumulate in tumor cells as compared with normal cells (21–23). Therefore, Hsp90 is an attractive target for developing drugs to treat malignancies, including prostate cancer and breast cancer (24, 25).

Following the discovery of natural product inhibitors of Hsp90, geldanamycin (26) and radicicol (27), avid investment in the design, synthesis and evaluation of drug-like Hsp90i ensued (16, 28). So far, 18 small molecule drugs as pan-Hsp90 inhibitors (pan-Hsp90i) have entered clinical trials, but none has demonstrated satisfactory benefit-risk profile to be approved by the Food and Drug Administration (FDA) (29, 30). Pan-Hsp90i target the N-terminal domain (NTD) and bind competitively to the ATP binding site of all four Hsp90 isoforms. Challenges with current Hsp90i include limited efficacy, dose-limiting toxicities (DLTs), and various on-target and off-tumor toxicities. A major cause of the limited efficacy and DLTs is the induction of the pro-survival heat shock response (HSR) by pan-Hsp90 inhibition, because pan-Hsp90i trigger dissociation of heat shock factor 1 (Hsf1) from Hsp90 complex and Hsf1 subsequently enters nucleus and activates the transcription of Hsp27, Hsp40, Hsp70 and Hsp90 (31, 32), which counteracts the effect from the inhibitor. On the other hand, Hsp90i-associated hepatic, cardio and ocular toxicities may result from the disruption of clients. For example, the cardiac potassium channel human ether-a-go-go related gene (hERG) depends on Hsp90 for functional maturation, thus Hsp90i can cause deleterious effects on the hERG-related membrane potential (33). Interestingly, hERG is solely dependent on Hsp90α (34), suggesting that inhibition of Hsp90α (but not other isoforms) is likely to account more for the cardio and ocular toxicities. Moreover, Hsp90α and Hsp90β govern clientele and exert biological functions in non-redundant manners despite highly similar structures (35, 36), emphasizing the value of developing isoform-selective inhibitors. Using a structure-based molecular design and optimization approach, Blagg and colleagues developed various Grp94 inhibitors (37–40), Hsp90α inhibitors (Hsp90α-i) (41, 42), and Hsp90β inhibitors (Hsp90β-i) (43, 44). Among them, Hsp90β-i induce degradation of Hsp90β-dependent clients without concomitant degradation of Hsp90α clients or induction of the HSR (43, 44). Therefore, Hsp90β-i may overcome the obstacles encountered by pan-Hsp90i that have struggled in clinical trials.

Emerging evidence shows the involvement of Hsp90 in tumor immunity and the potential of enhancing immunotherapy with Hsp90i, although the mechanisms remain inadequately characterized and all these studies used pan-Hsp90i. For example, Ganetespib induced type I interferon response genes, such as interferon-induced protein with tetratricopeptide repeats (IFIT), through an unknown mechanism and promoted tumor cell killing by autologous T cells in vitro and anti-CTLA4 immunotherapy in mouse model of colorectal cancer (45). In addition, Ganetespib and 17-AAG decreased PD-L1 transcription through destabilizing Hsp90 clients MYC and STAT3 in monocytes and tumor cells at the sub-cytotoxic concentration, and Ganetespib diminished PD-L1 level on MC38 tumor cells in vivo (46). It is not yet explored whether isoform-selective Hsp90i, especially Hsp90β-i, can sensitize prostate cancer and breast cancer to immunotherapy, which is the central question for the current study to address.



Results


HSP90β-selective inhibitor NDNB1182 inhibits cell proliferation

We first conducted in silico analysis to support the proposition of inhibiting Hsp90β to enhance ICB therapy. From a phase 2 clinical trial of ipilimumab (anti-CTLA4) in 30 patients with metastatic castration-resistant prostate cancer (47), we retrieved the expression values of HSP90AB1 (encoding Hsp90β) from the published RNA-seq data of the patient samples in the study (n=18) and separated the cohort to HSP90AB1high and HSP90AB1low groups. We compared the two groups for PSA progression free survival (PFS) and overall survival (OS). HSP90AB1high group showed significantly worse outcome than the HSP90AB1low group under ipilimumab therapy (Figure 1A). Next, we noticed that the KMplot tool recently gathered the survival data for patients across various cancer types treated with ICB therapies (48), so we used KMplot to compare the OS of HSP90AB1high and HSP90AB1low patients for either anti-PD1 treatment or anti-PD-L1 treatment. In both regimens, patients with HSP90AB1high tumors showed significantly shorter OS (Figure 1B).




Figure 1 | Hsp90β-selective inhibitor NDNB1182. (A) Association of high HSP90AB1 expression with worse PSA progression free survival (PFS) and overall survival, with data extracted from the database of a phase 2 clinical trial of ipilimumab in metastatic castration-resistant prostate cancer *P<0.05, log rank test between the two cohorts (47). (B) Association of high HSP90AB1 expression with worse overall survival for anti-PD1 or anti-PD-L1 treatment with data from multiple clinical studies, drawn with KMplot. (C) The generic structure of NDNB1182 and IC50 values against Hsp90 isoforms determined using fluorescence polarization (FP) assay. (D) Western blot of Src in mouse prostate cancer cell line PPS treated with DMSO, NDNB1182 or luminespib for 12 hours, with the semi-quantitative result presented on the right. (E) HPLC result confirming the high purity of NDNB1182. (F) Dose-response curves and IC50 values of NDNB1182 on four cancer cell lines. Nonlinear regression modeling with log(inhibitor) and normalized response of variable slopes was conducted in Graphpad Prism. (G) Dose-response curves and IC50 values of NDNB1182 on primary prostate epithelial cells grown from wild type C57BL/6 mice and the mouse fibroblast cell line L cells. (H) HSP90AB1 transcript levels for prostate-lineage cell lines in the Depmap database portal with the plot generated by Depmap.



The Blagg laboratory recently reported the structure-based rational development of the 2H-isoquinolin-1-one based series of Hsp90β-i (44). To enhance the solubility of these Hsp90β-i compounds for in vivo application, Blagg’s group replaced the solvent exposed fragment (cyclohexanolamine) to reduce intermolecular pi-stacking, and synthesized the newest Hsp90β-i, NDNB1182 (Figure 1C) (Mishra et al, manuscript under preparation). Like other 2H-isoquinolin-1-one series of Hsp90β-i, NDNB1182 was evaluated for the binding affinities against the four Hsp90 isoforms by measuring the ability to competitively displace FITC-labeled geldanamycin (a pan-Hsp90i) in a fluorescence polarization (FP) assay (44, 49). NDNB1182 exhibited improved selectivity (over 150-fold) for the Hsp90β isoform over the highly identical Hsp90α isoform (Figure 1C). While pan-HSP90i luminespib reduced expression of the HSP90α-selecitve client protein Src (42, 50), NDNB1182 did not alter Src levels (Figure 1D). The purity of the compound was confirmed to be >95% by high-performance liquid chromatography (HPLC) (Figure 1E). We performed the resazurin assay to evaluate the cytotoxicity of NDNB1182 against murine colorectal cancer cell line MC38, murine prostate cancer cell lines Pten-CaP8 and RM1, and murine Lewis lung carcinoma LLC. The IC50 values for all the lines fell below 100nM and did not show significant differences among the lines (P = 0.0889, Figure 1F). As comparison, the effect of NDNB1182 was tested on two normal cell types, mouse prostate primary epithelial cells (grown from the dissociated prostate glands of wild type C57BL/6 mice) and the mouse fibroblast cell line L cells (ATCC, CRL-2648). IC50 of NDNB1182 was 430nM for normal prostate cells and 1255nM for L cells (Figure 1G), which were significantly higher than the IC50 values of the four mouse prostate cancer cell lines. Next, we plotted HSP90AB1 expression levels in various human prostate lineage cell lines at the Depmap portal. The result showed that various prostate cancer tissue-derived cell lines (MDAPCA2B, VCAP, NCIH660, LNCAP, 22Rv1, PC3) expressed HSP90AB1 at higher levels than the normal-like or ectopically transformed prostate cell lines (PRECLH, WPE1NA22, P4E6, SHMAC4, SHMAC5) (Figure 1H). Overall, these results support that Hsp90β is a promising target for prostate cancer and suggest that NDNB1182 selectively targets Hsp90β.



NDNB1182 upregulates IFIT and endogenous retroviral element expression

The pan-Hsp90i Ganetespib was reported to induce IFIT1 expression at 125nM and higher (45). To examine whether isoform-selective Hsp90α-i or Hsp90β-i has this activity, we treated MC38 with Ganetespib, Hsp90α-i 12h (42) and NDNB1182 for 6 hours. Hsp90α inhibition induced no increase in Ifit1 expression, whilst Ganetespib and NDNB1182 both significantly increased Ifit1 expression with NDNB1182 inducing Ifit1 by a higher magnitude (Figure 2A). We further confirmed the dose-dependent induction of IFIT1 expression by NDNB1182 in human prostate cancer cell line DU145 (Figure 2B).




Figure 2 | NDNB1182 upregulates IFIT and endogenous retroviral element expression. (A) qRT-PCR and western blot of Ifit1 expression in MC38 treated with DMSO, Ganetespib, NDNB1182, or Hsp90α-i 12h, at the indicated concentrations for 6 hours. Cells were at 30% confluence when treated with the inhibitors. (B, C) Western blot of IFIT1, HSF1 and CDK4 in DU145 treated with DMSO or a concentration gradient of NDNB1182 for 12 hours. In (A, B), the quantification of band intensities was from one representative result of three repeated experiments that showed consistent results. (D–F) qRT-PCR result of Ifit and ERV elements in MC38, PPS and PyMT-7160 treated with DMSO, Ganetespib (1µM) or NDNB1182 (1µM) for 6 hours. In (D), MC38 confluence during the inhibitor treatment was indicated. (G) qRT-PCR result of Ifit1 expression in PPS treated with DMSO, NDNB1182 (1µM) and Palbociclib (2µM) for 6 hours. (H) qRT-PCR result of Ifnb1 expression in MC38 (50% confluence) treated with DMSO, Ganetespib (1µM) or NDNB1182 (1µM) for 6 hours. In (A, D–H), data represent mean ± SEM, N=3. #, P>0.05; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, Student’s t-test.



Mbofung et al. did not identify the mechanism for Ganetespib to induce interferon-stimulated genes (ISGs), which is addressed in our study. We previously showed that Hsp90β-i compounds led to degradation of Hsp90β-dependent clients including CDK4 but did not trigger the undesired HSR such as HSF1 upregulation (43, 44). NDNB1182 was confirmed to induce a dose-dependent decline of CDK4 expression, but no increase of HSF1 (Figure 2C). Our result reinforced that CDK4/6 are Hsp90β-selective clients (51, 52). Interestingly, CDK4/6 inhibition was shown to reduce the expression of DNMT1 (encoding DNA methyltransferase 1), an E2F target gene, resulting in hypomethylation of the genome and activation of the expression of endogenous retroviral (ERV) elements and ISGs to enhance tumor antigen presentation and ultimately anti-tumor immunity (53). Taking these together, we hypothesized that NDNB1182 could achieve an equivalent effect as CDK4/6 inhibitor (like Palbociclib) to stimulate ERV and anti-viral ISG expression. To test this, we treated MC38 with Ganetespib and NDNB1182 and examined the expression of a list of murine ERV elements (54). Both inhibitors stimulated the levels of Ifit1 and ERV genes AblMLV1 and EndoPP1 (Figure 2D). Interestingly, we observed that lower confluence of MC38 cells corresponded to higher Ifit1 induction by both Hsp90 inhibitors (Figures 2A, D). This observation may be related to the DNA methylation dynamics during cell cycle (see Discussion). We expanded the treatment and detection to more syngeneic cell lines: the prostate cancer cell line PPS that we developed from the PB-Cre+ PtenL/L p53L/L Smad4L/L transgenic mouse model (55), and a mammary cancer cell line PyMT-7160 that we established in this study from the MMTV-PyMT (mouse mammary tumor virus promoter driven polyoma middle T-antigen) transgenic mice with autochthonous mammary adenocarcinoma (56). In both cell lines, NDNB1182 induced the expression of Ifit genes and various ERV elements (AblMLV1/2, EcoMLV, EndoPP1/2, MLV), although the exact fold changes differed (Figures 2E, F). Furthermore, both NDNB1182 and Palbociclib induced Ifit1 expression in PPS (Figure 2G). Ifnb1 (encoding interferon β1, a major type I interferon) was upregulated significantly in MC38 cells treated with Ganetespib and NDNB1182 (Figure 2H). These results demonstrate that NDNB1182, by inhibiting Hsp90β but not other isoforms, can downregulate CDK4/6 expression, activate ERV elements and stimulate the interferon response in cancer cells. This trait prompted us to test whether NDNB1182 could enhance ICB therapy.



NDNB1182 enhanced ICB efficacy in the PPS syngeneic prostate cancer model

We tested the anti-tumor effect of NDNB1182 in two prostate cancer syngeneic models, Myc-CaP and PPS. Myc-CaP was derived from c-myc transgenic mice in the FVB/N background (57) and responded poorly to ICB therapy (58). We confirmed that Myc-CaP failed to shrink under anti-PD1 plus anti-CTLA4 ICB treatment (Figure 3A). In this model, neither NDNB1182 (dosed at 50mg/kg, daily) nor Ganetespib (dosed at 25mg/kg, daily) had a significant impact on tumor growth (Figure 3B). Nevertheless, this model provided promising results for the toxicity profile of NDNB1182, because in the same experiment while Ganetespib showed significant toxicity leading to 80% (4 out of 5) mortality within 13 days of treatment, mice treated with NDNB1182 at two-fold of the dose showed no significant change of survival (Figure 3C).




Figure 3 | NDNB1182 enhanced ICB efficacy in the PPS syngeneic prostate cancer model. (A) Growth curves of Myc-CaP tumors treated with isotype IgG or ICB (anti-PD1 plus anti-CTLA4) administered intraperitoneally (i.p.) at 10mg/kg, twice/week. N=9/group. (B) Growth curves of Myc-CaP tumors treated with vehicle, Ganetespib (25mg/kg, i.p. daily) or NDNB1182 (50mg/kg, i.p. daily). N=10 tumors/group at the start of the treatment. (C) Survival curves for mice bearing Myc-CaP tumors and treated with vehicle, Ganetespib or NDNB1182. N=5/group. (D) Growth curves of PPS tumors treated with vehicle control (N=6), NDNB1182 (50mg/kg, i.p. daily; N=6), ICB (anti-PD1 plus anti-CTLA4, 10mg/kg, i.p., twice/week; N=10), or concurrent NDNB1182 plus ICB (N=8). In (A, B, D), the randomized groups on day 0 of the treatment showed no significant difference based on statistical tests (for (A) two groups at day 0, P=0.8238 based on Mann Whitney test; for (B) three groups at day 0, P=0.4265 based on ANOVA test; for (D) four groups at day 0, P= 0.5561 based on ANOVA test). (E) Representative images and quantification results for CD8α immunohistochemistry on PPS tumors treated with the four regimens. The tumor regions (“T”) and the margin contours are denoted. N=5 for each condition. Image analysis and quantification was performed with ImageJ following a published protocol (59), where DAB signals were normalized to the number of nuclei present in the images. Scale bar 200µm. (F) Body weight changes of mice treated with vehicle, NDNB1182, or NDNB1182 plus ICB. (G) Representative H&E staining images of liver from vehicle-treated and NDNB1182-treated mice. Scale bar 50µm. (H) Quantification results for cleaved caspase 3 immunohistochemistry on liver and spleen tissues from vehicle-treated and NDNB1182-treated mice. In (A–H), data represent mean ± SEM. #P>0.05; *P<0.05, **P<0.01, ****P<0.0001, Student’s t-test. In (B, D–F), one-way ANOVA test result was shown in red (#P>0.05; ****P<0.0001). In (C), #P>0.05; *P<0.05, logrank test.



PPS tumors grown in C57BL/6 background responded partially to ICB monotherapy (60). We treated PPS-carrying animals with vehicle control, NDNB1182, ICB (anti-PD1 + anti-CTLA4), or combination of NDNB1182 and ICB. Therapy with NDNB1182 or ICB each showed partial response, but the combination achieved remarkably enhanced efficacy (Figure 3D). Immunohistochemistry (IHC) staining of CD8α demonstrated that NDNB1182 alone induced a moderate increase of CD8+ T cell infiltration to the tumors, ICB alone had no effect, but the NDNB1182 plus ICB combination dramatically augmented the infiltration of CD8+ T cells (Figure 3E). Importantly, the animal body weight was not affected by NDNB1182 or NDNB1182 plus ICB treatments, showing low toxicity by NDNB1182 monotherapy or the combination treatment (Figure 3F). Furthermore, vehicle and NDNB1182 treated mice showed no discernable histological differences in the liver (Figure 3G) or the spleen (data not shown). NDNB1182 also caused no increase in apoptosis (as indicated by positive cleaved caspase 3 staining) in the liver or spleen (Figure 3H). These results provide further support for the safety of NDNB1182 at the dosage used.

The results from Myc-CaP and PPS models connect the anti-tumor activity of NDNB1182 with the ICB response of the models and illustrate the potential of enhancing ICB therapy with Hsp90β inhibition.



NDNB1182 enhanced ICB therapy in the PyMT-7160 syngeneic mammary tumor model

To test the activity of NDNB1182 to enhance immunotherapy in another tumor type, we orthotopically injected FVB/N female mice with PyMT-7160 mammary cancer cells and implemented a similar design of single and combination treatments. NDNB1182 and ICB each had moderate impact on tumor growth, but the NDNB1182 and ICB combination showed dramatic anti-tumor activity (Figure 4A). We dissociated the tumors at the endpoint and quantified the CTLs (CD45+ CD8+) and antigen-presenting dendritic cells (DCs, CD11c+ MHC-II+) with flow cytometry. We quantified CD11c+ MHC-II+ DCs because these cells may play an important role in presenting the tumor antigens to activate the T cell immunity. Consistent with the anti-tumor efficacy, only the NDNB1182 plus ICB treatment stimulated the tumor infiltration of both CTLs (Figures 4B, C) and DCs (Figures 4D, E) significantly compared with the control. We further confirmed that tumors treated with ICB plus NDNB1182 expressed Ifit genes and ERV elements MLV and EcoMLV at the highest level compared with other treatment regimens (Figure 4F). These results support that the combination of Hsp90β inhibition and ICB offers the most potent control on breast cancer progression through ERV and interferon response activation and anti-tumor immunity reprograming.




Figure 4 | NDNB1182 enhanced ICB therapy in the PyMT-7160 syngeneic mammary tumor model. (A) Growth curves of PyMT-7160 tumors treated with vehicle control (N=8), NDNB1182 (50mg/kg, i.p. daily; N=10), ICB (anti-PD1 plus anti-CTLA4, 10mg/kg, i.p., twice/week; N=10), or concurrent NDNB1182 plus ICB (N=8). (B, C) Quantification results and gating strategy for tumor-infiltrating CD8+ T cells in treated PyMT-7160 tumors. (D, E) Quantification results and gating strategy for tumor-infiltrating CD11c+ MHC-II+ dendritic cells (DCs) in treated PyMT-7160 tumors. (F) qRT-PCR result of Ifit1/2/3 and two ERV elements for PyMT-7160 tumors treated with DMSO, NDNB1182, ICB, or NDNB1182 plus ICB (N=3/group).In (A, B, D, F), data represent mean ± SEM. #P>0.05; *P<0.05, **P<0.01, ****P<0.0001, Student’s t-test. In (A, B, D), one-way ANOVA test result was shown in red (*P<0.05, **P<0.01, ***P<0.001).






Discussion

Most previous studies regarded Hsp90 chaperone as one machinery and inhibited Hsp90 activities in cancer models and clinical trials with pan-Hsp90i, which may largely account for the disappointing clinical performance of Hsp90 inhibition in cancer treatment so far. Because different Hsp90 isoforms have non-redundant functions executed by recognizing different sets of client proteins, targeting all isoforms is neither necessary nor beneficial. Here, we have challenged this paradigm by reporting, for the first time, the in vivo anti-tumor activity of Hsp90β-i and its potential as an immunotherapy sensitizer. Specifically, we made the following discoveries: (1) the new Hsp90β-i NDNB1182 demonstrated high selectivity toward Hsp90β over the other three Hsp90 isoforms and killed cancer cells at the lower 100nM IC50 level; (2) NDNB1182 induced the expression of various ERV elements and Ifit genes across different cancer cell lines; (3) NDNB1182 significantly augmented the efficacy from ICB therapy in the PPS prostate cancer and PyMT-7160 breast cancer models; (4) NDNB1182 displayed better tolerability than the pan-Hsp90i Ganetespib and did not cause mouse body condition deterioration or rapid weight loss when dosed at tumor-restricting levels.

Pan-Hsp90i as cancer monotherapy in clinical trials has encountered many challenges of limited efficacy and DLTs, leading to the dampened interest in oncological targeting of Hsp90 (29, 30). For example, a phase II trial using AUY922 in patients with metastatic gastrointestinal stromal tumor only showed modest anti-tumor effect but caused significant ocular toxicity (61). However, recent publications linking Hsp90 function with cancer immune modulation and showing how Hsp90 inhibition may enhance cancer immunotherapy in preclinical models have revived the interest in the combination of Hsp90i and ICB in the clinic (62, 63). For example, there are at least two ongoing Phase I trials that combine Hsp90i (XL888, TAS-116) and anti-PD1 in advanced gastrointestinal cancers (NCT03095781, NCT04999761). Nevertheless, the on-target toxicities from inhibiting all Hsp90 isoforms remain a concern and may lead to the difficulty in dose management of the combination treatment (63). This reasoning further highlights the significance of developing isoform-selective Hsp90i, which may still achieve the desired efficacy by targeting the isoform-dependent oncoprotein clients while avoiding the toxicities associated with the disruption of other clients, such as Hsp90α client hERG (34). To this end, we believe that Hsp90β emerges as the most promising isoform for the combinatorial targeting, because Hsp90β-i can induce degradation of Hsp90β-dependent clients that have well-established oncogenic functions (e.g. CDK4, CDK6, CXCR4, BRAF, HER2) without concomitant degradation of Hsp90α clients or induction of the HSR (43, 44). Our study confirms that NDNB1182 is effective in vitro and in vivo without causing discernable toxicities in mice (by contrast, Ganetespib was lethal even when administered at the half dose), electing NDNB1182 as a promising candidate for further preclinical validation and clinical development.

Our result showing that NDNB1182 activated the expression of ERV and IFIT genes is consistent with the previous finding with Ganetespib (45), suggesting the inhibition of Hsp90β among all four isoforms likely contributed the most to the activity of Ganetespib in the antiviral-like response in cancer cells. The CDK4 downregulation by NDNB1182 provides a logical mechanistic connection from Hsp90β inhibition to ERV and IFIT overexpression, because CDK4 is a client for Hsp90β and it is known that CDK4/6 inhibition can reactivate ERV expression and interferon response in cancer cells through downregulating DNMT1 expression and DNA methylation (53). CDK4/6 promotes Rb phosphorylation, leading to the release of E2F and subsequent transcriptional activation of E2F targets, including DNMT1. CDK4/6 inhibitors hinder the G1/S transition by inhibiting Rb phosphorylation and E2F release. Hsp90i may achieve the same effect by diminishing CDK4/6 protein level in the cells. Therefore, either by preventing Rb phosphorylation through CDK4/6 activity inhibition or by reducing the available pool of CDK4/6 through Hsp90 inhibition, the end result is a reduction in DNMT1 protein and subsequent DNA hypomethylation.

We noticed that the effect of NDNB1182 on Ifit1 induction was inversely related to cell confluence during the inhibitor treatment (Figures 2A, D). Because DNMT1 as the maintenance methyltransferase is responsible for the preservation of 5-methylcytosine in the genome during DNA replication (64), we speculate that a less confluent cell culture has higher portion of dividing cells than a much more confluent cell culture, therefore, the effect of NDNB1182 on DNA hypomethylation and Ifit1 upregulation became more manifested in less confluent cells. Further experiments will help verify this proposition. In addition, we notice that the specific ERV elements activated by NDNB1182 differed among the cell lines in our study, and it is probably caused by the distinct epigenetic status of these ERV elements in these cell lines. Nonetheless, all the cell lines showed IFIT upregulation, thus producing equivalent interferon response signaling output to cooperate with immune checkpoint inhibition to reinvigorate T cell immunity. Indeed, efficacious immunotherapy depends on a potentiated type I interferon response (65, 66).

There are a few limitations in our study. First, the in vivo results were generated only using syngeneic models. While these models have served well as preclinical platforms for immunotherapy discovery and development, other types of cancer models such as genetically engineered mouse models and humanized mouse models with patient-derived tumors and reconstituted human immune system will provide important confirmative evidence. Second, the immunotherapy-sensitizer activity of NDNB1182 was only tested together with ICB therapy. Other immunotherapy modalities such as oncolytic virus and CAR-T therapy may also benefit from the combination with Hsp90β inhibition, especially in solid tumors. Third, our study does not exclude other immune modulatory mechanisms by Hsp90β inhibition besides the CDK4-ERV-IFIT axis that may also contribute to the combinatorial efficacy from NDNB1182 plus ICB treatment, which clearly warrants further investigations. Fourth, NDNB1182 was administered via intraperitoneal injection in our study, which would be inconvenient for the clinical application. Our teams are working on formulations that will allow oral delivery of NDNB1182 (or its improved analog). Lastly, given that hypomethylation and ERV may contribute to genomic instability in cancer (67, 68), the application of Hsp90β inhibition in clinical cancer therapy may not be suitable for certain patients (for example, young patients).

In conclusion, our results establish the preclinical evidence to support the rational combination of Hsp90β antagonists and immunotherapy in the treatment of intractable solid tumors, illuminating a clinical path for the better outcome of many cancer patients.



Materials and methods


Cell lines

Murine cell lines Pten-CaP8, RM1, LLC, and Myc-CaP and human cell line DU145 were purchased from ATCC and cultured in medium types recommended by ATCC. MC38 was purchased from kerafast and cultured in the recommended medium. PPS was developed from a spontaneous prostate tumor of PB-Cre+ PtenL/L p53L/L Smad4L/L transgenic mice (55). PyMT-7160 was developed from a spontaneous mammary tumor of the FVB/N-Tg(MMTV-PyVT)634Mul/J mice (Jackson Laboratory, 002374). PPS and PyMT-7160 were cultured in DMEM (GE Healthcare, SH30243.FS) supplemented with 10% fetal bovine serum (GE Healthcare, SH30396.03) and 100U/ml penicillin-streptomycin (Caisson Labs, PSL01). All the cell lines were cultured at 37°C in a humidified incubator with 5% CO2. All cells were tested for mycoplasma-free status using a Mycoplasma Assay Kit (Agilent Technologies, 302109).



Chemicals

Hsp90α-i 12h (42) and Hsp90β-i NDNB1182 (Mishra et al, manuscript under preparation) were synthesized by the Blagg laboratory using the cited protocols. The identity of the chemicals was confirmed by high resolution mass spectrometry and nuclear magnetic resonance, while the purity of the compounds was confirmed to be >95% by high-performance liquid chromatography (HPLC). Ganetespib (MedChem Express, HY-15205) and Palbociclib (LC Laboratories, P-7788) were purchased.



Mice

C57BL/6J males (Jackson Laboratory, 000664) and FVB/NJ males and females (Jackson Laboratory, 001800) were purchased at 5 weeks of age and used for experiments after one week of acclimation. All animals were maintained under pathogen-free conditions and cared for in accordance with the International Association for Assessment and Accreditation of Laboratory Animal Care policies and certification.



Quantitative RT-PCR

RNA was isolated from cells and tissues using the EZ-10 Spin Column Total RNA Miniprep Kit (Bio Basic, BS1361) according to the manufacturer protocol. After RNA extraction, cDNA was synthesized using the All-in-one 5x RT MasterMix (ABM, G592). qPCR reactions were performed with the 2X SYBR Green Master mix (Bimake, B21203) and run on the CFX Connect Real-Time PCR Detection System (Bio-Rad, 1855201). Gapdh was used for normalization. Student’s t-test was performed based on the ΔΔCT values. Unless otherwise specified, n=3 biological replicates per group were used for all qRT-PCR experiments. Primers were purchased from Eurofins Genomics. Primer sequences are listed in Supplementary Table 1.



Western blot

Cell and tissue samples were lysed in RIPA buffer containing protease inhibitor (Bimake, B14012) and phosphatase inhibitor (Bimake, B15002). Protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, 23225). After determining concentration, 30µg of protein lysate was boiled at 95°C for 5 minutes in Laemmli buffer (Bio-Rad, 161-0747), and subsequently run on SDS-PAGE. Gels were transferred to PDVF membranes (Bio-Rad, 1620177) using the Bio-Rad Trans-Blot Turbo Transfer System. After transfer, membranes were blocked for 1 hour in 5% fat free milk in TBS-T. After blocking, membranes were incubated in primary antibodies at concentrations according to manufacturer specifications for either 2 hours at room temperature or 16 hours at 4°C, washed three times in TBS-T, incubated for 1 hour at room temperature with HRP-linked secondary antibody (Cell Signaling Technologies, αRabbit cat#7074, αMouse cat#7076), and then washed again three times in TBS-T. Subsequently membranes were imaged using Clarity ECL (Bio-Rad, 1705060) on the ChemiDoc XRS+ imager (Bio-Rad, 1708265). The antibodies used are listed in Supplementary Table 2.



Flow cytometry

Tumors were minced and digested in DMEM with 10% FBS and 1 mg/ml collagenase IV (STEMCELL Technologies, 07427) at 37°C for 1 h, followed by passing through 40μm strainers. Erythrocytes were depleted via hypotonic lysis. Cells were treated with mouse Fc-shield anti-CD16/CD32 (Tonbo Biosciences, 70-0161) for 15 minutes, and stained with primary fluorophore-conjugated antibodies for 30 minutes. Cells were washed twice and resuspended in a buffer containing DAPI (viability dye) and analyzed on the Beckman Coulter Cytoflex S cytometer. The antibodies used are listed in Supplementary Table 2.



Immunohistochemistry

Tumors and livers/spleens were fixed in 10% neutral buffered formalin (VWR, 16004-128) for 24 hours and prepared as paraffin-embedded 5 µm sections. Antigen retrieval was performed using sodium citrate buffer (pH 6.0) at 95°C for 30 minutes followed by 115°C for 10 seconds. After antigen retrieval, endogenous peroxidase activity was blocked using 3% hydrogen peroxide for 10 minutes. Subsequently samples were blocked in 5% normal goat serum in TBS-T for 30 minutes and incubated with primary antibody anti-mouse CD8 (Cell Signaling Technology, 98941) or cleaved caspase 3 (Cell Signaling Technology, 9661) in a humidified chamber at 4°C for 16 hours. After washing, the VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories, PK-6101) was used as secondary antibody and signal detection. Counterstain was performed using Mayer’s hematoxylin for 30 seconds. Imaging was performed using a Leica Aperio scanscope with 20× objective. At least 6 biological replicates were counted to quantify tumor-infiltrating CD8+ T cells or cleaved caspase 3 staining.

Hematoxilin and eosin stain (H&E)

Livers were fixed in 10% neutral buffered formalin for 24 hours and prepared as paraffin-embedded 5 µm sections. After rehydration, samples were stained for 8 minutes in Mayer’s hematoxilin. Excess dye was washed off in water for 8 minutes. Samples were immersed in 95% ethanol and stained in Eosin Y 1% (VWR, 101432-132) for 3 minutes. Excess dye was washed off in 95% ethanol after which slides were dehydrated and coverslipped and imaged using the Aperio scanscope.



Tumor growth and inhibitor treatments

Syngeneic prostate tumor cell lines Myc-CaP or PPS was injected subcutaneously into 6-week-old FVB/NJ males or C57BL/6J males, respectively. Syngeneic mammary tumor cell line PyMT-7160 was injected to the mammary fat pads of 6-week-old FVB/NJ females. Tumors were measured with calipers and volumes were calculated using the formula length × width2 ÷ 2. Mice with tumors reaching the pre-specified volume range were randomized to receive the following therapies: anti-PD-1 (clone RMP1-14, Leinco Technologies, P362) and anti-CTLA4 (clone 9H10, Leinco Technologies, C1614) were injected intraperitoneally at 10mg/kg, twice per week; NDNB1182 or Ganetespib was dissolved in 10% DMSO, 40% polyethylene glycol 300, 5% Tween-80 and 55% ddH2O and injected intraperitoneally at 50mg/kg and 25mg/kg daily, respectively. To select the dosage of NDNB1182 for animal experiments, a maximum tolerated dose (MTD) pilot experiment was conducted in five 10-week old FVB/NJ mice with escalated dosages. After 10 days of daily treatment, the dose of 50mg/kg was the highest dose that caused no significant body weight loss or body condition deterioration, thus this dose was defined in our study as the desired dose to administer NDNB1182 in mice. For Ganetespib, 25mg/kg daily was used based on previous reports (69, 70). All treatments were continued until the specified experimental endpoints were reached.



Statistical analyses

Statistical analyses were performed using GraphPad Prism v8.0. Unless otherwise mentioned, all data were presented as mean ± SEM (standard error of the mean). Sample sizes, error bars, P values, and statistical methods were denoted in the figures or figure legends. Statistical significance was defined as P < 0.05.
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Oxidative stress and ferroptosis exhibit crosstalk in many types of human diseases, including malignant tumors. We aimed to develop an oxidative stress- and ferroptosis-related gene (OFRG) prognostic signature to predict the prognosis and therapeutic response in patients with colorectal cancer (CRC). Thirty-four insertion genes between oxidative stress-related genes and ferroptosis-related genes were identified as OFRGs. We then performed bioinformatics analysis of the expression profiles of 34 OFRGs and clinical information of patients obtained from multiple datasets. Patients with CRC were divided into three OFRG clusters, and differentially expressed genes (DEGs) between clusters were identified. OFRG clusters correlated with patient survival and immune cell infiltration. Prognosis-related DEGs in three clusters were used to calculate the risk score, and a prognostic signature was constructed according to the risk score. In this study, patients in the low-risk group had better prognosis, higher immune cell infiltration levels, and better responses to fluorouracil-based chemotherapy and immune checkpoint blockade therapy than high-risk patients; these results were successfully validated with multiple independent datasets. Thus, low-risk CRC could be defined as hot tumors and high-risk CRC could be defined as cold tumors. To further identify potential biomarkers for CRC, the expression levels of five signature genes in CRC and adjacent normal tissues were further verified via an in vitro experiment. In conclusion, we identified 34 OFRGs and constructed an OFRG-related prognostic signature, which showed excellent performance in predicting survival and therapeutic responses for patients with CRC. This could help to distinguish cold and hot tumors in CRC, and the results might be helpful for precise treatment protocols in clinical practice.
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Introduction

Colorectal cancer (CRC) has become the third most common malignant tumor in males and the second most common in females worldwide, with nearly 19 million new cases and 10 million cancer-related deaths observed in 2020 (1). In addition, it accounts for approximately 10% of all cancer types and is the second most frequent cause of cancer-related death (2, 3). Therefore, CRC has become a global public health challenge owing to its increasing incidence, mortality, and requirement for medical service utilization (4). A certain proportion of patients are diagnosed with advanced CRC, and metastases are observed in approximately 20% of diagnosed CRC cases (5). Clinical outcomes for CRC patients have improved markedly over the past few decades, which is credited to advances in surgical approaches, anti-cancer drugs, and other more effective therapeutic approaches. In addition to traditional chemotherapy, immunotherapy has been used for cancer treatment in recent years, and patients with metastatic CRC with high microsatellite instability or deficient mismatch repair can significantly benefit from immune checkpoint blockade therapy (6). However, majority of patients with CRC cannot benefit considerably from immunotherapy. To solve this problem, more biomarkers have been identified, such as tumor burden mutation (TMB), microsatellite instability, and neoantigen load (NAL); nevertheless, the predictive ability of these biomarkers is limited because they are associated with small proportions of the population or moderate predicting efficiency. In addition, although some tumor markers and the clinical stage can be used to predict patient prognosis in CRC, these variables cannot be used to efficiently predict chemotherapy or immunotherapy benefits. Thus, developing a novel approach to distinguish cold and hot tumors is vital for the individualized treatment of patients with CRC.

Oxidative stress is defined as a relative excess of reactive oxygen species (ROS) when compared with antioxidant levels, and it has been proven to be associated with various types of human diseases. Aberrant redox homeostasis can be observed in cancer cells; although ROS can promote tumor growth, high ROS levels also have toxic effects on malignant tumors (7). The excessive proliferation of tumor cells is often accompanied by enhanced ROS production; however, tumor cells can grow under conditions in which this oxidative load pushes the redox balance away from a reduced state. Moreover, tumor cells optimize ROS-driven proliferation by increasing their antioxidant status, while avoiding ROS thresholds that trigger cellular senescence, apoptosis, or ferroptosis to achieve this (8, 9). In recent years, many researchers have focused on increasing ROS levels in cancer cells to induce ROS-mediated cell death, which is defined as oxidation therapy (10–12).

Resistance to cell death has been proven to be one of the basic cancer hallmarks (13). Apoptosis was once considered the only form of programmed cell death (PCD); however, with a broader understanding of such processes, more new forms of PCD have been identified, including ferroptosis (14), pyroptosis (15), necroptosis (16), and cuproptosis (17). Ferroptosis is a new type of PCD that is iron-dependent, and it differs from apoptosis, necroptosis, and autophagy. The ferroptosis process is often accompanied by the accumulation of large amounts of iron ions, occurrence of lipid peroxidation, and increase in ROS. In terms of cell structural changes, mitochondria appear smaller than those in normal cells, and the mitochondrial membrane shrinks, while the mitochondrial cristae decrease or disappear, and the outer membrane breaks; nonetheless, morphological changes in the nucleus are not obvious (14, 18, 19). Many recent studies have elaborated on the role of ferroptosis in cancer (20–22). As such, strategies to control ferroptosis induction could effectively inhibit tumor development, even in tumors that show resistance to chemotherapy (22, 23).

Since crosstalk between oxidative stress and ferroptosis has been found in many human diseases, exploring the role of oxidative stress and ferroptosis-related genes (OFRGs) in CRC might help to develop new treatment strategies. In this study, OFRGs were identified and their expression levels, genetic alterations, and prognostic value in CRC were evaluated. Patients were classified into three OFRG clusters, and prognosis-related DEGs between OFRG clusters were used to construct the prognostic signature, which showed satisfactory efficiency in predicting patient survival, the tumor immune microenvironment (TME), chemotherapy effects, and immunotherapy benefits. These results were successfully validated based on multiple independent cohorts from different public datasets. Low-risk patients had a significantly longer survival time than high-risk patients; they also showed higher therapeutic sensitivity after receiving fluorouracil-based chemotherapy or immune checkpoint blockade therapy, indicating that our signature could help distinguish cold and hot tumors in CRC, which might provide a reference for precise mediation in clinical practice.



Material and methods


Collection and processing of transcriptional and clinical data

Transcriptional and clinical information of patients in 13 independent public datasets was retrieved from The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov), Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/, ID: GSE39582, GSE17536, GSE17537, GSE29621, GSE38832, GSE19860, GSE45404, GSE62080, and GSE78820), iMvigor210 (http://research-pub.gene.com/IMvigor210CoreBiologies), and Tumor Immune Dysfunction and Exclusion (TIDE) website (https://tide.dfci.harvard.edu/, ID: PRJEB23709 and PRJEB25780). Among these datasets, six datasets (TCGA-CRC, GSE39582, GSE17536, GSE17537, GSE29621, and GSE38832) containing complete follow-up information were used for constructing our prognostic signature and verifying its efficiency in predicting the survival of patients with CRC. For drug-related datasets, three CRC datasets (GSE19860, GSE45404, and GSE62080) comprising patients treated with fluorouracil-based chemotherapy (FOLFOX or FOLFIRI) were used in our study. In addition, four immunotherapy-related datasets (GSE78820, iMvigor210, PRJEB23709 and PRJEB25780) for melanoma, urothelial, and metastatic gastric cancers, comprising treatment with PD-1, PD-L1, or CTLA-4 blockade therapy, were used to evaluate the performance of our signature in predicting immunotherapy benefits. Fragments per kilobase million data from TCGA-CRC cohort were transformed into transcripts per million using R studio software (version 1.4.1106). All CRC datasets from the GEO database were downloaded from the GPL570 platform (Affymetrix Human Genome U133 Plus 2.0 Array). TCGA-CRC data and GSE39582 data were combined and used as the training group, and batch effects were removed using the ComBat algorithm. Expression profiles were normalized and log2 transformed using the sva R package. Patients with missing overall survival (OS) or clinical information were excluded from our study.



Genetic and transcriptional alterations to OFRGs in CRC

Oxidative stress-related genes (ORGs) were retrieved from the Genecards database (https://www.genecards.org/), the top 200 genes with the highest relevance score were identified as ORGs, and a list of ferroptosis-related genes (FRGs) was downloaded from the FerrDb database (http://www.zhounan.org/ferrdb/current/). Thirty-four insertion genes between ORGs and FRGs were identified as OFRGs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed to explore relevant biological functions and pathways in which these OFRGs are involved. Copy number variation frequency and locations of OFRGs in chromosomes were analyzed and presented. The expression levels between normal and CRC tissues were compared and analyzed using the Wilcoxon method with the limma package of R software. Prognostic values of OFRGs in patients with CRC were evaluated using KM and univariate Cox regression methods.



Consensus clustering to identify OFRG clusters

Based on 34 OFRGs, a consensus clustering method was performed to classify patients into distinct OFRG clusters. The classification with the lowest intergroup and highest intragroup correlations were identified by increasing the clustering variable k. Principal component analysis (PCA) was used to distinguish three OFRG clusters with the stats R package. The OS of patients in different clusters was analyzed using the KM method and log-rank test with survival and survminer R packages. Clinical characteristics and outcomes of patients in OFRG clusters were compared, and differentially expressed genes (DEGs) were identified with the criteria fold-change >1.5 and p-value <0.05. Gene set variation analysis (GSVA) and single-sample gene set enrichment analysis (ssGSEA) were applied to explore immune cell infiltration and immune-related pathways.



Construction and validation of the OFRGs-related prognostic signature

Univariate Cox regression analysis was performed to identify prognosis-related DEGs (PRDEGs) between OFRG clusters. Least absolute shrinkage and selection operator (LASSO) and stepwise Cox regression analyses were applied to screen genes for constructing the prognostic signature using the survival, survminer, and glmnet R packages. The risk score was calculated based on gene expression levels and corresponding coefficient values. Based on the risk score, patients were divided into high- and low-risk groups, and the survival status and survival times in different risk groups were compared. The receiver operating characteristic (ROC) method was performed to evaluate the efficiency of the risk score in predicting patient survival. Proportion of clinicopathologic factors in high- and low-risk groups was shown in pie charts using Chi-squared test. addition, the results were verified using four independent CRC cohorts from the GEO database. Univariate and multivariate Cox regression analyses were used to determine independent prognostic characteristics of patients with CRC in the training cohort, and a nomogram model was established to predict patient prognosis more accurately based on the results of Cox regression analysis. A calibration graph was generated to show the differences between nomogram-predicted survival rates and actual observed survival rates of patients with CRC.



Immune cell infiltration differences in high- and low-risk groups

Immune cell infiltration in CRC tissues was quantified using the CIBERSORT algorithm, and the Spearman method was applied to analyze the correlation between risk score and abundance of infiltrating immune cells. The association between signature genes and immune cells was also analyzed. Immune-related scores, including stromal, immune, and ESTIMATE scores, were compared between high- and low-risk groups. Then, pathology slide images were downloaded from TCGA database, and the images were used to show the differences in immune cell infiltration between high- and low-risk patients.



Relationship between risk score and IC50 values of therapeutic drugs

The IC50 is the half-maximal inhibitory concentration and represents the concentration of the drug required to achieve 50% inhibition in cell lines. Using the pRRophetic R package, IC50 values of different therapeutic drugs in high- and low-risk groups were compared using the Wilcoxon signed rank test, including the first line chemotherapeutic drug 5-fluorouracil.



Efficiency of risk score in predicting patient response to fluorouracil-based adjuvant chemotherapy and bevacizumab

All patients with CRC from GSE19860, GSE45404, and GSE62080 datasets were treated with fluorouracil-based ACT. Among the three datasets, 12 patients in the GSE19860 dataset received additional bevacizumab therapy. Patients were divided into no-response (NR) and response (R) groups according to therapeutic responses. The risk scores of high- and low-risk patients in these three datasets were compared using a Wilcoxon signed rank test, and the proportions of patients in NR and R groups were calculated.



Immune checkpoints expression, TIDE score, and immune cell proportion score in the high- and low-risk groups

Expression levels of some well-known immune checkpoint genes were compared between high- and low-risk groups using the Wilcoxon signed rank test. TIDE scores were retrieved from the TIDE website, and IPS data were downloaded from The Cancer Immunome Atlas (TCIA, https://tcia.at/). The TIDE score was applied to evaluate the probability of tumor immune escape, with higher TIDE score representing an increased likelihood of immune escape and less benefit from immunotherapy. IPS was used to predict the response to various types of ICI therapy in patients, including PD-1/PD-L1/PD-L2, CTLA-4, CTLA-4, and PD-1/PD-L1/PD-L2 blockade therapy. TIDE score and the IPS were also compared between high- and low-risk groups.



Evaluating the performance of risk score in predicting immunotherapy benefits

IMvigor210 is a clinical cohort of patients with urothelial carcinoma who received PD-L1 blockade immunotherapy. GSE78820 contains transcriptional and clinical information of patients with melanoma who received PD-1 blockade therapy. PRJEB23709 includes tumor biopsies from melanoma patients treated with anti-PD-1 monotherapy or combined anti-PD-1 and anti-CTLA-4 agents. Patients with metastatic gastric cancer with complete follow-up and transcriptional information from the PRJEB25780 cohort were also included in our study. According to responses to immunotherapy, patients were classified into complete response (CR)/partial response (PR) and stable disease (SD)/progressive disease (PD) groups. The risk score between two groups was calculated and compared, and the proportion of CR/PR and SD/PD patients in each cohort was determined.



In-vitro verification of signature genes using quantitative real-time polymerase chain reaction

Ten pairs of CRC and adjacent normal tissues were collected from patients after surgical resection at The First Affiliated Hospital of Anhui Medical University, and the experiments were approved by the Ethics Committee. The samples were stored at -80°C until use. All participants provided signed informed consent. TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was applied to extract total RNA from the collected samples, and the PrimeScript RT kit (Vazyme, Nanjing, China) was used to transcribe extracted RNA into cDNA. The concentrations of all cDNA samples were measured using TB Green Premix Ex Taq II (GenStar, China) with the LightCycler480 System (Applied Biosystems, Waltham, MA, United States). The relative expression levels of signature genes were computed through the 2-ΔΔCt strategy, normalizing to levels of GAPDH. The expression levels between normal and tumor tissues were compared using paired and unpaired t-tests. The primer sequences used for qRT-PCR are presented in Supplementary Table S1.




Results


Genetic and transcriptional alterations of OFRGs in CRC

The clinical information of patients in all datasets is shown in Supplementary Table S2. Thirty-four OFRGs were identified after considering the insertion between ORGs and FRGs (Figure 1A; Supplementary Table S3). GO and KEGG analyses were performed to explore OFRG-related biological processes (BP), cellular components, molecular functions, and pathways (Figure 1B). The results showed that these OFRGs were mainly associated with the following BP: ROS metabolic process, cellular response to oxidative stress, and response to oxidative stress, indicating that OFRGs were closely related to oxidative stress. The copy number variation (CNV) among the OFRGs in CRC was also analyzed (Figure 1C). NOS2, NFS1, HSF1, ADIPOQ, MAPK3, and MAPK9 showed the most widespread CNV increases, whereas PARK7, MTOR, GSTM1, JUN, and TGFB1 showed CNV decreases. The locations of CNVs in the OFRGs on human chromosomes are presented in Figure 1D. The somatic mutation incidence of OFRGs in patients was also calculated (Supplementary Figure S1). The expression levels of OFRGs between normal and tumor samples from TCGA database were compared (Figure 1E). A network among OFRGs was constructed to show the interactions between the OFRGs and their prognostic significance (Figure 1F). KM curves of prognosis-related OFRGs are also shown (Supplementary Figure S2).




Figure 1 | Genetic, transcriptional alterations and functional analyses of OFRGs in CRC. (A) Identification of 34 OFRGs. (B) GO and KEGG analyses of OFRGs. (E) Expression levels of differentially expressed OFRGs between normal and tumor samples. (C) Frequencies of CNV gain, loss, and non-CNV among OFRGs. (D) Locations of CNV alterations in OFRGs on 23 chromosomes. (F) Interactions among OFRGs in CRC. The lines among the genes represent their interactions. Blue and red represent positive and negative correlations. *p < 0.05; **p < 0.01; ***p < 0.001.





Identification of OFRG clusters using consensus clustering

Patients with CRC were classified into three OFRG clusters using a consensus clustering method based on expression levels of OFRGs (Figure 2A). Separation between OFRG clusters was shown using PCA (Figure 2B). The KM curve indicated that OFRG cluster B had more favorable outcomes than OFRG clusters A and C (Figure 2C). The expression levels of OFRGs and clinical characteristics in OFRG clusters are shown in the heatmap (p = 0.022, Figure 2D). The results of ssGSEA revealed that cluster C had the highest immune cell infiltration levels, whereas the lowest immune cell infiltration levels were observed in cluster A (Figure 2E, p < 0.05). In addition, related enriched pathways between each of the two OFRG clusters were compared using the GSVA method (Figures 2F–H).




Figure 2 | OFRG clusters and clinical characteristics, tumor microenvironment between CRC samples in OFRG clusters. (A) Three OFRG clusters were defined using consensus clustering analyses. (B) PCA showed the distinction between three OFRG clusters. (C) The KM curve revealed significant difference in the survival time between the three clusters (p = 0.022); (D) Heatmaps showed the relationship between OFRG clusters and clinical features and OFRGs expression in patients with CRC. (E) ssGSEA investigated the differences of immune cell infiltration between OFRG clusters. (F–H) GSVA showed the enriched pathways between each two OFRG clusters. *p < 0.05, ***p < 0.001.





Construction and validation of the OFRGs-related prognostic signature

To identify genes that could be used in the prognostic signature, DEGs between OFRG clusters were identified. Among these genes, S100A8, TRIB2, PLA2G2A, RGS2, CCL8, CXCL13, CXCL9, RAMP1, SFRP4, C10orf99, and OLFM4 were screened as PRDEGs using univariate Cox regression analysis (Figure 3A, p < 0.05). CXCL9, CXCL13, CCL8, PLA2G2A, and TRIB2 were identified as signature genes using LASSO (Figures 3B, C) and the stepwise Cox regression method, and the coefficient values are shown in Figure 3D and Supplementary Table S4. The risk score was calculated according to expression levels of five signature genes and corresponding coefficient values using the formula below: risk score = [expression level of CXCL9 × (-0.145099)] + [expression level of CXCL13 × (-0.130486)] + [expression level of CCL8 × (0.230145)] + [expression level of PLA2G2A × (-0.072124)] + [expression level of TRIB2 × (0.297347)]. Patients with CRC were divided into high- and low-risk groups based on the risk score, and high-risk patients had a higher risk of mortality (Figure 3E). The KM curve also showed that high-risk patients had significantly worse prognosis than low-risk patients (p < 0.001, Figure 3F). The AUC values of 1-, 3-, and 5-year survival were 0.665, 0.652, and 0.637, respectively (Figure 3G). Pie charts showed that high-risk patients were more likely to have CRC with more advanced pathological stage than low-risk patients (Figure 3H). To further evaluate the efficiency of the risk score in predicting patient survival, KM and ROC analyses were performed on four independent CRC cohorts, which were GSE17536 (Figure 4A, p = 0.034, 1-year AUC = 0.604, 3-year AUC = 0.665, 5-year AUC = 0.640), GSE17537 (Figure 4B, p < 0.001, 1-year AUC = 0.690, 3-year AUC = 0.781, 5-year AUC = 0.792), GSE29621 (Figure 4C, p < 0.001, 1-year AUC = 0.883, 3-year AUC = 0.845, 5-year AUC = 0.743), and GSE38832 (Figure 4D, p = 0.040, 1-year AUC = 0.640, 3-year AUC = 0.686, 5-year AUC = 0.676). Factors with a p-value <0.05 in the univariate analysis (Figure 4E) were included in the multivariate analysis (Figure 4F). Age (p < 0.001, HR = 1.98, 95% CI [1.51–2.59]), T (p < 0.001, HR = 1.65, 95% CI [1.29–2.11]), M (p < 0.001, HR = 3.33, 95% CI [1.91–5.83]), and risk score (p = 0.008, HR = 1.22, 95% CI [1.05–1.42]) remained significant after multivariate analysis, and these four factors were included in the nomogram model (Figure 4G). The calibration graph showed that the nomogram-predicted survival rates were close to actual the survival rates (Figure 4H).




Figure 3 | Construction of the prognostic signature. (A) PRDEGs were identified using univariate Cox regression analysis. (B, C) The LASSO regression analysis and partial likelihood deviance on the prognostic genes. (D) The coefficient values of the multivariate Cox regression. (E) Risk score and survival outcome of each case. KM (F) and ROC (G) curves showing the prognostic value in the training cohort. (H) Pie charts showing the Chi-squared test of clinicopathologic factors in high- and low-risk groups.






Figure 4 | The KM and ROC methods were used to evaluate the efficiency of the risk score at predicting patient survival and construction of the nomogram model. (A–D) KM and ROC curves showing the prognostic value in multiple cohorts. Forest plots of univariate (E) and multivariate (F) Cox regression analyses in patients with CRC. (G) Construction of the nomogram model using risk score and other clinical features. (H) Calibration plot showing the differences between nomogram-predicted survival rates and actual survival rates.





Immune cell infiltration differences in high- and low-risk groups

The correlation between immune cell infiltration and the risk score is presented in Figure 5A. Ten types of immune cells were correlated with the risk score (p < 0.05). The association between the risk score and five signature genes is shown in Figure 5B. Stromal, immune, and ESTIMATE scores were also compared between high- and low-risk groups. Figure 5C shows that the low-risk group had a lower stromal score (p < 0.01) and higher immune score (p < 0.001), indicating increased immune cell infiltration levels in the low-risk group. TCGA pathology slides confirmed that immune cell infiltration was greater in the tumors of low-risk patients than in those of high-risk patients (Figure 5D).




Figure 5 | Evaluation of tumor microenvironment in high- and low- risk groups. (A) Relationship between risk score and different immune cell types. (B) Correlation between the abundance of immune cells and five genes in the prognostic signature. (C) Correlation between risk score and immune-related scores. (D) TCGA Pathology Slides confirmed that immune cell infiltration was greater in the tumor of low-risk patients than in high-risk patients. *p < 0.05; **p < 0.01; and ***p < 0.001.





Relationship between risk score and IC50 values of therapeutic drugs

The therapeutic effects of 15 types of drug molecules were evaluated using IC50 values (Figure 6A). The IC50 of 5-fluorouracil was significantly higher in the high-risk group (p < 0.05), indicating that low-risk patients might have better responses to fluorouracil-based chemotherapy. Low-risk patients also had higher sensitivities to the other 14 types of drug molecules (Figures 6B–O, p < 0.05).




Figure 6 | (A–O) Therapeutic drugs showed significant IC50 differences in high- and low-risk groups. *p < 0.05; **p < 0.01; and ***p < 0.001.





Efficiency of risk score in predicting patient response to ACT and bevacizumab

To validate patient responses to drug therapy, three independent CRC cohorts, including transcriptional data and the complete information of patients’ responses to drug therapy, were used. Patients with no response to 5-fluorouracil chemotherapy had higher risk scores in GSE19860 (Figure 7A, p < 0.05), GSE45404 (Figure 7B, p > 0.05), and GSE62080 (Figure 7C, p < 0.05) cohorts, and the proportions of patients in NR and R groups among these three cohorts are also shown. In the GSE19860 cohort, 12 patients also received bevacizumab therapy, and non-responders exhibited higher risk scores than responders (p > 0.05). Specifically, 67% of patients in the low-risk group were responders to bevacizumab, whereas only 17% patients were responders to bevacizumab in the high-risk group (Figure 7D).




Figure 7 | (A–D) Non-responders to 5-Fluorouracil chemotherapy and bevacizumab had higher risk score in multiple cohorts, the proportion of NR and R patients in these three cohorts was also shown. ns p > 0.05 and *p < 0.05.





Immune checkpoints expression, TIDE score, and IPS in the high- and low-risk groups

Expression levels of some well-known immune checkpoint genes in the high- and low-risk groups were further compared, and the results showed that the low-risk group had higher immune checkpoint expression, including PD-1 (PDCD1), LAG-3, and CTLA-4 (Figure 8A, p < 0.05), suggesting that low-risk patients might have better responses to immunotherapy. The TIDE score is used to predict the probability of immune escape, and immune dysfunction scores (Figure 8B, p > 0.05) were not significantly different between the low- and high-risk groups, whereas the high-risk group had higher immune exclusion scores (Figure 8C, p < 0.001), indicating a higher likelihood of immune exclusion and a worse response to immunotherapy. IPSs between the two groups were also compared, and low-risk patients who received different types of immune checkpoint blockade therapy had significantly higher scores (Figures 8D–G, p < 0.01), also suggesting that low-risk patients might have better responses to immune checkpoint blockade therapy.




Figure 8 | Immune checkpoint genes expression, TIDE score and IPS of patients in two risk groups. (A) The differences of immune checkpoint gene expression in high-risk and low-risk groups. (B, C) Violin plots showed the relationship between TIDE score and risk groups. (D–G) Violin plots showed the relationship between IPS and risk groups. *p < 0.05; **p < 0.01; and ***p < 0.001. ns p > 0.05.





Evaluating the performance of the risk score in predicting immunotherapy benefits

Four independent immunotherapy cohorts were applied to evaluate the performance of risk scores in predicting immunotherapy benefits. Responders had lower risk scores in all four cohorts (p < 0.05), and the low-risk group showed a higher proportion of responders to anti-PD-1, anti-PD-L1, or combined anti-PD-1 and anti-CTLA-4 therapy (Figures 9A–D). The results indicated that our risk score showed satisfactory performance in predicting immunotherapy benefits.




Figure 9 | (A–D) CR/PR patients had lower risk score in all the four cohorts, and low risk group showed higher proportion of responders to anti-PD-1, anti-PD-L1, or combined anti-PD-1 and anti-CTLA-4 immunotherapy. *p < 0.05 and ***p < 0.001.





In vitro verification of signature genes by qRT-PCR

We finally performed qRT-PCR to further explore the expression levels of five signature genes in 10 pairs of human CRC and adjacent normal tissues collected after surgical resection from The First Affiliated Hospital of Anhui Medical University. Among these five genes, CXCL9, CCL8, and PLA2G2A did not show significant changes in expression levels between normal and tumor tissues, whereas CXCL13 and TRIB2 exhibited significantly decreased expression in CRC tissues compared with that in normal tissues (Figures 10A–E), suggesting that these two genes might be potential therapeutic targets for CRC.




Figure 10 | Quantitative real-time polymerase chain reaction (qRT-PCR) analyses of CXCL9 (A), CXCL13 (B), CCL8 (C), PLA2G2A (D) and TRIB2 (E) expression in 10 pairs of CRC tissues and adjacent non-cancer tissues. *p < 0.05 and **p < 0.01. ns p > 0.05.






Discussion

Crosstalk between oxidative stress and ferroptosis have been identified in many human diseases. NOX4 promotes ferroptosis in astrocytes through lipid peroxidation induced by oxidative stress by impairing mitochondrial metabolism in Alzheimer’s disease (24). Oxidative stress-dependent ferroptosis can be regulated by GDF15 post-spinal cord injury (25). It was also reported that the effects of nanomedicine in targeting ferroptosis and apoptosis can be enhanced by oxidative stress (26). In recent years, some studies focused on constructing oxidative stress or ferroptosis-related risk models for predicting patient survival and immune landscapes in various types of malignant tumors (27–31). However, few risk models were developed based on a combination of these two phenotypes.

In this study, 34 genes related to oxidative stress and ferroptosis were identified; among these OFRGs, some have been proven to be associated with development and progression of CRC. MAPK14 is significantly related to patient survival, clinical characteristics, and immune infiltration in CRC (32). Further, NQO1 is a biomarker for prognosis and chemosensitivity in patients with CRC liver metastasis (33). Moreover, HSPA5 promotes CRC development by inhibiting ferroptosis through the maintenance of GPX4 stability (34). Oxaliplatin-based chemosensitivity in CRC can be weaken by preventing PANoptosis via phosphorylated NFS1 (35). Expression levels and genetic and transcriptional alterations of the 34 OFRGs were analyzed in CRC, and most of these OFRGs were differentially expressed and associated with patient prognosis. Three OFRG clusters were identified using 34 OFRGs, and patients in the three clusters showed different clinical outcomes, OFRG expression, and immune cell infiltration levels. Cluster A had an immune-desert phenotype, and it had the lowest infiltration levels of immune cells, including activated B cells, activated CD4+ T cells, eosinophils, MDSCs, macrophages, and natural killer T cells. Tumor-infiltrating immune cells can affect the response to immunotherapy, and expression levels of immune checkpoint genes can be upregulated by tumor-infiltrating CD4+ T cells (36). Eosinophils show high catalytic content of Fe (II), and the accumulation of Fe (II) can promote ROS production and eventually result in ferroptosis (37). MDSCs can inhibit functions of NK cells and T cells to promote tumor immune escape (38).

DEPRGs in the three OFRG clusters were identified and used to construct the prognostic signature. LASSO and stepwise Cox analyses were performed, and CXCL9, CXCL13, CCL8, PLA2G2A, and TRIB2 were finally selected as signature genes to calculate the risk score. CXCL13 correlates with poor prognosis and 5-flurourouracil resistance in CRC (39, 40). TRIB2 acts as an oncogene in CRC by blocking cellular senescence (41). Patients with CRC were divided into high- and low-risk groups based on the calculated risk score, and low-risk patients had better prognosis than high-risk patients. Further, the efficiency for predicting prognosis was validated based on four independent CRC cohorts, suggesting that our risk score had convincing predictive ability. The risk score remained significant after univariate and multivariate Cox regression analyses, indicating that it is an independent prognostic factor for patients with CRC. In addition, a nomogram model was built based on risk scores and other clinical features; high predictive efficiency was observed based on the calibration graph. The TME consists of cellular components, including stromal cells, endothelial cells, and immune cells, and non-cellular components, including cytokines, growth factors, matrix proteins, nucleic acids, and metabolites (42). The TME plays a vital role in tumor occurrence, progression, and chemotherapy resistance (43). The risk score correlated with various types of immune cells, and four such types were positively associated with the risk score, whereas the other six types of immune cells were negatively related to the risk score. Immune-related scores can be used to predict the efficacy of chemotherapy and immunotherapy (44). In this study, the low-risk group had lower stromal scores and higher immune scores, indicating higher immune infiltration levels and better responses to chemotherapy and immunotherapy. To further verify our findings, we examined drug susceptibility, immune checkpoint expression, TIDE scores, and IPS scores in high- and low-risk groups. The low-risk group had lower IC50 values with respect to 15 types of therapeutic drugs, including 5-fluorouracil, suggesting that low-risk patients might be more sensitive to fluorouracil-based chemotherapy. Thus, three independent CRC cohorts were used, and the results suggested that low-risk patients have better responses to fluorouracil-based chemotherapy. It was also found that non-responders to bevacizumab had higher risk scores. Immune checkpoints were expressed at higher levels in the low-risk group, and lower exclusion scores and higher IPSs were also observed, suggesting a lower probability of immune escape and better responses to immune checkpoint blockades. These findings were verified using four immunotherapy cohorts with melanoma, urothelial, or metastatic gastric cancer. In addition, qRT-PCR was performed to explore the expression differences between CRC and adjacent normal tissues, and the results suggested that CXCL9 and TRIB2 might be potential diagnostic or therapeutic targets of CRC.

Clinically, tumor markers, including carcinoembryonic antigen, carbohydrate antigen 125 (CA125), and carbohydrate 199 (CA199), as well as the AJCC staging system, are widely used to evaluate tumor progression and prognosis in the peri-operation of patients with CRC. However, chemotherapy is recommended after surgery for advanced stage CRC, and tumor markers and the AJCC stage cannot be used to accurately predict therapeutic responses. To address this issue, MSI, TMB, and NAL were identified as new biomarkers. MSI is caused by different mismatch repair mechanisms, which are strongly related to the response to PD-1 blockade therapy (45). Patients with high-MSI CRC benefit significantly less from neoadjuvant chemotherapy (46). TMB shows predictive value for non-small-cell lung cancer patients treated with PD-1/PD-L1 blockade therapy (47, 48). The correlation between the NAL and immunotherapy response in solid tumors has also been clarified in previous studies (49–51). However, these biomarkers do not show perfect predictive ability because they are associated with a small percentage of the patient population or moderate efficiency. We constructed a novel oxidative stress- and ferroptosis-related gene prognostic signature, which can used to predict patient prognosis, the immune landscape, and therapeutic responses in CRC; further, the signature showed satisfactory efficiency in distinguishing cold and hot tumors.

However, there are certain limitations to this study. First, our analysis and conclusions were based on public databases and retrospectively collected tumor samples, which might cause inherent case selection bias. Although our findings were validated using multiple cohorts, clinical samples should be collected from a larger cohort of patients to further verify our conclusion. Second, our sample size for verification experiments was limited, and more in-depth in vitro and in vivo experiments are required to further explore the functions of OFRGs in CRC. Finally, clinical information related to surgery and tumor markers was not considered. Thus, more clinical cases are needed to confirm our conclusion. In conclusion, we constructed a novel prognostic signature based on OFRGs, which showed satisfactory efficiency in predicting patient prognosis, the immune landscape, and therapeutic effects in CRC.
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Objective

Epithelial-to-mesenchymal transition (EMT) is tightly associated with the invasion and metastasis of pancreatic cancer with rapid progression and poor prognosis. Notably, gene alternative splicing (AS) event plays a critical role in regulating the progression of pancreatic cancer. Therefore, this study aims to identify the EMT-related AS event in pancreatic cancer.



Methods

The EMT-related gene sets, transcriptomes, and matched clinical data were obtained from the MSigDB, The Cancer Genome Atlas (TCGA), International Cancer Genome Consortium (ICGC), and Gene Expression Omnibus (GEO) databases. Key gene AS events associated with liver metastasis were identified by prognostic analysis, gene set variation analysis (GSVA), and correlation analysis in pancreatic cancer. The cell line and organoid model was constructed to evaluate these key gene AS events in regulating pancreatic cancer in vitro. Furthermore, we established an EMT-related gene set consisting of 13 genes by prognostic analysis, the role of which was validated in two other databases. Finally, the human pancreatic cancer tissue and organoid model was used to evaluate the correlation between the enrichment of this gene set and liver metastasis.



Results

Prognostic analysis and correlation analysis revealed that eight AS events were closely associated with the prognosis of pancreatic cancer. Furthermore, the expression of TMC7 and CHECK1 AS events was increased in the metastatic lesions of the human tissue and organoid model. Additionally, the knockdown of exon 17 of TMC7 significantly inhibited the proliferation, invasion, and migration of pancreatic cancer cells in 2D and 3D cell experiments. Finally, the expression of exon 17 of TMC17 exhibited a significant correlation with the poor prognosis in pancreatic ductal adenocarcinoma (PDAC).



Conclusion

The AS events of TMC7 and CHECK1 were associated with liver metastasis in pancreatic cancer. Moreover, exon 17 of TMC7 could be a potential therapeutic target in pancreatic cancer.
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1 Introduction

Pancreatic cancer is a highly malignant gastrointestinal tumor with high recurrence, metastasis, poor prognosis, and a 5-year survival rate lower than 8%. Additionally, most cases of pancreatic cancer are in the progressive stage when diagnosed (1, 2). Although conventional chemotherapy can improve the prognosis of pancreatic cancer patients, chemoresistance is an unavoidable challenge in treating pancreatic cancer (3). Furthermore, it is challenging to identify new therapeutic targets in pancreatic cancer due to the genetic heterogeneity and complicated crosstalk among molecular signaling pathways (4). Therefore, it would be meaningful to identify the critical genes in regulating the occurrence and development of pancreatic cancer while avoiding complex regulatory mechanisms, which would provide a theoretical foundation to develop safer and more effective therapeutic methods for treating pancreatic cancer.

Generally, the human genome contains approximately 20,000 genes. In addition to genetic mutations and post-translational modifications, post-transcriptional modified genes contribute to genetic diversity, such as mRNA alternative splicing (5). Notably, alternative mRNA transcripts can potentially generate protein isoforms with different structures and functionalities (6), such as constitutive splicing, alternative splice site selection (5′ and 3′), intron retention, mutually exclusive splicing, exon skipping, alternative promoter selection, and alternative polyadenylation sites (7). Additionally, alternative splicing also plays an essential role in cancer generation and development, cancer stem cell-like characteristics, angiogenesis, and drug resistance (6–10). Moreover, by analyzing the data from The Cancer Genome Atlas (TCGA) database and setting experiments, Zhang et al. proved that CD44 standard splice isoform can activate the PDGFRβ/Stat3 cascade and induce the cancer stem cell traits, which indicates that CD44 could be a potential target in inhibiting the progress of breast cancer (9). Certainly, there is another gene-spliced variant that could be used as potential therapeutic targets in cancer treatments, such as MDM4, and insulin receptors (11, 12). As the largest cancer gene database, TCGA is characterized by the comprehensiveness in not only the diverse cancer types but also the multi-omics data including gene expression data, miRNA expression data, copy number variation, DNA methylation, SNP, etc. (13). Therefore, TCGA is a suitable candidate in supplying gene alternative splicing involved in carcinogenesis and cancer progression (14). By exploring TCGA and SpliceSeq databases, researchers revealed the aberrant alternative splicing events of DAZAP1, RBM4, ESRP1, and QKI and splicing factors of ESRP1 and RBM5, which contribute to the development of pancreatic ductal adenocarcinoma (PDAC) (15, 16). In addition, Wang et al. also established a six-gene prognostic alternative splicing signature involved in immune cell infiltration in PDAC tissue, which may have far-reaching significance for immunotherapy (17).

The epithelial-to-mesenchymal transition (EMT) of cancer cell indicates that epithelial cancers can transform into various mesenchymal phenotypes, which plays an essential biological role in cancer progression, metastasis, and drug resistance (18). Therefore, the EMT-related gene set is critical when performing the EMT-related analysis. For example, some researchers deduced the pan-cancer EMT signature according to TCGA RNA-seq data and the established EMT markers, such as CDH1 (epithelial marker), CDH2 (mesenchymal marker), VIM, and FN1 (18, 19). Additionally, some researchers even used EMT-related gene sets from the MSigDB database for gene set variation analysis (GSVA) in PDAC (20, 21). However, it is unreliable to use the gene set for other cancers due to the characteristics of PDAC, such as rich mesenchymal components.

In this study, we first performed prognostic analysis to screen EMT-related genes from the MSigDB database and further validated them in another database. Then, we also verify the gene set in paired primary and metastatic PDAC tissues and organoid models. After establishing the EMT-related gene signature, we further screened the important AS events involved in PDAC liver metastasis by analyzing TCGA data and validated using the cell line model and PDAC-derived organoid model.



2 Materials and methods


2.1 Transcriptomic data and paired clinical data extraction

Transcriptomic data and paired clinical data of PDAC were downloaded from TCGA database (n = 177) and International Cancer Genome Consortium (ICGC) database (Australia cohort, n = 68; Canada cohort, n = 115). Clinical and transcriptomic data of the GSE19280 cohort were obtained from the Gene Expression Omnibus (GEO) database, containing four normal pancreatic tissues, three normal liver tissue, four primary PDAC tissues, and five metastatic PDAC tissues derived from the liver. Finally, log2-transformed gene expression data were used for further analyses.



2.2 Tissue collection

We collected fresh PDAC tissues, metastatic PDAC tissue derived from the liver, and adjacent normal tissues from pathologically and clinically diagnosed pancreatic adenocarcinoma patients. All patients signed the informed consent form before participating in the study. The application of these collected tissues was approved by the Institutional Review Board of Ruijin Hospital Affiliated with Shanghai Jiaotong University School of Medicine. The tissue specimens were immediately used for organoid culture or stored in liquid nitrogen until the mRNA extraction. The patients’ information for prognosis analysis is illustrated in 
Supplementary Table 1
.



2.3 Organoid culture, passage, and transfection

Tumor tissue was minced and digested in Dulbecco’s modified Eagle’s medium (DMEM) containing IV collagenase (Yeasen Biotechnology, Shanghai, China; Cat#40510ES60; 1 mg/ml) and hyaluronidase (Yeasen Biotechnology, Shanghai, China; Cat#20426ES60, 1 mg/ml) at 37°C for 2–4 h. The material was further embedded in growth factor-reduced (GFR) Matrigel (Corning, New York, USA; Cat#356231; working concentration, 1:1) and cultured in human pancreatic cancer complete medium (OuMel, Shanghai, China; Cat#WM-H-05), containing advanced DMEM/F12 medium, WNT pathway agonists, TGF-β pathway inhibitor, BMP pathway inhibitor, and growth factors such as EGF and FGF10. Normal samples were processed with the abovementioned protocol and digested in DMEM containing IV collagenase, hyaluronidase, and soybean trypsin inhibitor (Sigma, Missouri, USA; Cat#T9003; working concentration, 1 mg/ml) for 30 min. For passage, the Matrigel-containing organoid was digested by TrypLE™ Express (Gibco, New York, USA; Cat#; 12604-021; 1×) for 1 h. Then, the sample was centrifuged at 800 rpm for 5 min, and the precipitated cells were embedded in GFR Matrigel and cultured in human pancreatic cancer complete medium or human pancreas organoid complete medium (OuMel, Shanghai, China; Cat#WM-H-04). For transfection, the organoids were processed into single cells. Then, cells were seeded on a 12-well plate covered with GFR Matrigel. On the second day, the cells were transfected by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) for 6 h. Then, the medium was refreshed with a complete medium for 48 h of culture. Finally, cells were collected for subsequent experiments. The siRNA sequences are listed in 
Supplementary Table 2
.



2.4 RNA-seq analysis and GSVA

TruSeq RNA Sample Preparation kit (Illumina, San Diego, CA, USA) and HiSeq Xten (Illumina, San Diego, CA, USA) were used to construct the RNA-seq library. Gene count was normalized by calculating the transcripts per million (TPM) value. GSVA was performed for pathway enrichment analysis by the “GSVA” package in R 3.5.1.



2.5 RNA extraction and qRT-PCR

Total RNA was extracted from the tissues and cells by a TRIzol one-step kit (15596026, Invitrogen, Carlsbad, CA, USA) as previously described (22). The RNA was reversely transcribed into cDNA according to the instructions of PrimeScript RT reagent Kit (RR047A, Takara Bio Inc., Otsu, Shiga, Japan). SYBR Premix EX Taq kit (RR420A, Takara Bio Inc., Otsu, Shiga, Japan) was used for qPCR in 10-μl reaction mixtures in ABI 7500 (ABI, Foster City, CA, USA). The primers were synthesized by Shanghai Sangon Biotech (Shanghai, China), and the sequences are listed in 
Supplementary Table 2
. GAPDH was used as an internal reference, and the relative gene expression level was calculated as a 2−ΔΔCt value. Gene relative PSI value level was calculated by dividing 2−ΔCt of the experimental group by 2−ΔCt of the control group.



2.6 Cell culture and transfection

Human pancreatic cancer cell lines PATU-8988, BxPC-3, Capan1, MiaCaPa-2, PANC-1, and a normal human pancreatic ductal cell line HPDE were purchased from the cell bank of American Type Culture Collection (ATCC). The cells were cultured in 1640 medium (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum in an incubator (Thermo Fisher Scientific Inc., Waltham, MA, USA) under saturated humidity, 5% CO2, and 37°C. Before transfection, the cells with 70%–80% confluence were digested with 0.25% trypsin and resuspended in 1640 medium containing 10% fetal bovine serum (FBS). Then, approximately 2 × 105 cells were plated in a 6-well plate. When the cells reached 50%~70% confluence, transfection was performed by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and incubated for 6 h before the culture medium replacement with 1640 medium containing 10% FBS. After 48 h, cells were collected for subsequent experiments. The siRNA sequences are listed in 
Supplementary Table 2
.



2.7 Cell migration and invasion assay

Migration and invasion assays were performed according to the previous study (22). Briefly, cells were resuspended in a serum-free medium (106 cells/ml) and seeded on the Transwell chamber (Corning Glass Works, Corning, NY, USA) at a volume of 300 μ/well. Then, 600 μl of medium containing 10% FBS was added to the basolateral chamber. For the invasion assay, the Transwell chamber was covered with 50% Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) mixed with a serum-free medium at a 1:1 volume ratio and then incubated at 37°C for 2 h. After 24 or 48 h of incubation, the Transwell chamber was fixed with 4% paraformaldehyde and stained with crystal violet. Under a high-magnification microscope (×400), five fields were randomly selected to evaluate the average number of invasive and migratory cells. The experiment was repeated in triplicates.



2.8 3D organoid invasion and growth assay

The cells separated from the organoid were resuspended in a complete medium to prepare the cell suspension at 2 × 104/ml and mixed with Spheroid Invasion Matrigel at 1:1 (R&D, California, USA). Then, 20-μl mixtures were seeded at a 48-well plate for each well. After 5 days of incubation, the organoids were imaged by a high-magnification microscope (×400).



2.9 Statistical analysis

All data were processed by GraphPad Prism 6.0 (GraphPad Prism, RRID : SCR_002798). Student’s t-test was carried out to compare the difference between groups. As for survival analysis, a log-rank test was performed, and the Kaplan–Meier curve was plotted. Heatmap and forest graph were plotted by using the “GSVA” and “forestmodel” packages in R 3.5.1, respectively. Cox univariate analysis was performed by using the “survival” package in R. All results are presented as mean ± 95% CI from three repeats. A p-value of less than 0.05 was considered statistically significant.




3 Results


3.1 Redefining of EMT signature associated with inferior prognosis in pancreatic cancer

To establish the gene set involved in the EMT of pancreatic cancer, we downloaded the gene set that was involved in positively or negatively regulating the transition from epithelial to mesenchymal from the MSigDB database. First, GSVA was performed by EMT-related gene set positively (n = 34) or negatively (n = 23) regulating EMT in TCGA database. There was a positive correlation between the two gene sets (
Figure 1A
), and the Cancer Cell Line Encyclopedia (CCLE) database (
Figure 1B
). As shown in the prognostic analysis, the two gene sets were positively correlated to poor prognosis (
Figure 1C
). According to the univariate Cox analysis, only 2 of 23 genes were associated with favorable prognosis in the gene set of negatively regulated transition from epithelial to mesenchymal. In contrast, 13 of 23 genes were associated with poor prognosis in the gene set of positively regulated transition from epithelial to mesenchymal (
Figure 1D
). The results indicated that not all EMT-related genes act as we understand in pancreatic cancer. Therefore, these 13 genes with poor prognoses are used to redefine positive EMT-associated genes in pancreatic cancer. As shown in 
Figures 1E, F
, the PDAC cases with high EMT scores exhibited poor prognosis by the GSVA and prognosis analysis. Additionally, this gene set exhibited a significant influence on prognosis, according to the other two cohorts in the ICGC database (
Figure 1G
).




Figure 1 | 
Redefining of EMT signature by prognosis analysis in pancreatic cancer. (A, B) Pearson correlation analysis between EMT-related gene sets positively (n = 34) regulating EMT and EMT-related gene sets negatively (n = 23) regulating EMT by using GSVA scores in TCGA (PAAD patients) and CCLE databases (PAAD cell lines). (C) Kaplan–Meier analysis of overall survival using GSVA scores of the above two gene sets. (D) Forest plot shows the results of univariate Cox analysis of genes in the above two gene sets. (E) Heatmap shows the gene expression of 13 EMT-related genes in low-score and high-score groups. (F) Kaplan–Meier analysis of overall survival of low-score and high-score groups. (G) Kaplan–Meier analysis of overall survival based on the GSVA scores of gene set was performed in other two cohorts in ICGC database. EMT, epithelial-to-mesenchymal transition; GSVA, gene set variation analysis; TCGA, The Cancer Genome Atlas; CCLE, Cancer Cell Line Encyclopedia; ICGC, International Cancer Genome Consortium.






3.2 EMT signature is significantly associated with liver metastasis

It is well known that EMT is closely related to the invasion and metastasis of tumors. Therefore, we further utilize the dataset GSE19280 for external verification. As shown in the GSVA, the EMT exhibited the most significant characteristics in metastatic lesions, followed by the primary lesion and normal (
Figure 2A
). These results verify the reliability of the EMT-related gene set in predicting PDAC metastasis. According to TCGA database, primary lesions with distant metastases exhibited enhanced EMT signatures compared to those without distant metastases (
Figure 2B
). In our center, metastatic lesions showed almost all evaluated expression of genes in the EMT-related gene set compared to primary lesions (
Figure 2C
). We have successfully constructed relevant primary lesion-derived organoids and metastatic lesion-derived organoids (PAAD 1-6). According to the RNA-seq results, in the EMT gene set, almost all genes showed an increased expression in metastatic lesion-derived organoids (
Figure 2D
). Furthermore, as shown in GSVA, metastatic lesion-derived organoids exhibited enhanced EMT signatures as compared to the primary lesion-derived organoids (
Figure 2E
).




Figure 2 | 
EMT signature is significantly associated with liver metastasis. (A) Expression of GSVA scores in normal tissue, liver tissue, primary lesion, and metastatic lesion of PDAC. (B) Expression of GSVA scores in primary lesions with distant metastases and primary foci without distant metastases in the TCGA database. (C) In our center, heatmap shows expression of 13 genes of EMT-related gene set in primary lesions and metastatic lesions. (D) Heatmap shows the expression of 13 genes in the EMT gene set in organoids derived from metastatic lesions and organoids derived from primary lesions. (E) Expression of GSVA between organoids derived from metastatic tumor and organoid-derived from primary tumor. EMT, epithelial-to-mesenchymal transition; GSVA, gene set variation analysis; PDAC, pancreatic ductal adenocarcinoma; TCGA, The Cancer Genome Atlas. P value, "*" 0.01-0.05; "**" 0.001-0.01; "***" 0_0.001.






3.3 Discovery of gene alternative splicing event associated with EMT in PDAC

The functionality of the gene depends on not only the expression level of genes but also the mRNA alternative splicing. Therefore, we performed Cox univariate analysis to explore the genes involved in the interaction among prognosis, mRNA levels, and AS events. As shown in 
Figure 3A
, the mRNA levels and AS events of 311 genes were involved in regulating the prognosis by analyzing the intersection (p < 0.01). Furthermore, the correlation between the EMT signature, the mRNA expression of 311 genes, and AS events was analyzed. In 311 genes, the mRNA expression of 32 genes was associated with the AS events and EMT signature, as shown in 
Figure 3B
. Generally, the AS values distribute between 0 and 1. To filter genes, the genes with AS values between 0.2 and 0.8 were selected for the following analysis. Finally, 8 of 311 genes were confirmed, as shown in 
Figure 3C
 (AS event was significantly related to the GSVA score of EMT) and 
Figure 3D
 (gene expression was significantly related to the GSVA score of EMT).




Figure 3 | 
Identification of gene alternative splicing event associated with EMT in PDAC. (A) Venn diagram shows 311 genes whose mRNA levels and AS events are associated with prognosis (p < 0.01). (B) Venn diagram shows 32 genes whose mRNA levels and AS events were closely related to the EMT signature. (C) According to average AS value of between 0.2 and 0.8, heatmap shows that eight gene AS events were significantly related to the GSVA score of EMT (C) and eight genes whose mRNA levels were significantly related to the GSVA score of EMT (D). EMT, epithelial-to-mesenchymal transition; PDAC, pancreatic ductal adenocarcinoma; AS, alternative splicing; GSVA, gene set variation analysis.






3.4 Screening and identification of gene AS events associated with liver metastases of pancreatic cancer

As shown in 
Figure 4
, qRT-PCR analysis was performed to explore the relationship between these AS events and the liver metastasis of pancreatic cancer. The expression of eight AS events in pancreatic cancer tissues without liver metastases (n = 2) or with hepatic metastases (n = 2) is exhibited in 
Figures 4A, B
. AS events of TMC7 and RHBDL2 showed higher expression in the primary PDAC tumor without liver metastasis (
Figures 4A, B
). However, AS events of TMC7 and CHEK1 showed higher expression in primary and metastatic PDAC tumors with liver metastasis (
Figures 4C, D
).




Figure 4 | 
Validation of gene AS events associated with liver metastases in pancreatic cancer. By qRT-PCR analysis, expression of right gene AS events in pancreatic cancer tissues without liver metastases (A, B) n = 2 and pancreatic cancer with hepatic metastases (C, D) n = 2. AS, alternative splicing. P value, "*" 0.01-0.05; "**" 0.001-0.01; "***" 0_0.001.






3.5 SiRNA targeting exon 17 of TMC7 inhibits invasion and migration of pancreatic cancer cells

We evaluated the expression of TMC7 and CHEK1 AS events in pancreatic cancer cell lines and normal pancreatic cell lines by qRT-PCR. Then, we selected cell lines with high expression of TMC7 (BxPC-3) and CHEK1 (CanPan1) AS events for the next experiments (
Figures 5A, B
). Then, we designed siRNA sequences especially targeting exon 17 of TMC7 and exon 13.3 of CHEK1. These siRNA sequences successfully decreased the PSI value of TMC7 and CHEK1 (
Figures 5C, D
). By Transwell assays, siRNA targeting on exon 17 of TMC7 could apparently suppress the migration and invasion of PDAC cancer cells (
Figure 5E
). In contrast, the siRNA sequences targeting exon 13.3 of CHEK1 exhibited limited influence on the migration and invasion of PDAC cancer cells (
Figure 5F
).




Figure 5 | 
Knockdown of exon 17 of TMC7 inhibits invasion and migration of pancreatic cancer cells. (A) Expression of TMC7 AS events in pancreatic cancer cell lines and normal pancreatic cell lines by qRT-PCR. (B) After treatment by siRNAs targeting TMC7 exon 17, RNA levels of TMC7 exon 17 and exon 16 were detected by qRT-PCR. (C) After treatment by siRNAs targeting TMC7 exon 17, migratory and invasion abilities were assessed. (D) Expression of CHEK1 AS events in pancreatic cancer cell lines and normal pancreatic cell lines by qRT-PCR. (E) After treatment by siRNAs targeting CHEK1 exon 13.3, RNA levels of CHEK1 exon 13.3 and exon 13.1 were detected by qRT-PCR. (F) After treatment by siRNAs targeting CHEK1 exon 13.3, migratory and invasion abilities were evaluated. AS, alternative splicing. P value, “**” 0.001-0.01; “***” 0_0.001.






3.6 Exon 17 of TMC7 promotes invasion of patient-derived organoids and is associated with poor prognosis in PDAC

We successfully established a primary tumor-derived PDAC organoid and two liver metastatic PDAC tumor-derived organoids (
Supplementary Figure 1
). By qRT-PCR, we found that metastatic organoids showed a higher level PSI value of TMC7 (
Figure 6A
). Then, we used siRNA to successfully decrease the PSI value of TMC7 in metastatic organoids. Additionally, the siRNA can inhibit the invasion ability of organoids, according to the 3D invasion assay (
Figures 6B, C
). Finally, we further calculated the TMC7 PSI value in 67 PDAC cases. By plotting the ROC curve, an optimal cutoff value was set (
Figure 6D
). High expression of TMC7 PSI value was significantly involved in poor prognosis in PDAC (
Figure 6E
, p = 0.037).




Figure 6 | 
Exon 17 of TMC7 regulates invasion of PDAC-derived organoids and is significantly associated with inferior prognosis in PDAC. (A) Expression of TMC7 AS events in pancreatic cancer organoids derived from primary or liver metastatic tissues. (B) After treatment by siRNAs targeting TMC7 exon 17, RNA levels of TMC7 exon 17 and exon 16 were detected by qRT-PCR. (C) After treatment by siRNAs targeting TMC7 exon 17 for 6 days, the invasion ability of organoids was evaluated by 3D invasion assay. (D) A ROC curve was plotted to acquire optimal cutoff value to predict patients’ overall survival. (E) Kaplan–Meier survival curves of TMC7 PSI value in PDAC. PDAC, pancreatic ductal adenocarcinoma; AS, alternative splicing; ROC, receiver operating characteristic. P value, “**” 0.001-0.01; “***” 0_0.001.







4 Discussion

Pancreatic cancer is a highly aggressive and metastatic disease with a 5-year overall survival rate of 10% (1). After surgery, approximately 60% of PDAC patients have distant metastasis within the first 24 months (23), which is one of the primary causes of mortality in these patients (24). In the process of PDAC metastasis, EMT plays a crucial role (25). Recently, the roles of gene alternative splicing in pancreatic cancer have been proved, such as carcinogenesis and metastasis (26, 27). In this study, we redefined the gene set associated with pancreatic cancer EMT, which was validated in other datasets, PDAC organoids, and our clinical center. Furthermore, we applied this gene set for further analysis, and eight key AS events associated with pancreatic cancer progression were identified. Among them, we found that TMC7 and CHECK1 AS events were increased in metastatic lesions and pancreatic cancer liver tissue-derived organoids. Moreover, we found that the knockdown of exon 17 on TMC7 significantly inhibited the invasion, migration, and proliferation of the cell line and organoid model. Additionally, the expression of exon 17 on TMC7 was closely positively correlated with the progression of pancreatic cancer. Therefore, we found that exon 17 of TMC7 is a potential target in treating pancreatic cancer liver metastasis, according to a series of bioinformatics analyses and in vitro experiments.

The transition from epithelial to mesenchymal is a process where cells acquire mesenchymal characteristics with the ability to migrate (25). When researchers performed EMT-related bioinformatics analysis, they used different EMT-related gene sets (18, 19). In this study, we first downloaded two EMT-related gene sets that positively or negatively regulate the EMT process. We found that the enrichment scores of these two EMT gene sets were positive, which indicated that it is inappropriate to directly use these two gene sets when the researchers were performing bioinformatics analysis in PDAC. Interestingly, not all genes were significantly associated with prognosis, and some genes even exhibited an opposite relationship with prognosis according to the prognosis analysis. Therefore, 13 genes that positively regulated EMT were redefined as the EMT-related gene set in PDAC for the next analysis, which was further validated in another dataset, the Ruijin cohort and organoid model.

TCGA database is a suitable platform for mining the gene alternative splicing involved in carcinogenesis and cancer progression (14). Markolin et al. used HIF-dependent alternative splicing events as a clue to identify hypoxia-driven AS events (28). According to the 13 genes on the EMT-related gene set, we screened the gene AS events. Furthermore, eight critical gene AS events were identified in the Ruijin cohort and organoid model. The upregulation of TMC7 and CHECK1 AS events was observed in liver metastatic tissues according to the qPR-PCR results. Then, we further knocked down the expression of exon 17 on TMC7 and exon 13.3 on CHECK1 in the PDAC cell line and organoid. Suppressed invasion and migration of PDAC cases can only be observed on the cells and organoids treated with siRNA targeting exon 17 on TMC7. According to the informatics analysis, Cheng et al. proved that the expression of TMC7 mRNA was significantly related to the poor prognosis of PDAC. Furthermore, the knockdown of TMC7 mRNA could effectively suppress the clonability and invasiveness of PDAC cells (29). Additionally, TMC7 could also induce cancer cell proliferation and metastasis in oral tongue squamous cell carcinoma (30).

However, the mechanisms of how TMC7 promotes cancer development are still unclarified. Our result further revealed the critical role of exon 17 on TCM7 in regulating the development of PDAC.



5 Conclusion

In conclusion, according to a series of bioinformatics analysis methods, external validation, and experiments on in vitro cell line models and organoid models, we redefined the EMT-related gene set involved in PDAC liver metastasis. Furthermore, we also identified AS event of TMC7 as a crucial role in PDAC metastasis. Finally, we indicated that exon 17 on TCM7 could be a potential therapeutic target for treating pancreatic cancer liver metastasis.
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Introduction

The role of tumour secretory cytokines and peripheral circulatory cytokines in tumour progression has received increasing attention; however, the role of tumour-related inflammatory cytokines in colorectal cancer (CRC) remains unclear. In this study, the concentrations of various cytokines in the peripheral blood of healthy controls and patients with CRC at different stages were compared.





Methods

Peripheral blood samples from 4 healthy participants and 22 colorectal cancer patients were examined. Luminex beads were used to evaluate concentration levels of 40 inflammatory cytokines in peripheral blood samples.





Results

In peripheral blood, compared with healthy controls and early stage (I + II) CRC patients, advanced CRC (III + IV) patients had increased concentrations of mononuclear/macrophage chemotactic-related proteins (CCL7, CCL8, CCL15, CCL2, and MIF), M2 polarization-related factors (IL-1β, IL-4), neutrophil chemotactic and N2 polarization-related cytokines (CXCL2, CXCL5, CXCL6, IL-8), dendritic cells (DCs) chemotactic-related proteins (CCL19, CCL20, and CCL21), Natural killer (NK) cell related cytokines (CXCL9, CXCL10), Th2 cell-related cytokines (CCL1, CCL11, CCL26), CXCL12, IL-2, CCL25, and CCL27, and decreased IFN-γ and CX3CL1 concentrations. The differential upregulation of cytokines in peripheral blood was mainly concentrated in CRC patients with distant metastasis and was related to the size of the primary tumour; however, there was no significant correlation between cytokine levels in peripheral blood and the propensity and mechanism of lymph node metastasis.





Discussion

Different types of immune cells may share the same chemokine receptors and can co-localise in response to the same chemokines and exert synergistic pro-tumour or anti-tumour functions in the tumour microenvironment. Chemokines and cytokines affect tumour metastasis and prognosis and may be potential targets for treatment.





Keywords: colorectal cancer, tumor immune microenvironment, peripheral blood, cytokines, Luminex




1 Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors of the digestive tract and the third most common cancer in the world (1). Inflammation can promote cancer tumorigenesis and progression and plays a role in all steps of tumor cell transformation, proliferation, invasion, and metastasis (2–4). Although the mechanisms by which chronic inflammation promotes tumor progression remain elusive, the accumulation of inflammatory cells and inflammatory factors in the tumor microenvironment (TME) has been found to promote angiogenesis, malignant cell proliferation and metastasis, and epithelial-mesenchymal transition (EMT), and reverse the acquired immune response. Additionally, it alters the sensitivity of tumor cells to hormones and chemotherapeutic agents (5–7).

During an inflammatory response, an extremely complex regulatory network involves pro-inflammatory cytokines, pro-inflammatory cytokine-releasing cells, and pro-inflammatory cytokine target cells (8). In addition to pro-inflammatory cytokines, there are many other inflammatory mediators, which are small molecular compounds closely associated with vascular, nervous system, and cellular proliferative responses (9). The immunological TME plays a vital role in the development of CRC (10, 11), in which cancer cells communicate with neighboring cells through soluble factors, such as cytokines or chemokines, to produce a favorable TME (12). In addition, systemic chronic inflammation (obesity, depression, and so on) and treatment-induced chronic inflammation promote tumorigenesis and progression by affecting the immune system (11).

At different stages of CRC, different inflammatory cytokines and cells are involved, each playing its own role. In the early stages of CRC, disruption of the intestinal epithelial barrier by bacterial infection, microbial metabolites, obesity, or epithelial injury leads to the production and release of several proinflammatory cytokines. However, alterations in the gut microbiota can promote tumorigenesis because the microbiota and intestinal epithelial cells interact in a complex network to maintain homeostasis (13). Disruption of the intestinal barrier at the colorectal tumor site induces activation of innate immune cells and increased expression of pro-inflammatory cytokines such as tumor necrosis factor (TNF), one of the earliest and most important pro-inflammatory cytokines that activates other pro-inflammatory cytokines through the nuclear factor kappa-B (NF-κB) signaling pathway (14). During tumor progression, chemokines attract more immune cells to the tumor.

Most studies on markers of circulating inflammation have focused on a small number of candidate markers (15–17); nonetheless, these markers represent only a small part of the inflammatory cascade. Inflammatory processes are complex responses to stimuli and involve the interaction of host cells and signaling molecules (i.e. pro-inflammatory and anti-inflammatory cytokines, growth factors, angiogenic factors, and chemokines) (18). Few studies have comprehensively measured the relationship between these circulating cytokines and the development and progression of colorectal cancer. Therefore, in this study, we conducted a case-control study to compare the levels of 40 serum cytokines, including pro-inflammatory and anti-inflammatory cytokines, chemokines, growth factors, and angiogenic factors, in patients with colorectal cancer versus non-tumor patients, and to assess changes in cytokine levels at different CRC stages.




2 Materials and methods



2.1 Patients and specimens

This study was approved by the Biomedical Ethics Committee of the Ruijin Hospital. Between 2021 and 2022, peripheral blood samples were collected from 22 CRC patients and 4 non-tumor patients at the Shanghai Minimally Invasive Surgery Center of Ruijin Hospital for Luminex assay (Table S1). All CRC patients were pathologically diagnosed with colorectal cancer and underwent laparoscopic surgery at our center. The inclusion criteria were as follows: patients diagnosed with CRC who were candidates for surgery and those who were not receiving neoadjuvant therapy. The exclusion criteria were inflammatory disease, autoimmune disease, infection, immunosuppression, or immunoregulatory therapy. Tissue sections from each patient were TNM staged according to the 2015 National Comprehensive Cancer Network (NCCN) guidelines. All patients signed an informed consent form and were fully informed about the study. Peripheral blood (5 mL) was collected from each participant using standard sterilization procedures, and serum components were centrifuged and immediately stored in a freezer at -80°C until further analysis. Clinical data of the patients are summarized in Table S1.




2.2 Luminex assay

As previously described (19), cytokines were measured using a Luminex X-MAP system (Luminex 200 system, Luminex Corporation, Austin, TX, USA) and the Bio-Plex Pro Human Chemokine Panel 40-plex (Bio-Rad Laboratories, California, USA). The assay was conducted according to the manufacturer’s protocol (Wayen Biotechnologies, Shanghai, China). The Bio-Plex Pro Human Chemokine Panel 40-plex allows the simultaneous detection of the following circulating analytes: 6Ckine/CCL21, BCA-1/CXCL13, CTACK/CCL27, ENA-78/CXCL5, Eotaxin-2/CCL24, Eotaxin-3/CCL26, Eotaxin/CCL11, Fractalkine/CX3CL1, GCP-2/CXCL6, GM-CSF, Gro-α/CXCL1, Gro-β/CXCL2, I-309/CCL1, I-TAC/CXCL11, IFN-γ, IL-10, IL-16, IL-1β, IL-2, IL-4, IL-6, IL-8/CXCL8, IP-10/CXCL10, MCP-1/CCL2, MCP-2/CCL8, MCP-3/CCL7, MCP-4/CCL13, MDC/CCL22, MIF, MIG/CXCL9, MIP-1α/CCL3, MIP-1δ/CCL15, MIP-3α/CCL20, MIP-3b/CCL19, MPIF-1/CCL23, SCYB16/CXCL16, SDF-1α+β/CXCL12, TARC/CCL17, TECK/CCL25, and TNF-α. Additional information on cytokines is summarized in Table S2. Concentrated human recombinant standards were provided by the vendor and a broad range of standards was used to establish standard curves. The samples and standards tested in this experiment were detected using a Luminex 200 detector, and the fluorescence obtained was automatically calculated and optimized using the software. The original fluorescence of each sample was substituted into the standard curve formula to calculate sample concentration.




2.3 Cell lines

The human CRC cell lines were purchased from the American Type Culture Collection (ATCC, USA). All cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin solution and incubated at 37°C and 5% CO2.




2.4 Cell medium (CM) preparation

CRC cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. When the cells reached 100% confluence, the supernatant was removed and replaced with fresh medium. The cell medium containing all released cytokines was collected after 24 h.




2.5 Statistical analysis

Quantitative data were compared using two-tailed unpaired Student’s t-test or one-way ANOVA. Associations between clinical characteristics were assessed using Pearson’s chi-square test or Fisher’s exact test. Data are shown as mean ± SD. Statistical significance was set at p < 0.05. All data were analyzed using SPSS version 20.0 (IBM Corp., Armonk, NY, USA), GraphPad Prism 8.0 (Graph Pad, San Diego, CA, USA), and Microsoft Excel (Microsoft Corporation, Seattle, WA, USA). The drawing materials for the illustrations in this article are from Figdraw (www.figdraw.com).





3 Results



3.1 Participant characteristics

A total of 26 participants were included in the study, comprising 4 non-tumor patients (healthy controls) and 22 patients with CRC. The heat map shows the clinical information and pathological tumor parameters of the participants (Figure 1A). The details of all the participants, including sex and age, are listed in Table S1. According to the vendor-recommended program, 40 candidate serum cytokines were selected for evaluation. The heat map shows the concentrations of 40 cytokines in the 26 serum samples (Figure 1B). The correlation heatmap showed the correlation between the 40 cytokines (Figure 1C).




Figure 1 | Clinical characteristics and the concentrations of cytokines in patients with colorectal cancer and normal control. (A) Heatmap shows clinical characteristics of 26 patients for Luminex assay. (B) Heatmap of differentially expressed 40 serum multi-cytokines between participants with colorectal cancer patients and non-tumor patients (healthy controls) using Luminex assay. (C) Correlation heatmap of 40 serum cytokines in CRC patients and non-tumor patients (healthy controls).






3.2 The distribution of cytokines associated with the monocyte-macrophage system in the peripheral blood of CRC patients

First, we analyzed the distribution of cytokines associated with the monocyte-macrophage system in the peripheral blood of participants. Monocytes/macrophages express several CCR1, CCR2, and CCR5 receptors on their surfaces in response to the presence of the corresponding ligands. The concentrations of monocyte chemotaxis-associated proteins CCL7, CCL8, and CCL15 were increased in the peripheral blood of patients with stage IV colorectal cancer (one-way ANOVA, CCL7 control vs stage IV, p = 0.0020; CCL8 control vs stage IV, p = 0.0336; CCL15 control vs stage IV, p = 0.0324); additionally, the concentrations of macrophage chemotaxis-associated protein CCL2 and macrophage migration inhibitory factor (MIF) were increased in the peripheral blood of patients with stage IV colorectal cancer (one-way ANOVA, CCL2 control vs stage IV, p < 0.0001, control vs stage IIIB-C, p = 0.0088; MIF control vs stage IV, p = 0.0191), suggesting that colorectal cancer recruited a large number of monocytes/macrophages to the tumor region and stagnated macrophages in the tissues (Figure 2A).




Figure 2 | Distribution of cytokines associated with the monocyte-macrophage system in the peripheral blood of the participants. (A) Concentrations of CCR1, CCR2, and CCR5 ligands in the peripheral blood of the participants. In colorectal cancer, several monocytes/macrophages are recruited to the tumor region and macrophages are stagnated in the tissues. (B) Concentrations of M1 or M2 polarization-related cytokines in the peripheral blood of the participants. M1 macrophage-mediated anti-tumor function was impaired in stage II and stage IIIB-C colorectal cancer and may restore in colorectal cancer patients with distant metastases. M2 macrophage mediated pro-tumor function in patients with stage VI colorectal cancer. Data are presented as mean ± SD, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.



After entering tissues, macrophages can undergo M1 or M2 polarization in response to stimulation by different cytokines in the TME. Many stimuli have been reported in the literature, including IFN-γ, GM-CSF, and TNF-α inducing macrophages to M1 polarization for anti-tumor function, and IL-1β, IL-6, IL-10, and IL-4 inducing macrophages to M2 polarization for pro-tumor function. Next, we analyzed the distribution of these cytokines in the peripheral blood of the participants. Among the factors associated with M1 polarization, the concentrations of IFN-γ in the peripheral blood of patients with stage II and stage IIIB-C colorectal cancer declined (one-way ANOVA, IFN-γ control vs stage II, p = 0.0158, control vs stage IIIB-C, p = 0.0485), suggesting that the M1 macrophage-mediated anti-tumor function was impaired in these two groups of colorectal cancer patients. In addition, the concentrations of IFN-γ, GM-CSF, and TNF-α in the peripheral blood of patients with stage IV colorectal cancer showed an increasing trend (one-way ANOVA, GM-CSF control vs stage IV, p = 0.0176; TNF-α stage II vs stage IV, p = 0.0378), suggesting a possible restoration of M1 macrophage-mediated anti-tumor function in colorectal cancer patients with distant metastases. However, the concentrations of M2 polarization-related factors IL-1β and IL-4 also increased in the peripheral blood of patients with stage IV colorectal cancer (one-way ANOVA, IL-1β stage II vs stage IV, p = 0.0371; IL-4 control vs stage IV, p = 0.0122), suggesting the presence of M2 macrophage-mediated pro-tumor function in patients with stage VI colorectal cancer (Figure 2B).




3.3 The distribution of neutrophil/G-MDSC-associated cytokines in the peripheral blood of CRC patients

Next, we analyzed the distribution of neutrophil/granulocyte-myeloid-derived suppressor cell (G-MDSC)-associated cytokines in the peripheral blood of participants. Neutrophils and G-MDSCs express several CXCR1 and CXCR2 receptors on the cell surface in response to the binding of the corresponding ligands. The concentrations of CXCR1/2 ligands CXCL2, CXCL5, CXCL6, and IL-8 were increased in the peripheral blood of patients with stage IV colorectal cancer (one-way ANOVA, CXCL2 control vs stage IV, p = 0.0306; CXCL5 stage I vs stage IV, p = 0.0312; CXCL6 stage I vs stage IV, p = 0.0370; IL-8 control vs stage IV, p = 0.0038) (Figure 3A), suggesting that advanced colorectal cancer recruits a large number of neutrophils to the TME. Similar to macrophages, neutrophils can undergo N1 or N2 polarization in response to stimulation by different cytokines in the TME. Many stimuli have been reported in previous literature, including IFN-γ and GM-CSF, which induce neutrophils to N1 polarization for anti-tumor function, and IL-6, IL-8, CXCL2, and CXCL5, which induce neutrophils to N2 polarization for pro-tumor function (Figure 3B). The concentrations of IFN-γ and GM-CSF are shown in Figure 2B, the results suggest the impairment of N1 neutrophil-mediated anti-tumor function in patients with stage II and IIIB-C colorectal cancer and recovery in stage IV colorectal cancer. The concentrations of IL-8, CXCL2, and CXCL5 are shown in Figure 3A; the results suggest the presence of N2 neutrophil-mediated pro-tumor function in patients with stage IV colorectal cancer.




Figure 3 | Distribution of neutrophil/granulocyte-myeloid-derived suppressor cell-associated cytokines in the peripheral blood of the participants. (A) The concentrations of CXCR1/2 ligands CXCL2, CXCL5, CXCL6, and IL-8 were significantly increased in the peripheral blood of patients with stage IV colorectal cancer. (B) Neutrophils undergo N1 or N2 polarization in response to stimulation by different cytokines in the tumor microenvironment. Data are presented as mean ± SD, one-way ANOVA, *p < 0.05, **p < 0.01.






3.4 The distribution of antigen-presenting cell-associated cytokines in the peripheral blood of CRC patients

Next, we examined the distribution of antigen-presenting cell (APC)-associated cytokines in the peripheral blood of participants, including dendritic cells (DCs) and B cells. DCs express many CCR6 and CCR7 receptors on their surface in response to the presence of the corresponding ligands. DCs chemotaxis-associated proteins CCL19, CCL20, and CCL21 were differentially elevated in the peripheral blood of patients with stage IIIB-C and IV colorectal cancer (one-way ANOVA, CCL19 control vs stage IV, p < 0.0001; CCL20 control vs stage IV, p = 0.0259; CCL21 control vs stage IIIB-C, p = 0.0078, control vs stage IV, p < 0.0001), suggesting a significant recruitment of DCs, especially mature DCs, in the advanced stage of colorectal cancer (Figure 4A). B cells express large numbers of CXCR4 and CXCR5 receptors on their surface in response to CXCL12 and CXCL13, respectively. We found increased concentrations of CXCL12 in the peripheral blood of patients with advanced colorectal cancer (one-way ANOVA, CXCL12 control vs stage IV, p = 0.0014), suggesting a tendency for recruitment of B cells in the advanced stage of colorectal cancer (Figure 4B).




Figure 4 | Distribution of antigen-presenting cell-associated cytokines in the peripheral blood of the participants. (A) The concentrations of dendritic cells chemotaxis-associated proteins CCL19, CCL20 and CCL21 were elevated in the peripheral blood of patients with stage IIIB-C and IV colorectal cancer. (B) The concentrations of CXCL12 were increased in the peripheral blood of patients with advanced colorectal cancer. Data are presented as mean ± SD, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.






3.5 The distribution of lymphocytes-associated cytokines in the peripheral blood of CRC patients

Here, we analyzed the regulation of lymphocytes by cytokines in the peripheral blood of participants. First, we observed the distribution of T-cell growth factor IL-2 and T-cell activator IL-16 in the peripheral blood and found that IL-2 concentrations were increased in the peripheral blood of patients with stage IV colorectal cancer (one-way ANOVA, IL-2 control vs stage IV, p = 0.0226) (Figure 5A). Natural killer (NK) cells and Th1 cells share CXCR3 receptors and exert anti-tumor effects in response to stimulation by the specific ligands CXCL9, CXCL10, and CXCL11. Next, we analyzed the distribution of NK cell-related cytokines, including CXCR3 and CX3CR1 ligands, in the peripheral blood of the participants. The concentrations of CXCL9, CXCL10, and CXCL11 in the peripheral blood of patients with stage IV colorectal cancer increased (one-way ANOVA, CXCL9 control vs stage IV, p = 0.0010; CXCL10 stage I vs stage IV, p = 0.0478; CXCL11 stage IIIA vs stage IV, p = 0.0190), while the concentrations of CX3CL1 in the peripheral blood of patients with stage II, IIIB-C, and IV colorectal cancer were decreased (one-way ANOVA, CX3CL1 stage I vs stage II, p = 0.0015, stage I vs stage IIIB-C, p = 0.0048, stage I vs stage IV, p = 0.0328), suggesting the phenomenon of differential recruitment to NK cells in different colorectal cancer patients, and that in stage II, IIIB-C, and some stage IV patients may have suppressed the anti-tumor function of NK cells, while some stage IV patients had activated anti-tumor function of NK cells (Figure 5B). Subsequently, we analyzed the distribution of Th1 cell-related cytokines in the peripheral blood of participants, and found that the CXCR6 ligand CXCL16 was slightly upregulated in the peripheral blood of stage IV colorectal cancer patients; however, no significant differences were observed (Figure 5C). In contrast to Th1 cells, Th2 cells express CCR3, CCR4, and CCR8 receptors on their surface and can promote tumor progression by exerting immunomodulatory functions in response to stimulation by the corresponding ligands. The concentrations of CCL1, CCL11, and CCL26 were elevated in the peripheral blood of patients with stage IV colorectal cancer (one-way ANOVA, CCL1 control vs stage IV, p < 0.0001; CCL11 control vs stage IV, p < 0.0001; CCL26 control vs stage IV, p < 0.0001), suggesting that activation of the pro-tumor function of Th2 cells may exist in stage IV patients (Figure 5D). In addition, we detected upregulation of CCL25 and CCL27 in the peripheral blood of patients with stage IV colorectal cancer (one-way ANOVA, CCL25 control vs stage IV, p = 0.0100; CCL27 control vs stage IV, p = 0.0015), which were associated with the recruitment of type II intrinsic lymphocytes (ILC2s) and regulatory T cells in vivo, respectively (Figures 5E, F).




Figure 5 | Distribution of lymphocytes-associated cytokines in the peripheral blood of the participants. (A) The concentrations of T-cell growth factor IL-2 were significantly increased in peripheral blood of patients with stage IV colorectal cancer. (B) The concentrations of CXCL9, CXCL10, and CXCL11 in the peripheral blood of patients with stage IV colorectal cancer were increased, and the concentrations of CX3CL1 in the peripheral blood of patients with stage II, IIIB-C and IV colorectal cancer were decreased. (C) Distribution of Th1 cell-related cytokines in the peripheral blood of participants. (D) The concentrations of CCL1, CCL11, CCL17, CCL22, and CCL26 were differentially elevated in the peripheral blood of patients with stage IV colorectal cancer. (E) Distribution of CCL25 in the peripheral blood of the participants. (F) Distribution of CCL27 in the peripheral blood of the participants. Data are presented as mean ± SD, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.






3.6 Relationship between distribution of peripheral blood cytokines and lymph node metastasis or primary tumor size in CRC patients

In a previous analysis, we found that the differential upregulation of cytokines in peripheral blood was mainly concentrated in stage IV colorectal cancer patients with distant metastasis. Therefore, we analyzed whether the distribution of cytokines in the peripheral blood was related to lymph node metastasis in colorectal cancer. We excluded data from normal controls and stage IV colorectal cancer patients, divided the remaining participants into N0 and N1-2 groups according to the presence of lymph node metastasis, and compared the levels of each cytokine in the peripheral blood of patients in the two groups. In addition, we performed a more detailed analysis of the clinical data of CRC patients between these groups (Table S3), and there were no significant differences in age, sex, BMI category, tumor location, tumor histology, and tumor size. Figure 6A shows the analysis of the monocyte-macrophage system-associated cytokines in the two groups, in which only the monocyte chemotactic protein CCL13 was lower in the N1-2 group than in the N0 group (Student’s t-test, p = 0.0200), and no significant differences were observed between the two groups in the levels of the remaining monocyte/macrophage chemotaxis-related proteins and macrophage polarization-related factors. According to previous reports, CCL13 is important in the recruitment of monocytes and eosinophils (20, 21), and is positively associated with better prognosis in colorectal, breast, and ovarian cancer (22). Among the neutrophil-associated cytokines, only CXCL2 was reduced in the N1-2 group (Student’s t-test, p = 0.0310), and no significant differences were observed for the remaining cytokines (Figure 6B). CXCL2 is a tumor-promoting factor that recruits neutrophils to the TME to exert an immunosuppressive effect (23, 24). Analysis of DC-related cytokines showed no significant differences between the N0 and N1-2 groups (Figure 6C). In the analysis of lymphocyte-associated cytokines, only CCL17 concentration was reduced in the N1-2 group (Student’s t-test, p = 0.0397) (Figure 6D). CCL17 is a chemotactic factor for Th2 and Treg cells owing to the expression of CCR4 in these cells (25); however, it also exerts an anti-cancer effect by causing the infiltration of TIL into the tumor (26). Increased expression of CCL17 improves prognosis in lung, colorectal, and breast cancer (22). In this part of the analysis, no significant upregulation of any cytokine was observed in colorectal cancer patients with lymph node metastasis.




Figure 6 | Relationship between distribution of peripheral blood cytokines and lymph node metastasis or primary tumor size in colorectal cancer patients. (A) Analysis of the monocyte-macrophage system associated cytokines. The concentration of monocyte chemotactic protein CCL13 was lower in the N1-2 group than in the N0 group. (B) Analysis of the neutrophil-associated cytokines. The concentration of CXCL2 was lower in the N1-2 group than in the N0 group. (C) The analysis of dendritic cell-related cytokines showed no significant differences between the two groups. (D) Analysis of the lymphocyte-associated cytokines. The concentration of CCL17 was lower in the N1-2 group than in the N0 group. (E) Analysis of the monocyte-macrophage system associated cytokines. CCL2 and MIF were significantly upregulated in the tumor diameter ≥3 cm group, and IFN-γ and TNF-α were significantly downregulated in the tumor diameter ≥ 3 cm group. (F) The analysis of the neutrophil-associated cytokines showed no significant differences between the two groups. (G) Analysis of the antigen-presenting cells-related cytokines. CCL21 and CXCL12 were significantly upregulated in the tumor diameter ≥3 cm group. (H) Analysis of the lymphocyte-associated cytokines. CX3CL1 was significantly downregulated in the tumor diameter ≥3 cm group. (I, J) Analysis of the differential cytokines. The concentration of CXCL2, CCL17, CCL21 and CXCL12 were significantly lower in CRC cell line culture supernatant than in CRC patients’ peripheral blood. Data are presented as mean ± SD, Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.



The levels of cytokines in the peripheral blood of patients with tumors are often related to tumor burden, which is the size of the primary tumor. Therefore, we analyzed whether the distribution of cytokines in the peripheral blood was related to the size of the primary tumor in colorectal cancer patients. We excluded data from normal participants and stage IV colorectal patients, divided the remaining participants into a tumor diameter <3 cm group and a tumor diameter ≥3 cm group according to the size of the primary tumor, and then compared the levels of each cytokine in the peripheral blood of the two groups. In addition, we performed a more detailed analysis of the clinical data of CRC patients between the two groups (Table S4), and there were no significant differences in age, sex, BMI category, tumor location, tumor histology, and lymph metastasis between the two groups. As expected, the analysis of monocyte-macrophage system-associated cytokines showed that macrophage chemotaxis-related protein CCL2 and MIF were upregulated in the tumor diameter ≥3 cm group (Student’s t-test, CCL2, p = 0.0285; MIF, p = 0.0105), whereas the M1 polarization-related factors IFN-γ and TNF-α were downregulated in the tumor diameter ≥3 cm group (Student’s t-test, IFN-γ, p = 0.0041; TNF-α, p = 0.0104), indicating that macrophages were recruited more; conversely, the polarization of anti-tumor M1 macrophages was restricted (Figure 6E). In contrast, no significant difference was found between the two groups in the levels of neutrophil-associated growth factors, suggesting that the size of the primary tumor had little effect on neutrophil recruitment and activation (Figure 6F). In addition, the levels of DC-associated cytokine CCL21 and B cell-associated cytokine CXCL12 were upregulated in the tumor diameter ≥3 cm group (Student’s t-test, CCL21, p = 0.0471; CXCL12, p = 0.0432), suggesting that as the primary colorectal cancer lesion grows, the tumor secretes more cytokines, such as CCL21 and CXCL12, into the peripheral blood to recruit APCs (Figure 6G). Finally, analysis of lymphocyte-associated factors showed that the NK cell-associated cytokine CX3CL1 was downregulated in the tumor diameter ≥3 cm group (Student’s t-test, p = 0.0086). The results of the analysis of stage IV patients in the previous section strongly suggest the existence of an immune escape mechanism that inhibits NK cell recruitment and anti-tumor function by reducing the level of CX3CL1 in peripheral blood during the progression of colorectal cancer (Figure 6H). These results indicate that the differential upregulation of cytokines in peripheral blood was mainly concentrated in CRC patients with distant metastasis and related to the size of the primary tumor. Hence, we next explored the sources of differential cytokines by comparing the concentrations of differential cytokines in the peripheral blood within the CRC cell line culture supernatant. The levels of CCL13, MIF, CCL2, IFN-γ, TNF-α, and CX3CL1 were not significantly different between the two groups, indicating that these cytokines were mainly secreted by CRC cells. The concentrations of CXCL2, CCL17, CCL21, and CXCL12 in the CRC cell line culture supernatant were lower than those in patients’ peripheral blood (Student’s t-test, CXCL2, p = 0.0271; CCL17, p = 0.0283; CCL21, p < 0.0001; CXCL12, p = 0.0002), indicating that these cytokines were partially secreted by CRC cells (Figures 6I, J).




3.7 Role of chemokines and their receptors in co-localization of immune cells in TME

Because different types of immune cells may share the same chemokine receptors, they can co-localize in response to the same chemokines and exert synergistic effects in tissues. We next attempted to analyze cytokines and chemokines with significantly different distributions in the peripheral blood of colorectal cancer patients to determine their role in the co-localization of immune cells in the TME. As shown in Figure 7A, both Th1 cells and monocytes commonly express CCR1 and CCR5 receptors, whereas both Th1 and NK cells express CXCR3 receptors on their surface. During the progression of colorectal cancer, CCR1 and CCR5 ligands (CCL2, CCL7, CCL8, CCL15, and so on) recruit monocytes and Th1 cells to the TME, where monocytes are precursors of macrophages and DCs and play a role in antigen presentation; Th1 produces IFN-γ and IL-2, and IFN-γ induces M1 polarization of macrophages. M1 macrophages exhibit enhanced antigen-presenting activity while secreting CXCR3 ligands (CXCL9, CXCL10, CXCL11) and CXCL16 to recruit Th1 and NK cells and secrete TNF-α, synergistically exerting anti-tumor functions. Figure 7B shows another anti-tumor mechanism in the early stages of colorectal cancer. NK cells, monocytes, and some activated T cells commonly express CX3CR1 receptors, whereas both Th1 and NK cells express CX3CR3, a homologous receptor of CX3CR1 on the surface. The CX3CR1 ligand (CX3CL1) recruits NK cells, monocytes, and activated T cells to the TME; monocytes differentiate into macrophages and DCs to play a role in antigen presentation; activated T cells secrete IFN-γ, upregulating the expression of CXCR3 ligands (CXCL9, CXCL10, and CXCL11) to recruit Th1 and NK cells, synergistically exerting anti-tumor functions. As the tumor progresses, the immune response gradually shifts from anti-tumor to pro-tumor mode (Figure 7C). During tumor progression, Th2 cells are recruited to the TME by CCR3 ligands (CCL26, CCL11, and so on), and produce IL-4 and IL-10, which induce M2 polarization of macrophages. M2 macrophages secrete CCL1, CCL17, CCL22, and CCL24 to recruit Th2 cells, as well as inflammatory cytokines (IL-1β, IL-6, IL-10, and so on) to continuously induce M2 polarization of macrophages. M2 macrophages secrete inflammatory cytokines (TNF-α, IL-1β, and so on) to directly recruit neutrophils, while inflammation enhances endothelial adhesion and migration of neutrophils. Inflammatory cytokines (IL-8, IL-6, and so on) in the TME can induce M2 polarization of neutrophil cells and synergistically exert pro-tumor functions.




Figure 7 | Role of chemokines and their receptors in co-localization of immune cells in tumor microenvironment (TME). (A) During the progression of colorectal cancer, CCR1 and CCR5 ligands (CCL2, CCL7, CCL8, CCL15, and so on) recruit monocytes and Th1 cells to the TME, where monocytes are precursors of macrophages and dendritic cells (DCs) and play the role of antigen presentation. Th1 produces IFN-γ and IL-2, and IFN-γ induces M1 polarization of macrophages. M1 macrophages exhibit enhanced antigen-presenting activity, while secreting CXCR3 ligands (CXCL9, CXCL10, CXCL11, and CXCL16) to recruit Th1 and natural killer (NK) cells and secrete TNF-α; synergistically exerting anti-tumor functions. (B) In the early stages of colorectal cancer, the CX3CR1 ligand (CX3CL1) recruits NK cells, monocytes, and activated T cells to the TME. Monocytes differentiate into macrophages and DCs to play the role of antigen presentation. Activated T cells secrete IFN-γ, upregulating the expression of CXCR3 ligands (CXCL9, CXCL10, and CXCL11) and recruiting Th1 and NK cells to perform anti-tumor functions. (C) During tumor progression, Th2 cells are recruited to the TME by CCR3 ligands (CCL26, CCL11, and so on), and produce IL-4 and IL-10, which induce M2 polarization of macrophages. M2 macrophages secrete CCL1, CCL17, CCL22, CCL24, and so on to recruit Th2 cells, as well as secreting inflammatory cytokines (IL-1β, IL-6, IL-10, and so on) to continuously induce M2 polarization of macrophages. M2 macrophages secrete inflammatory cytokines (TNF-a, IL-1β, and so on) to directly recruit neutrophils, while inflammation enhances endothelial adhesion and migration of neutrophils. Inflammatory cytokines (IL-8, IL-6, and so on) in TME can induce M2 polarization of neutrophil cells; synergistically exerting pro-tumor functions.







4 Discussion

CRC is one of the most common malignant tumors of the digestive tract and the third most common cancer in the world (27). Inflammation plays an important role in all stages of tumor development (28). Moreover, chronic inflammation is associated with an increased risk of cancer, and the presence of an inflammatory TME has been proposed as an important marker of cancer (29). Inflammatory factors play a key role in the occurrence and development of tumors, either directly acting on tumor cells (i.e. induction of epithelial mesenchymal transformation and activation of cancer stem cells) or indirectly playing a multi-effect role by promoting favorable conditions in the microenvironment (including inhibiting the anti-tumor activity of immune cells), ultimately promoting the survival, proliferation, invasion and metastasis of cancer cells (19, 30).

Cytokines are a class of small molecular proteins or peptides with biological activity and can be divided into pro-inflammatory and anti-inflammatory cytokines (31). The pro-inflammatory cytokines mainly include TNFs, IL-1 family members, IL-2, IL-6, IL-8, IL-12, IFNs, and MIF. The anti-inflammatory cytokines included IL-4, IL-13, and IL-10 family members, the transforming growth factor-β (TGF-β) family, and soluble receptors of pro-inflammatory cytokines. In addition, the chemokine (CXC, CC, XC, and CX3C) family and hematopoietic growth factors (GM-CSF) are also included (19, 32).

In this comprehensive investigation of circulating cytokines and colorectal cancer, our main observation was that 17 markers involved in several components of the inflammatory process, CCL7, CCL8, CCL15, CCL2, MIF, IL-1β, CXCL2, CXCL5, CXCL6, IL-8, CCL19, CCL21, CXCL9, CXCL10, CCL11, CCL26, and IL-2, were significantly upregulated in the peripheral blood of patients with advanced colorectal cancer. In addition, six homeostatic chemokines, CXCL12, CCL1, CCL20, CCL25, CCL27, and CXCL11, were upregulated in the peripheral blood of patients with advanced colorectal cancer, which has also been reported to be associated with tumor progression (33–35). In particular, the concentrations of IFN-γ and CX3CL1 were significantly downregulated in the peripheral blood of patients with advanced colorectal cancer, which may be associated with an anti-tumor immune response (36–38).

The immunologic TME plays a vital role in the development of CRC, where resident cells communicate with neighboring cells through soluble factors, such as cytokines or chemokines, to produce a pro-tumor or anti-tumor immune response (39). Our results are consistent with those of previous studies that reported elevated levels of several circulating cytokines in cancer patients, namely increased concentrations of cytokines MIF, TNF-α, IL-6, IL-8, IL-17, IL-23, IL-10, and TGF-β in the peripheral blood of cancer patients, leading to simultaneous immune activation and immunosuppression in cancer patients (40, 41). Previous studies have reported elevated levels of several circulating cytokines in colorectal cancer patients, including IL-1β, IL-8, and TNF-α, which are thought to promote tumor development in the context of chronic inflammation (19). However, studies have also reported higher levels of IFN-γ in the peripheral blood of patients with colorectal cancer, which inhibits tumor formation and protects the host from tumor formation (42). Thus, the activity of some anti-tumor immune factors may be counteracted in the presence of some contrary signals, such as those imposed by other pro-tumor cytokines found in patients.

In this study, we propose possible patterns of anti-tumor immune activation and immunosuppression in the colorectal cancer microenvironment and propose key cytokines in each pattern based on our main observations. High concentrations of CX3CL1 exist in the immune microenvironment of early colorectal cancer, which recruits NK cells, monocytes, and activated T cells to the tumor region; monocytes differentiate into macrophages and DCs for antigen presentation; activated T cells secrete IFN-γ, upregulating the expression of CXCR3 ligands to recruit Th1 and NK cells, promoting the activation of CD8+T cells and its killing effect on tumor cells. With the progression of tumor, chemokines such as CCL2, CCL7, CCL8, and CCL15 in the microenvironment of colorectal cancer gradually increase, recruiting monocytes and Th1 cells to the tumor region. Th1 cells produce IFN-γ to induce M1-polarization of macrophages, and produce IL-2 to enhance the function of T cells; M1 macrophages recruit Th1 cells and NK cells for synergistic anti-tumor function. With further growth of the tumor, the immune response gradually changed from anti-tumor to pro-tumor mode, and the high concentration of CCL26 and CCL11 in the TME recruits Th2 cells to the tumor area. Th2 cells produce IL-4 and IL-10 to induce M2 polarization of macrophages; M2 macrophages secrete CCLs to recruit Th2 cells, while secreting IL-1β, IL-6, and IL-10 to induce M2 polarization of macrophages continuously; TNF-α and IL-1β secreted by M2 macrophages directly recruit neutrophils, and inflammation enhances the endothelial adhesion and migration of neutrophils; IL-8 and IL-6 induce the M2 polarization of neutrophils to play a synergistic role in promoting tumor development.

Many studies have used the Luminex assay to detect circulating cytokines in tumors. Most of these studies have focused on the development of biomarkers for early tumor screening and risk predictive cytokines (43, 44). For instance, Luminex’s liquid array-based multiple immunoassay was used in aggressive prostate cancer to screen serum cytokines and identify less invasive and easily applicable serum cytokine-derived biomarkers. Serum TRAIL and IL-10 were identified as new biomarkers for prostate cancer detection and risk stratification (45). In addition, some articles have reported the characterization of soluble molecules in malignant tumors (46). Sirven et al. provided the first breast tumor-specific classifier computed on breast tissue-derived secretome data (47). Similar to the purpose of the latter type of study, our study aimed to analyze the secretome data of colorectal cancer to characterize the relationship between circulatory cytokines, tumor cells, and the microenvironment, which has been relatively limited in previous studies. The TME consists of tumor cells, mesenchymal cells, endothelial cells, immune cells, and their secretions. In this microenvironment, various cell types interact with each other and regulate tumor growth, progression, and metastasis. Inflammation may precede the development of malignancies, and in other cases, oncogenic changes in malignant cells lead to the formation of an inflammatory environment that promotes tumor development (4). The inflammatory environment contributes to the proliferation and survival of malignant cells, stimulates angiogenesis and metastasis, disrupts adaptive immunity, and alters the response to tumor therapy. Previous studies have proposed that most of the elevated circulating factors found in CRC patients are considered pro-inflammatory mediators, suggesting that inflammation plays an important role in the microenvironment of colorectal cancer and is a major source of circulating pro-inflammatory factors, possibly involving tumor cells as well as non-malignant stromal cells and inflammatory cells (48). In our study, we found that the upregulated cytokines in the peripheral blood of most patients with colorectal cancer were positively correlated with tumor burden. This finding is consistent with previous reports that cancer patients exhibit an inflammatory state caused and maintained by tumor volume (19).

This study has some limitations. For instance, although the association of inflammatory cytokines with colorectal cancer is biologically plausible, there may be some margin of error in our observations due to the large number of cytokines evaluated. In total, we identified 25 circulating cytokines that were statistically significant in patients with colorectal cancer; however, repeated validation and laboratory studies are needed before we can determine the specific function and clinical translational value of these results. At the same time, owing to the low detectability or poor reproducibility (large differences within groups) of some cytokines, our experimental results may have a certain degree of chance. In addition, cytokine levels were measured at only one point in time for each participant. Therefore, we may have overlooked how they might change over time.

In conclusion, our study extends the observation of peripheral blood cytokine distribution in patients with colorectal and provides laboratory evidence for the association of pro-inflammatory and anti-inflammatory cytokines, chemokines, and growth factors with the development and progression of colorectal cancer. Moreover, we propose that different types of immune cells may share the same chemokine receptor, respond to the same chemokines, and co-locate in the TME to perform synergistic pro-tumor or anti-tumor functions. Chemokines and cytokines affect tumor metastasis and prognosis and may be potential therapeutic targets.
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Background

Senescence is significantly associated with cancer prognosis. This study aimed to construct a senescence-related prognostic model for colorectal cancer (CRC) and to investigate the influence of senescence on the tumor microenvironment.



Methods

Transcriptome and clinical data of CRC cases were downloaded from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. Senescence-related prognostic genes detected by univariate Cox regression were included in Least Absolute Shrinkage and Selection Operator (LASSO) analysis to construct a model. The efficacy of the model was validated using the receiver operating characteristic (ROC) curve and survival analysis. Differentially expressed genes (DEGs) were identified and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment were performed. CIBERSORT and Immuno-Oncology Biological Research (IOBR) were used to investigate the features of the tumor microenvironment. Single-cell RNA-seq data were used to investigate the expression levels of model genes in various cell types. Immunofluorescence staining for p21, SPP1, and CD68 was performed with human colon tissues.



Results

A seven-gene (PTGER2, FGF2, IGFBP3, ANGPTL4, DKK1, WNT16 and SPP1) model was finally constructed. Patients were classified as high- or low-risk using the median score as the threshold. The area under the ROC curve (AUC) for the 1-, 2-, and 3-year disease-specific survival (DSS) were 0.731, 0.651, and 0.643, respectively. Survival analysis showed a better 5-year DSS in low-risk patients in the construction and validation cohorts. GO and KEGG analyses revealed that DEGs were enriched in extracellular matrix (ECM)-receptor interactions, focal adhesion, and protein digestion and absorption. CIBERSORT and IOBR analyses revealed an abundance of macrophages and an immunosuppressive environment in the high-risk subgroup. Low-risk patients had higher response rates to immunotherapy than high-risk patients. ScRNA-seq data revealed high expression of SPP1 in a subset of macrophages with strong senescence-associated secretory phenotype (SASP) features. Using CRC tumor tissues, we discovered that SPP1+ macrophages were surrounded by a large number of senescent tumor cells in high-grade tumors.



Conclusion

Our study presents a novel model based on senescence-related genes that can identify CRC patients with a poor prognosis and an immunosuppressive tumor microenvironment. SPP1+ macrophages may correlate with cell senescence leading to poor prognosis.





Keywords: colorectal cancer, senescence, prognostic model, immune infiltration, biomarkers




Introduction

Colorectal cancer (CRC) is one of the most prevalent malignancies and the third leading cause of cancer-related mortality worldwide. Early stage CRC can be treated with surgical resection, adjuvant radiation, or chemotherapy. The standard treatment strategy for metastatic CRC is combined chemotherapy and targeted agents, including immune checkpoint inhibitors (ICIs); however, the 5-year overall survival (OS) rate remains relatively low (10–14%) in these cases (1, 2) due to drug resistance. Thus, a further understanding of the mechanisms of treatment failure in CRC remains crucial for improving the survival outcomes of CRC patients.

In the past few years, the role of senescence in cancer has been widely investigated. Cellular senescence is characterized by aberrant changes in cell morphology, gene expression, chromatin, and metabolism induced by continuous microenvironmental stimulation. Generally, cellular senescence serves as a complement to programmed cell death and helps maintain tissue homeostasis. However, the effects of senescence on cancer cells are complex. Despite their protective role in certain contexts, senescent cells may promote tumorigenesis, development, and relapse (3, 4). The senescence-associated secretory phenotype (SASP), characterized by the secretion of a series of proinflammatory chemokines and cytokines, can mediate the function of neighboring cells, such as immune cells, stromal cells, and adjacent non-tumor epithelial cells in the surrounding tumor microenvironment (TME) (5).

Recent evidence suggests the role of cellular senescence in tumor immune escape. Pereira et al. revealed that senescent cells can evade immune clearance by secreting SASP factors, such as IL-6, to upregulate HLA-E, which suppresses natural killer (NK) cells and T cell clearance in premalignant lesions (6). During the development of hepatocellular carcinoma (HCC), chemokine CCL2, another SASP factor, recruits immature suppressive myeloid cells that inhibit NK cell function and promotes the progression of HCC (7). Cellular senescence can induce drug resistance during cancer treatment. In addition, the SASP-related factor amphiregulin contributes to chemoresistance via upregulating programmed cell death 1 ligand (PD‐L1) expression in recipient cancer cells and creating an immunosuppressive TME (8). In summary, cell senescence can cause therapeutic resistance and lead to poor survival outcomes in cancer patients. Given the importance of cell senescence in tumors, many studies have investigated the expression of senescence-associated genes in cancer and have constructed survival prediction models. However, little is known regarding the prognostic role of senescence and its immune-mediated functions in CRC.

Bulk transcriptomics allow scientists to comprehensively understand tumor features. Thus, several analyses regarding cell senescence have been performed based on bulk transcriptome data, and attempts have been made to decompose the bulk data into lineage-specific constituents using deconvolution algorithms. However, single-cell RNA sequencing (scRNA-seq) enables the accurate identification of different cell types and recognizes their distinct characteristics in various biological states and conditions (9, 10). In the field of cell senescence, scRNA-seq has been used to understand aging of the nervous, hemopoietic, and immune systems. Thus, combined bulk transcriptome and scRNA-seq analyses provide unique insights into the SASP features of CRC and help identify potential therapeutic markers.

In this study, we constructed a senescence-related prognostic model for CRC patients based on the SenMayo gene list (11). We discovered that high-risk patients not only had poor prognosis and strong senescent features but also presented an immunosuppressive TME and resistance to immunotherapy. ScRNA-seq analysis revealed that one of the model genes, secreted phosphoprotein 1 (SPP1), was highly expressed in a subset of macrophages. This subset secretes relatively high levels of SASP factors and may contribute to the senescence of tumor cells.



Materials and methods



Data collection of bulk transcriptome and senescence gene sets

For the construction cohort, clinical features, RNA-seq expression data, and somatic mutation data were downloaded from the Cancer Genome Atlas-Colon Adenocarcinoma (TCGA-COAD) database (https://cancergenome.nih.gov/). For validation, clinical features and RNA-seq expression data of GSE17536, GSE17537 (12) and GSE38832 (13) were obtained from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). GSE17536 and GSE17537 were merged into a single cohort because they were derived from the same study. RNA-seq expression data of patients from the GSE213331 cohort (13) and their pathological response to neoadjuvant ICI were collected to validate the model’s ability to predict immunotherapy response. The SenMayo gene list was downloaded from the Supplemental Material of the study by Saul (11). Patients with unrecorded expression of genes in the SenMayo gene set were excluded.




Construction and validation of the prognostic senescence-related gene model

Univariate Cox regression analysis was performed to identify genes predicting disease-specific survival (DSS)-predicted genes. DSS was defined as the interval from diagnosis to CRC-associated death. Senescence-related genes with |hazard ratio (HR)| > 1.0 and p-value< 0.05 were included in the model construction. To minimize the risk of overfitting, the least absolute shrinkage and selection operator (LASSO) algorithm was performed with tenfold cross validation and run for 1,000 cycles with a random stimulation of 1,000 times. Risk scores were calculated using the R package ‘glmnet.’ The senescence risk score for each patient was calculated as follows:

	

The 1-, 2-, and 3-year ROC curves of the risk model were constructed to evaluate its prognostic performance. Patients were stratified into low- and high-risk subgroups using the median score as the cutoff value. Kaplan–Meier survival curves were plotted to compare the DSS between the two groups in the construction and validation cohorts.




Functional enrichment analysis

We used the R package ‘limma’ to identify the expression of differentially expressed gene (DEG) sets between the high- and low-risk groups. The thresholds were set at |log2FC| > 1.0, along with a p-value< 0.05. The R package ‘clusterProfiler’ was used to explore the biological attributes of the DEGs. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, Gene Ontology (GO) pathway enrichment analysis, and Gene Set Enrichment Analysis (GSEA) were conducted. The heatmap constructed by the R package ‘ggplot2’ was used for result visualization.




Mutation analysis

The mutation annotation format (MAF) downloaded from TCGA database was created with the ‘maftools’ package. Mutations in SenMayo genes were compared between the high- and low-risk subgroups.




Exploration of immune-related signatures

Upregulated or downregulated immune-related pathways in the high-risk groups were analyzed using the GSEA software. We used CIBERSORT (https://cibersort.stanford.edu) to analyze the relative levels of 22 tumor-infiltrating immune cells in high- and low-risk patients. The relationship between gene expression levels and immune cell infiltration was evaluated using the TIMER2.0 database (http://timer.comp-genomics.org/). The Immuno-Oncology Biological Research (IOBR) R package was used to assess the immune features and immune cell infiltration in high- and low-risk groups.




Single-cell sequencing data collection and processing

The raw unique molecular identifiers (UMI) count matrix of the single-cell dataset GSE132465 was downloaded (14). For quality control, the raw gene expression matrix was filtered, normalized using the Seurat R (15) package, and selected according to the following criteria: cells with > 1,000 UMI counts, > 200 genes and< 6,000 genes, and< 20% mitochondrial gene expression in UMI counts. Gene expression matrices from filtered cells were normalized and scaled. The uniform manifold approximation and projection (UMAP) method was used to lower the dimensions of the data, and t-distributed stochastic neighbor embedding (t-SNE) projection was applied to cluster and visualize the results. The cells were annotated using canonical cell surface markers. Differentially expressed genes (DEGs) were detected using the FindMarker function. Gene expression levels across various cell subtypes were determined using the DoHeatmap function.




Immunofluorescence staining

For immunofluorescence (IF), surgical specimens of benign colon tissues (colonic diverticula), low-grade colon tumors without venous or nervous system invasion, and high-grade colon tumors with venous or nervous system invasion were collected. All procedures involving human tissue experiments were approved by the Ethics Committee of the Shanghai Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China. The IF staining was implemented based on formalin-fixed paraffin-embedded (FFPE) tissues which were cut into 5 µm thick slides for each panel test. The slides were dewaxed, rehydrated, and subjected to epitope retrieval by boiling in citrate antigen retrieval solution (pH = 6; Servicebio #G1206) for 3 min. After cooling, the slides were washed three times in phosphate-buffered saline (PBS) for 5 min. Proteins were blocked with bovine serum albumin (BSA) for 30 min. One antigen was added in each round, including the BSA block, primary and secondary antibody incubation, and antigen retrieval. The above procedures were repeated until the three biomarkers, CD68 (Servicebio #GB113150, 1:3000), p21 (Servicebio #GB11153, 1:4000), and SPP1 (abcam # ABS135915, 1:200), were added. The secondary antibodies for the three biomarkers were horseradish peroxidase (HRP)-labeled goat anti-rabbit antibody (Servicebio #GB23303, 1:500) for CD68 and p21 and Cy3-labling goat anti-rabbit antibody (Servicebio #GB21303, 1:500). An AutoFluo quencher was applied and the nuclei were stained with 4, 6-diamidino-2- phenylindole (DAPI, Servicebio #GB1012) before the slides were blocked using an antifade mounting medium (Servicebio #GB1401). Images were captured using an inverted fluorescence microscope.




Statistical analysis

Statistical analyses were conducted using R software (version 4.2.2, https://www.r-project.org/) and its appropriate packages. Kaplan–Meier analysis was used to assess and compare survival between the different subgroups. Log-rank two-tailed p< 0.05 was considered as statistically significant.




Results



Construction of senescence-related model

The whole work diagram was summarized in Supplemental Figure 1. Among the 125 SenMayo genes, 18 were prognostic according to univariate Cox regression analysis. LASSO Cox regression analysis was conducted to build a multigene prognostic model with the least chance of overfitting, based on the 18 genes (Figures 1A, B). Seven genes were finally selected into the model according to the optimal value of λ and the multivariate hazard ratios are shown in Figure 1C. The genes included prostaglandin E receptor 2 (PTGER2), fibroblast growth factor 2 (FGF2), insulin like growth factor binding protein 3 (IGFBP3), angiopoietin like 4 (ANGPTL4), dickkopf WNT signaling pathway inhibitor 1 (DKK1) and wingless-type MMTV integration site family member 16 (WNT16). The risk score was calculated using the following formula: senescence risk score = (-0.744 × expression level of PTGER2) + (0.295 ×the expression level of FGF2) + (0.155 × the expression level of IGFBP3) + (0.520 × the expression level of ANGPTL4) + (0.106 × the expression level of DKK1) + (0.337 × the expression level of WNT16) + (0.012 × expression level of SPP1). The correlation matrix (Figure 1D) revealed that the expression of each model gene was independent of other genes.




Figure 1 | Construction of a cell senescence-associated prognostic model based on the SenMayo gene set. (A, B) LASSO Cox regression analysis was conducted to screen the key genes; (C) Forest plots showing the results of the univariate Cox regression analysis between overlapping genes and overall survival; (D) Correlation of the seven model gene expression.






Validation of the model in the training and validation cohorts

Next, we evaluated the prognostic value of our model in TCGA and validation cohorts (GSE17536/7 and GSE38832). In each cohort, we categorized patients into low- and high-risk groups using the median value as the threshold. Survival analysis was performed for low- and high-risk patients. In the training cohort, the 5-year DSS rates were 84.7% (95% confidence interval (CI): 75.6–94.9%) for low-risk patients and 71.7% (95% CI: 59.0–87.1%) for high-risk patients (p = 0.016, Figure 2A). In the two validation cohorts, high-risk patients had worse survival outcomes than low-risk patients (p< 0.001 in GSE17536/7, Figure 2B; p = 0.027 in GSE38832, Figure 2C). The AUC at 1, 2, and 3 years were 0.731, 0.651, and 0.643, respectively, in TCGA cohort (Figure 2D); 0.658, 0.669, and 0.669, respectively, in GSE17536/7 cohort (Figure 2E); and 0.666, 0.693, and 0.670, respectively, in GSE38832 cohort (Figure 2F). Taken together, our senescence-related 7-gene risk model accurately distinguished high-risk patients from low-risk patients, and its prognostic ability was stable.




Figure 2 | Validation of the model in the training cohort and validation cohorts. (A–C) Kaplan-Meier survival curves of in senescent low- and high-risk patients in the TCGA training cohort (A), the GSE17536 and GSE17537 validation cohort (B) and the GSE38832 validation cohort (C); (D–F) The ROC curves at 1-, 2- and 3-year in the mentioned three cohorts.






Clinicopathological features of senescent high- and low-risk patients

In addition to the prognosis, we investigated the basic clinicopathological features of the high- and low-risk groups (Table 1). High-risk patients were more likely to have tumors with venous invasion (p = 0.001) and higher American Joint Committee on Cancer (AJCC) T stages (p = 0.006), and N stages (p = 0.001). The proportion of metastases was also higher in the high-risk patients (p = 0.012). In summary, the clinicopathological features were more aggressive in the senescent high-risk patients than in the low-risk patients.


Table 1 | Comparison of basic clinicopathological features in high-risk and low-risk groups.






The landscape of DEGs and mutations in high-risk and low-risk subgroups

To explore the genomic characteristics of low- and high-risk patients, we identified DEGs between the two subgroups using a fold change cutoff value of 1.5 and a p-value< 0.05 (Figure 3A). Compared with the low-risk group, there were 375 upregulated and 4 downregulated genes in the high-risk group. The expression of the top50 upregulated genes in high-risk patients is shown in a heatmap (Figure 3B). We then examined the mutation status of the SenMayo genes in the two groups and listed the top 10 differentially mutated genes. More mutated senescence-related genes, including SLIT-ROBO Rho GTPase activating protein 3 (SRGAP3), vacuolar protein sorting 13 homolog B (VPS13B), titin (TTN), nuclear GTPase, germinal center associated (NUGGC), integrin subunit beta 4 gene (ITGB4), nestin (NES), nuclear receptor corepressor 1 (NCOR1), and polycystic kidney disease protein 1-like 1 (PKD1L1), were found in the high-risk group (Figure 3C). GO pathway analysis revealed enrichment mainly in the extracellular matrix (ECM) and structure-related pathways (Figure 3D). The top 1 KEGG enrichment pathway was phagosome, which participates in the elimination of senescent cells. Others included ECM-receptor interactions, focal adhesions, and protein digestion and absorption (Figure 3E). We calculated the SenMayo signature scores of the two subgroups and confirmed that the scores were significantly higher in the high-risk patients (Figure 3F), indicating that this group was burdened with strong SASP features.




Figure 3 | A landscape of different expressed genes and mutations in high-risk and low-risk subgroups. (A) Volcano plots of differentially expressed genes (DEGs) between high-risk and low-risk patients; (B) Heatmap of the expression of top 50 DEGs in the two subgroups; (C) The differentially mutated SenMayo genes between the two groups; (D) The GO enrichment pathways of DEGs; (E) The KEGG enrichment pathways of DEGs; (F) Comparison of SenMayo enrichment score between two subgroups.






Comparison of TME features in the high-risk and low-risk groups

We then compared the TME features between the high- and low-risk subgroups. Using the CIBERSORT algorithm, we analyzed the abundance of 22 different immune cells in the two groups (Figure 4). The proportions of plasma cells, CD4+ memory T cells, monocytes, and dendritic cells were obviously lower in the high-risk subgroup than in the low-risk subgroup (Figure 5A). In contrast, the infiltration levels of macrophages (including the M1 and M2 subtypes), mast cells, and neutrophils were significantly higher in high-risk patients. Further analysis of TME signatures using the IOBR package revealed that the TME of high-risk patients was immunosuppressive, exclusive, and exhausted (Figures 5B–D). Moreover, low-risk patients may be more sensitive to immunotherapy according to their higher mismatch repair (MMR) and homologous recombination scores (Figure 5E). High-risk patients exhibited stronger epithelial-mesenchymal transition (EMT) signatures (Figure 5F). Collectively, these results indicate an immunosuppressive TME in high-risk patients. Therefore, we examined the association between senescence risk score and the efficacy of immunotherapy in a rectal cancer cohort. Non-pCR patients had significantly higher senescence risk scores than pCR patients (p = 0.024; Figure 5G). We also compared the expression other IO biomarkers in the two subgroups. While no difference of tumor mutation burden (TMB) was found, we discovered significant enhanced PD-L1 expression in the high-risk group. (Supplemental Figure 1)




Figure 4 | The proportions of 22 types of immune cells in each sample of low-risk (top line) and high-risk (bottom line) groups revealed by CIBERSORT.






Figure 5 | Comparison of tumor microenvironment features in high-risk and low-risk groups. (A) Comparison of the infiltration of immune cells between two subgroups; (B–D) Comparison of immune suppression, exclusion and exhaustion features between two subgroups; (E, F) Comparison of tumor signatures and EMT signatures between two subgroups; (G) Analysis of the senescence risk score in patients with different response to immunotherapy using a rectal cancer cohort (GSE213331). *P < 0.05; **P < 0.01; ****P < 0.0001; NS, not significant.






Identification of SPP1+ macrophages as a key component in cell senescence based on scRNA transcriptomic analysis

Based on the close relationship between the immune microenvironment and cellular senescence, we focused on the expression of our model genes in immune cells using scRNA transcriptomic analysis. After scaling and normalizing the expression matrix, we used CD45 as a marker to broadly categorize the cells into immune and non-immune cell populations (Figure 6A). Immune cells were selected and dimensionality reduction was performed. Using specifical canonical markers defined in the literature, cells were divided into the following clusters (Figures 6B, C): B cells (‘MZB1’), CD4 positive cells (‘CD4,’ ‘IL2RA,’ ‘CXCR3,’ ‘CCR4’), CD8 positive cells (‘CD8A,’ ‘CD8B’), regulatory T cells (‘IL2RA’), and myeloid cells (‘LYZ,’ ‘MARCO,’ ‘CD68,’ ‘FCGR3A’). The expression levels of the model genes were examined in the five populations (Supplementary Figure 2). Strong expression of SPP1 was observed, particularly in myeloid cells (Figures 6D, E). Given the significantly enhanced infiltration of macrophages in high-risk tumors, we selected myeloid cell clusters for further analysis. The myeloid cell population was divided into dendritic cells (DCs) (‘BIRC3,’ ‘HLA-DPB1’), macrophages (‘CD163,’ ‘CD68,’ ‘CD14’) and monocytes (‘IL1RN’) as shown in Figures 6F, G. After clustering the macrophages into three subgroups by dimensionality reduction, we found that SPP1 was highly expressed, particularly in cluster 0 (Figures 6H, I). We compared the expression of the SenMayo genes between clusters 0 and 1. In addition to SPP1, nine other senescence-related genes were upregulated in cluster 0 macrophages, indicating the SASP features of this sub-cluster (Figure 6J). We performed immunofluorescence assays to detect the association between SPP1+ macrophages and tumor senescence. Normal colon tissues, low-grade colon tumor tissues, and high-grade colon tumor tissues were stained. A larger number of SPP1 (red)-positive macrophages (green) and surrounding senescent tumor cells (p21 positive, pink) were observed in high-grade tumors than in low-grade tumors. In normal tissues, the proportions of SPP1+ macrophages and p21+ tumor cells were low (Figure 7).




Figure 6 | Identification of SPP1+ macrophages as a key imponent in cell senescence of colorectal cancer based on scRNA transcriptomic analysis. (A) tSNE plots showing immune cell and non-subsets identified by the CD45 marker; (B) Bubble plots showing the expression of marker genes in all immune cell clusters. Dot size indicates the percent expressed genes and color indicates the expression strength levels; (C) UMAP plot showing immune cell clusters defined according to the marker genes; (D) The expression of SPP1 on all immune cells; (E) Violin plot showing SPP1 expression on various types of immune cells; (F) UMAP plot showing myeloid cell clusters defined according to the marker genes; (G) Bubble plots showing the expression of marker genes in myeloid cell clusters; (H) UMAP plot showing three subsets of macrophages; (I) Bubble plots showing macrophage related genes; (J) Volcano plots showing differentially expressed SenMayo genes between SPP1+ and SPP1- macrophages.






Figure 7 | Densities of tumor-infiltrating SPP1+/CD68+ macrophages and p21+ senescent cells in benign colon tissues, low-grade colon tumor tissues and high-grade colon tumor tissues. Confocal microscopy scan of immunofluorescence staining showed the distribution of SPP1 (red) positive CD68 (green) double positive macrophages and p21 (pink) positive senescent cells.






Discussion

CRC is one of the most prevalent malignancies with high mortality rates worldwide. In this study, we constructed a senescence prognostic model based on the SenMayo gene panel using public bulk transcriptome data and discovered a relationship between SASP and the immunosuppressive microenvironment. We investigated the expression of senescence prognostic genes in scRNA-identified immune cell populations and identified SPP1+ macrophages as an important TME component that leads to tumor senescence.

Cellular senescence is elicited by various intrinsic and extrinsic stresses, including replicative exhaustion and cancer therapies such as chemotherapy and radiation. SenMayo is a novel gene set designed by Saul et al. to identify cells expressing high levels of SASP genes and to evaluate the clinical senescence burden. Based on SenMayo, we constructed a prognostic model that could distinguish CRC patients with strong SASP features and poor survival outcomes.

The model consisted of the following seven genes: PTGER2, FGF2, IGFBP3, ANGPTL4, DKK1, WNT16, and SPP1. Among these risk factors, FGF2 (also known as bFGF, a basic fibroblast growth factor) is a well-known survival factor, and a higher level of FGF2 is secreted by senescent cells than by pre-senescent cells. It has also been reported that FGF2 can shift macrophages towards an M2-like phenotype and alter tumor immunity, which can therefore be a therapeutic target in cancer treatment (16). IGFBP3 is known for its pleiotropic ability to regulate cell proliferation, apoptosis, and differentiation. It has recently been shown that IGFBP3 is an upregulated secretory factor of senescent cells and is associated with SASP (16–18). ANGPTL4 encodes a secreted glycoprotein that promotes angiogenesis and inhibits ferroptosis (19). ANGPTL4 participates in tumorigenesis and therapeutic resistance through autocrine and paracrine activity (20–23). DKK1 is a WNT signaling pathway inhibitor that could trigger early onset of the cellular senescence (24, 25). WNT16 is a secreted signaling protein that is overexpressed during stress- and oncogene-induced senescence (26). A previous study has reported that paracrine WNT16B attenuates the effects of cytotoxic therapy (27). SPP1 is a secreted cytokine closely associated with tumorigenesis, invasion, and metastasis. SPP1 could upregulate the expression of interferon (IFN)-γ and interleukin (IL)-12 and modulate the function of various TME components. Importantly, previous studies have reported that a special subtype of tumor-associated macrophages (TAM) with strong SPP1 expression presents immunosuppressive features and is positively correlated with EMT markers (28–30).

As cell senescence can modulate the immune environment, we further investigated the immune features of senescent high-risk patients. Immune-related gene signature sets indicate an immunosuppressive phenotype in senescent high-risk tumors. According to the results of CIBERSORT, this population distinctly exhibited highly infiltrating macrophages. Thus, we hypothesized that macrophages contribute to tumor cell senescence and SASP features in high-risk patients.

To evaluate the expression of senescence-related genes in immune cells, we identified immune cell populations using scRNA-seq data and further divided them into various subtypes. We found a particularly high expression of SPP1, one of our model genes, in myeloid cells. Based on previous evidence and our CIBERSORT results, we next focused on the expression of SPP1 in macrophages. It has been discovered that there are two distinct subsets of TAMs in CRC, the SPP1+ subset and the C1QC+ subset. While C1QC+ TAMs preferentially express phagocytosis- and antigen presentation-related genes, SPP1+ TAMs have a proangiogenic signature and are more likely to engage in crosstalk with cancer-associated fibroblasts (CAFs) and endothelial cells (29, 31). Patients with strong SPP1+ TAM infiltration show resistance to immunotherapy and poor prognosis. Our study is the first to report that SPP1+ TAMs exhibit stronger SASP features than C1QC+ TAMs. This subpopulation of TAMs highly expresses senescent factors such as CCL20, CXCL1, MMP12, CXCL10, IL6, and CCL5. Using human benign colon tissues and colon tumor tissues, we found that SPP1+ macrophages were particularly enriched in high-grade tumors. We observed a large number of senescent tumor cells around the SPP1+ macrophages, whereas there were fewer SPP1+ macrophages and senescent cells in low-grade tumors and benign colon tissues. This result further indicates the role of SPP1+ macrophages in the development of SASP features in CRC. Therefore, targeting SPP1+ macrophages may alter the senescent state of tumor cells and reverse immunotherapeutic resistance.

Our study has several limitations. First, our model was based on gene expression in CRC patient samples, and the incorporation of clinical factors may have improved the efficacy of the model score. The predictability of immunotherapy response in our model needs to be further validated in larger cohorts. The intrinsic association between macrophages and the senescent tumor environment revealed by our model should be further investigated in vivo and in vitro. Despite these limitations, our study provides novel insights into senescence-immune interactions in CRC and an effective prognostic model to guide ICI treatment.



Conclusion

Our study presents a novel model based on senescence-related genes that can identify CRC patients with a poor prognosis and an immunosuppressive TME. SPP1+ macrophages may correlate with cell senescence, leading to a poor prognosis.
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Viral
vector-
based
vaccine

Live-
attenuated
bacteria
and yeast
vaccines

Interventions

Ad5 [El-, E2b-]- CEA
(6D)

Ad5-hGCC-PADRE
vaccine

PANVAC

Therapeutic autologous
dendritic cells

TroVax

AVX701 (VRP-CEA(6D))

GI-6207 (Yeast-CEA)

GI-6301 (Yeast Brachyury
Vaccine)

GI-4000 ( whole, heat-
killed, recombinant
Saccharomyces cerevisiae
yeast, engineered to
encode ras oncogene)

Carrier/
source

ADV

ADV

poxvirus

PANVAX (viral
vector)

MVA

alphavirus

heat-killed
yeast
(Saccharomyces
cerevisiae)

yeast

yeast

Stage

advanced
CRC

stage 1/1T

mCRC

mCRC

mCRC

Stage 11
v

mCRC

advanced
CRC

advanced
CRC
(with
specific
ras
mutation)

Design
and arms

Single arm:
AdS5 [El-,
E2b-]-CEA
(6D)
(N=32)
Single arm:
Ad5-hGCC-
PADRE
vaccine
(N=10)
Arm 1:
PANVAC +
GM-CSF
Arm 2:
PANVAC +
DCs

Vaccine
arm: DC
+PANVAC
(N=39)
Control
arm: DC
+GM-CSF
(N=37)
Single arm:
TroVax
(N=22)
Arm 1:
AVX701
(Stage IV,
N=28)
Arm 2:
AVX701
(Stage III,
N=12)
Single arm:
GI-6207
(N=22)

Single arm:
GI-6301 at
different
dose levels
(N=11)
Single arm:
GI-4000
(N=19)

Primary
objective

Safety,
immune
response

Safety,
immune
response

OS, RES

RFS,
immune
response

Safety,
immune
response

OS, RFS,
immune
response

Safety,
immune
response

Immune
response,
safety

Safety,
immune
response

Results

There was minimal toxicity, OS at 12
months is 48%.

GUCY2C-specific T-cell responses were
detected in 40% of patients. Adverse
events were minimal.

2-year RFS (55% vs. 47%, p=0.22)

RFS at 2 years was similar (47% and
55% for DC/PANVAX and PANVAX/
GM-CSF, respectively). Specific T-cell
responses against CEA was statistically
similarly.

Toxicity was minimal. Antigen-specific
responses were observed.

Stage IV group: 5-year OS 17% (95%
CI 6% to 33%)

Stage III group: 5-year RFS 75% (95%
CI 40% to 91%). An increase in CD8
+TEM and a decrease in FOXP3+Trges
were observed in 10/12.

GI-6207 vaccination had minimal
toxicity and induced certain antigen-
specific T cell responses and CEA
stabilization in patient population.

Brachyury-specific T-cell responses was
seen in the majority of patients. No
evidence of autoimmunity or serious
adverse events was observed.

GI-4000 demonstrated a favorable
safety profile and immunogenicity in
the majority of subjects.

ADV, adenovirus; MV A, modified vaccinia Ankara; OS, overall survival; RFS, recurrence-free survival; mCRC, metastatic colorectal cancer.

Phases NCT

Number

I NCT01147965
(55)

1 NCT01972737
(56)

1 (57)

11 NCT00103142

s (58)

1 (59)

1 NCT00924092
(60)

I NCT01519817
(61)

1 (62)
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NCT Number
(status)

NCT05141721 (Not yet
recruiting)
NCT03639714 (Active,
not recruiting)
NCT03953235
(Recruiting)
NCT04912765
(Recruiting)
NCT05243862 (Not yet
recruiting)
NCT05078866 (Not yet
recruiting)
NCT01885702 (Active,
not recruiting)
NCT05130060
(Recruiting)
NCT04117087
(Recruiting)
NCT04853017
(Recruiting)
NCT04147078
(Recruiting)
NCT04799431 (Not yet
recruiting)

Tumor

mCRC

MSS solid tumors include CRC
MSS solid tumors include CRC
mCRC, hepatocellular cancer
mCRC

Lynch Syndrome

Colorectal Cancer (MSI) or Lynch
syndrome

mCRC

MSS mCRC, Pancreatic Cancer

KRAS/NRAS mutated (G12D or G12R)

solid tumor (including CRC)
Solid tumors including CRC

mCRC, metastatic pancreatic cancer

Interventions

GRT-C901, GRT-
R902

GRT-C901, GRT-
R902

GRT-C903,GRT-
R904

Neoantigen Dendritic
Cell Vaccine

PolyPEPI1018

GAd-209-FSP, MVA-
209-FSP

DC vaccination

PolyPEPI1018

KRAS peptide
vaccine

ELI-002 2P

Neoantigen-primed
DC Vaccine

Neoantigen Vaccine

mCRC, metastatic colorectal cancer; MSS, microsatellite stable; pMMR, proficient mismatch repair.

Adjuvant/combined
therapy

Fluoropyrimidine, oxaliplatin,
bevacizumab, ipilimumab
Nivolumab, Ipilimumab
Nivolumab, Ipilimumab

Nivolumab

Montanide ISA 51, Atezolizumab

Montanide ISA 51, TAS-102
Poly-ICLC / nivolumab,
ipilimumab.

Amph-CpG-7909

Poly-ICLC/ Retifanlimab

Phases
(Enrollment)

Phase II/11T
(665)

Phase I/1I (214)
Phase I/11 (144)
Phase 11 (60)
Phase 11 (28)
Phase Ib/II (45)
Phase I/I1 (25)
Phase I (15)
Phase I (30)
Phase I (18)
Phase I (80)

Phase I (12)

Completion
Date

March 2027
March 2023
December 2023
May 2025
March 2026
December 2025
December 2022
May 2024

June 2024
September 2024
June 2023

February 2026
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TME infiltration-dependent DEGs
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Good
coherence

Kaplan-Meier
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Lipid-based vaccines Polymeric vaccines

- Formulation simplicity

- Self-assembly

- High biocompatibility and bioavailability
- Low encapsulation effciency

- Payload flexibility and capacity

- Precise control of charaterisitics

- Easy surface modification

- Possibility for toxicity and aggregation

Inorganic vector-based vaccines Biologically-derived vaccines

- Variability in size, structure and geometry - Excellent biocompatibility

- Unique optical, electrical and magnetic - Abundant pre-loading antigens
properties - Low toxicity -

- Toxicity and solubility limitations - Components uncontrollability

- Difficulty in large-scale acquisition
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Interventions  Adjuvant/ Stage Design and  Primary Results Phases NCT

combined arms objective Number/
therapy Reference
Moleculer- HLA-A*2402- mFOLFOX6 or advanced  Single arm: HLA- RR, PFS, No significance was observed for I (32)
based restricted XELOX CRC A*2402 restricted 0s planned statistical efficacy endpoints.
vaccine peptides peptides +
chemotherapy
(N=96)
Five HLA- Cyclophosphamide  advanced  Single arm: Five Safety, The vaccine was safe. Induced T-cell 1 (33)
A*2402-restricted CRC HLA-A*2402- immune responses were observed.
peptides restricted peptides + response
chemotherapy
(N=9)
mRNA 4157 Pembrolizumab mCRC Arm 1: Vaccine at Safety, A portion of results showed that this 1 NCT03313778
different doses immune vaccine was safe, well-tolerated and (34)
Arm 2: Vaccine + response could induce strong neoantigen-
chemotherapy specific T cell responses.
V 941 (mRNA Pembrolizumab KRAS Arm 1: Vaccine Safety, The clinical trial is underway and 1 NCT03948763
5671) positive  alone immune the results are eagerly awaited.
cancers Arm 2: Vaccine + response,
chemotherapy ORR
Cancer OncoVax Bacillus Calmette-  Stage I Treatment arm: 0S, DFS Trend toward better DFS (p = 0.078) m (35)
cell Guerin (BCG) (N=297), Surgery + and OS (p = 0.12). DFS (p = 0.006)
vaccines Stage III  vaccination and OS (p = 0.017) improved in
(N=115) Observation arm: stage II patients.
Surgery alone
GVAX GM-CFS, advanced  Single arm: GVAX/  ORR, The median PFS was 82 days (95% I NCT02981524
cyclophosphamide/  pMMR Cy + safety, PFS,  CI 48-97days) and the median OS (36)
Pembrolizumab CRC pembrolizumab OS,DOR  was 213 days (95% CI 179-441
(N=17) days). Toxicities were acceptable.
GM-CSF, advanced ~ Single arm: GVAX/  Immune No significant increase in CD45RO I NCT01966289
cyclophosphamide/ CRC Cy (N=18) response, +cells was noted. Grade 3-4
guadecitabine safety toxicities were expected and
manageable.
Dendritic ~ Dendritic cells i mCRC Vaccine arm: DC DES DEFS of the vaccine arm was 25.26 g NCT01348256
cells vaccine vaccine (N=8), months (95% CI 8.73-n.r) versus 37)
vaccine Control arm (N=7) 9.53 months (95% CI 5.32-18.88) in
control arm.
Ex vivo TNF-o., advanced  Single arm: DC Safety, OS,  Median OS 7.4 m + G3 (G3 CI, 4.5- /1 (38)
IL1, IL6, and PGE2 CRC vaccine (N=20) RES 17.5 m); median time of tumor

progression, 2.4 months (95% CI
1.9-4.1 months).

mCRC, metastatic colorectal cancer; MSS, microsatellite stable; pMMR, proficient mismatch repair; RR, response rate; PFS, progression-free survival; OS, overall survival; ORR, objective
response rate; DFS, disease-free survival; DOR, duration of response; PES, progression free survival.
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Cell _1

Fibroblasts
Neurons

HSC
Megakaryocytes
Fibroblasts
Thl cells
Fibroblasts
HSC
Megakaryocytes
Epithelial cells
Thl cells

Cell type pairs related to fibroblasts were labeled in bold.

Cell_2

Chondrocytes
Chondrocytes
Chondrocytes
Chondrocytes
Th1 cells
HSC
Epithelial cells
Epithelial cells
Epithelial cells
Adipocytes
Adipocytes

Cor (normal)

0.26
0.19
0.27
0.17
-0.05
-0.15
-0.11
-0.07
0.09
0.03
0.08

Cor (tumor)

0.84
0.76
0.79
0.68
-0.55
-0.66
-0.64
-0.59
-0.45
-0.52
-0.59

Abs [Cor (normal) - Cor (tumor)]

0.58
0.57
0.51
0.51
05
0.51
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0.54
0.55
0.67
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Immunotherapy
methods

Antibody
immunotherapy

Antibody
immunotherapy

Antibody
immunotherapy

Antibody
immunotherapy
Tumor vaccine
Tumor vaccine
Gene therapy
Gene therapy

Gene therapy

Adoptive cell
immunotherapy

Adoptive cell
immunotherapy

Cancer types

Prostate cancer
+melanoma-+colon
cancer

HER2-positive breast
cancer brain
metastasis

HER2-

positive gastric cancer

Glioma

Melanoma lung
metastasis
Melanoma lung
metastasis
Breast cancer

Hepatocellular
carcinoma
Metastatic mammary
carcinoma

Breast

cancer brain
metastasis
Colorectal
adenocarcinoma

Treatment

USNBs-+anti-PD-L1

FUS+circulating
MBs+trastuzumab

UTMD
+sonosensitizer
+rastuzumab
UTMD+anti-PD-L1

UTMD+model
antigen (ovalbumin)
UTMD+model
antigen (ovalbumin)
UTMD+anti-PD-L1
+pGM-CSF
UTMD+pre-miRNA
plasmids
UTMD+pIFN-
B+anti-PD-L1
UTMD+NK-92 cells

UTMD+Fe-NK cells

Animal model

Female C57BL/6
and nude mice

Male nude rats
Female nude
mice

Female Cr. NIH
Swiss mice
C57BL/6 mice
C57BL/6 mice
Female FVB mice
Male BALB/c
nude mice

Female FVB mice

Male athymic
nude mice

NSG female mice

Outcomes
Promote the infitration and antitumor activity of CD8+ T cells,
increase DAMP release and tumor antigen presentation

Decrease tumor volume and improve survival

Inhibit the tumor growth

improve the penetration depth and transmission efficiency of anti-
PD-L1

afour-fold decrease in the frequency of melanoma lung
metastasis

Active exogenous antigen-specific CTL

Increase the plasmid transfection rate and gene expression
Suppress the tumor growth

Enhance T cell infiltration and reduce tumor volume

Decrease tumor volume and improve survival

NK cells homing to tumor regions

References

(18)

(19)

(20)

()]
(22)

(23)

(28)

Uttrasound-stimulated nanobubbles (USNBs); focused ultrasound (FUS); cytotoxic T lymphocytes (CTL); granulocyte-macrophage colony stimulating factor plasmids (pGM-CSF); miRNA
overexpression vectors (pre-miRNA); plasmid encoding IFN-B (pIFN-B); natural killer (NK).
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Clinical trial
identifier

NCT02329860

NCT03521219

NCT03463876

NCT03092895

NCT04642664

NCT03764293

Phase

Design

Randomized, multicenter,
double-blind, placebo-
controlled

Prospective, open-label

Single-arm, non-randomized,
open-label, multicenter

Nonrandomized, cohort,
open-label, multicenter
Prospective, non-randomized,
open-label

Randomized, open-label,
international, multicenter

Type

Interventional

Interventional

Interventional

Interventional

Interventional

Interventional

Treatment

Apatinib, 7560 mg qd p.o. Placebo
bid p.o.

Apatinib, 500 mg qd p.o.

Apatinib, 250mg gd p.o.;
Camrelizumab, 200mg every 2
weeks i.v.

Apatinib, 375 mg qd p.o.; SHR-
1210, 3 mg/kg every 2 weeks i.v.
Apatinib, 375mg qd p.o.;
Camrelizumab, 200mg every 3
weeks i.v.

Apatinib, 250mg qd p.o.;
Camrelizumab, 200mg every 2
weeks i.v.

Primary endpoint

Median PFS (months); Median
OS (months)

Median PFS (months); Median
0S (months); ORR (%); DCR (%)
Median PFS (months); 12-month
0OS (%); ORR (%)

Median PFS (months); Median
OS (months)

Median PFS (months); Median
OS (months); ORR (%); DCR (%)

Median PFS (months); 12-month
OS (%)

PFS, progression-free survival: OS, overall survival: ORR, overall response rate; DCR, disease control rate; NA, data not available.

Results

PFS: 4.5; OS: 8.7

PFS: 3.2; 0S: 8.3;
ORR: 20.8; DCR: 62.5
PFS: 5.7/5.5; OS:
74.7/68.2; ORR: 34.3/
225

PFS: 3.7; 0S: 13.2

PFS: 4.4; 0S: 13.1;
ORR: 19.0; DCR: 71.4

/
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Clinical trial ~ Phase Design Type Treatment Primary endpoint Results

identifier

NCT03397199 Il Single-arm, Interventional Apatinib, 2560 mg qd p.o.; S-1 Median PFS (months); Median ~ PFS: 7.9; 0S: 12.9
multicenter OS (months)

NCT03210064 I Randomized, Interventional  Apatinib, 250 mg qd p.o.; 5-fluorouracil Median PFS (months); Median ~ PFS: 4.83; OS: 9.10;
single-arm, derivatives OS (months); ORR (%); DCR ORR: 25.0; DCR:
multicenter (%) 68.8

NCT03912857 I Prospective, Interventional Apatinib, 250 mg qd p.o.; SHR-1210, 200mg Median PFS (months); Median ~ PFS: 1.83; OS: 7.80;
single-arm, open- every 2 weeks i.v. OS (months); ORR (%); DCR ORR: 0; DCR: 22.2
label (%)

NCT03736863 I Single-arm, open-  Interventional Apatinib, 250 mg qd p.o.; SHR-1210, 200mg Median PFS (months); Median ~ PFS: 6.8; OS: 15.8;
label every 2 weeks i.v. OS (months); ORR (%); DCR ORR: 34.6; DCR:

(%) 78.8

NCT03603756 Il Prospective, Interventional Apatinib, 250 mg qd p.o.; SHR-1210, 200mg Median PFS (months); Median ~ PFS: 6.85; OS:

single-group every 2 weeks i.v.; Liposomal paclitaxel; OS (months); ORR (%); DCR 19.43; ORR: 80;
Nedaplatin (%) DCR: 96.7

PFS, progression-free survival: OS, overall survival: ORR, overall response rate; DCR, disease control rate.
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Description Gene markers ETV1
None Purity adjustment
COAD READ COAD READ
Cor ] Cor P Cor P Cor ]
CD8+ T cell CD8A 0.297 * 0.264 : 0.239 * 0.209 N
CD8B 0.207 * 0.159 N 0.167 * 0.116 0.174
T cell (general) CD2 0.329 * 0.287 : 0.276 * 0.198 *
CD3D 0.238 * 0.207 * 0.154 * 0.116 0.172
CD3E 0.308 * 0.256 * 0.245 * 0.182 :
B cell CD19 0.094 * -0.003 0.969 0.007 0.882 -0.045 0.602
CD79A 0.202 * 0.147 0.058 0.106 * 0.051 0.554
Monocyte CD86 0.478 b4 0.481 ¥ 0.434 * 0.4 =
Neutrophils CCR7 0.256 * 0.235 : 0.175 * 0.205 -
CD66b (CEACAMS) -0.315 * -0.253 * -0.3 * -0.172 -
CD11b (ITGAM) 0.445 ¥ 0.475 * 0.399 o 0.426 o
Natural killer cell KIR2DL1 0.125 * 0.091 * 0.075 0.133 0.051 0.549
KIR2DS4 0.156 * 0.011 0.885 0.124 & -0.069 0.417
KIR3DL3 0.015 0.749 0.147 0.0588 0.007 0.89 0.119 0.161
Dendritic cell BDCA-1(CD1C) 0.281 & 0.247 ¥ 0.197 i 0.169 %
CD11c (ITGAX) 0.428 * 0.43 * 0.385 * 0.383 *
BDCA-4(NRP1) 0.61 * 0.631 * 0.598 * 0.608 *
Thi IFN-((IFNG) 0.235 % 0.183 * 0.225 * 0.058 0.495
STAT1 0.418 * 0.313 N 0.402 * 0.218 -
STAT4 0.334 i 0.257 d 0.282 * 0.231 4
T-bet (TBX21) 0.329 * 0.235 : 0.292 * 0.182 :
Th2 GATA3 0.346 4 0.384 ¥ 0.292 ¥ 0.362 2
L3 0.182 * 0.217 : 0.126 * 0.112 0.191
STAT5A 0.199 2 0.068 0.383 0.182 & 0.063 0.463
STAT6 0.095 * 0.177 * 0.089 0.0723 0.214 *
Tth BCL6 0.507 * 0.424 * 0.494 * 0.467 *
21 0.155 * -0.036 0.646 0.106 * -0.056 0.51
Th17 STAT3 0.329 * 0.319 * 0.303 * 0.276 *
IL17A -0.134 ¥ -0.06 0.441 -0.148 * -0.049 0.564
Treg CCR8 0.412 * 0.423 : 0.351 * 0.377 -
FOXP3 0.358 E 0.351 ¥ 0.303 ¥ 0.306 il
STATSB 0.202 * 0.277 * 0.207 * 0.293 *
TGFB(TGFB1) 0.456 * 0.338 N 0.426 * 0.289 *
T cell exhaustion CTLA4 0.35 ¥ 0.339 * 0.318 ® 0.273 *
TIM-3(HAVCR2) 0.485 * 0.449 * 0.451 * 0.383 :
LAG3 0.299 * 0.282 * 0.266 ol 0.245 *
PDCD1 0.284 * 0.289 * 0.232 * 0.256 :
TAM CcCL2 0.446 4 0.452 ¥ 0.382 " 0.394 *
CDé8 0.384 * 0.391 : 0.355 * 0.387 :
iL10 0.38 * 0.362 N 0.316 * 0.338 -
M1 Macrophage IRF5 0.184 # 0.119 0.126 0.171 # 0.159 0.0616
INOS (NOS2) -0.048 0.302 0.012 0.882 -0.067 0.175 0.052 0.546
COX2(PTGS2) 0.346 e 0.334 o 0.313 * 0.277 *
M2 Macrophage CD163 0.491 * 0.526 : 0.441 * 0.492 :
MS4A4A 0.441 * 0.529 4 0.386 * 0.479 &
VSIG4 0.429 * 0.425 * 0.376 * 0.38 *
CAF FAP 0.582 = 0.552 ‘ 0.561 = 0.509 i
PDGFRA 0.464 * 0.523 * 0.415 * 0.483 *
PDPN 0.523 * 0.473 * 0.481 * 0.411 *

*0 < 0.05. COAD, colon adenocarcinoma; READ, rectal adenocarcinoma.
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*0 < 0.05. COAD, colon adenocarcinoma; READ, rectal adenocarcinoma.
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Male 44 13 31 0.802 9 35 0.825 14 30 0.797
Female 31 10 21 7 24 9 22

Age

<60 27 9 18 0.707 8 19 0.188 10 17 0.610
>60 48 14 34 8 40 15 33

Location

Colon 44 13 31 0.802 9 35 0.825 16 28 0.664
Rectum 31 10 21 7 24 9 22
Tumor Size(cm)

<4x3 34 13 21 0.196 9 25 0.323 16 18 0.022
>4x3 41 10 31 7 34 9 32

Extent of invasion

T1+4T2 28 12 16 0.077 7 21 0.55 13 16 0.063
T3+t4 47 11 36 9 38 12 35

Lymphatic metastasis

NO 32 14 18 0.034 6 26 0.638 15 17 0.032
N1+2 43 9 34 10 33 10 33

Metastasis

MO 64 18 46 0.25 12 52 0.125 19 45 0.106
M1 " 5 6 4 7 6 5
TNM stage

1+l 33 13 20 0.146 8 25 0.586 156 18 0.048
+V 42 10 32 8 34 10 32

CEA level(ng/mL)

<5.0 51 12 39 0.051 " 40 0.942 14 37 0.115
>5.0 24 " 138 5 19 " 18

Chemotherapy

Yes 53 13 40 0.074 9 44 0.153 16 37 0.370
No 22 10 12 e 15 9 18

Radiotherapy

Yes 46 12 34 0.279 10 36 0.914 13 33 0.241

No 29 " 18 6 23 12 17
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*0 < 0.05. COAD, colon adenocarcinoma; READ, rectal adenocarcinoma.
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