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Editorial on the Research Topic 


Tumor microenvironment signaling networks in pathophysiology and therapeutics


The tumor microenvironment (TME) describes a variety of resident and infiltrating host non-cancerous cells including stromal cells, fibroblasts, endothelial cells, innate and adaptive immune cells, vessels, nerves and microbiota. The interplay of these different populations is the goal of numerous researches as it plays a fundamental role in tumor pathophysiology and response to treatments. Inside the tumor mass, the communication between cancer cells and the microenvironment is influenced by an intricate network modulated in time and space via metabolites, hormones, proteins and other molecules that influence crucial cellular processes including cell proliferation, apoptosis, cellular metabolism, genetic instability, angiogenesis, and metastasis promotion. Therefore, understanding the role of TME components and their integration adds important elements to the development and improvement of therapies. This Research Topic presents a collection of review and research articles that shed light on the molecular pathways and cellular processes involved in TME-cancer crosstalk at the signaling level, and how they influence cancer progression and response to treatments.

Ten papers of this collection focus specifically on the role of specific TME cell types in the regulation of cancer promotion and progression. As described, a range of well-orchestrated signaling mechanisms is required to coordinate their activities. In this scenario, the application of innovative techniques and increased computational power brings to a fine classification of the TME components.

Wei et al. investigated the intercellular interactions triggered by a hypoxic TME, identifying the cell population that plays a key prognostic role and the specific ligand – receptor pairs involved in tumorigenesis regulation. The authors performed a comprehensive analysis of single cell transcriptomic data collected on pan-cancer TME blueprint of six cancer types. They identified a specific subtype of macrophages characterized by the presence of secreted phosphoprotein 1 (SPP1) receptor (SPP1+ TAMs) and co-expression of MMP9. The SPP1+ TAMs are also strongly associated with hypoxia, and SPP1 expression is upregulated under this condition. Because of the expression of MM9, they are associated with epithelial mesenchymal transition (EMT), with glycolysis and with worse outcomes. This study lays the foundations for a greater knowledge of the interactions between the components of TME and suggests possible new markers useful for improving patient stratification and the development of therapies.

Zhang Z. et al. reviewed the functional role of pancreatic stellate cells (PSC) in the progression of pancreatic cancer. PCS are stromal cells exclusively of the pancreas which function is to store vitamin A, lipid droplets and express protein markers such as synemin and desmin (1). PCSs are usually in a quiescent state but can be activated and recruited by pancreatic tumor cells. Recently, two subtypes of PCS have been identified, the myofibroblastic and inflammatory PCS subtypes, that are functionally complementary and cooperate to a favorable microenvironment for cancer survival.

Another TME component that has sparked attention for its role in supporting the proliferation of prostate cancer cells are osteoblasts. Ribelli et al. contributed to elucidate the signaling network that determines the interaction between castration resistant prostate cancer (CRPC) and osteoblast using in vitro co-colture models. This team reported a significant reduction of the expression of androgen receptor (AR) mRNA, protein and function after culturing C4-2B cell line with osteoblast-conditioned media (OCM), but an increase in proliferation. Among the soluble factors found in the OCM with a potential role in the reduction of AR, they found the matrix metalloproteinase-1 (MMP-1) protein. These results suggest that MMP-1 reduces AR expression and enhances proliferation binding PAR-1, a G protein-coupled receptor (GPCR). Thus, MMP-1/PAR-1 could be one of the potential pathways able to promote AR-independent CRPC proliferation.

It is now evident a direct role of nerves in the regulation of tumorigenesis. In fact, recent studies have demonstrated that nerves support tumor progression and dissemination, and that a specialized niche might be established between cancer cells and nerves. Specific signaling molecules including neurotrophins, neurotransmitters, adhesion molecules, matrix metalloproteinase and other mediators are highly enriched in this niche, suggesting that neoplastic invasion of nerves might be a key hallmark of cancer. Even if the perineural invasion (PNI) does not appear to be a common feature of colorectal cancer (CRC), PNI-positive CRC patients show a more than 20% decrease in overall and disease-free survival. As suggested by Zhang L. et al. nerves may stimulate tumor growth by releasing neurotransmitters and activating multiple downstream pathways leading to a higher risk of lymph node metastasis. An important mechanism of communication involved in both tumor promotion and tumor suppression, is the erythropoietin-producing hepatocellular carcinoma (Eph) receptor B2 (EphB2) pathway. EphB2 is a transmembrane receptor expressed in tumor cells and endothelial cells that binds transmembrane-ephrin ligands therefore them activation requires cell-cell contact, leading to a bidirectional intracellular signaling that activates various molecules, such as MAP kinases, Src family kinases, GTPases, PI3K and phosphatases. EphB2 can generate bidirectional signals and is aberrantly expressed in many cancer types. In tumors where EphB2 is overexpressed it acts as tumor promoter (hepatocarcinoma, breast cancer, glioma and malignant mesothelioma) while in colorectal cancer and bladder cancer is low expressed indicating a tumor suppression role. Recently, its expression has been detected also in immunocytes and monocytes reporting a role in immunity. Liu et al. summarized the role of EphB2 in cancer and the potential use as biomarker for cancer diagnosis, prognosis and treatment.

In addition to these different cellular types, other factors can impact on TME. For instance, chronic stress but also more physical and mechanical characteristics can activate signaling pathways that stimulate tumor initiation and progression. In particular, two articles deal with these topics. Sheth and Esfandiari discusses the fact that cancer is characterized by a bioelectric dysregulation which can be explained by the change in electrical state of the membrane potential and in an altered extracellular vesicles production which in turn can alter the tissue organization. Membrane potential is a property belonging to all cells and an integral contributor of the microenvironment that guides cellular behavior (2) spatially and temporally. The role of bioelectric dysregulation in cell signaling and its influence in EV production needs to be studied in depth for a more complete view of the mechanisms that regulate tumor initiation and metastasis and because it is manipulable thanks to the application of new technologies, as explained by the authors.

Some organs are subjected to continuous movements. The cells of the lungs and in particular lung cancer associated fibroblasts (CAFs) are constantly subjected to stretching and retraction because of the movements associated with breathing and this mechanical load plays a role in tumorigenesis. (3, 4). It is not to be forgotten that cells respond also to mechanical signals via mechanoreceptors that often encounter the ECM where the signals are converted in physiological responses. These signals affect cell proliferation, differentiation, and migration (5). Mechanical stimulation can regulate fibroblasts and the ECM components within the tumor microenvironment and studies suggest that CAFs play a crucial role in tumor progression. This topic has been reviewed by Gong et al. that provided an overview of factors involved in cell mechanics with a role in tumorigenesis.

Chronic stress occurs frequently in cancer patients during cancer diagnosis and treatment (6) and extensive studies determined the influence of these factors in altering TME. As reviewed by Tian et al., chronic stress leads to a constant release of stress hormones due to a constant activation of hypothalamic-pituitary adrenal (HPA) axis and the sympathetic nervous system (SNS). In detail, the TME of patients with chronic stress is characterized by changes in the number and types of immune cells, such as an increase of macrophages and NK. Chronic stress also affects the type and quantity of cytokines, angiogenesis, enhanced epithelial mesenchymal transition (EMT), and damaged ECM.

The review by Tian et al. also summarizes the mechanisms that lead to TME changes, under chronic stress. Mechanistically, androgen receptor (AR) and glucocorticoid signalling can modulate TME stress in distinct ways, for instance by inducing hypoxia (7). These findings suggest that the integration of cancer therapies with α-blockers, β-blockers, antidepressants, and interventions, like meditation and mindfulness, may be introduced in treatment plans to improve response to therapies.

A precise TME characterization also allows the identification of personalized strategies to improve cancer prognosis. Authophagy is an important doble player in tumorigenesis, acting in a positive and negative way, and is also associated with immunity. Zhang M.Y. et al. through an analysis of the gene expression profile and clinical information of 594 lung samples (LUAD), establish a risk model based on 10 autophagy related genes (ARGs) to predict the prognosis of LUAD. They also used five pooled ARG expression signatures as independent prognostic factors.

In recent years, the introduction of immune checkpoint inhibitors (ICIs) have revolutionized the treatment of solid tumors. However not all patients benefit from the treatment, and secondary resistance is widely reported. It is well known that in vitro, the immune system can recognize tumor antigens and kill tumor cells, but the recognition of the tumor antigen alone is not sufficient for the host to eliminate an established tumor in vivo. Indeed, the TME usually prevents effective lymphocyte priming, and tumor infiltration, and suppresses effector cells, which leads to a failure of the host to control tumor growth. The predominance of specific cell phenotypes in the TME may exert pro- or anti-tumoral and their modulation can affect the responses to treatments, making them more or less effective. In this collection, Russo and Nastasi reported the latest knowledge about the role of tumour-associated macrophages and neutrophils, their interactions with tumor cells, their role in response to current treatments and the development of therapeutic strategies.

The recognition of tumour cells by the immune system depends on a delicate balance between activating and inhibitory signals mediated by specific receptors. In particular the T cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT) is an inhibitory receptor that regulates T cell-mediated tumor recognition and represents a putative target for checkpoint blockade immunotherapy. Annese et al. discuss the latest development on the role of TIGIT in cancer progression as possible therapeutic strategies to avoid tumor progression, drug resistance, and drug safety.

Three studies of the collection address the relationship among TME markers and response to immunotherapy in NSCLC. Wenhao Oyung by using bioinformatic and algorithms, established a risk model for overall survival based on hypoxia, immune, and EMT gene signatures. The model was established by using the TCGA-Lung Adenocarcinoma dataset (8) as training cohort and the Gene Expression Omnibus (GEO) database (GSE68465, GSE72094) (9) as validation cohorts. Overall survival differed significantly between the high-risk and low-risk groups with AUCs for predicting 1-, 3-, and 5-year survival of 0.763, 0.766, and 0.728 on the three datasets. In the TCGA dataset, the alterations in immune checkpoint genes, and the TME markers immunoscore and stromal score (10), were negatively correlated with the risk score indicating stronger tumor immune activity in low-risk patients than in high-risk patients. In addition, the risk score formula was associated with progression-free survival (PFS) in patients with NSCLC undergoing anti-PD-1/PD-L1 therapy (GSE135222 dataset) and was higher in patients with NSCLC who had experienced no benefit from nivolumab or pembrolizumab than in those who had experienced a benefit (GSE126044 dataset). Interestingly, the risk score was associated with worse immunotherapy response in patients with metastatic urothelial cancer (IMvigor210 dataset) (11, 12) resulting also in other tumour types.

Bravaccini et al. evaluated the expression of the immune checkpoint PD-L1 and the EMT marker vimentin expression in tumor cells, immune infiltrate and PD-L1 positive immune infiltrate through immunohistochemistry in tissue samples from resected non-metastatic NSCLC patients. A weak positive correlation was found between PD-L1 and vimentin expressions in tumor cells (r=0.25; p< 0.001) and a trend towards a shorter overall survival in patients with both PD-L1 and vimentin expression >1% (HR 1.36; 95% CI:0.96–1.93, p 0.087) suggesting that the interplay between PD-L1 and vimentin may affect the risk of tumour progression through the effect of EMT on immune evasion exerted through the regulation of PD-L1 expression (13) as a consequence of the action of TNF-α on NF-κB stimulation, which increases EMT induction by TGF-β1. NF-κB inhibition also blocks PD-L1 (13).

Although Immune checkpoint inhibitors (ICIs) have revolutionized the treatment of NSCLC, not all patients can benefit from the treatment, and secondary resistance to ICIs is widely reported. In addition to T lymphocytes, which are the major target for immunotherapies, a variety of other cells present in the tumor microenvironment (TME) act in a complex cross-talk between tumor, stromal, and immune cells. Gemelli et al. reviewed the potential role of Natural Killer (NK) cells as predictive biomarkers for immunotherapy response and putative targets to overcome resistance in NSCLC. In physiological conditions, NKs can coordinate the anticancer response together with T cells. However, cancer cells and TME act by modulating NK functions inducing the switch toward a pro-tumor phenotype influencing the treatment response and effectiveness of ICIs. Indeed a growing amount of evidence suggests that NKs can act as predictor as well as a prognostic factor but they may also represent a, may also be a promising therapeutic strategy (14, 15).

Patients affected by advanced gastric cancer show a very poor prognosis with a median survival of less than one year (16). The introduction of immunotherapy is able to improve the overall survival but not all patients show the same benefits (17). Thus, there is the need for novel and more effective biomarkers that could be used to predict progression and response to immunotherapy. In their study Liang et al. investigated the putative role of as biomarkers of chemokine related long non coding (lnc-RNA). By using TCGA expression analysis data, they constructed a risk model including 10 chemokine-related lncRNAs that were able to predict patient survival, immune cell infiltration and immunotherapy response.

In recent years post-transcriptional mRNA modifications have emerged as one of the main mechanisms of gene regulation in eukaryotes. In particular, the methylation of adenosine at messenger RNA to form m6A is the most frequent mRNA modification. Several recent studies suggest that m6A modification play an important role in the interplay between the immune system and cancer (18). Liao et al. screened 23 m6A regulatory factors in 369 colorectal cancers. The modification patterns of m6A were correlated with the characteristics of TME cell infiltration. They identified three different m6A modification patterns related to different and biological pathways and clinical outcome, that allowed the stratification of patients into high and low score groups.

In conclusion, all the collected articles provide a deeper insight into the role of TME components and the interplay between them in pathophysiology of cancer and response to treatment. Published contributions range from focus on specific TME cell types to comprehensive bioinformatic analysis of publicly online cancer-related databases, combined with experimental models in order to provide prognostic biomarkers and risk models based on TME characteristics which could improve the clinical decision making and personalized approaches. We hope that this Research Topic will contribute to increasing the comprehension of TME network thus facilitating the application of this knowledge in clinical settings.
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Hypoxia is a characteristic of tumor microenvironment (TME) and is a major contributor to tumor progression. Yet, subtype identification of tumor-associated non-malignant cells at single-cell resolution and how they influence cancer progression under hypoxia TME remain largely unexplored. Here, we used RNA-seq data of 424,194 single cells from 108 patients to identify the subtypes of cancer cells, stromal cells, and immune cells; to evaluate their hypoxia score; and also to uncover potential interaction signals between these cells in vivo across six cancer types. We identified SPP1+ tumor-associated macrophage (TAM) subpopulation potentially enhanced epithelial–mesenchymal transition (EMT) by interaction with cancer cells through paracrine pattern. We prioritized SPP1 as a TAM-secreted factor to act on cancer cells and found a significant enhanced migration phenotype and invasion ability in A549 lung cancer cells induced by recombinant protein SPP1. Besides, prognostic analysis indicated that a higher expression of SPP1 was found to be related to worse clinical outcome in six cancer types. SPP1 expression was higher in hypoxia-high macrophages based on single-cell data, which was further validated by an in vitro experiment that SPP1 was upregulated in macrophages under hypoxia-cultured compared with normoxic conditions. Additionally, a differential analysis demonstrated that hypoxia potentially influences extracellular matrix remodeling, glycolysis, and interleukin-10 signal activation in various cancer types. Our work illuminates the clearer underlying mechanism in the intricate interaction between different cell subtypes within hypoxia TME and proposes the guidelines for the development of therapeutic targets specifically for patients with high proportion of SPP1+ TAMs in hypoxic lesions.
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INTRODUCTION

Tumor is a complex and heterogeneous ecosystem, composed of various cell types and its surrounding tumor microenvironment (TME). Hypoxia is one characteristic of TME, linked to metabolic reprogramming (Xiao et al., 2019) and increased genomic instability (Bhandari et al., 2019), and promotes cancer progression and drug resistance (Hompland et al., 2021). Experimental and clinical studies suggest that T cells, as well as cancer-associated fibroblasts (CAFs) and (TAMs), play significant roles in cancer development and progression under hypoxia TME. For instance, IL1β-IL1R signaling is involved in the stimulatory effects triggered by hypoxia in breast cancer cells, and CAFs promote cancer progression (Lappano et al., 2020). Galectin-3 expressed and secreted from TAMs induced by hypoxia promotes breast tumor growth (Wang et al., 2020). T cell exhaustion, as a common phenomenon in solid tumors, can be mediated by TME. As T cells infiltrated cholesterol-enriched tumor tissues, it would express high levels of immune checkpoints and become exhausted through increasing endoplasmic reticulum stress (Ma et al., 2019). Therefore, explaining the molecular crosstalk between various cells and changes of cellular compositions to environmental pressure is significant for understanding how cancer develops. However, the interaction between tumor cells and other cells has been obtained using cell culture models in most studies (Chen et al., 2019), which reveals the relationship to a certain extent. Tumor and other cells in cell culture settings are not enough to reflect the true conditions of cancer patients’ lesions. Besides, the molecular interaction between tumors and hypoxia TME remains largely unknown.

Recent studies, including The Cancer Genome Atlas (TCGA) project, have achieved molecular subtyping based on various characteristics and identified immune infiltration by using deconvolution on tissue samples in many cancer types (Thorsson et al., 2019). Although these studies have revealed cell proportion in cancer, it remains unresolved how the cells may interact with others to influence cancer development at a very intuitive data level and cannot effectively dissect the heterogeneity of TME. In addition, the gene expression analysis based on bulk cell population averages may be incomplete to reveal the biological properties between cell types in responses to hypoxia stress. The recently developed single-cell transcriptomic technology has great advantages for distinguishing complex cellular compositions and unravelling cell states in tumor tissues (Xiao et al., 2019). Most single-cell studies have focused on distinguishing exhausted CD8+ T cells, TAMs, and CAFs subtypes and also studied the impact of tumor heterogeneity on the effect of drug treatment in a specific cancer type (Kieffer et al., 2020; Lee et al., 2020). However, the heterogeneity and similarity of molecular interaction between distinct cell subtypes across different cancer types and their functional consequences on cancer-promoting effect remain poorly characterized. Moreover, to our knowledge, the direct role of hypoxia on the biological characteristics of each cell subtype as well as on cellular interaction mode between them has not yet been addressed in pan-cancer.

Here, we use single-cell transcriptomic data covering six cancer types and perform a comprehensive analysis to identify the cell subtypes, evaluate their hypoxia score, and to deduce their possible interrelationships in the complex pan-cancer ecosystem landscape. We further identify specific ligand–receptor pairs involved in regulating tumorigenesis and identify specific macrophage subpopulations co-occurring in multiple cancers as key roles linking to poor prognosis and tumor malignancy. Our study illuminates the nature of interactions between cancer cells and the TME and proposes the guidelines for the development of novel therapeutic interventions by targeting hypoxia and cellular crosstalk triggered by hypoxia.



MATERIALS AND METHODS


Data Collection

The single-cell gene expression matrices in the present study were retrieved from the following database: pan-cancer TME blueprint1 [including the data of breast cancer (BC), colorectal cancer (CRC), lung cancer (LC), and ovarian cancer (OV; Qian et al., 2020)]; Gene Expression Omnibus [accession numbers: GSE13246, GSE132257, GSE144735 (Lee et al., 2020), and GSE144240 (Ji et al., 2020), including the data of CRC and squamous skin cancer (SCC)]; and Genome Sequence Archive (project number: PRJCA001063) (Peng et al., 2019), including the data of pancreatic ductal cancer (PDAC). Level 3 RNA-seq data and clinical data were downloaded from The Cancer Genome Atlas (TCGA) database2. Moreover, the microarray sequencing data of macrophages in hypoxic culture was obtained in GEO database (accession number: GSE4630) (Boström et al., 2006).



Single-Cell RNA-Seq Data Processing

The raw gene expression matrices were processed using Seurat (v3.2.0) R toolkit. The following quality control steps were applied: (1) genes expressed by <50 cells were not considered and (2) cells that had either fewer than 800 (low-quality cells), over 6,000 expressed genes (possible doublets or multiplets), or over 10% of reads mapping to mitochondrial RNA were filtered out. The sample and remaining cell number in each cancer type is listed in Supplementary Table 1. We obtained the S and G2/M phase score of each cell using the CellCycleScoring function, then normalized the gene expression matrices and regressed out confounding factors such as cell cycle, mitochondrial gene percentage, and total UMI counts using the SCTransform wrapper in Seurat. We constructed principal components (PCs) using highly variable genes generated in the former steps, then selected the first 30 PCs for graph-based clustering with functions FindNeighbors and FindClusters in Seurat. To obtain major cell clusters, the resolution parameter of FindClusters function was set to a small value; to obtain subclusters, we extracted the data of major cell types and reperformed RunPCA, FindNeighbors, and FindClusters. The resolution for each cluster and subcluster analysis is presented in Supplementary Table 2. For visualization of clustering analysis, we performed t-distributed stochastic neighbor embedding (t-SNE) using RunTSNE function in Seurat. As the CRC samples are from different platforms, to increase the accuracy of cell-type designation, we jointly applied a canonical correlation analysis (CCA) before cell-type identification.

We discriminated differentially expressed genes (DEGs) based on Wilcoxon rank-sum test and Model-based Analysis of Single-cell Transcriptomics (MAST) using the Seurat function FindAllMarkers; each cluster was compared to the union of the rest clusters. Genes with a P-value < 0.05 were considered as DEGs detected by both Wilcoxon and MAST methods.



Cell Type and Subtype Annotation

The clusters and subclusters were annotated based on the top-ranking DEGs among the canonical marker genes known from previous studies and literatures. To improve the accuracy of the annotation, we implemented reference-based cell type annotation with SingleR (v1.4.0) and celldex (v1.1.0) R package. Highly expressed markers in each cluster were identified for specific T/NK cells, fibroblasts, myeloid cells, mast cells, endothelial cells, B/plasma cells, and epithelial cells (Supplementary Table 2). To facilitate the identification of numerous cell types, each subcluster was labeled according to the sequence of cells in the cluster tag. Subclusters 0, 1, 2, 3, and 4 of stromal cells were labeled FS1, FS2, FS3, FS4, and FS5 in each cancer type. Subclusters 0, 1, 2, 3, and 4 of cancer cells were labeled CS1, CS2, CS3, CS4, and CS5 in each cancer type. Subclusters 0, 1, 2, 3, and 4 of macrophages/monocytes/dendritic cells were labeled M-S1/Mon-S1/DC-S1, M-S2/Mon-S2/DC-S2, M-S3/Mon-S3/DC-S3, M-S4/Mon-S4/DC-S4, and M-S5/Mon-S5/DC-S5 in each cancer type. Subclusters 0, 1, 2, 3, and 4 of CD8 T cells/CD4 T cells/natural killer cells were labeled CD8-S1/CD4-S1/NK-S1, CD8-S2/CD4-S2/NK-S2, CD8-S3/CD4-S3/NK-S3, CD8-S4/CD4-S4/NK-S4, and CD8-S5/CD4-S5/NK-S5 in each cancer type. Detailed information of cluster including subcluster annotation and cell type markers used in this pipeline are addressed in Supplementary Table 2. In some subclusters, we also found few cells expressing markers from other cell types, which we define as unknown clusters and were removed from further analysis.



Evaluation of Developmental Trajectory of Myeloid Cells

In order to reveal the cell state transitions, we constructed cell trajectory for monocytes and macrophages using Monocle (v2.18.0) R package (Trapnell et al., 2014). We first excluded dendritic cell clusters from myeloid cells, then substituted Monocle variable genes with the union of DEGs in each subcluster. Dimensional reduction and cell ordering were performed using reduceDimension and orderCells function. The myeloid cells’ cell differentiation trajectory was deduced with the default parameters of Monocle after dimension reduction and cell ordering.



Definition of Gene Signature Scores Involved in Cell-Specific Function

To make a comparison with the transcriptional signatures of tumor cells, we used the hallmark gene sets from MsigDB3 to define cell characteristics by calculating gene set variation analysis (GSVA) score (Hänzelmann et al., 2013). GSVA scores of gene signatures (CAF related, M1/M2 macrophages, pro-inflammatory, anti-inflammatory, etc.) were obtained from previous researches (Azizi et al., 2018; Chen and Song, 2019) to distinguish the features of each cluster in fibroblasts and myeloid cells, respectively. Hypoxia and glycolysis scores were also calculated by GSVA using gene signatures (Wei et al., 2020) across cells and samples in each cancer type. The cytotoxicity and exhaustion activity scores were defined as described in a previous study (Guo et al., 2018). All gene signatures are listed in Supplementary Table 3.



Gene Signatures of SPP1+ Tumor-Associated Macrophage Cluster

Specific gene signatures of SPP1+ TAM clusters were identified by performing a differential analysis (overlap of Wilcoxon rank-sum test and MAST) between myeloid cell clusters in CRC, LC, and SCC. Differentially expressed genes between clusters (one cluster vs. all other clusters) with an adjusted P-value < 0.05 were selected. We used the DEGs in SPP1+ cluster from CRC, LC, and SCC for detecting if these genes were expressed specifically in SPP1+ cluster, and we excluded the genes if it showed an expression level higher than 1 in more than 10% of tumor cells or fibroblasts in CRC, LC, or SCC, respectively. Then, the overlapped genes between three cancer types were defined as SPP1+ TAM signature (Supplementary Table 3). SPP1+ TAM signature score was calculated in bulk RNA-seq data as described above.



Cell–Cell Interaction Analysis

In order to reveal the molecular mechanism of crosstalk between cells in TME, CellPhoneDB (Efremova et al., 2020) (v2.1.4) was used to calculate ligand–receptor interaction scores in each cell subcluster. This method infers the potential interaction strength between two cell subclusters based on gene expression level and provides the significance through permutation test (1,000 times). To identify biologically relevant interactions, only receptors and ligands expressed in more than a 10% threshold of the cells in the specific cluster were considered for the analysis; log-normalized gene expression matrices were input to CellPhoneDB and ran with the statistical method. We prioritized interactions that were highly enriched between different cell types based on the number of significant pairs, then manually selected biologically relevant pairs by considering the P-value (P-value < 0.05) and mean expression of the average ligand and receptor level in the present clusters.



Survival Analysis

The samples were grouped into high and low groups according to the specific gene expression, signature score, or percentage of particular cell types by the median values. Macrophage fractions were estimated by CIBERSORT4 with default parameters to eradicate the effects of different cell proportions.

For SPP1 expression, we performed survival analysis using the top and bottom 50% expression as high and low groups. For SPP1 expression and TAM proportion, the samples with top and bottom 50% SPP1 expression and TAM proportion were defined as high and low groups, respectively. The R package “survival” was used to perform the overall survival analysis and produce Kaplan–Meier survival plots. HR and the 95% CI were generated using Cox proportional hazards models.



Cell Culture, RNA Isolation, and qPCR

The human A549 lung cancer cells were cultured in RPMI-1640 replenished with 10% fetal bovine serum (FBS). All cells were cultured at 37°C in a humidified 5% CO2 incubator. The digested cells were counted and inoculated in six-well plates until cell attachment, and then, cells were cultured in a medium added with 100 ng/ml recombinant TNFSF12 (R&D Systems) or 200 ng/ml recombinant SPP1 (R&D Systems), respectively. After 48-h culture, the total RNA was isolated from cells using TRIzol reagent (Magen) according to the manufacturer’s protocol. Reverse-transcribed complementary DNA was synthesized using the Evo-M-MLV RT Kit (AG11705, Accurate Biotechnology). qRT-PCR was performed using the Applied Biosystems QuantStudio 1 Real-Time PCR System (Thermo Fisher) and the PowerUpTM SYBR Green Mix (Thermo Fisher). The fold-change in the expression of target genes was calculated by the 2–ΔΔCt method. The primer sequence is listed in Supplementary Table 4.



Wound Healing Assay

We conducted a wound healing assay based on the description of a previous research (Grada et al., 2017). The dissociated cells by trypsin were counted (8 × 105) and inoculated in six-well plates. The cells were cultured until a 90–100% fused cell monolayer formed after 24 h. We then scratched the cells in the fused monolayer with a pipette tip causing an experimental injury and created a linear thin scratch “wound.” Subsequently, cells were cultured in FBS-free medium treated with 100 ng/ml recombinant TNFSF12 (R&D Systems) or 200 ng/ml recombinant SPP1 (R&D Systems), respectively. The wound healing was observed, and images were photographed in 8–15 fields of view that were randomly selected under the MF53-N inverted microscope (MSHOT) in 24 and 48 h. We did three biological repeat experiments. Finally, images of healing were measured and analyzed using ImageJ software (National Institutes of Health).



Cell Invasion Assay

Matrigel (BD) was diluted by FBS-free 1640 medium and coated on Transwell membrane filter inserts (Corning) to enable analysis of cell invasion. The dissociated cells by trypsin cells were washed by PBS for three times and resuspended by FBS-free 1640 medium. A 200-μl cell suspension with 1 × 105 cells treated with 100 ng/ml recombinant TNFSF12 or 200 ng/ml recombinant SPP1 was inoculated in the upper chamber, respectively, and 700 μl 1640 medium with 10% FBS was added to the lower chamber and cultured at 37°C in a 5% CO2 environment. After 24 h, the upper chamber was washed with PBS, and cells were fixed with methanol for 30 min then dyed with 5% crystal violet for 30 min. The images were photographed in five fields of view that were randomly selected under the MF53-N inverted microscope (MSHOT). We did three biological repeat experiments. Finally, images of invasive cells were measured and analyzed using ImageJ software (National Institutes of Health).



Cell Viability Assays

Logarithmically growing cells were plated into a 96-well plate at a density of 1 × 103 cells/well and 100 ng/ml recombinant TNFSF12 (R&D Systems) or 200 ng/ml recombinant SPP1 (R&D Systems) was added after 12 h and then incubated for 0, 24, 48, 72, 96, and 120 h. Recombinant protein was added to cultured media once, and the media were not changed for 24, 48, 72, 96, and 120 h. Before proliferation ability was detected, 10 μl of Cell Counting Kit-8 (CCK8) solution (GlpBio) was added to the cultures. After incubation for 1 h in a humidified incubator containing 5% CO2 at 37°C, absorbance was detected at 450 nm.



Hypoxia Treatment of THP-1-Derived Macrophages

Human monocyte cell THP-1 were cultured in RPMI-1640 replenished with 10% FBS, and 100 U/ml penicillin and 100 mg/ml streptomycin were added. All cells were cultured at 37°C in a humidified 5% CO2 incubator. For cell differentiation, THP-1 monocytes were seeded at 8 × 105 cells/well in six-well plates and directly differentiated into macrophages by 24-h incubation with 100 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma), followed by a 24-h rest period in complete RPMI-1640 medium without PMA. At the end of 48 h, THP-1 macrophages were used as M0 macrophages. The total RNA was immediately isolated from cells using TRIzol reagent (Magen) according to the manufacturer’s protocol.

THP-1-derived M0 macrophages were cultured in a six-well plate and incubated at 37°C under normoxia (21% O2 and 5% CO2) or hypoxia (1% O2, 5% CO2, and balanced N2) in a hypoxic environment chamber (Maworde), respectively, for 24 h. The total RNA was immediately isolated from cells using TRIzol reagent (Magen) according to the manufacturer’s protocol.



Statistical Analysis

All statistical analyses and graphical representation of data were performed in the R environment (version 4.0.3) or using GraphPad Prism software (version 7.0). The correlation analysis including gene expression, gene signature score, and cell proportion between the two groups used in this study was based on Spearman correlation. For the cell subtype abundance correlation matrix, we defined the number ratio of cell subtype to the belonging major cell type as the relative abundance of each cell subtype, then computed the Spearman correlation coefficient between the relative abundance of each cell subtype in six cancer types.

For the difference analysis between groups, we used Wilcoxon rank-sum test throughout the analysis on single-cell and bulk RNA-seq data. For the differential gene analysis between hypoxia-high and -low groups in TCGA, we used edgeR (Robinson et al., 2010) to get DEGs and used Metascape (Zhou et al., 2019) for gene enrichment analysis. For the cell experiment, the unpaired two-tailed t-test was used to compare the difference between experimental groups and control groups.




RESULTS


Global Cellular Landscape of Six Cancer Types Revealed by scRNA-Seq Analysis

After strict quality control (QC) and filtration, we collected 25,318, 15,347, 6,019, 14,991, and 21,447 single cells originating from normal tissues; 57,486, 32,509, 17,732, 40,940, and 25,772 tumor-derived cells in CRC, LC, OV, PDAC, and SCC, respectively; and 24,160 tumor-derived cells in BC. We divided all cells for each cancer type into 6–10 major clusters and identified epithelial cells, stromal cells (fibroblasts, pericytes, and endothelial cells), and immune cells (T/NK cells, B/plasma cells, myeloid, and mast cells) as the major cell types (Figure 1). We observed that the cell proportion of each cell type was different among cancer types. T/NK cells were only 4% in SCC, 7% in PDAC, and 10% in OV, while they were 32% in CRC, 42% in LC, and 45% in BC (Supplementary Figure 1A and Supplementary Table 1). Besides, the proportion of cells in each patient also varied, indicating intertumoral heterogeneity (Supplementary Figure 1B).
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FIGURE 1. Cell-type identification in pan-cancer. t-SNE map of single cells from cancer tissues to visualize cell-type clusters based on the expression of known marker genes [T/NK cells (CD2, CD3D, CD3E, CD3G, FGFBP2, XCL1, FCGR3A, KLRD1, and KLRF1), fibroblasts (FAP, PDPN, COL1A2, DCN, COL3A1, COL6A1, and LUM), myeloid cells (CD14, CD16, and CD68), mast cells (CMA1, MS4A2, TPSAB1, TPSB2, and CPA3), endothelial cells (PECAM1, VWF, ENG, PLVAP, and SELE), B/plasma cells (SLAMF7, CD79A, BLNK, FCRL5, and CD79A), and epithelial cells (EPCAM, KRT19, KRT7, KRT18, KRT1, DMKN, and KRT6C)].




Hypoxia Score of Cell Subtypes in Stromal Cells, Myeloid Cells, and T Cells

In order to evaluate the hypoxia level of these major cell types in the TME, we performed a subcluster analysis on cells from cancer tissues and calculated hypoxia score in each subtype across cancer types. Subclustering of stromal cells mainly revealed three broad classes: pericytes, myofibroblasts, and fibroblasts (Supplementary Figure 2A). As there were few fibroblasts (710 cells) in SCC, we failed to subcluster stromal cells in this cancer, and the remaining studies of stromal cells focused on the other five cancer types. We named fibroblast clusters in order in the form of labels (e.g., FS1 and FS2 are clusters 0 and 1, respectively). According to the markers from previous studies (Costa et al., 2018; Kieffer et al., 2020) and significant up-regulated genes in each cluster, we then termed fibroblasts into collagen-related CAFs, chemokine-related CAFs, and interleukin (IL) signal-related CAFs in specific cancer types. IL signal-related CAFs [FS5 (cluster 4) in BC] up-expressed inflammatory signatures such as interferon response and inflammatory response in BC (Figure 2A). Collagen-related CAFs [FS1 (cluster 0) in six cancer types] exhibited the highest extracellular matrix (ECM) remodeling score (Supplementary Figure 2B). However, there was no consistent trend among CAFs in hypoxia scores across cancer types.
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FIGURE 2. Subtype classification and characteristics of non-malignant cells across cancer types. (A) Hallmark gene set scores for interferon gamma response (top) and inflammatory response (bottom), computed for all fibroblast clusters in BC. FS1, FS2, FS3, FS4, and FS5 are subclusters 0, 1, 2, 3, and 4 in stromal cells, see Materials and Methods and Supplementary Figure 2A. ****p ≤ 0.0001, two-sided Wilcoxon rank sum test. (B) Heatmap of Z-score-normalized log2 (count+ 1) expression of canonical marker genes for myeloid cells. The color of the square on the top map indicates the average hypoxia score for each myeloid cell cluster (low to high, light green to green). (C) The branched trajectory of myeloid cell state transition in cancer (BC), colorectal cancer (CRC), and squamous skin cancer (SCC) inferred by Monocle 2. Each dot corresponds to one single cell, colored according to its cluster label. Subclusters 0, 1, 2, 3, and 4 of macrophages/monocytes were labeled M-S1/Mon-S1, M-S2/Mon-S2, M-S3/Mon-S3, M-S4/Mon-S4, and M-S5/Mon-S5 in each cancer type, see Materials and Methods. (D) Correlation scatter plot between gene set variation analysis (GSVA) scores of hypoxia, cytotoxicity, or exhaustion.


Myeloid cells were investigated in two aspects, including identification of subtypes and evaluation inflammatory features. Using conventional marker genes, we identified dendritic cells, monocytes, and macrophages and found the common subsets across all cancer types (Supplementary Figure 2C). We distinguished the pro-inflammatory and anti-inflammatory monocyte/macrophages according to the markers/gene sets referenced in previous studies (Azizi et al., 2018; Figure 2B and Supplementary Figure 3A). However, some specific TAMs had a mixed phenotype, expressing both pro-inflammatory and anti-inflammatory signatures as well as M1 and M2 gene signatures (Figure 2B and Supplementary Figures 2C, 3A), consistent with previous studies (Lee et al., 2020). The noteworthy phenomenon was that SPP1 was expressed higher in one subtype, such as M-S1 (cluster 0) in BC; M-S3 (cluster 2) in CRC; M-S1 (cluster 0) and M-S2 (cluster 1) in LC; M-S1 (cluster 0) and M-S5 (cluster 4) in OV; M-S2 (cluster 1) in PDAC; and M-S3 (cluster 2) in SCC, which were universal across six cancer types (Figure 2B and Supplementary Table 2). We named these subtypes as SPP1+ TAMs and found matrix metallopeptidase 9 (MMP9), associated with ECM remodeling, was also highly expressed in SPP1+ TAMs (Figure 2B). It was worth noting that the hypoxia score was higher in SPP1+ TAMs compared with other subtypes (Figure 2B). Given the above characteristics of SPP1+ TAMs, they might play a central role in tumor progress under the influence of hypoxia TME.

As TAMs can be either tissue-resident or monocyte-derived (Yona et al., 2013), a cell trajectory analysis was employed to explore the lineage trajectories of the macrophage and monocyte populations (Figure 2C and Supplementary Figure 3B). The Monocle trajectory analysis suggested that some TAM clusters could be monocyte derived, such as M-S1 and M-S2 derived from Mon-S4 in BC and M-S1, M-S3, and M-S4 derived from Mon-S7 in SCC, while others appeared to be tissue-resident macrophages in origin, such as M-S1 in CRC (Figure 2C). Taken together, our findings illustrate that TAMs may undergo different transcriptional reprogramming like the pro- and anti-inflammatory differentiation axis and also suggest a more complex phenotype of TAMs in the TME across different cancer types.

Subclustering of T/NK cells led to the identification of CD4+ T cells, CD8+ T cells, and NK cells (Supplementary Figure 3C). We intended to identify the exhaustion status of CD8+ T cells from the gene expression of key inhibitory receptors (PDCD1, TIGIT, HAVCR2, LAG3, and CTLA4) (Supplementary Figure 3C). However, cells expressing exhaustion genes also highly express cytotoxicity markers (GZMB and IFNG) in CD8+ T cells, which further confirmed that one specific subcluster highly exhibited both cytotoxicity score and exhaustion score (Supplementary Figure 3D). As shown in Supplementary Figure 3D, CD8-S3 (cluster 4) in CRC expressed both higher cytotoxicity and exhaustion scores compared with other clusters. This observation appeared to an activation-dependent exhaustion expression program similar to the previous scRNA-seq study (Guo et al., 2018). Unexpectedly, the exhausted CD4+ T cells [CD4-S5 (cluster 4) in BC; CD4-S9 (cluster 8) in CRC; CD4-S6 (cluster 5) in LC; CD4-S4 (cluster 3) in PDAC; and CD4-S4 (cluster 3) in SCC] were distinguished across five cancer types. As a previous study (Scharping et al., 2021) showed that T cell exhaustion was driven under hypoxic environment, it was suggested that there may be an association between hypoxia and exhaustion. We then preformed a correlation analysis and found that hypoxia score was highly correlated with exhaustion score but not cytotoxicity score in T cells across six cancer types (Figure 2D).



Transcriptional Heterogeneity of Malignant Cells and the Association With Hypoxia

We obtained the malignant epithelial cell subclusters and DEGs of each subcluster. We next explored how expression states varied among different cancer cells within the same cancer type, and the GSVA reflecting the activity of cancer-related hallmark pathways was applied. GSVA distribution of some subclusters revealed a significant enrichment of genes related to epithelial–mesenchymal transition (EMT) and angiogenesis, while some subclusters were highly enriched in cell cycle-related hallmarks: E2F/MYC targets and G2M checkpoint, indicating intratumoral heterogeneity (Figure 3). Notably, it was observed that subclusters with high hypoxia was the same as the subclusters with EMT program.
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FIGURE 3. Heatmap showing different hallmark gene sets enriched in the cancer cell subclusters by GSVA, colored by Z-score-transformed mean GSVA scores.




Crosstalk Between Stromal and Myeloid Cells and Cancer Cells

To decipher the molecular associations underlying cell–cell interactions, we constructed a cellular communication network between different cell subtypes using potential ligand–receptor (L–R) pair interactions (Supplementary Figure 4A and Supplementary Table 5). Importantly, the numbers of interaction between cancer cells and myeloid cells were predicted to be the most universal within the cellular network across six cancer types (Supplementary Figure 4A). Besides, we next analyzed whether there was any correlation between the respective proportions between these subclusters across patients and found some co-occurring cell subclusters (Supplementary Figure 4B and Supplementary Table 6), such as proportions between some fibroblast and cancer cell subclusters that were correlated in BC and OV.

Given that crosstalk between cancer cells and myeloid cells as well as stromal cells was predicted to be universal, we focused an analysis on interactions between these cell types and interrogated how they influenced each other in a particular way to promote cancer progression (Figure 4A and Supplementary Figure 5). In BC and OV, the stromal cells were the widespread cell types interacting with cancer cells (Figure 4A and Supplementary Figure 5). Insulin-like growth factor 1 (IGF1) may be secreted by stromal cells to regulate cancer cell growth through binding their receptors on the cancer cell. Insulin-like growth factor 1 receptor (IGF1R) gene expressed by cancer cells was highly associated with estrogen response signatures in BC, which may demonstrate that the binding effect of IGF1 on IGF1R as well as activating estrogen signaling enhanced cancer growth (Figure 4B). Protein tyrosine phosphatase receptor type S (PTPRS) was highly expressed in OV cancer cells and correlated with MYC/E2F targets, indicating that pleiotrophin (PTN) was secreted by fibroblasts binding to its receptor to promote the cancer cell growth (Figure 4B). Correspondingly, the expression of IGF1R and PTPRS was positively correlated with estrogen response-related gene ESR1 and MYC target gene SLC2A1 in BC and OV, respectively, (Figure 4B). Furthermore, the proportion of cancer cell subcluster [CS1 (cluster 0)] and stroma cell subcluster (FS3 and FS4) also displayed positive correlations in BC (Figure 4C). These results showed that fibroblasts potentially promoted tumor cell proliferation by expressing and secreting different growth factors.
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FIGURE 4. The intercellular interactions between non-malignant cells and cancer cells. (A) Significant ligand–receptor genes accounting for specific intercellular interactions in BC, LC, and SCC. P-values are indicated by circle size. The means of the average expression level of interacting molecule (ligand or receptor genes) 1 in cluster 1 and interacting molecule 2 in cluster 2 are indicated by color. Subclusters 0, 1, 2, 3, and 4 of stroma cells were labeled FS1, FS2, FS3, FS4, and FS5 in each cancer type. Subclusters 0, 1, 2, 3, and 4 of cancer cells were labeled CS1, CS2, CS3, CS4, and CS5 in each cancer type. Subclusters 0, 1, 2, 3, and 4 of macrophages/monocytes/dendritic cells were labeled M-S1/Mon-S1/DC-S1, M-S2/Mon-S2/DC-S2, M-S3/Mon-S3/DC-S3, M-S4/Mon-S4/DC-S4, and M-S5/Mon-S5/DC-S5 in each cancer type. Endo is endothelial cells. (B) Correlation scatter plot between main receptors expressed on cancer cells and specific pathways as well as genes in BC and OV. (C) Correlation between proportional changes in specific stromal cell cluster and cancer cell cluster in BC. (D) Heatmap depicts the correlations between M2 macrophage polarization and hypoxia as well as main receptors expressed on macrophage.


Obviously, some L–R pairs between myeloid cell and cancer cell interaction were universal. For example, TNFSF12-TNFRSF12A and SPP1-CD44 were shown in LC, CRC, and SCC (Figure 4A and Supplementary Figure 5), indicating that myeloid cells might express and secrete TNFSF12 and SPP1, signaling to their receptors TNFRSF12A and CD44 on cancer cells, respectively. Conversely, we also predicted the interaction between ligand on cancer cells and receptor on myeloid cells. The result showed TAMs would receive activated signals from cancer cells through GAS6-AXL, RPS19-C5AR1, FAM3C-LAMP1, CD47-SIRPA, and VEGFA-NRP1/NRP2 L–R pairs in TME (Supplementary Table 5). Besides, these receptors of TAMs were correlated with M2 macrophage polarization (Figure 4D), suggesting cancer cells could possibly serve as the potential source of the ligand for activation of M2-like TAMs in TME. It is worth noting that hypoxia score also had a positive correlation with M2 macrophage polarization, which could speculate that hypoxia is a potential factor affecting cell communication (Figure 4D). Overall, these results indicated that tumor cells and macrophages formed a positive feedback interaction via ligand–receptor signaling in the TME.



Tumor-Associated Macrophages Potentially Promote Epithelial–Mesenchymal Transition of Cancer Cells

In order to study the specific effect of macrophages on tumor cells through the common L–R pairs (TNFSF12–TNFRSF12A and SPP1–CD44), we further calculated the correlation between the TNFRSF12A or CD44 expression and hallmark signature scores in cancer cells. The results revealed that angiogenesis, glycolysis, and EMT were the biological process most correlated with CD44 expression, while the TNFα signaling via NFκB, angiogenesis, IL6_JAK_STAT3 pathway, and EMT were correlated with TNFRSF12A in cancer cells across CRC, LC, and SCC (Figure 5A and Supplementary Table 7). As SPP1 was mainly expressed in macrophage (Supplementary Figure 6A), we further detected that the relative abundances of SPP1+ TAMs [M-S2 (cluster 1) in LC and M-S3 (cluster 2) in CRC] and cancer cell subclusters with high EMT [CS1 (cluster 0) in LC and CS2 (cluster 1) in CRC] were correlated together in LC and CRC, which further strengthens the function of SPP1+ TAMs in promoting EMT (Supplementary Table 2 and Figure 5B).
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FIGURE 5. Tumor-associated macrophages (TAMs) promote glycolysis, invasion, and migration phenotype of cancer cells. (A) Heatmap depicts the correlation between CD44 or TNFRSF12A expression and hallmark signatures scores in cancer cells. (B) The correlation between proportional changes in SPP1+ TAM cluster (M-S3 and M-S2 in CRC and LC, respectively) and epithelial–mesenchymal transition (EMT)-related cancer cells (CS2 and CS1 in CRC and LC, respectively). (C) Box plot shows relative invasion cells per field of A549 cells treated by recombinant protein SPP1 and TNFSF12 for 24 and 48 h. ****p ≤ 0.0001, two-sided unpaired t-test. (D) Box plot shows relative migration area of A549 cells treated by recombinant protein SPP1 and TNFSF12 for 24 and 48 h. ****p ≤ 0.0001, two-sided unpaired t-test. (E) Relative mRNA expression of specific genes (VEGFA, CDH1, and TNFRSF12A) in A549 lung cancer cells exposed to TNFSF12 for 48 h. **p ≤ 0.01, two-sided unpaired t-test. (F) Relative mRNA expression of specific genes (CD44, SLC2A1, and ENO2) in A549 lung cancer cells exposed to SPP1 for 48 h. *p ≤ 0.05; **p ≤ 0.01, two-sided unpaired t-test.


To evaluate the functional significance of the above key L–R interactions in lung cancer, A549 lung cancer cells were exposed to human recombinant protein SPP1 or TNFSF12 for 24 and 48 h, respectively. Compared with the control, cells exposed to recombinant protein TNFSF12 exhibited significantly enhanced migration and invasion ability but a slightly reduced proliferation of lung cancer cells (Figures 5C–E and Supplementary Figures 6B–D). In line with the phenotypic changes, TNFSF12 treatment led to a decreased expression of the epithelial marker E-cadherin (CDH1) (Figure 5E). It is known that VEGF is an NFκB-inducible protein and is one of the most potent angiogenic factors crucial for tumor metastasis (Leung et al., 1989), and qRT-PCR analysis showed that VEGFA expression was remarkably upregulated in lung cancer cells with recombinant protein TNFSF12 treatment at 48 h (Figure 5E). However, TNFRSF12A expression was reduced after TNFSF12 treatment, which needs a further extensive study to investigate its molecular mechanism. We observed an enhancement of cell migration and invasive behavior in lung cancer cells induced after SPP1 treatment (Figures 5C,D and Supplementary Figures 6B,C). By performing qRT-PCR, we observed that cancer cells exposed to SPP1 exhibited a significantly increased gene expression in EMT-related molecule CD44 and glycolytic genes including SLC2A1 and ENO2 at 48 h (Figure 5F).

To further verify our single-cell analysis and in vitro experiment results, we then extended our analysis to TCGA LUAD database and found that TNFSF12 expression was positively correlated with EMT score, but negatively correlated with proliferation score (Supplementary Figure 6E). There was a strong correlation between SPP1 expression and glycolysis, EMT score, and related genes (Supplementary Figure 6E), which further reinforced that SPP1+ TAM-derived SPP1 might participate in facilitating glycolysis and EMT in lung cancer cells. Taken together, our results of the paracrine interactions analysis and in vitro experiment highlight the cancer-promoting role of SPP1 and TNFSF12 signaling.



SPP1 Is Upregulated in Hypoxia Tumor Microenvironment and Associated With Poor Prognosis

As SPP1+ TAMs were revealed to harbor higher hypoxia score (Figure 2B) and co-occur with EMT cancer cells (Figure 5B), we focused on exploring the functions of SPP1 and SPP1+ TAMs. SPP1 was upregulated in macrophage derived from tumor samples compared with that from normal tissues (Figure 6A); we reasoned that SPP1 was a specific TME-induced expression program in TAMs. These findings were further confirmed by TCGA cancer samples, which showed that compared with adjacent normal tissues, a much higher expression of SPP1 in tumor tissues was observed in corresponding cancer types (Supplementary Figure 7A). Meanwhile, PDAC and LC were found to harbor a higher proportion (>50%) of SPP1+ TAMs (Supplementary Figure 7B). Using clinical data collected from the TCGA project, we confirmed that patients with a higher level of SPP1 gene expression showed worse prognosis in six cancer types, including lung cancer studied in this study (Figure 6B), and a higher proportion of SPP1+ TAMs was also associated with a worse clinical outcome (Supplementary Figure 7C), suggesting the clinical impact of SPP1 and SPP1+ TAMs in cancer.
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FIGURE 6. SPP1 is related to poor prognosis and upregulated in hypoxia tumor microenvironment (TME) to promote malignant phenotype of cancer. (A) The expression of SPP1 in macrophage from tumor and normal samples. ****p ≤ 0.0001, two-sided Wilcoxon rank sum test. (B) The Kaplan–Meier overall survival curves of The Cancer Genome Atlas (TCGA) patients grouped by gene expression of SPP1. (C) The correlation between SPP1 expression and SPP1+ TAM signature score with glycolysis score and EMT score in TCGA cancer samples. (D) Violin plot shows the SPP1 expression in hypoxia-high and -low macrophages in six cancer types. (E) Relative mRNA expression of SPP1 and M1 marker genes in THP-1-derived macrophage exposed to hypoxia (1% O2) for 24 h. (F) The expression of SPP1 in macrophage exposed to hypoxia and normoxia from GSE4630 data.


As showed above, SPP1 and MMP9 were co-expressed in SPP1+ TAMs (Figure 2B); we reasoned that SPP1+ TAMs might participate in ECM remodeling. Using the ECM remodeling signatures, we assessed the functional phenotypes of each macrophage subtypes across different cancer types. As expected, the SPP1+ TAMs showed preferential ECM remodeling (Supplementary Figure 7D), while other TAMs exhibited lower performance. Due to the role of ECM remodeling in cancer glycolysis, angiogenesis, and metastasis, we investigated the association between SPP1+ TAM signature, SPP1 expression with glycolysis, and EMT program, respectively, and found that there was a positive correlation between them in multiple cancer types (Figure 6C). These results may underscore the potential cancer-promoting role of SPP1+ TAMs in complex TME.

As showed in Figure 6D and Supplementary Figure 7E, SPP1 expression was higher in hypoxia-high macrophages, and the hypoxia score was higher in SPP1+ TAMs. Consistent with the results in single-cell data, the expression of SPP1 was higher in hypoxia-high samples than that in low ones (Supplementary Figure 8). To further verify whether SPP1 expression is directly regulated by hypoxic stress, we performed cell culture experiment and confirmed that SPP1 expression was significantly upregulated in THP-1-derived macrophages exposed to hypoxic (1% O2) than to normoxic (21% O2) conditions for 24 h (Supplementary Figures 7F,G and Figure 6E). We observed a higher SPP1 expression in human mononuclear cell-derived macrophages exposed to hypoxic (1% O2) than to normoxic conditions for 24 h, which was further confirmed by an independent GEO dataset (Boström et al., 2006; Figure 6F). Thus, we reasoned that SPP1 was upregulated, and SPP1+ TAMs were expanded in hypoxia TME, interacting with cancer cells to promote malignant biological characteristics and thus bring poor survival of patients.



Hypoxia Potentially Affecting the Biological Characteristics and Functions of Different Tumor-Infiltrating Cell Types

To discover the hypoxia effect on gene expression spectrum in different cell types, we compared the gene expression of the hypoxia-high and hypoxia-low cells by DEG analysis (1.5-fold difference, adj. p < 0.05) coupled with Reactome term enrichment analysis (adj. p < 0.01) of DEGs across T cells, fibroblasts, myeloid cells, and cancer cells. As the DEGs were fewer in T cells and fibroblasts, and we mainly focused on myeloid and cancer cells (Supplementary Table 8). Among the DEGs in myeloid cells, SPP1 and TIMP1 were the most significantly upregulated genes in hypoxia-high cells across cancers (Supplementary Figure 9A). As shown in Figure 7A, signaling by interleukins including IL4, IL13, and IL10 signals were enriched in hypoxia-high myeloid cells, indicating that immunosuppressive cytokines were activated in hypoxia TME. Besides, degradation of ECM and glycolysis were active in hypoxia-high myeloid cells across six cancer types. However, except glycolysis, the enriched pathways in hypoxia-high cancer cells varied among cancer types, suggesting a tissue-specific response to hypoxia (Supplementary Figure 9B). Moreover, we included 25 TCGA cancer types and performed DEG analysis. From the DEGs, there were 489 genes upregulated in hypoxia-high tumors versus low tumors in more than 13 cancer types (Supplementary Table 7). We found that IL signaling and ECM degradation, as well as glycolysis, were significantly enriched in hypoxia-high tumors (Figure 7B). Biological processes of matrix proteoglycan, like collagen formation, collagen degradation, and integrin cell surface interactions, were also identified in TCGA cancers. Moreover, we found that the DEGs, upregulated in hypoxia myeloid cells across six cancer types, interacted with each other frequently in protein–protein interaction networks (Figure 7C). Taken together, these results suggest that cross-talk among these molecules up-expressing under hypoxia TME, may play critical roles in the development and progression of different cancer types.
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FIGURE 7. Molecular characteristics of different cell types across samples under the hypoxia TME. (A) Enriched Reactome gene sets of upregulated genes in hypoxia-high myeloid cells across six cancer types. (B) Enriched Reactome gene sets of upregulated genes in hypoxia-high samples at least in 13 TCGA cancer types. (C) The protein–protein interactions among differentially expressed genes (DEGs) upregulated in hypoxia-high myeloid cells. (D) Clustered heatmap of 18 features across pan-cancer samples. Samples are arranged from low hypoxia score to high hypoxia score with the color blue to red, respectively. For tumors, the stage is indicated by color. Gray rectangles highlight that there were less than 50 cells in this sample. The values were normalized from 0 to 1 by Minmax.


In addition, we returned the key hypoxia-related molecular characteristics of above results back to individual samples to further inspect their relationship and distribution and found that most of the characteristics in the individual were consistent with the overall distribution across six cancer types (Figure 7D). For example, the extensive association between hypoxia and glycolysis in different types of cells was observed at the individual level. SPP1 expression in myeloid cells along with EMT and glycolysis program in cancer cells was higher in hypoxia-high samples. Thus, this analysis provides a theoretical basis for studying the intratumoral heterogeneity and intertumoral consistency within multiple cell types and also provides the clinical guidance value to single patients. In general, the above results show that hypoxia is disclosed to be the major factor to influence the intercellular crosstalk and shows different contributions to each cell types, participating in SPP1+ TAM expansion, ECM remodeling, and interleukin-10 signal activation to accelerate cancer EMT, glycolysis, and angiogenesis.




DISCUSSION

In the present study, we identified multiple subclusters among different cell types that shape the heterogeneous TME and share consistency across different cancer types. We illustrated the cellular communication landscape between malignant and non-malignant cells and highlighted the reciprocal relationship between them. We distinguished that SPP1+ TAMs, expanded under hypoxia TME, might promote the EMT and glycolysis program of cancer cells and might be related to worse survival in multiple cancer types. This study depicts the comprehensive cellular interaction map of BC, CRC, OV, LC, PDAC, and SCC and provides a framework for future discoveries of molecular and cellular therapeutic targets to block the interactions between cancer cells and TME to inhibit cancer development more thoroughly and effectively.

Sufficient cells in this study enable us to distinguish different macrophage clusters and highlight the SPP1+ TAM subtype, which is activated under the hypoxia TME, and higher SPP1 expression was linked to poor prognosis in multiple types. Studies have previously shown that stromal SPP1 promotes cancer cell survival and enhances invasion behavior in glioma (Lu et al., 2012), prostate cancer (Pang et al., 2019), and melanoma (Kale et al., 2015), suggesting a direct effect of SPP1 on tumor cells. Besides, a recent study based on single-cell analysis showed that SPP1+ TAMs were associated with tumor angiogenesis in various cancer types (Cheng et al., 2021). Our current study shows that EMT is the biological process in cancer cells most associated with SPP1+ TAMs as revealed by single-cell analysis, and the potential effect of SPP1+ TAMs on cancer cells is further confirmed by TCGA bulk data. The results indicate that SPP1+ TAMs may interact with cancer cells in a paracrine pattern through expressing and secreting SPP1 then binding to cell-surface receptor CD44, consistent with a previous work, showing that CD44 is the receptor of SPP1 to regulate cancer metastasis (Wai and Kuo, 2004). One study indicates that SPP1 activates JNK signaling through a CD44v6-dependent pathway to promote clonogenicity of colorectal cancer cells, and the CD44v6 antibody is able to potently block the activation of JNK induced by SPP1 (Rao et al., 2013). Besides, another study on human optic nerve head astrocytes shows that a CD44-blocking antibody led to a significant increase of metabolic activity caused by SPP1 signaling (Neumann et al., 2014). Our results, combined with previous studies, suggest that the SPP1–CD44 interaction is important for cancer progression. Thus, the identification of SPP1 as an abundant TAM-secreted factor in cancer, coupled with the pro-tumor impact of SPP1, suggests that inhibiting SPP1 at transcriptional or protein level, blocking the interaction between SPP1+ TAMs and cancer cells through targeting SPP1 and CD44, may be an effective clinical strategy for tumor growth and metastasis inhibition. For example, small interfering RNA against SPP1 by intratumoral injection significantly suppressed breast tumor growth and angiogenesis in a mouse model (Cho et al., 2015). Blocking antibodies to SPP1 and its specific receptors CD44 showed an inhibitory role in cancer cell migration. Researchers showed that the blocking antibody targeting CD44 on stromal cells reduced the SPP1-induced breast cancer metastasis (Mi et al., 2011). SPP1-R3 aptamer was used to inactivate SPP1 and disturb surface binding of SPP1 to its cell surface CD44 receptor and mediators of ECM degradation, MMP-2, in human breast cancer cells (Mi et al., 2009). However, although there are a considerable number of therapeutic approaches by targeting SPP1 based on preclinical studies, only a few number of findings translate into clinical practice, and SPP1 inhibitors or combination drug therapy should still be further investigated from bench to clinic (Wei et al., 2017). Thus, future research is needed to elucidate the roles of SPP1 and explore the underlying molecular mechanism of SPP1 in cancer progression.

As hypoxia is one of the key environmental stresses in tumor tissues, resulting in aggressive cancer phenotypes (Haider et al., 2016), we go a step further by analyzing the association between hypoxia and cell characteristics. Although the association between hypoxia and TAMs has been studied by various researches (Henze and Mazzone, 2016), to our knowledge, this is the first study to discover a strong association between SPP1 expression as well as SPP1+ TAM abundance and hypoxia. In exploring the link between SPP1 and hypoxia, we observed that SPP1 gene expression was higher in hypoxia samples both in single-cell and tissue samples (Figure 6D; Supplementary Figure 8). SPP1 expression is also upregulated under hypoxia conditions in cell culture system (Figures 6E,F), which indicated that SPP1 expression was directly regulated by hypoxia. Disordered glycolysis, as an oncogenic event, is also higher in hypoxia cancer cells, which is consistent with the findings of a single-cell research where glycolysis and hypoxia signature were highly correlated in melanoma and HNSCC cancer cells (Xiao et al., 2019). Conceivably, the cancer EMT and glycolysis program promoted by SPP1+ TAMs may also be accelerated by hypoxia TME, as there is a strong correlation between the abundance of SPP1+ TAMs and EMT, glycolysis, and hypoxia. As reported by a previous work (Colegio et al., 2014) that M2 macrophage polarization is associated with the hypoxia TME and thus promotes tumor growth, we further uncover the specific molecules involved in these processes, including NRP1/NRP2 and LAMP1 expressed on TAMs. Moreover, hypoxia, in the current study, is disclosed to be a factor to influence the intercellular crosstalk, metabolic reprogramming, tumor heterogeneity, SPP1+ TAM expansion, and T cell exhaustion, thus promoting cancer development.



CONCLUSION

In summary, our work identifies the significant cell subpopulations and the interactions between them, which may provide a theoretical framework for understanding that tumor heterogeneity and diversity are driven not only by genetic and epigenetic factors but also by a combination of factors, including TME stress and other cell types surrounding tumors. The intercellular interactions suggest a tight molecular relationship between different cell types that may determine the progression and the prognosis in cancer and also encourage the development of therapeutic agents blocking interaction signals between SPP1+ TAMs and cancer cells or targeting SPP1+ TAMs in cancer patients. Although the putative interaction analysis and correlation analysis between ligand and receptor cannot define the accurate causality, this indicates a potential role for cell-to-cell interactions in vivo.
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Background: Autophagy plays an important role in lung adenocarcinoma (LUAD). In this study, we aimed to explore the autophagy-related gene (ARG) expression pattern and to identify promising autophagy-related biomarkers to improve the prognosis of LUAD.
Methods: The gene expression profiles and clinical information of LUAD patients were downloaded from the Cancer Genome Atlas (TCGA), and validation cohort information was extracted from the Gene Expression Omnibus database. The Human Autophagy Database (HADb) was used to extract ARGs. Gene expression data were analyzed using the limma package and visualized using the ggplot2 package as well as the pheatmap package in R software. Functional enrichment analysis was also performed for the differentially expressed ARGs (DEARGs). Then, consensus clustering revealed autophagy-related tumor subtypes, and differentially expressed genes (DEGs) were screened according to the subtypes. Next, the univariate Cox and multivariate Cox regression analyses were used to identify independent prognostic ARGs. After overlapping DEGs and the independent prognostic ARGs, the predictive risk model was established and validated. Correlation analyses between ARGs and clinicopathological variables were also explored. Finally, the TIMER and TISIDB databases were used to further explore the correlation analysis between immune cell infiltration levels and the risk score as well as clinicopathological variables in the predictive risk model.
Results: A total of 222 genes from the HADb were identified as ARGs, and 28 of the 222 genes were pooled as DEARGs. The most significant GO term was autophagy (p = 3.05E-07), and KEGG analysis results indicated that 28 DEARGs were significantly enriched in the ErbB signaling pathway (p < 0.001). Then, consensus clustering analysis divided the LUAD into two clusters, and a total of 168 DEGs were identified according to cluster subtypes. Then univariate and multivariate Cox regression analyses were used to identify 12 genes that could serve as independent prognostic indicators. After overlapping 168 DEGs and 12 genes, 10 genes (ATG4A, BAK1, CAPNS1, CCR2, CTSD, EIF2AK3, ITGB1, MBTPS2, SPHK1, ST13) were selected for the further exploration of the prognostic pattern. Survival analysis results indicated that this risk model identified the prognosis (p = 4.379E-10). Combined with the correlation analysis results between ARGs and clinicopathological variables, five ARGs were screened as prognostic genes. Among them, SPHK1 expression levels were positively correlated with CD4+ T cells and dendritic cell infiltration levels.
Conclusions: In this study, we constructed a predictive risk model and identified a five autophagy subtype-related gene expression pattern to improve the prognosis of LUAD. Understanding the subtypes of LUAD is helpful to accurately characterize the LUAD and develop personalized treatment.
Keywords: lung adenocarcinoma, ARGS, risk model, SPHK1, immune cell infiltration
BACKGROUND
According to the most recent global cancer statistics in 2018, lung cancer is the most commonly diagnosed cancer, whose diagnosis rate has reached 11.6% (Bray et al., 2018). Lung cancer is also the leading cause of cancer death, accounting for 18.4% of all the cancer deaths (Bray et al., 2018). Lung adenocarcinoma (LUAD) is the most common subtype and accounts for more than 40% of lung cancers, and its clinical outcome still remains grim (Nakamura and Saji, 2014; Zappa Mousa, 2016). Although great advances in surgery, radiotherapy, and systemic treatment have significantly prolonged the clinical survival time of LUAD patients (Wright et al., 2006; Hirsch et al., 2017; Gettinger et al., 2018), 5-year survival rates still vary from 4% to 17% depending on the pathological TNM stage (Hirsch et al., 2017). Early detection, diagnosis, and intervention contribute to a better clinical outcome as well as the prognosis of LUAD patients, such as early diagnosis based on low-dose computed tomography, which could finally improve lung cancer mortality by nearly 20% (Aberle et al., 2011). Hence, it is essential to identify new biomarkers for early diagnosis and intervention and eventually improve the prognosis of LUAD.
Autophagy has been illustrated to be related to various cancers. Autophagy has been proven to have opposing and context-dependent roles during the process of tumorigenesis, and interventions to both stimulate and inhibit the many processes of autophagy have been proposed as a cancer therapy (Levy et al., 2017). It is clear that autophagy is a key biological process and that it is associated with tumorigenesis (Martinet et al., 2009; Dikic et al., 2010). In the very recent years, autophagy-related genes (ARGs) have been investigated in both inflammatory diseases (including pulmonary diseases) (Wang, 2015; Racanelli et al., 2018; Kim et al., 2019; Larabi et al., 2020) and various cancers (Wang et al., 2019a; Wan et al., 2019; Zhu et al., 2020a). For lung cancer, there are some newly released studies that have identified ARG prognostic signatures in LUAD and lung squamous cell carcinoma (LUSC) (Zhu et al., 2020b; Zhang et al., 2020).
Existing studies further elucidated the crucial roles of ARGs in the biological processes. ARG expression patterns not only participate in inflammasome formation but also could serve as prognostic biomarkers in cancer. Various ARGs are involved in the maintenance of intestinal homeostasis, such as ATG16L1, IRGM, LRRK2, ATG7, p62, optineurin, and TFEB (Kim et al., 2019). A six autophagy-related gene expression signature (including EIF4EBP1, TP63, BNIP3, ATIC, ERO1A, and FADD) showed better performance for predicting the survival of LUAD and LUSC patients than other clinicopathological variables (Zhu et al., 2020b). Another study constructed a risk model based on five autophagy-related gene expression levels, which could also predict the prognosis and serve as a prognostic biomarker in LUAD patients (Zhang et al., 2020). All of the above findings confirm the role of autophagy in lung cancer and indicate that ARGs could serve as prognostic biomarkers. Autophagy plays vital roles in the innate immune system and the acquired immune system, which could influence the levels of infiltrating immune cells. Take antigen presentation as an example, autophagy could not only disrupt the process but also promote the antigen presentation. One study found that NBR1 targets and degrades the MHC I, thus disrupting its antigen presentation ability to CD8+ T cells, which in turn can be reversed by autophagy inhibitor, for NBR1 is an autophagy cargo receptor gene (Yamamoto et al., 2020). Another two studies suggested that the activation of autophagy promotes antigen presentation to CD8+T lymphocytes mediated by dendritic cells, which then stimulate cytotoxic responses (Li et al., 2012; Wang et al., 2019b). Besides, TIM-4 can bind to AMPK-a1, activate autophagy, and degrade TAA, thereby disrupting antigen presentation and leading to a decrease in CD8+ T cells (Baghdadi et al., 2013). Furthermore, previous studies have illustrated that the prognostic value of tumor-infiltrating lymphocytes (TILs) significantly differs according to histological type and other factors in non-small cell lung cancer (NSCLC) patients (Kinoshita et al., 2017). Combining the previous existing studies, we found that autophagy is closely related to TILs, so we supposed that TILs may be affected by autophagy, further influencing the prognosis of LUAD patients.
In the current study, we pooled an autophagy subtype-related gene expression pattern in The Cancer Genome Atlas (TCGA) database and validated it in the Gene Expression Omnibus (GEO) database. We identified two tumor subgroups using consensus clustering analysis based on 28 prognostic ARGs, in which we found that cluster 2 had poor prognostic value in LUAD compared to cluster 1. Then, we analyzed the differentially expressed genes (DEGs) of these two clusters and performed univariate and multivariate Cox regression analyses to obtain the prognostic ARGs and overlapped the DEGs and prognostic ARGs. Finally, 10 genes were selected, and a risk model was constructed based on the coefficient value of each independent risk gene to predict the prognosis of LUAD patients. Many previously published works have simply focused either on consensus clustering analysis or on risk models. Few studies have focused on both at the same time. Therefore, in the current study, we combined both of these methods to explore the prognosis of LUAD. Furthermore, unlike existing studies, we further validated their expression and prognostic value and finally explored their associations with TILs.
MATERIALS AND METHODS
Data Collection and Validation of Differentially Expressed ARGs in LUAD
The gene expression profiles and clinical information of LUAD patients were downloaded from the TCGA database (https://tcga-data.nci.nih.gov/tcga/). The Human Autophagy Database (HADb; http://www.autophagy.lu) was used to extract genes involved in autophagy. In detail, TCGA contains a total of 594 patients (including 59 adjacent normal lung tissues and 535 NSCLC tissues). Gene expression data from TCGA were analyzed by the limma package in R software. The independent cohort GSE72094 was downloaded from the GEO database (http://www.ncbi.nlm.nih.gov/geo/) for data validation. The dataset contains both expression levels of related genes and clinical information such as age, sex, survival status, and survival time. All the raw data including expression data and survival data from TCGA and GSE72094 are displayed in the Supplementary Information file. The significant cutoff value was p < 0.05 and absolute fold change >2. In addition, all expression levels of the ARGs were visualized as volcano plots using the ggplot2 package in R software. Furthermore, all DEARGs were displayed with heat maps using the pheatmap package in R software.
Validation of 28 Significant ARGs Using Quantitative Reverse Transcription-Polymerase Chain Reaction
Human LUAD cells (A549) and normal bronchial epithelial cells (16HBE) were purchased from Cell Bank, Institute of Life Sciences, Chinese Academy of Sciences Cell Bank (Shanghai, China) and confirmed by short tandem repeat (STR) profiling. Total RNA was extracted from 16HBE and A549 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). After the purity and concentration of the total RNA were determined, the total RNA was reverse transcribed into cDNA using the PrimeScript RT Reagent Kit (Accurate Biology). The qRT-PCR was performed using the SYBR Green Premix Ex Taq II (Accurate Biology). The PCR conditions were set as follows: 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s for each specific primer. Finally, the relative mRNA expression levels of 28 genes were calculated using the 2−ΔΔCT method. The primer sequences are listed in a Supplementary Table S1.
Functional Enrichment Analysis
Functional enrichment analysis includes Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) in this study. In brief, GO enrichment analyses predict the function of the target genes and KEGG is a widely used database for systematic signaling pathway analysis according to gene functions. In this study, the clusterProfiler package in R software was used to perform the functional enrichment analysis of DEARGs in LUAD, and GOplot package in R software was employed to visualize all of the enrichment analysis results. The identification criterion of significant GO terms and KEGG pathways was p < 0.050.
Establishment of the Risk Model Based on Prognostic ARGs in LUAD
Consensus clustering analysis of the DEARGs inferred the optimal number of clusters, the lowest proportion of ambiguous clustering, and the best cumulative distribution function (CDF) value by taking the k value of 2. Finally, two clusters were identified and DEGs were analyzed. The Cox regression analysis, also called the proportional hazards model, chooses survival outcomes and survival time as dependent variables. This model not only analyzes the impact of many factors on survival at the same time but also analyzes data with censored survival time and does not require estimation of the survival distribution type of the data. In our present study, univariate Cox proportional hazard regression analysis was used to identify ARGs associated with overall survival (OS), which were selected as prognostic biomarkers and used for further multivariate Cox regression analysis. According to the multivariate Cox regression analysis and overlapping with DEGs based on the two clusters, 10 independent prognostic ARGs were identified. At the same time, the regression coefficient and hazard ratios (HRs) were also calculated using multivariate Cox regression analysis, and the coefficient value and the gene expression levels were used to construct the risk model based on the risk score. Finally, the median risk score was the cutoff value, dividing all of the LUAD patients into low-risk and high-risk groups. According to our description above, we used both univariate and multivariate Cox regression analyses to further investigate whether these identified ARGs could serve as independent prognostic factors. In addition, we pooled all LUAD patients with complete clinical information and calculated all expression levels and risk scores of prognostic ARGs to explore the value of the constructed risk model. Receiver operating characteristic (ROC) curve analysis was used to evaluate the predictive accuracy of our risk model.
Correlation Analysis Between ARGs and Clinicopathological Variables in LUAD
After screening ARGs and exploring their associations with OS, we moved our attention to the relationship between prognostic ARGs and clinicopathological variables. Therefore, in this study, correlation analysis was performed to further explore the correlation between prognostic ARGs and clinicopathological variables in LUAD, including age (≤65 years group and >65 years group), sex (female and male groups), stage (I&II and III&IV groups), pathological T stage (T1&T2 and T3&T4 groups), pathological N stage (N0 and N1–N3 groups), and pathological M stage (M0 and M1 groups).
Validation of Prognostic ARGs in LUAD
Prognostic ARGs were validated using two public databases, Gene Expression Profiling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn) and Kaplan–Meier Plotter (https://kmplot.com/analysis/). The GEPIA database contains information on a variety of cancers, including LUAD, and has expression data, survival data, and exact clinical stage data. The Kaplan–Meier plotter is a widely accepted and widely used online tool used to explore the survival rates of one and a list of genes as well as non-coding RNAs, including the survival time, survival status, clinical stages, and smoking histories. Therefore, in this study, these two databases were used to verify the prognostic value of the five well-explored prognostic ARGs.
Exploration of the Immune-Related Mechanism of Sphingosine Kinase 1
The immune-related mechanism of SPHK1 was explored using two databases, including TISIDB (http://cis.hku.hk/TISIDB/) and Tumor IMmune Estimation Resource (TIMER) (https://cistrome.shinyapps.io/timer/). In general, as the official website information, TISIDB is an integrated repository portal for tumor-immune system interactions. According to this database, we could explore the interaction between tumors and immunity because it is a powerful website containing a large amount of tumor immunity-related data. Meanwhile, TIMER is a comprehensive resource for systematic analysis of immune infiltrates across diverse cancer types, including LUAD. This database contains six kinds of immune cell infiltrates, including B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. All immune cell infiltrate levels were calculated using the TIMER algorithm. Finally, the resulting figures were dynamically displayed to conveniently assess the tumor immunological, clinical, and genomic features.
In our present study, we validated SPHK1 expression levels and its relationship with OS in both of these databases. Then, we further explored OS between low immune cell infiltration levels and high immune cell infiltration levels in TIMER. Next, correlation analysis between SPHK1 and immune cell infiltration levels was performed using both the TIMER and TISIDB databases. Furthermore, the correlation between somatic copy number variation (SCNA) levels of SPHK1 and immune cell infiltration levels was also determined. The purity-corrected partial Spearman method was used to analyze the data.
Statistical Analysis
Statistical analysis was performed using R software, and p < 0.050 was regarded as statistically significant. We divided patients into high-risk and low-risk groups of the 10 ARGs based on risk scores. Single comparisons of the expression rates between the two groups were performed using Student’s t-test. The unpaired t test was used to assess expression levels of the ARGs between the high-expression and low-expression groups. Kaplan–Meier survival curves were generated for the TCGA cohort and GSE72094 and analyzed using the log-rank test. The correlation between gene expression levels and infiltrating immune cell levels was determined using the purity-corrected partial Spearman method.
RESULTS
Identification and Functional Enrichment Analysis of Differentially Expressed ARGs in Lung Adenocarcinoma From Cancer Genome Atlas Database
The flow diagram of this study is shown in Figure 1. In this study, gene expression profiles from TCGA database in LUAD were selected, and a total of 222 ARGs from HADb were identified (Supplementary Table S1). Genes with p < 0.05 and absolute fold change >2 were considered DEARGs. Finally, a total of 28 ARGs were pooled that were differentially expressed in LUAD, including 12 downregulated genes and 16 upregulated genes (Figure 2) (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Flowchart of the current study. HADb, Human Autophagy Database; TCGA, the Cancer Genome Atlas; ARGs, autophagy-related genes; DEARGs, differentially expressed autophagy-related genes; PCA, principal component analysis; DEGs, differentially expressed genes; ROC, receiver operating characteristic; GEPIA, Gene Expression Profiling Interactive Analysis; K-M plotter, Kaplan–Meier plotter; TILs, tumor-infiltrating lymphocytes; SCNA, somatic copy number variation.
[image: Figure 2]FIGURE 2 | Identification of differentially expressed ARGs in LUAD. (A) The boxplot of the differentially expressed ARGs. The red color indicates tumor tissues, and the green color indicated the non-tumor. (B) Volcano plot of the 222 ARGs analysis. There were 28 ARGs differentially expressed in LUAD, including 12 downregulated genes and 16 upregulated genes. X-axis: log 2-fold change; Y-axis: −log10 fdr for each probe. (C) Two-dimensional hierarchical clustering of the significant 28 differentially expressed ARGs in LUAD patients. LUAD, lung adenocarcinoma.
To determine the biological functions of the 28 DEARGs, gene ontology and KEGG enrichment analyses were performed. The top five associated GO terms were autophagy (p = 3.05E-07), process utilizing autophagic mechanism (p = 3.05E-07), intrinsic apoptotic signaling pathway (p = 3.75E-06), neuron death (p = 9.09E-06), and neuron apoptotic process (p = 2.22E-05) according to both the functioned gene numbers and p-value (Figures 3A,B). Furthermore, all of these top five items were involved in biological processes, indicating that these 28 DEARGs participated in the biological processes of LUAD. In addition, the top 25 GO terms are shown in Table 1. Further KEGG analysis results indicated that the 28 ARGs were significantly enriched in the ErbB signaling pathway, IL-17 signaling pathway, and bladder cancer (all p < 0.001) (Figure 3C), and they were involved in a total of 14 KEGG pathways (Figure 3D). According to the results of functional enrichment of 28 DEARGs, we found that they were not only connected to autophagy but also involved in other biological processes. Therefore, in this study, we pooled the specific roles of ARGs in both autophagy and LUAD.
[image: Figure 3]FIGURE 3 | Functional enrichment analysis of differentially expressed ARGs. (A,B) The bubble plot and circle plot of significant GO terms. (C,D) The bar plot and heat map of enriched KEGG pathways. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
TABLE 1 | Top 25 GO terms based on 28 differentially expressed autophagy-related genes.
[image: Table 1]Identification of 2 Clusters Using Consensus Clustering and the Differentially Expressed Genes Shared Between These 2 Clusters in Lung Adenocarcinoma
Autophagy may exhibit different expression patterns among LUAD patients, potentially affecting the prognosis and gene expression signature. In this study, 28 DEARGs were used to identify autophagy subtypes associated with the overall survival of LUAD. Consensus clustering was used to explore the similarity of 28 DEARGs’ expression patterns. By selecting a k value of 2, we obtained the optimal CDF value and classified the LUAD patients into two clusters (Figures 4A,C). Principal component analysis (PCA) results revealed two significantly different distribution patterns of LUAD patients. The samples of cluster 1 and cluster 2 were distributed on the left side and right sides, respectively (Figure 4D). Consensus clustering and principal component analysis suggested that autophagy may play a role in the occurrence and development of LUAD. In addition, to explore whether these two clusters of gene expression levels affect clinical outcomes, we constructed a prognostic classifier using Kaplan–Meier analysis. The results revealed that the prognosis of cluster 1 was better than that of cluster 2 (p < 0.001) (Figure 4E). Furthermore, since different clusters have shown variations in autophagy-related genes and patient prognosis, we explored the DEGs between cluster 1 and cluster 2. A total of 168 DEGs (76 upregulated genes in cluster 1 and 92 upregulated genes in cluster 2) were screened (Supplementary Table S1).
[image: Figure 4]FIGURE 4 | The consensus clustering analysis and the principle components analysis. (A–C) The consensus clustering analysis of the 28-prognostic ARGs, inferring the optimal number of clusters, the lowest proportion of ambiguous clustering, and the best CDF value by taking the k value of 2. (D) The principle component analysis of the prognostic autophagy-related genes in LUAD patients. (E) Kaplan–Meier analysis between cluster 1 and cluster 2. ARGs, autophagy-related genes; CDF, cumulative distribution function; LUAD, lung adenocarcinoma.
Establishment of the Risk Model Based on the Autophagy-Related Genes and Differentially Expressed Genes Between Cluster 1 and Cluster 2 to Improve the Prognostic Prediction of Lung Adenocarcinoma
To reveal the distinct expression signature of ARGs, we constructed a risk model to predict the prognosis of LUAD. First, univariate Cox regression analysis was used to identify the prognostic ARGs, and 37 ARGs were pooled as prognostic factors, among which 16 of 37 were identified as protective factors (HR < 1), while another 21 genes were identified as risk factors (HR > 1) (Figure 5A). Then, multivariate Cox regression analysis was conducted, and the results suggested that 12 genes (APOL1, ATG12, ATG4A, BAK1, CAPNS1, CCR2, CTSD, EIF2AK3, ITGB1, MBTPS2, SPHK1, ST13) represented independent prognostic indicators, which were selected for further exploration of the prognostic pattern (Table 2). Based on the previous important clustering, we overlapped the 12 independent prognostic indicators and 168 DEGs between cluster 1 and cluster 2. Finally, 10 genes (ATG4A, BAK1, CAPNS1, CCR2, CTSD, EIF2AK3, ITGB1, MBTPS2, SPHK1, ST13) were selected for further analysis. Subsequently, the coefficient value of each independent risk gene was calculated, and our prognostic model based on the 10 genes was formed as follows: risk score = (−0.579 × ATG4A expression) + (0.224 × BAK1 expression) + (0.294 × CAPNS1 expression) + (−0.345 × CCR2 expression) + (−0.165 × CTSD expression) + (−0.561 × EIF2AK3 expression) + (0.230 × ITGB1 expression) + (0.479 × MBTPS2 expression) + (0.166 × SPHK1 expression) + (0.317 × ST13 expression). According to this formula, we calculated the risk score of each patient, and all of LUAD patients were divided into low-risk (n = 229) and high-risk groups (n = 229). Survival analysis results indicated that there was a difference between the high-risk and low-risk groups, and the low-risk group exhibited a significantly better prognosis than the high-risk group (p = 4.379E-10) (Figure 5B). The risk score plot, survival time, and status plot are shown in Figures 5C,D. In addition, these 10 independent risk genes are displayed in a heat map to show the different expression levels between the high-risk and low-risk groups (Figure 5E).
[image: Figure 5]FIGURE 5 | The prognostic risk model based on ARGs in LUAD. (A) The univariate Cox regression analysis screened prognosis-related genes. (B) Kaplan–Meier analysis of OS between high-risk and low-risk groups in LUAD patients based on risk scores according to 12 autophagy-related gene signatures. (C) Visualization of the risk score plot of high-risk and low-risk groups in LUAD patients. (D) Survival status was displayed in red and green dots based on the risk model as the risk score increasing in LUAD patients. (E) Two-dimensional hierarchical clustering of the significant 10 differentially expressed prognostic ARGs in high-risk and low-risk LUAD patients. ARGs, autophagy-related genes; LUAD, lung adenocarcinoma; OS, overall survival.
TABLE 2 | Twelve autophagy-related genes are independent prognostic indicators using multivariate Cox regression analysis.
[image: Table 2]Validation of the 28 Differentially Expressed Autophagy-Related Genes Expression Pattern and Prognostic Value of the Risk Model Using Quantitative Reverse Transcription-Polymerase Chain Reaction and an Independent Cohort
To verify the risk model, the gene expression profile of GSE72094 was used for further analyses. The results showed that 28 DEARGs were pooled as differentially expressed in LUAD (Figure 6), in which the expression of 16 of 28 ARGs was significantly elevated and 12 genes were downregulated in LUAD tissues compared to adjacent normal lung tissues in GSE72094 (all p < 0.050), consistent with our previous results from TCGA database. For consensus clustering based on these 28 DEARGs, qRT-PCR was also performed. As we expected, the results showed that 25 of the 28 genes were consistent with the above results. Three genes were not significantly different between the 16HBE and A549 cell lines (Figure 7), which could be caused by the differences between tissues and cell lines. Furthermore, univariate Cox regression analysis showed that 40 genes were pooled as prognostic factors (Supplementary Table S1), and multivariate Cox regression analysis results suggested that 17 genes represented independent prognostic indicators, including 10 genes (ATG4A, BAK1, CAPNS1, CCR2, CTSD, EIF2AK3, ITGB1, MBTPS2, SPHK1, ST13) mentioned above (Supplementary Table S1). Then, 393 LUAD patients in GSE72094 were divided into low-risk (n = 196) and high-risk groups (n = 197) according to the previous formula. Survival analysis results also validated that the low-risk group exhibited significantly better prognosis than the high-risk group (p < 0.001) (Figure 8A). The risk score plot, survival time, and status plot are also shown in Figures 8B,C. Finally, the heat map plot was visualized to further illustrate the distribution of 10 prognostic ARGs between the high-risk and low-risk groups (Figure 8D).
[image: Figure 6]FIGURE 6 | The validation of 28 DEARGs in LUAD using an independent cohort GSE72094, in which expression of 16 of 28 ARGs was significantly elevated and 12 genes was downregulated in LUAD tissues compared with adjacent normal lung tissues in GSE72094 (all p < 0.050). DEARGs, differentially expressed autophagy-related genes; LUAD, lung adenocarcinoma.
[image: Figure 7]FIGURE 7 | The validation of 28 DEARGs in LUAD using qRT-PCR, in which 25 of the 28 genes showed the significance in 16HBE compared with A549 cell lines (all p < 0.050), while three genes showed that there is no significance between 16HBE and A549 cell lines (all p > 0.050). DEARGs, differentially expressed autophagy-related genes; LUAD, lung adenocarcinoma; qRT-PCR, quantitative reverse transcription–polymerase chain reaction.
[image: Figure 8]FIGURE 8 | The validation of the prognostic risk model based on ARGs in LUAD using an independent cohort GSE72094. (A) Kaplan–Meier analysis of OS between high-risk and low-risk groups in LUAD patients based on risk scores according to 10 ARGs signatures. (B) Visualization of the risk score plot of high-risk and low-risk groups in LUAD patients. (C) Survival status was displayed in red and green dots based on the risk model as the risk score increasing in LUAD patients. (D) Two-dimensional hierarchical clustering of the significant 10 differentially expressed prognostic ARGs in high-risk and low-risk LUAD patients. ARGs, autophagy-related genes; lung adenocarcinoma; OS, overall survival.
Survival Analysis of the Autophagy-Related Genes Expression Pattern and Clinicopathological Variables in Lung Adenocarcinoma
In this study, univariate and multivariate Cox regression analyses were performed to explore the prognostic value of autophagy-related gene expression patterns and clinicopathological variables. Univariate Cox regression analysis results indicated that stage, pathological T stage, pathological N stage, and risk score were correlated with OS (all p < 0.001) (Figure 9A). Multivariate Cox independent prognostic analysis results indicated that stage and risk score represented independent prognostic factors in LUAD (p = 0.006 and p < 0.001, respectively) (Figure 9C). In addition, given that the ARGs had different values in this model, ROC curves of OS were used to determine the predictive performance of the 10 ARG risk patterns (Figure 9B). The AUC value of the risk score (marks the 10 ARG risk pattern) for OS was 0.714, which was significantly higher than that of age (AUC = 0.513), sex (AUC = 0.581), pathological T stage (AUC = 0.673), pathological N stage (AUC = 0.505), and pathological M stage (AUC = 0.674). These results indicated that the risk score had a better ability to predict survival in LUAD patients than other clinical factors.
[image: Figure 9]FIGURE 9 | Cox regression analysis of risk model and clinicopathological variables in LUAD. (A) Visualization of the forest map with single factor independent prognostic analysis. (B) The ROC analysis of OS for the risk model signature and the clinicopathologic variables. (C) Visualization of the forest map with multifactor independent prognostic analysis. LUAD, lung adenocarcinoma; ROC, receiver operating characteristic; OS, overall survival.
Correlation Analysis Between Autophagy-Related Genes and Clinicopathological Variables in Lung Adenocarcinoma
After pooling 10 independent risk genes, we further performed correlation analysis between ARGs and clinicopathological variables, such as age, sex, stage, pathological T stage, pathological N stage, and pathological M stage. The risk score shows potential prognostic value because of its significant difference in LUAD patients with pathological N0 stage compared to pathological N1-N3 stages (p = 0.015) (Figure 10A), and expression levels of CAPNS1 (p = 0.017), CCR2 (p = 0.004), and SPHK1 (p = 0.016) showed the same results (Figures 10B–D). The risk score also exhibited potential prognostic value because of its significant difference in stage I and II LUAD patients compared to stage III and IV LUAD patients (p = 0.010) (Figure 10E), and the same results were observed in the expression levels of CAPNS1 (p = 0.042), CCR2 (p = 0.001), and CTSD (p = 0.004) (Figures 10F–H). In addition, the risk score and expression level of CCR2 were significantly different in LUAD patients between pathological T3–T4 stage and pathological T1–T2 stage (p = 0.049 and p = 0.009) (Figures 10I,J). For the pathological M stage, only CAPNS1 displayed a difference between M0 and M1 LUAD patients (p = 0.037) (Figure 10K). Expression levels of CCR2 were significantly different in LUAD patients aged ≤65 and >65 years (p = 0.003) (Figure 10L). Furthermore, sex was not a factor to be ignored and was associated with expression levels of BAK1 (p = 0.017) and CCR2 (p = 0.009) (Figures 10M,N). According to the results, five ARGs exhibited significant differences among clinicopathological variables.
[image: Figure 10]FIGURE 10 | Comparison of ARGs and clinicopathological variables in LUAD. (A–D) Difference in the risk score and expression levels of ARGs between pathological N0 stage and pathological N1–N3 stages. (E–H) Difference in the risk score and expression levels of ARGs in stage I and II and stage III and IV. (I,J) Difference in the risk score and expression levels of ARGs in pathological T3–T4 stage and pathological T1–T2 stage. (K) Difference in the expression levels of ARGs in pathological M0 and M1 stage. (L) Difference in the expression levels of ARGs in aged ≤65 and >65 years. (M,N) Difference in the expression levels of ARGs in gender (male and female). ARGs, autophagy-related genes; LUAD, lung adenocarcinoma.
Validation of Five Autophagy-Related Genes Expression Levels and Their Relationship With Overall Survival in Lung Adenocarcinoma
Five ARGs were screened as prognostic genes in TCGA database, and we validated their expression levels using the online GEPIA tool. The results showed that BAK1 and SPHK1 were highly expressed (Supplementary Figures S1A,B), while CAPNS1, CCR2, and CTSD were downregulated (Supplementary Figures S1C–E) in LUAD patients compared to controls. Unfortunately, these differences were not statistically significant. However, these five genes not only had prognostic value but also showed significant differences among clinicopathological variables according to our previous results, which attracted our attention. Furthermore, we performed Kaplan–Meier survival analysis using the Kaplan–Meier plotter online tool to validate the prognostic value of five ARGs, four of which, BAK1 (p = 2E-04), CAPNS1 (p < 0.001), CCR2 (p = 4.5E-12), and SPHK1 (p = 1.4E-06), exhibited prognostic value (Supplementary Figures S1F–I). However, in contrast to our previous findings, CTSD (also named CLN10) expression levels seemed to have no effect on OS in LUAD (p = 0.37) (Supplementary Figure S1J). SPHK1, as an attractive gene, was selected for further specific study after considering its expression levels and prognostic value.
SPHK1 Expression Level and its Associations With Overall Survival and Tumor Infiltrating Lymphocytes
TIMER and TISIDB were used to explore the relationship between SPHK1 and TILs. First, we validated the high expression level of SPHK1 (p < 0.010) (Figure 11A) and its expression level in different stages (p = 0.019) (Figure 11B). In addition, we further explored the SPHK1 expression distribution across LUAD subtypes (p = 4.73E-21) (Figure 11C). Consequently, we performed a Kaplan–Meier analysis between high and low SPHK1 expression levels, and the results showed that low expression levels of SPHK1 were associated with a better prognosis (p = 0.004) (Figure 11D). After validating the expression level of SPHK1 and its prognostic value, we also examined whether this phenomenon was related to TILs.
[image: Figure 11]FIGURE 11 | Validation of SPHK1 expression level and its associations with OS. (A) SPHK1 expression level in various cancers compared with normal tissues. (B) SPHK1 expression level in different stages of LUAD. (C) SPHK1 expression distribution across LUAD subtype. (D) Kaplan–Meier survival analysis by different SPHK1 expression level of LUAD. OS, overall survival; LUAD, lung adenocarcinoma.
For further exploration, we conducted an integrated analysis to predict the potential biological roles of SPHK1 in TILs of LUAD. The results indicated that as tumor purity increased, the SPHK1 expression levels were negatively correlated with B cells (r = −0.144, p = 1.45E-03) and positively correlated with CD4+ T cell (r = 0.132, p = 3.65E-03), neutrophil (r = 0.295, p = 3.89E-11), and dendritic cell (r = 0.186, p = 3.39E-05) infiltration levels in the TIMER database (Figure 12A). Because data from one database seem to lack persuasiveness, we also validated the correlation between SPHK1 expression levels and immune cell infiltration using the TISIDB database. Consistent with our previous findings, except for the correlation between the SPHK1 expression level and B cell infiltration levels, SPHK1 expression levels were positively correlated with B cells (r = 0.091, p = 0.039; r = 0.109, p = 0.013; r = 0.279, p = 1.27E-10) (Figures 12B–D). The results showed that SPHK1 was positively correlated with CD4+ T cell (r = 0.444, p < 2.2E-16; r = 0.349, p = 3.41E-16; r = 0.092, p = 0.037) (Figures 12E–G), neutrophil (r = 0.148, p < 0.001) (Figure 12H), and dendritic cell (r = 0.338, p = 3.33E-15; r = 0.152, p = 0.001) infiltration levels, consistent with previous results.
[image: Figure 12]FIGURE 12 | SPHK1 expression level associated with immune cell infiltration levels. (A) Correlation between SPHK1 expression levels and immune cell infiltration levels. Correlation between SPHK1 expression level and B Cell infiltration levels (B–D), CD4+ T cells infiltration levels (E–G), neutrophil cells infiltration levels (H), dendritic cell infiltration levels (I,J).
Associations Among Overall Survival, Somatic Copy Number Variation of SPHK1 and Tumor Infiltrating Lymphocytes Levels
According to our previous results, we found that SPHK1 expression levels were correlated with B cell, CD4+ T cell, neutrophil, and dendritic cell infiltration levels, which may be the reason that differentially expressed SPHK1 has a different prognosis. Therefore, we first investigated the prognosis between high and low TIL expression levels. Kaplan–Meier analysis results revealed that cumulative survival rates between low and high B cell (p < 0.001) and dendritic cell (p = 0.048) infiltration levels were significantly different, as were the different expression levels of SPHK1 (p = 0.005) (Figure 13A). The SCNA module provides a comparison of the abundance of TILs among tumors with different somatic copy number aberrations for SPHK1. Therefore, we first explored the association between the SCNA level of SPHK1 and immune cell infiltration. We found that the B cell infiltration level was associated with arm-level gain (p < 0.050), macrophage infiltration level was associated with arm-level deletion and high amplification (both p < 0.010), and CD4+ T cell infiltration level was associated with arm-level gain (p < 0.050). For the dendritic cell infiltration level, there seemed to be no relationship with the SCNA level of SPHK1 (Figure 13B). Furthermore, TP53 mutation is one of the most common LUAD mutations and was correlated with CD8+ T cell (p < 0.010), dendritic cell (p < 0.050), and neutrophil (p < 0.010) infiltration levels (Figure 13C). Heat map analysis between SPHK1 expression levels and tumor-infiltrating lymphocytes in the TISIDB database was also performed and is displayed in Figure 13D, which is consistent with our previous results using the TIMER database.
[image: Figure 13]FIGURE 13 | Associations among OS, SCNA of SPHK1, and TIL levels. (A) Cumulative survival rates between low and high immune cell (B cell and dendritic cell) infiltration; Kaplan–Meier survival analysis by different SPHK1 expression levels of LUAD. (B) Correlation between SCNA level of SPHK1 and immune cell infiltration level. (C) TP53 mutation rates were associated with CD8+ T cell, neutrophil, and dendritic cell infiltration levels. (D) Heat map analysis of SPHK1 expression level and tumor-infiltrating lymphocytes. OS, overall survival; SCNA, somatic copy number variation; TILs, tumor-infiltrating lymphocytes; LUAD, lung adenocarcinoma.
DISCUSSION
In our current study, the limma package in R software was first used to identify DEARGs, and then functional enrichment analysis was performed to further refine the potential roles of DEARGs. Before performing Cox regression analysis, we classified LUAD cases into two subtypes according to consensus clustering based on the 28 prognostic ARGs. In addition, Kaplan–Meier analysis results showed differential prognoses between cluster 1 and cluster 2. Therefore, according to these two clusters, DEGs of each cluster were identified. Subsequently, univariate and multivariate Cox regression analyses were used to obtain the prognostic ARGs. After we overlapped the DEGs of clusters and the prognostic ARGs, 10 genes were selected for further study, and a risk model based on these genes was constructed to evaluate whether these genes could serve as independent prognostic factors for LUAD patients in TCGA database and performed subsequent validation using GSE72094. After we explored the associations between ARGs and clinicopathological variables, five ARGs were identified as prognostic genes. Then, we validated the expression levels of five ARGs and their relationships with OS in LUAD. SPHK1 was extracted for further study. In addition, the TIMER and TISIDB databases were used to further explore the correlation analysis between immune cell infiltration levels and the risk score as well as clinicopathological variables in the predictive risk model. In brief, a risk model associated with ARGs was constructed for monitoring immune cell infiltration levels and estimating the prognosis of LUAD.
Autophagy underlies the initiation, progression, and metastasis of various cancers, including LUAD, while aberrantly regulated autophagy affects the prognosis of LUAD, but the mechanisms are less well defined. Autophagy maintains cellular homeostasis by engulfing cytoplasmic proteins, complexes, or organelles within the autophagosome (Dikic et al., 2010; Macintosh and Ryan, 2013). Autophagosomes are cytoplasmic double-membraned vesicles that can be transported and fused with lysosomes to generate autolysosomes (Galluzzi et al., 2015). Autophagy has been reported to be associated with tumorigenesis (Martinet et al., 2009; Levy et al., 2017). Over the past few years, many studies have elucidated that autophagy participates in the development and progression of various diseases (Liu et al., 2017; Yao et al., 2018). In brief, autophagy exerts dual functions in tumorigenesis, including both positive and negative effects. Positive effects include autophagy clearing damaged proteins and organelles during the early stages of the tumor to inhibit tumor development (White et al., 2010). Negative effects are involved in the advanced stages of tumorigenesis, and autophagy promotes rapid growth of tumor cells by degrading and recycling damaged or aged organelle components (Janku et al., 2011). Furthermore, mechanisms related to autophagy have also been investigated in many studies (Chung et al., 2017; Bai et al., 2019; Chen et al., 2020; Liu et al., 2020; Peng et al., 2020). For example, PTBP1 promotes the growth of cancer cells through the PTEN/Akt pathway and autophagy in breast cancer (Wang et al., 2018). In addition, ATG5 and ATG7 regulate autophagy, apoptosis, and the cell cycle through PERK signaling, which is a vital UPR branch pathway (Zheng et al., 2019a). ER stress and autophagy are reportedly involved in the apoptosis of lung cancer (Shi et al., 2016). Interestingly, both ER stress and PERK signaling could be connected to autophagy in the presence of ATG5 and ATG7, revealing that the interplay among these different mechanisms should also be evaluated in further studies. Naturally, ARGs have also attracted increasing attention for their significance to the development of various cancers (Gu et al., 2016; Lin et al., 2018; Jiang et al., 2019; Lin et al., 2020). However, next-generation sequencing associated with ARGs and the establishment of a predictive risk model has not been well elucidated thus far. In addition, owing to the worse prognosis of LUAD, it is vital to identify novel prognostic biomarkers based on different methods.
In recent years, the development of potential prognostic biomarkers associated with ARGs to reveal prognosis has rapidly emerged. One study proposed an ARG prognostic signature and divided all patients into high-risk and low-risk groups, and the author concluded that the autophagy-related gene prognostic signature was a promising independent biomarker for monitoring the outcomes of serous ovarian cancer (An et al., 2018). Another eight ARGs (BCL2, BIRC5, EIF4EBP1, ERO1L, FOS, GAPDH, ITPR1, and VEGFA) were explored, and the author found that these genes not only were significantly associated with overall survival but also could predict distant metastasis-free survival in breast cancer (Gu et al., 2016). In the present study, we also identified 10 ARGs using Cox regression analysis and consensus clustering, and the coefficient values and gene expression values were further used to explore the risk score of each gene. According to the median risk score, all LUAD patients were divided into high-risk and low-risk groups. Survival analysis suggested that the low-risk group exhibited a significantly better prognosis than the high-risk group. Therefore, these 10 genes could serve as independent prognostic indicators and were selected for further exploration of the prognostic pattern in LUAD.
To investigate these 10 genes, correlation analysis was performed, and we found that only five (BAK1, CAPNS1, CCR2, CTSD, and SPHK1) of 10 genes were correlated with clinicopathological variables and prognosis in LUAD patients. BAK1 is associated with the development of oral squamous cell carcinoma and could serve as a prognostic biomarker in that malignancy (Baltaziak et al., 2004; Coutinho-Camillo et al., 2010). CAPNS1 has been explored as a crucial protein that could promote metastasis of hepatocellular carcinoma (Dai et al., 2014). Elevated expression levels of CCL2 were found to be correlated with tumor-associated macrophage accumulation, and both factors conveyed a poor prognosis in esophageal carcinogenesis (Yang et al., 2020). CTSD is one of the pivotal orchestrators in the occurrence and development of tumors, and its inhibition could increase autophagosome formation and decrease the formation of autolysosomes at the same time (Zheng et al., 2020). In this study, correlation analysis results suggested that these genes were correlated with age, sex, stage, pathological T stage, pathological N stage, or pathological M stage. Kaplan–Meier survival analysis suggested that CTSD (also called CLN10) expression levels seem to have no effects on OS in LUAD.
After screening the validated prognostic ARGs, SPHK1, as an attractive gene, was selected for further specific study after considering its expression level and prognostic value. Autophagy is involved in immune cell infiltration levels, and ARGs can affect immune responses. Autophagy is very important for the major functions of neutrophils, such as differentiation, phagocytosis, cytokine production, degranulation, and cell death (Germic et al., 2019). It has been demonstrated that enhanced autophagy or lysosome function in immune evasion could be achieved by selecting targets of MHC-I molecules for degradation, which could provide a therapeutic strategy against pancreatic ductal adenocarcinoma (Yamamoto et al., 2020). Various previous clinical studies have suggested that immune cell infiltration levels have a major impact on the clinical outcomes of several cancers (Bates et al., 2006; Galon et al., 2006; Johnson et al., 2000; Al-Shibli et al., 2008). SPHK1 is also known as SPHK. As characterized in a gene database (https://www.ncbi.nlm.nih.gov/gene/), this protein and its product S1P play a key role in immune processes. It has been observed that hypoxia-induced SPHK1 expression and its downstream S1P signaling promote ovarian cancer progression, and elevated expression levels of SPHK1 or S1P are sensitive to the cytotoxic effects of metformin (Hart et al., 2019). In addition, an increasing number of studies have shown the potential therapeutic value of SPHK1, which provides new strategies for cancer treatment to improve the prognosis of cancer patients (Plano et al., 2014; Wang et al., 2019c; Sukocheva et al., 2020). Another study suggested that enhanced SPHK activity promotes cell survival in Jurkat T cells in response to ceramide- or Fas-induced apoptosis (Zheng et al., 2019b). In this study, we found that SPHK1 expression is associated with the prognosis of LUAD. Furthermore, the SPHK1 expression levels were positively correlated with B cell, CD4+ T cell, neutrophil, and dendritic cell infiltration levels. In contrast, Kaplan–Meier analysis results showed that only B cell and dendritic cell infiltration levels were significantly correlated with prognosis.
In this study, gene expression profiles from TCGA database in LUAD were selected, and a risk model based on ARGs was established to predict the prognosis of LUAD. Subsequently, their prognostic value, association with clinicopathological variables, and the interesting association between SPHK1 and immune cell infiltration levels were validated. Compared to previous studies, the current study first constructed a risk model based on 10 ARGs, and we validated their prognostic value. Finally, five pooled ARG expression signatures were used as independent prognostic factors in patients with LUAD, which may provide new insight for monitoring and predicting the prognosis of LUAD patients.
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Chronic stress is common among cancer patients due to the psychological, operative, or pharmaceutical stressors at the time of diagnosis or during the treatment of cancers. The continuous activations of the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system (SNS), as results of chronic stress, have been demonstrated to take part in several cancer-promoting processes, such as tumorigenesis, progression, metastasis, and multi-drug resistance, by altering the tumor microenvironment (TME). Stressed TME is generally characterized by the increased proportion of cancer-promoting cells and cytokines, the reduction and malfunction of immune-supportive cells and cytokines, augmented angiogenesis, enhanced epithelial-mesenchymal transition, and damaged extracellular matrix. For the negative effects that these alterations can cause in terms of the efficacies of anti-cancer treatments and prognosis of patients, supplementary pharmacological or psychotherapeutic strategies targeting HPA, SNS, or psychological stress may be effective in improving the prognosis of cancer patients. Here, we review the characteristics and mechanisms of TME alterations under chronic stress, their influences on anti-cancer therapies, and accessory interventions and therapies for stressed cancer patients.
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INTRODUCTION
Chronic stress, which is associated with the constant activation of the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system (SNS) and release of stress hormones including catecholamines and glucocorticoids, occurs frequently in cancer patients during cancer diagnosis and treatment (Gil et al., 2012). The catecholamines and glucocorticoids then activate the adrenergic receptors and glucocorticoid receptors, which belong to the G protein-coupled receptor (GPCR) family and nuclear receptor family respectively, to activate several signaling pathways or alter the transcriptions directly. Unlike the transient secretion of stress hormones in acute stress, lasting elevations of catecholamines and glucocorticoids not only cause mental diseases such as anxiety disorder and depression, but also takes part in the tumorigenesis, progression, metastasis, and drug resistance of various cancers (Reiche et al., 2004). A meta-analysis suggested that stress-related psychosocial factors are associated with higher cancer incidence in initially healthy populations, poorer survival in patients with diagnosed cancer, and higher cancer-related mortality (Chida et al., 2008). Thus, chronic stress is a noteworthy issue in terms of anti-cancer treatments.
Tumor microenvironment (TME), consisting of tumor cells, tumor stromal cells, and non-cellular components, is largely involved in the formation, maintenance, and multidrug resistance (MDR) of cancers (Baghban et al., 2020). Initially, the pro-cancer effects of persistent activations of the HPA axis and SNS under chronic stress are thought to depend mostly on their regulations on systematic immune functions (Sloan et al., 2007; Silverman and Sternberg, 2012). Nowadays, extensive studies have revealed that chronic stress is also responsible for altering the TME, including the tumor cells, cancer stromal cells, and extracellular matrix (ECM), thus participants in cancer-promoting processes.
This review focuses on the consequences of chronic stress on TME and summarizes the characteristics and mechanisms of TME alterations under chronic stress, based on which we emphasize the negative effects of chronic stress on anti-tumor therapies and the implications for formulating well-rounded anti-cancer strategies.
FEATURES OF TME UNDER CHRONIC STRESS
The TME of patients with chronic stress is distinct from the TME of patients without it, manifested in the differences in the types, statuses, and quantities of immune cells, the class and amounts of cytokines, augmented angiogenesis, enhanced epithelial-mesenchymal transition (EMT), and damaged ECM.
Immune Cells
Generally, the effects of chronic stress on Immune cells in TME are embodied in decreased numbers or functions of immune-supportive cells and increased amounts of exhausted immune cells and immunosuppressive cells (Figure 1).
[image: Figure 1]FIGURE 1 | Comparison of immune cells and cytokines in the stressed and unstressed tumor microenvironment (TME). Stressed TME is characterized by (I), decreased proportion and dysfunction of immune-supportive cells, including DCs and CTLs, as well as an increased proportion of cancer-promoting cells, such as MDSCs, Treg cells, CAFs, TAMs, and M2 macrophages; (II), increased concentrations of cytokines that impair anti-cancer immunity and induce angiogenesis, epithelial-mesenchymal transition, and extracellular matrix damage, as well as a decreased concentration of IFN-γ. Abbreviations: IFN, interferon; MMP, matrix metalloproteinase; IL, interleukin; TGF, transforming growth factor; VEGF, vascular endothelial growth factor; DC, dendritic cell; CTL, cytotoxic T lymphocyte, CAF, cancer-associated fibroblast; Treg, regulatory T cell; MDSC, myeloid-derived suppressor cell; TAM, tumor-associated macrophage;NK cell, natural killer cell; FasL, Fas ligand; NKCC, NK cell cytotoxicity; ECM, extracellular matrix.
Dendritic cells (DCs) are essential in tumor antigen presentation and the initiation of cancer adaptive immunity (Gardner and Ruffell, 2016). Nonetheless, Chronic stress or exposure to glucocorticoids disabled immature DCs to undergo full maturation and prime Th1 cells and CD8+ T cells efficiently in a rodent model with melanoma, yet the functions of mature DCs were unaffected (Matyszak et al., 2000; Sommershof et al., 2017).
T lymphocytes serve as the main force in cancer adaptive immunity, yet chronic stress leads to a reduction and dysfunction of immune-supportive T cells along with a raise of immunosuppressive T cells (Thommen and Schumacher, 2018). A reduction of cytotoxic T lymphocytes (CTLs) in TME occurred after impaired DC maturation in both healthy mice and the mice with melanoma (Bucsek et al., 2017; Sommershof et al., 2017). Endogenous glucocorticoids inhibited responses of DCs and T cells to type I interferons (IFNs) and IFN-γ, respectively, which compromised the differentiation or activations of these cells in the TME of mice (Yang et al., 2019). Endogenous glucocorticoid signaling led to dysfunctional CD8+ T cells characterized by increased expressions of PD-1, TIM-3, and Lag3 (Acharya et al., 2020). Stress-induced β-AR activation suppressed T-cell receptor (TCR) signaling in a rodent melanoma model and a rodent colon cancer model (Qiao et al., 2021). β2-AR activations in regulatory T (Treg) cells increased their immunosuppressive functions associated with decreased interleukin (IL-2) level and improved differentiation of CD4+ Foxp3- T cells into Foxp3+ Tregs in a rodent model (Guereschi et al., 2013). Stressed mice also had increased suppressive CD25+ cells in tumors of UV-induced squamous cell carcinoma (Saul et al., 2005).
Natural killer (NK) cells, acting through NK cell cytotoxicity (NKCC), represent pivotal cells in tumor innate immunity (DeNardo and Ruffell, 2019). Surgical stress reduced NKCC and NK cell expression of Fas ligand and CD11a in the blood of mice with melanoma or Lewis lung carcinoma (Glasner et al., 2010). Similar diminished NKCC was observed in blood samples from stressed rodent models with leukemia and breast cancer (Ben-Eliyahu et al., 1999). A study on 42 patients with epithelial ovarian cancer revealed that psychological distress was related to lower NK cytotoxicity in TIL (Lutgendorf et al., 2005). Another study revealed impaired NK cell lysis, associated with altered expression of killer immunoglobin-like receptors, in breast cancer patients with high levels of psychological stress (Varker et al., 2007).
Myeloid-derived suppressor cells (MDSCs), presenting in individuals with cancer or chronic stress, play a key role in immune suppression (Gabrilovich, 2017). The operative stress increased the number of immunosuppressive MDSCs in TME (Ma et al., 2019). Similarly, an increase of MDSCs and Treg cells was detected in another stressed male rodent model (Schmidt et al., 2016).
Macrophages are also important components of TME, with which tumors enhance cell proliferation, angiogenesis, and metastasis (DeNardo and Ruffell, 2019). Prostate cancer patients with a higher score of depression revealed higher CD68+ tumor-associated macrophage (TAM) infiltration (Cheng et al., 2019), and daily restraint stress increased infiltration of CD68+ macrophages in rodent models of ovarian cancer as well (Colon-Echevarria et al., 2020). Moreover, β2-AR activation promoted macrophages to polarize to immunosuppressive M2 subtype in a rodent breast cancer model (Qin et al., 2015).
In addition, cancer-associated fibroblast (CAF) can regulate TME through cell-cell contact, releasing growth factors, and remodeling the extracellular matrix (Chen and Song, 2019). The activation of α2-ARs boosts the growth and proliferation of fibroblasts, increasing the concentration of growth factors in TME (Bruzzone et al., 2011; Shan et al., 2014).
Cytokines
Unsurprisingly, the cytokines originating from both tumor cells and stromal cells in stressed TME show cancer-promoting properties (Figure 1). Glucocorticoids reduced the number of IFN-γ-producing cells and the amount of IFN-γ produced in TME of the rodent melanoma model (Matyszak et al., 2000; Sommershof et al., 2017). Increased MDSCs in TME up-regulated transforming growth factor-beta 1 (TGF-β1), vascular endothelial growth factor (VEGF), and Interleukin-10 (IL-10) in rodent breast cancer models (Ma et al., 2019). And glucocorticoid could upregulate the expression of TGF-β receptor type II on ovarian cancer cells and enhance their responsiveness to TGF-β1 (Chen et al., 2010). The activation of β-AR enhanced the secretion of neuropeptide Y (NPY) in a rodent prostate cancer model and subsequently promoted TAM trafficking (Cheng et al., 2019). The level of IL-6 was elevated in the TME of a prostate cancer model due to TAM activation and tumor cell secretion induced by β-AR signaling (Powell et al., 2013; Cheng et al., 2019). Elevations of matrix metalloproteinase (MMP)-9 in TAMs were detected in epithelial ovarian cancer tissue of patients with chronic stress (Lutgendorf et al., 2008). The expressions of VEGF, MMP-2, and MMP-9 were increased in a stressed rodent model of ovarian carcinoma and another stressed rodent model of lung carcinoma (Thaker et al., 2006; Wu et al., 2015), and the same upregulations were detected in nasopharyngeal carcinoma tumor cells treated with norepinephrine (Yang E. V. et al., 2006). Similar upregulations of VEGF and MMP-2 were observed in a rodent oral cancer model (Xie et al., 2015). The upregulated expression of VEGF, IL-8, and IL-6 was also observed in human melanoma tumor cell lines treated with norepinephrine (Yang et al., 2009). Elevated PGE2 secretion was detected in epinephrine-treated ex vivo human breast and colon cancer explant and mammary tumors of chronic stress-exposed mice due to activation (Muthuswamy et al., 2017). Additionally, the cytokine analyses in a stressed rodent ovarian cancer model revealed up-regulation of a large scale of cytokines, including platelet-derived growth factor AA (PDGF-AA), epithelial cell-derived neutrophil-activating peptide (ENA-78), angiogenin, VEGF, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-5, Lipocalin-2, macrophage migration inhibitory factor (MIF), and transferrin receptor (TfR) (Colon-Echevarria et al., 2020).
Angiogenesis
Overexpression of VEGF and other pro-angiogenic factors like IL-6, TGF-beta, and MMPs, as one of the critical features of stressed TME, leads to enhanced angiogenesis of solid tumors (Kerbel, 2008). This effect was observed in the stressed rodent models of ovarian cancer, oral cancer, and lung cancer, as mentioned above (Thaker et al., 2006; Wu et al., 2015; Xie et al., 2015). Additionally, the expression of VEGFR-2 on endothelial cells was upregulated in the stressed rodent lung cancer model, which also contributes to enhanced angiogenesis (Wu et al., 2015). Moreover, Chronic stress promoted VEGF/FGF2-mediated angiogenesis in a rodent model of breast cancer by down-regulating peroxisome proliferator-activated receptor γ (PPARγ) (Zhou et al., 2020). Enhanced angiogenesis induced by chronic stress and β-adrenergic signaling via histone deacetylase-2 (HDAC2)-mediated suppression of thrombospondin-1 was also observed in a stressed model of prostate cancer (Hulsurkar et al., 2017). What’s worse, chaotic and unfunctional vessels induced by intense angiogenesis lead to other problems like acidosis and hypoxia in TME (Neri and Supuran, 2011; Rey et al., 2017).
Epithelial-Mesenchymal Transition
As TGF-β family signaling is crucial in EMT, chronic stress also promotes EMT because TGF-β1 is markedly upregulated in stressed TME (Lamouille et al., 2014). A high concentration of TGF-β1 induces EMT of tumor cells and promotes tumor metastasis in stressed rodent models with breast cancer (Ma et al., 2019). Norepinephrine induced EMT, reflected in E-cadherin downregulation and vimentin upregulation, via β-AR/TGF-β1/p-Smad3/Snail pathway or β-AR/TGF-β1/HIF-1α/Snail pathway in gastric, colonic, and pneumonic cancer cell lines in vitro (Shan et al., 2014; Zhang et al., 2016). In addition, Chronic stress downregulates E-cadherin expression and upregulates vimentin expression through the activation of miR-337-3p/STAT3 in a stressed rodent model with breast cancer (Du et al., 2020).
Moreover, given that the activation of ARs can induce the activations of protein kinase A (PKA) and protein kinase C (PKC) (Biazi et al., 2018; Durkee et al., 2019; Cole and Sood, 2012) (Figure 2), chronic stress can be associated with EMT via PKA and PKC signaling. It is well established that PKC promotes EMT by activating various downstream molecules. PKCα was regarded as a central signaling node for EMT in breast cancer (Tam et al., 2013). PKCθ was reported to induce EMT through TGF-βand NF-κB signaling (Zafar et al., 2014; Zafar et al., 2015), and PKCδ could induce EMT via phosphorylation of Bcl-2 associated athanogene 3 (BAG3) (Li et al., 2013). Moreover, a study showed that PKC-induced EMT was associated with a down-regulation of carbonic anhydrase 12 (CAXII) (Vergara et al., 2020). In contrast, the activation of PKA favored the epithelial type and contributed to the mesenchymal-epithelial transition (MET) of the tumor cells (Nadella et al., 2008; Pattabiraman et al., 2016). Yet, research showed that PKA promoted TGF-βinduced EMT (Yang Y. et al., 2006), and enhanced activity of PKA plays an important role in hypoxia-mediated EMT (Shaikh et al., 2012). However, research on PKA/PKC-induced EMT using stress or stress hormone-treated models is lacking, so the exact roles of PKA and PKC in chronic stress-induced EMT still need further investigations.
[image: Figure 2]FIGURE 2 | Chronic stress-induced signaling pathways acting upon tumor microenvironment. Adrenergic receptors (ARs), including α-AR, β2-AR, and β3-AR get involved in chronic stress-induced tumor microenvironment (TME) alterations; ARs are G protein-coupled receptors (GPCRs), the binding of AR agonists, such as norepinephrine and epinephrine, to which activates intracellular Gαs protein. Activated Gαs either activates PLC (α1-AR) or AC (α1-AR, β2-AR, and β3-AR), which subsequently induces an intracellular increase of IP3 and DAG, or cAMP, respectively, and then the second messengers initiate activation of several signaling pathways, including the PKA, PKC, EPAC, and Ca2+-CaM pathways. Glucocorticoid receptors (GRs), consisting of the glucocorticoid-binding subunit and Hsp 90 protein, belong to the nuclear receptor family and locate intracellularly; after glucocorticoids permeate through the cell membrane and bind to GRs, the Hsp protein depolymerizes from the polymeric substance and the main subunits of GRs translocate into the nucleus and initiate gene transcriptions. Transcriptions of various genes of cytokines or ligands are up-regulated or down-regulated, altogether causing the deterioration of the TME, which leads to a large scale of cancer-promoting effects. Abbreviation: NE, norepinephrine; E, epinephrine; PLC, phospholipase C; PIP2, phosphatidylinositol (4,5) bisphosphate; AC, adenylatecyclase; IP3, inositol triphosphate; DAG, diacylglycerol; CaM, calmodulin; PKC, protein kinase C; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; EPAC, exchange protein activated by adenylyl cyclase; Pap1, production of anthocyanin pigment 1; PI3K, phosphatidylinositol 3-kinase; MEK, mitogen-activated protein kinase kinase (MAPKK); ERK, extracellular regulated protein kinase; CREB, cAMP-responsive element-binding protein; GATA1, GATA Binding Protein 1; STAT3, signal transducer and activator of transcription 3; GR, glucocorticoid receptor; Hsp, heat shock protein; IFN, interferon; NKCC, NK cell cytotoxicity; ECM, extracellular matrix; CTL, cytotoxic T lymphocyte; EMT, epithelial-mesenchymal transition; MDR, multidrug resistance.
Additionally, it is notable that chronic stress is also associated with deteriorations of gut microbiota (Gao et al., 2018), which can facilitate EMT through microbiota-host interactions (Vergara et al., 2019).
Extracellular Matrix
Elevations of MMPs were present in TME of various cancers (Thaker et al., 2006; Lutgendorf et al., 2008; Wu et al., 2015; Xie et al., 2015), which are likely to cause damages to ECM and promote cancer metastasis (Najafi et al., 2019). Additionally, glucocorticoids can downregulate the synthesis of tenascin-C, a vital protein in the extracellular matrix, in a rodent Wilms’ tumor model, even though local stimulatory growth factors are present (Talts et al., 1995).
Metabolism
Chronic stress can cause molecular and functional recalibrations of mitochondria and metabolic disorders in immune cells (Picard and McEwen, 2018; Fan et al., 2019), which can alter the metabolic features in TME. Also, hostile TME with limited oxygen and nutrients can lead to metabolic reprogramming of local T cells and impair their functions (Pearce et al., 2013). Chronic stress-induced up-regulation of epinephrine could activate lactate dehydrogenase A (LDHA) to generate lactate and promote breast cancer stem-like properties in a rodent model (Cui et al., 2019). Besides, β-AR activation depressed endothelial oxidative phosphorylation and turned on the angiogenic switch for tumor progression in a rodent prostate cancer model (Zahalka et al., 2017). Additionally, the activations of PKC and PKA can lead to unfavorable metabolic alterations and fuel cancer progression (Aggarwal et al., 2019; Liu et al., 2019; Vergara et al., 2020).
MECHANISMS FOR TME ALTERATIONS UNDER CHRONIC STRESS
The TME alterations under chronic stress are mainly derived from activated AR signaling and glucocorticoid signaling. Under chronic stress, SNS is constantly activated, resulting in a high concentration of catecholamine in solid tumor tissues, which drives from both circulating blood and local sympathetic neurons (Reiche et al., 2004). Additionally, endogenous glucocorticoids, deriving from the adrenal cortex, of which the concentration in the blood increases under chronic stress via the HPA axis, easily diffuse across the membrane of various cells in TME (Kadmiel and Cidlowski, 2013). One thing to point out here is that the enhanced β-adrenergic signaling and glucocorticoid signaling in TME can be induced by not only chronic stress, but also TME hypoxia (Chiarugi and Filippi, 2015).
α-AR signaling is partly responsible for TME alterations. There are two subtypes of α-ARs, including α1-AR and α2-AR, both of which belong to the GPCR family (Taylor and Cassagnol, 2021). The activation of α1-AR leads to the increase of intracellular calcium concentration via the PLC-IP3/DAG pathway, while the activation of α2-AR results in the inhibition of adenylyl cyclase, which decreases the concentration of cytoplasmic calcium and cAMP (Biazi et al., 2018; Durkee et al., 2019) (Figure 2).
β-ARs are expressed on the membranes of various tumor cells and tumor-related cells, such as immune cells, fibroblast, and epithelial cells, and epithelial cells, and two of the three subtypes of β-ARs, including β2-AR and β3-AR, take part in tumorous β-signaling (Daly and McGrath, 2011; Calvani et al., 2020). The binding of catecholamine, like epinephrine and norepinephrine, to β-ARs, contributes to the activation of guanylate cyclase, leading to transient cyclic adenosine monophosphate (cAMP) flux, which subsequently activates protein kinase A (PKA) and guanine nucleotide exchange protein activated by adenylyl cyclase (EPAC) (Cole and Sood, 2012). The two latter proteins activate a variety of intracellular pathways which switch on or off the transcriptions of genes, associating with inflammation, angiogenesis, tissue invasion, distant metastasis (Thaker et al., 2006; Cole and Sood, 2012; Duan et al., 2019) (Figure 2).
Glucocorticoids can be produced by the adrenal cortex and translocated to the tumor, or produced locally by TAMs (Acharya et al., 2020). Glucocorticoid receptors (GRs), located intracellularly, once activated by glucocorticoid, get involved in the formation of a complex and translocate to nuclei, which induce transcriptionally activation or suppression of gene expressions via direct interactions with DNA (Timmermans et al., 2019). For instance, TSC22D3 is upregulated in response to stress by glucocorticoid signaling, which blocks the response of DC to type I IFN and IFN-γ+ T cell activation (Yang et al., 2019) (Figure 2).
CHRONIC STRESS INFLUENTS ANTI-CANCER THERAPY
It has been widely accepted that the TME profile plays a dominant role in determining the efficacies of anti-cancer therapies (Roma-Rodrigues et al., 2019). Not surprisingly, the TME alterations under chronic stress have negative impacts on the efficacies of cancer treatments, including chemotherapy, immunotherapy, and targeted therapy.
Chemotherapy
Chronic stress-induced endogenous glucocorticoids have unfavorable effects on the therapeutic response to chemotherapy. Dexamethasone increased the adhesion to ECM and the resistance to cisplatin and paclitaxel in two human ovarian cancer cells (Chen et al., 2010). The therapeutic of oxaliplatin (OXA)-based chemotherapy effect was largely compromised in social-defeat (SD)-conditioned mice (Yang et al., 2019). And a high expression of the glucocorticoid receptors (GR) was correlated with shorter metastasis-free survival in triple-negative breast cancer (TNBC) patients undergoing chemotherapy (Chen et al., 2015).
Endogenous catecholamines, such as norepinephrine and epinephrine, also interfere with chemotherapy. Catecholamines reduced p53 protein concentrations in cancer cells and increased the genetic instability of these cells, which significantly inhibited paclitaxel-induced and cisplatin-induced apoptosis in ovarian cancer cells (Hara et al., 2011; Kang et al., 2016). Yet, reduction of stress-related signaling potentiated the effect of chemotherapy in cancer patients has also been demonstrated (Mravec et al., 2020).
Immunotherapy
Chronic-stress induced reductions of CD8+ T cells and CTLs result in a cancer vaccine failure in a rodent melanoma model (Sommershof et al., 2017). Dysfunction of CD8+ TILs induced by endogenous glucocorticoid signaling is associated with failure to respond to checkpoint blockade in both preclinical models and melanoma patients (Acharya et al., 2020). Increased infiltration of regulatory T-cells, decreased amount of CD8+ lymphocytes in tumor sites were observed in bladder-tumor-bearing mice treated with anti-PD-L1 under chronic stress. Therefore, chronic psychological stress could weaken the potency of anti-PD-L1 immunotherapy (Zhou et al., 2021).
A glucocorticoid-inducible molecule, TSC22D3 plays an important role in stress-induced immunosuppression as well as perturb responses to prophylactic tumor vaccination and PD-1-targeted immunotherapy (Yang et al., 2019). In addition, psychological stress down-regulated the expression of interleukin-2 (IL-2) receptor in peripheral blood leukocytes, affects the therapeutic efficacy of IL-2 immunotherapy in renal cell cancer patients (Zhang et al., 2020).
Molecule-Targeted Therapy
Since chronic stress increases VEGF secretion in TME, it can impair the efficacies of anti-angiogenic agents. By upregulating the VEGF expression via the β-AR-cAMP-PKA signaling pathway, chronic stress and exogenous norepinephrine markedly weakened the efficacy of sunitinib in rodent models of colorectal cancer and melanoma respectively (Deng et al., 2014; Liu et al., 2015).
Chronic stress-induced stress hormone norepinephrine (NE) promotes afatinib resistance by upregulating Cx32 expression which could decrease the degradation of EGFR-TKI resistance-associated proteins (MET, IGF-1R) and increase their transcription levels (Xie et al., 2019). β2-AR activation on non-small cell lung cancer (NSCLC) cell induces epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) resistance by inactivating liver kinase B1 (LKB1), elevating IL-6 expression, and MAPK pathway in a rodent model (Nilsson et al., 2017). Indeed, in treatment-naive patients with advanced lung adenocarcinoma receiving first-line EGFR-TKIs, prior b-blocker use was associated with a longer time-to-discontinuation (TTD) and overall survival (OS) (Chang et al., 2020).
ANTI-CANCER TREATMENTS AND INTERVENTIONS TARGETING CHRONIC STRESS
β-Blocker
β-blockers, such as propranolol and metoprolol, can block the interactions between catecholamine and β-AR, which inhibits the subsequent cancer-promoting effects induced by β-AR signaling as mentioned above (Fumagalli et al., 2020). Blocking β-AR interrupts the differentiation of exhausted T progenitors and decreases the number of exhausted T cells in TME (Qiao et al., 2021). Propranolol reduced MDSC accumulation in the TME of thermal-stressed mice treatments and controlled tumor growth (MacDonald et al., 2021). Blocking β-AR also increases glycolysis and oxidative phosphorylation in tumor-infiltrating lymphocytes (TIL), which leads to increased CD28 expression and enhanced anti-tumor functions (Qiao et al., 2021). Propranolol can enhance the sensitivity of gastric cancer cells to radiation in vitro by inhibiting NF-κB-VEGF/EGFR/COX-2 pathway (Liao et al., 2010).
Combined administration of propranolol and etodolac, a cyclooxygenase-2 inhibitor, improved the survival rate of mice with melanoma or Lewis lung carcinoma (Glasner et al., 2010). A prospective pilot study showed that the combination of propranolol with chemotherapy improved the quality of life (QOL) of patients with epithelial ovarian cancer (Ramondetta et al., 2019).
The combination of propranolol with targeted therapy may improve the efficacy. An exploratory analysis of the LUX-Lung3 study revealed a significant PFS prolongation of NSCLC patients taking β-blockers with EGFR-TKI afatinib compared with those taking afatinib alone (median 11.1 vs. 6.9 months, p = 0.0001), indicating there is a synergic effect combining β-blockers with anti-EGFR therapy (Nilsson et al., 2017).
As the favorable efficacy of immunotherapy is based on the premise of an immune-supportive TME, β-blockers may be ideal companions for immunotherapy owing to their capacity of inhibiting β-AR-induced TME deterioration. The increased density of CTLs and decreased expression of PD-1 induced by propranolol enhanced the efficacy of anti-PD-1 agents in a rodent model. Propranolol strongly improved the efficacy of an anti-tumor STxBE7 vaccine by enhancing the frequency of CTLs in a rodent model (Daher et al., 2019). Propranolol increased the concentration of IL-12, IL-17, 1L-2, and IFN-γ in the breast tumor of mice and assisted with a tumor lysate vaccine (Ashrafi et al., 2017). A phase I study showed promising safety and activity of combining propranolol and pembrolizumab in the first-line treatment of metastatic melanoma (Gandhi et al., 2021). A meta-analysis revealed that β-blockers significantly improved DFS (HR 0.03, 95% CI 0.01–0.17) and OS (HR 0.04, 95% CI 0.00–0.38) in melanoma patients, but the beneficial effect is quite tumor-specific (Yap et al., 2018).
α-Blocker
α-blockers can also function as anti-cancer agents. Quinazoline α-1 blockers, such as prazosin, doxazosin, and terazosin, have shown promising anti-cancer effects in various types of cancer, and benefit chemotherapy, radiotherapy, and anti-EGFR therapy (Ashrafi et al., 2017). The VEGF-induced angiogenesis is inhibited by an α-blocker, doxazosin, in human umbilical vein endothelial cells (Keledjian et al., 2005). Another selective α1-blocker, naftopidil, presents with anti-proliferative and cytotoxic effects on prostate cancer as well as several other cancer types in vitro, ex vivo, and in vivo (Florent et al., 2020).
Stress-Reducing Interventions
Moreover, interventions targeting directly on physical or psychological stressors may ameliorate the TME and benefit anti-cancer treatments as well. The activation of the brain reward system decreased SNS activity and β-adrenergic signaling, which led to less immunosuppressive MDSCs in a murine model (Ben-Shaanan et al., 2018). Thermal treatments, including weekly whole-body hyperthermia and housing mice at their thermoneutral or sub-thermoneutral temperature, also decreased MDSC accumulation and tumor growth of mice (MacDonald et al., 2021). A similar enhancement of immune checkpoint inhibitor efficacy was observed in a rodent model with physiologically reduced stress (Bucsek et al., 2017). Mice housed in an enriched environment displayed enhanced NK-cell activity and increased infiltration of NK cells into TME (Song et al., 2017). Stress-reducing approaches, such as yoga, mindfulness, and cognitive behavioral therapy, have shown broad clinical benefits of increasing proportions of anti-tumor immune cells and cytokines in several studies, yet the results of these studies were limited with small sample sizes and short follow-ups (Antoni and Dhabhar, 2019).
Others
Additionally, a variety of other drugs may also reverse the unfavorable TME alterations in terms of chronic stress. Zoledronic acid, an anti-cancer adjuvant drug, is proficient in abrogating stress-induced macrophage infiltration, and PDGF-AA expression in a rodent ovarian cancer model (Colon-Echevarria et al., 2020). Antidepressants, such as fluoxetine and sertraline, can also alleviate chronic stress and have the potential in associating with cancer treatments, which still need further clinical confirmation (Di Rosso et al., 2018).
Some other strategies targeting chronic stress-inducible inflammatory signaling have shown promising efficacies in clinical practice. Bevacizumab, an anti-VEGF agent, is now applicable for a wide range of solid tumors and has shown favorable efficacies combined with chemotherapy, immune checkpoint inhibitors, anti-EGFR therapy, and PARP inhibitors (Garcia et al., 2020). Anti-IL-6 or Anti-IL-6 receptor agents, such as tocilizumab and siltuximab, have not shown satisfactory efficacies in cancers (Rossi et al., 2015), yet tocilizumab has been widely used to treat cytokine release syndrome induced by CAR T-cell toxicity (Brudno and Kochenderfer, 2019).
DISCUSSION
In summary, the TME under chronic stress is differentiated from others by increased numbers and enhanced functions of immunosuppressive cells, decreased amounts and impaired functions of immunosupportive cells, associated with corresponding changes in cytokines, which results in intense angiogenesis, boosted tumor cell proliferation and enhanced EMT inside of the TME. The over-secretion of glucocorticoid and catecholamines deriving from persistent activations of the HPA axis and SNS mostly contribute to the TME alterations under chronic stress. These alterations can reduce the efficacies of anti-tumor therapies, like chemotherapy, immunotherapy, and targeted therapy. Drugs, such as α-blockers, β-blockers, antidepressants, and interventions, like meditation and mindfulness, may cut down the negative effects of chronic stress, which should draw the attention of clinical oncologists in adopting treatment plans for patients with chronic stress.
Still, recent studies for the interactions of chronic stress and TME have limitations, such as absences of evaluation of animal stress levels within the group and assessments for stress levels before investigations in animal models (Hylander et al., 2019). Therefore, researchers should value the importance of stress quantification in research, and approaches, such as detections of serum glucocorticoids and catecholamines before further procedures, should be taken to control potential bias.
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Programmed death ligand 1 (PD-L1) is an immune checkpoint with a role in cancer-related immune evasion. It is a target for cancer immunotherapy and its expression is detected for the use of some immune checkpoint inhibitors in advanced non-small cell lung cancer patients (NSCLC). Vimentin is a key component of the epithelial-to-mesenchymal transition phenotype. Its expression has negative prognostic effects in NSCLC. In this study, we retrospectively evaluated PD-L1 and vimentin expression in tumor cells, immune infiltrate and PD-L1 positive immune infiltrate via immunohistochemistry in tissue samples from resected non-metastatic NSCLC patients. We explored the interplay between PD-L1 and vimentin expression through Spearman’s correlation test. We performed univariate analysis through the Cox models for demographic and clinico-pathological variables, and also for dichotomized biomarkers, i.e., PD-L1 and vimentin in tumor cells, both with 1 and 50% cutoffs. We used Kaplan-Meier method to estimate the overall survival, comparing both vimentin and PD-L1 positive patients with all the others. We found a weak positive correlation between PD-L1 and vimentin expressions in tumor cells (r = 0.25; p = 0.001). We also observed a statistically not significant trend towards a shorter overall survival in patients with both PD-L1 and vimentin expression >1% (HR = 1.36; 95% CI: 0.96–1.93, p = 0.087). In conclusion, these findings suggest that interplay between PD-L1 and vimentin may exist in non-metastatic NSCLC patients and the positivity of both markers in tumor tissue is associated with a trend towards a worse prognosis.
Keywords: NSCLC, PD-L1, vimentin, immune infiltrate, non-metastatic (M0) patients
INTRODUCTION
Lung cancer is still the leading cause of mortality by cancer, despite recent therapeutic advances. In non-small cell lung cancer (NSCLC) 5-year survival rates are limited to 60% in patients with stage II and 36% in those with stage IIIA according to the 8th edition staging by the International Association for the Study of Lung Cancer (IASLC) (Goldstraw et al., 2016). The surgery remains the gold standard treatment for patients in early stages (I-II); it can be considered in selected cases with stage IIIA disease. Post-surgical adjuvant platinum-based chemotherapy is used to achieve a modest improvement of around 5% in 5-year overall survival (OS) in patients who underwent complete resection for stage II and IIIA (Pignon et al., 2008). It can be considered in those patients who underwent resection for stage IB NSCLC if the primary tumor is greater than 4 cm. For unresectable stage IIIA or IIIB disease the treatment of choice is represented by concurrent chemoradiation therapy or, as an alternative, sequential chemotherapy followed by definitive radiotherapy (Postmus et al., 2017). In both cases, concurrent or sequential therapy, a consolidation with durvalumab, an immune checkpoint inhibitor (ICI), is approved according to the results of PACIFIC trial (Antonia et al., 2017). ICIs are currently being evaluated as neoadjuvant/adjuvant therapy in combination with standard treatments (Mielgo-Rubio et al., 2020).
The interaction between Programmed Death-1 (PD–1) and its ligand, Programmed Death–Ligand 1 (PD–L1), is an immune checkpoint with a relevant role in the regulation of anti-tumor immune response. These molecules are expressed in tumor-infiltrating immune cells and tumor cells, respectively. In some cases, the expression of PD-L1 evaluated through immunohistochemistry (IHC) helped to provide a predictive biomarker for ICI. Specifically, it allowed patients to be selected for upfront pembrolizumab, an anti-PD-1 ICI, among those with metastatic NSCLC which expressed PD-L1 > 50%, before the approval of chemoimmunotherapy as first-line treatment.
Epithelial–mesenchymal transition (EMT) may be associated with higher aggressiveness in NSCLC.
It is characterized by the reduction of epithelial features and an increase of mesenchymal ones. In this biological condition tumor cells are more invasive and maintain longer survival leading to higher numbers of circulating tumor cells and metastases (Francart et al., 2018). EMT characteristics include a higher expression of vimentin EMT-related transcription factors, and a remodeling of cell–cell contacts (Tsoukalas et al., 2017). The EMT phenotype was related to PD-L1 upregulation by the combined effect of TGF-β1 and TNF-α. This could be due to the action of TNF-α on NF-κB stimulation, which increases EMT induction by TGF-β1. NF-κB inhibition also blocks PD-L1 expression (Asgarova et al., 2018). These results are supported by the fact that TGF-β1 and TNF-α induce global DNA demethylation, including the demethylation of the PD-L1 promoter, which causes higher PD-L1 expression.
Moreover, vimentin has been described as a negative prognostic marker in various cancers (Dongre and Weinberg, 2019), and also in NSCLC, as extensively documented by numerous studies, then pooled in a meta-analysis (Ye et al., 2016).
In this paper we evaluated the interplay between PD-L1 and vimentin in a wide population of non-metastatic NSCLC patients. We also explored a potential role of immune infiltrate in tumor tissue and analyzed the prognostic impact of these combined markers.
MATERIALS AND METHODS
Study Design
To investigate the association between Vimentin and PD-L1 expression and immune infiltrate and their separate and combined effects in terms of OS, retrospectively retrieved data for patients consecutively treated at Area Vasta Romagna (AVR) since July, 1997, were used. Our hypothesis is that the increase of vimentin expression levels is associated with an increase of PD-L1 expression levels. We also hypothesized that the patients with both Vimentin and PD-L1 positive IHC expression had a worse prognosis in terms of OS. Second aim of the study was to explore the role of immune infiltrate in terms of quantity and percentage of PD-L1 positive immune cells on OS.
Patients
Eligibility criteria were ≥18 years old, histological diagnosis of non-metastatic NSCLC (Stage I-IIIA defined by using the latest version of staging system). At least one primary tumor specimen had to be available. From the clinical records we extracted information about histology, stage at diagnosis, date of diagnosis, type of radical surgery, adjuvant chemotherapy, adjuvant radiotherapy, date of death or date of last follow-up visit.
Given that the setting of patients analyzed is early stage NSCLC, the assessment of genetic testing was not required.
The Ethics Committee of AVR reviewed and approved the study protocol (NCT03078959). Patients provided written informed consent according to Italian privacy law and following the principles laid down in the Declaration of Helsinki.
Immunohistochemistry
NSCLC obtained during surgery was fixed in neutral buffered formalin and embedded in paraffin. Four-micron sections were mounted on positive-charged slides (Bio Optica, Milan, Italy). Biomarker evaluations were done according to European Quality Assurance guidelines. PD-L1 and Vimentin Immunostaining expression was performed using PD-L1 SP263 and Confirm anti-Vimentin V9 (Ventana Medical Systems) antibody clones by Ventana BenchmarkXT staining system (Ventana Medical Systems, Tucson, AZ, United States) with the Optiview DAB Detection Kit (Ventana Medical Systems).
For their detection, tissue sections were incubated for 16 min with prediluted antibodies by the supplier. Sections were incubated for 16 min and automatically counterstained with hematoxylin II (Ventana Medical Systems). Placenta was used as positive control for both the biomarkers. Membranous biomarker positivity was detected and semiquantitatively quantified as the percentage ratio between immunopositive tumor cells and the total number of tumor cells.
We defined immune infiltrate considering mainly the tumor infiltrating lymphocytes (TILs). PD-L1 positivity was detected both on tumor cells and on the immune infiltrate. We considered the amount (%) of the whole immune infiltrate on the total of the cells present in the sample. The PD-L1 positivity on immune infiltrate was evaluated in terms of percentage of PD-L1 positive immune cells on the total number of immune cells without subtyping the TILs identified by using only morphological criteria, due to the low number of sections available to perform further IHC detections.
Vimentin expression has been evaluated only on tumor cells given that its expression in the cells of interstitial area is known to be ubiquitous.
All samples were evaluated by 2 independent observers and any disagreement (>10% of positive cells for the different markers) was resolved by consensus after joint review using a multihead microscope.
Statistical Analysis
Data were summarized using mean ± standard deviation (sd), median and minimum and maximum values, for continuous variables. Categorical variables were reported as natural frequency and percentage. Correlation among variables was measured through the Spearman correlation coefficient.
Given the heavily asymmetric distribution of the considered biomarkers, characterized by a “spike at zero,” the association between demographic and clinical covariates as well as with the OS was assessed using dichotomized variables on the 1% value. Patients with expression values lower than 1% were considered “negative” for the biomarkers whereas those with values equal or greater than 1%, were considered as “positive.” Additional exploratory analyses considering a 50% cutoff (“negative” less than 50%, “positive” if equal or greater than 50%) as well as considering the biomarkers as continuous variables were also performed. These cutoffs were chosen because these are commonly used in clinical practice for PD-L1 characterization for the use of pembrolizumab in first- or second-line treatment for advanced NSCLC. The Chi-square test or the Fisher Exact test was used for the association between the biomarker as dichotomous variable and categorical covariates whereas the Wilcoxon-Mann-Whitney or the Kruskal Wallis test was used for the association between the biomarker as continuous variable and categorical covariates.
OS was defined as the time from surgery until death for any cause or last patient visit by April, 2016. The Kaplan-Meier method was used to estimate the OS function whereas the Log-rank test was used for survival curves comparison. Hazard ratios (HRs) and corresponsing 95% confidence intervals (CIs) were obtained applying the Cox proportional hazards model. To investigate the association between the biomarkers as continuous variables, the method proposed by Royston and Lorenz was also applied (Royston et al., 2010; Lorenz et al., 2017; Lorenz et al., 2019). The proportional hazards assumption was tested using Schoenfeld residuals. For all the analyses a two-sided p-value <0.05 was considered statistically significant. The analyses were carried with STATA 15.0 (College Station, Texas, United States).
RESULTS
In this retrospective study we included 247 patients who met the eligibility criteria. The majority of patients were male (79%), former or current smokers (85%), with a non-squamous histology (60%). The mean age at surgery was 68.20 ± 7.85 years. The stages were variably distributed: 36% stage I, 37% stage II, 27% stage IIIA. As regards surgery, the majority of patients (62%) underwent lobectomy. As regards cancer treatments, 17% received neoadjuvant chemotherapy, 10% received adjuvant chemotherapy and none of the patients was treated with post-surgical radiation therapy (Table 1). The mean values of PD-L1 expression in tumor cells, vimentin expression in tumor cells, immune infiltrate, and PD-L1-positive immune infiltrate with standard deviations are reported in Table 2, together with medians and minimum and maximum values. PD-L1 median percentage in tumor cells was equal to zero as well as the vimentin median percentage in tumor cells. The median values for the immune infiltrate and the PD-L1-positive immune infiltrate were equal to 10 and 2, respectively.
TABLE 1 | Patients characteristics (n = 247).
[image: Table 1]TABLE 2 | Descriptive statistics of IHC biomarkers.
[image: Table 2]We measured the correlation between the IHC-defined biomarkers as continuous variables through the Spearman correlation coefficient. We found a weak positive correlation between PD-L1 and vimentin expressions in tumor cells (r = 0.25; p = 0.001). The comparison of PD-L1 expression in tumor cells between high and low vimentin expression (1% of cutoff value) by using Wilcoxon-Mann-Whitney resulted in a statistically significant difference (p-value<0.001), Figure 1.
[image: Figure 1]FIGURE 1 | Correlation between the IHC-defined biomarkers i.e. PD-L1 in tumor cells as continuous variable and vimentin in tumor cells as dichotomous variable.
A similar result was obtained using the 50% cutoff for vimentin expression (data not shown).
The tumor cells were negative for PD-L1 or vimentin with both the cutoff values in the majority of patients. Tumor cells were PD-L1-negative in 76% of cases with 50% cutoff and 57% with 1% cutoff. The same cells were vimentin-negative in 89% of cases with 50% cutoff and 72% with 1% cutoff. For the samples from 12 patients the information about immune infiltrate was missing. However, almost all cases (97%) were negative for immune infiltrate with 50% cutoff value, but all the samples had an immune infiltrate ≥1%. In 99% of cases the immune infiltrate had a PD-L1 expression <50%, but with 1% cutoff value PD-L1-positive immune infiltrate was present in the majority of patients (67%) (Table 3).
TABLE 3 | Distribution of biomarkers’ values with different cutoffs.
[image: Table 3]No significant associations were found between the biomarkers and demographic and clinico-pathological covariates (results not shown).
We also performed an univariate analysis for OS through the Cox models as regards the available demographic and clinico-pathological variables, including gender, age, smoking status, histology, grading and disease stage, and type of surgery. We found statistically significant differences for age (<70 vs. ≥ 70 years), grading (G1 vs. G3) and disease stage (I vs. III) (Table 4).
TABLE 4 | Results from univariate Cox models for demographic and clinico-pathological variables.
[image: Table 4]An univariate analysis for OS was also performed for the dichotomized biomarkers (Table 5). Note that for the immune infiltrate only eight patients had a value ≥ 50% whereas for the PD-L1+immune infiltrate only two patients presented with a value ≥50%. However, we did not find statistically significant differences for the analyzed biomarkers (Table 5). No statistically significant associations for all four biomarkers were observed also when considered as continuous variables (results not shown).
TABLE 5 | Results from univariate Cox models for dichotomized biomarkers.
[image: Table 5]Finally, given that we hypothesized that the patients with both Vimentin and PD-L1 positive (40 patients) could have a worse prognosis, we compared this subgroup of patients with all other patients (n = 207). We found a trend even if not statistically significant toward a worse survival in this double positive subgroup using 1% cutoff value for both the biomarkers (HR = 1.36; 95% CI: 0.96–1.93, p = 0.087). Figure 2 shows the Kaplan-Meier curves for the two groups. Such a trend in significance disappeared when age and stage were also included in the Cox model. When considering the 50% cutoff no association was observed (HR = 1.03; 95% CI: 0.60–1.77, p = 0.912), Figure 3.
[image: Figure 2]FIGURE 2 | Kaplan-Meier curves for OS, comparing the subgroup of patients with both PD-L1 and vimentin positive in tumor cells (cutoff value ≥ 1% for both the biomarkers) with all the others.
[image: Figure 3]FIGURE 3 | Kaplan-Meier curves for OS, comparing the subgroup of patients with both PD-L1 and vimentin positive in tumor cells (cutoff value ≥ 50% for both the biomarkers) with all the others.
Figures 4, 5 show the expression of PD-L1 and vimentin in some tissue slides to highlight the differential expression of these biomarkers in tumor cells and infiltrate with immune cells.
[image: Figure 4]FIGURE 4 | IHC analysis for PD-L1 and vimentin: (A) PD-L1 positive in both tumor cells and infiltrate with immune cells (40X magnification); (B) PD-L1 positive in infiltrate with immune cells, but negative in tumor cells (40X magnification); (C) Vimentin expression observed both in tumor cells and immune cells (20X magnification); (D) Vimentin expression observed only in immune cells (20X magnification).
[image: Figure 5]FIGURE 5 | IHC analysis for PD-L1 (A) This picture highlights heterogeneity in term of PD-L1 expression in tumor cells (20 X magnification); (B) Weak PD-L1 positivity mainly on tumor cells (also macrophages and very few stromal lymphocytes are positive) (40 X magnification).
DISCUSSION
In the last few years PD-L1 expression in tumor tissue increased its importance because of the availability of ICIs which target the PD-1/PD-L1 pathway. However, these drugs have not yet reached a role in resected non-metastatic NSCLC. Vimentin expression is not directly involved in the treatment of this neoplasm, but it has a key role in the EMT process, which seems to be involved in resistance to various cancer treatments. Its prognostic role has been widely studied in NSCLC patients. Few studies explored its association with PD-L1 expression (Asgarova et al., 2018).
We previously retrospectively analyzed data on patients with advanced NSCLC consecutively enrolled in a clinical study in our center. PD-L1 and vimentin expression were detected by immunohistochemistry (Bronte et al., 2021). We used ≥1% and ≥50% as cutoff values to define PD-L1 positivity on immune cells because these cutoff values are the same used on tumor cells in the clinical practice to select patients for immunotherapy. A weak positive association between PD-L1 and vimentin in advanced NSCLC suggests a potential interplay between these biomarkers. Moreover, given our previous results (Bronte et al., 2021), the established prognostic value of these biomarkers in other subset of disease, we investigated their expression in an earlier disease setting, non-metastatic NSCLC patients. We also explored a potential role of immune infiltrate in tumor tissue and analyzed the prognostic impact of these combined markers.
We found a weak positive correlation between PD-L1 and vimentin expressions in tumor cells as well as a correlation between the quantity of immune cells and % of immune cells PD-L1 positive. In particular, we retrospectively analyzed Vimentin and PD-L1 expression in tumor cells and immune infiltrate to study their separate and combined effects in terms of OS.
In our study a positive association between the percentage of PD-L1 positive tumor cells and the percentage of vimentin in tumor cells was seen.
The interplay between EMT markers and immune checkpoint inhibitors (Chouaib et al., 2014; Chen et al., 2015; De Matteis et al., 2019) has been previously reported. The concurrent expression of PD-L1 and EMT phenotype was described both in tumor tissue and circulating tumor cells (Kim et al., 2016; Raimondi et al., 2017; Manjunath et al., 2019). The effect of EMT on immune evasion is exerted through the regulation of PD-L1 expression (Asgarova et al., 2018) as a consequence of a synergistic exposure to TGF-β1 and TNF-α. These factors determine global DNA demethylation, also in the promoter of the gene encoding for PD-L1, and consequently a higher PD-L1 expression is achieved.
Ancel and colleagues reported that a cut-off ≥ 25% vimentin-positive tumor cells was significantly associated with poor tumor differentiation even if it was not sufficient to predict a worse prognosis. However, these authors reported that concurrent high PD-L1 and vimentin expressions in early-stage NSCLC patients were more clearly associated with a shorter OS (Ancel et al., 2019). Such results are concordant with our finding of a trend even if it was not statistically significant of a worse survival in the patients harboring double positivity for PD-L1 and Vimentin using 1% cutoff value for both the biomarkers.
Our study has some limitations, because it is retrospective and this population of non-metastatic NSCLC patients is heterogeneous, mainly in terms of disease stage, type of surgery and subsequent treatments. Another strong limitation is the use of archival tissue for IHC analysis and the limited number of patients included in this study. A prospective study could allow the analysis in fresh tissue to evaluate more biomarkers associated with EMT and immune evasion. Moreover, proper cut-off values to define vimentin and PD-L1 positivity have to be established. Probably, we did not find any prognostic significance of immune infiltrate because the overall amount of lymphocytes is not sufficient to determine a prognostic effect, but perhaps the specific subsets of lymphocytes (e.g. CD4+, CD8+, etc.) could impact on prognosis, but we could not determine these subsets because of the few slides available. Anyway, our findings suggest that EMT markers and immune escape markers could be intended as components of the same process.
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Patients with metastatic prostate cancer frequently develop bone metastases that elicit significant skeletal morbidity and increased mortality. The high tropism of prostate cancer cells for bone and their tendency to induce the osteoblastic-like phenotype are a result of a complex interplay between tumor cells and osteoblasts. Although the role of osteoblasts in supporting prostate cancer cell proliferation has been reported by previous studies, their precise contribution in tumor growth remains to be fully elucidated. Here, we tried to dissect the molecular signaling underlining the interactions between castration-resistant prostate cancer (CRPC) cells and osteoblasts using in vitro co-culture models. Transcriptomic analysis showed that osteoblast-conditioned media (OCM) induced the overexpression of genes related to cell cycle in the CRPC cell line C4-2B but, surprisingly, reduced androgen receptor (AR) transcript levels. In-depth analysis of AR expression in C4-2B cells after OCM treatment showed an AR reduction at the mRNA (p = 0.0047), protein (p = 0.0247), and functional level (p = 0.0029) and, concomitantly, an increase of C4-2B cells in S-G2-M cell cycle phases (p = 0.0185). An extensive proteomic analysis revealed in OCM the presence of some molecules that reduced AR activation, and among these, Matrix metalloproteinase-1 (MMP-1) was the only one able to block AR function (0.1 ng/ml p = 0.006; 1 ng/ml p = 0.002; 10 ng/ml p = 0.0001) and, at the same time, enhance CRPC proliferation (1 ng/ml p = 0.009; 10 ng/ml p = 0.033). Although the increase of C4-2B cell growth induced by MMP-1 did not reach the proliferation levels observed after OCM treatment, the addition of Vorapaxar, an MMP-1 receptor inhibitor (Protease-activated receptor-1, PAR-1), significantly reduced C4-2B cell cycle (0.1 μM p = 0.014; 1 μM p = 0.0087). Overall, our results provide a novel AR-independent mechanism of CRPC proliferation and suggest that MMP-1/PAR-1 could be one of the potential pathways involved in this process.
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Introduction

Androgen-deprivation therapy is the mainstay for advanced prostate cancer, but despite the initial success of these treatments, castration-resistant prostate cancer (CRPC) inevitably occurs within a few years (1). Multiple mechanisms of resistance contribute to the progression to castration-resistant disease and the androgen receptor (AR) remains the most important driver in this progression (2). At present, the approved chemotherapies for CRPC include systemic drugs (docetaxel and cabazitaxel) and agents that target androgen signaling such as enzalutamide, abiraterone, apalutamide, and daralutamide (3). Although these treatments confer a significant survival benefit, over time, the majority of patients inevitably develop resistance to treatment and their disease progresses. Several mechanisms have been attributed to these resistances including AR overexpression or mutations, the expression of constitutively active AR splice variants, the increase in intratumoral hormonal synthesis, and the activation of different growth factor pathways (4–7). At this stage, about 70% of patients develop bone metastases (8) usually associated with skeletal-related events (SREs) including pathological fractures, bone pain, and spinal cord compression that severely affect the patients’ quality of life (9). As widely described in vicious cycle theory, bone microenvironment represents a fertile soil where the bi-directional interaction between bone and cancer cells promotes tumor growth and progression (10–14). Bone metastases from prostate cancer are predominantly characterized by an increased osteoblast (OB) activation that, in turn, influences prostate cancer proliferation. Despite increasing evidence supporting a key role of OBs within bone metastatic niche (15–17), their precise contribution in supporting tumor cell survival and proliferation is not completely elucidated. From these perspectives, our purpose was to better elucidate the biohumoral interactions between OBs and prostate cancer cells in the bone microenvironment.



Materials and Methods


Prostate Cancer Cell Line

The C4-2B cell line was gently gifted by Thalman who isolated them in 1994 (18). C4-2B cells were grown in T-medium (80% Dulbecco’s modified Eagle’s medium, 20% F12K, 3 g/L NaHCO3, 100 units/L Penicillin G, 100 μg/ml Streptomycin, 5 μg/ml insulin, 13.6 pg/ml triiodothyronine, 5 μg/ml apo-transferrin, 0.25 μg/ml biotin, and 25 μg/ml adenine) with 10% FBS. The cells were Mycoplasma free. Green Fluorescent Protein C4-2B (C4-2B GFP+) cells were obtained transfecting cells with MISSION® pLKO.1-puro-CMV Turbo GFP™ Positive Control Transduction Particles (multiplicity of infection: 0.5) (Sigma Aldrich). Transfected cells were isolated adding 2 μg/ml of Puromycin. C4-2B Firefly/Renilla (C4-2B FR) cells were generated transfecting C4-2B cells with androgen receptor (AR) two luciferase lentiviral particles using Cignal AR luciferase reporter assay (Qiagen). C4-2B FR were selected adding 100 μg/ml of Hygromycin and 2 μg/ml of Puromycin.



Primary Human Osteoblasts

Human primary OBs were obtained from bone marrow samples of healthy patients undergoing total hip replacement at Policlinico Universitario Campus Bio-Medico of Rome, Italy. The procedure was approved by the Ethical Committee of the Campus Bio-Medico University of Rome and informed consent from patients was collected in accordance with the Declaration of Helsinki principles (Prot 21/15 OSS). Bone marrow mesenchymal stem cells (BM-MSCs) were isolated and differentiated in OBs as previously described (19). At the end of the OB differentiation protocol, the positivity for alkaline phosphatase (ALP) and Alizarin red staining were tested as previously described (20).



OBs-C4-2B Cell Co-Cultures

For “indirect co-cultures”, osteoblast-conditioned media (OCM) and C4-2B conditioned-media (C4-2B CM) were collected respectively from OBs and C4-2B cells after 48 h of androgen deprivation in T-medium supplemented with 10% of charcoal-stripped serum. OCM and C4-2B CM were added to C4-2B FR cells seeded at a confluency of 104 in 96-well plates for AR activity assay (see paragraph below) and 6 × 104 in 24-well plates for cell cycle analysis (see paragraph below). For “direct co-cultures”, C4-2B FR cells were plated (104 in 96 well plates) on an OB layer for AR activity assay (see paragraph below) and GFP+ C4-2B cells were seeded (5 × 104 in 24-well plates) on an OB layer for proliferation analysis. To generate growth curves, GFP signal cells were measured at 24 h, 48 h, 96 h, and 120 h using Nikon NIS-Elements microscope imaging software. GFP-fluorescent signal at each time point was normalized to GFP-fluorescent signal at t0. As control, C4-2B FR cells were cultured on the C4-2B layer (for AR activity) and GFP+ C4-2B cells were cultured on the C4-2B layer (for proliferation analysis).



Real-Time PCR

Total RNA was extracted by Trizol reagent (Invitrogen) according to the manufacturer’s instructions. cDNA was produced using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the manufacturer’s instructions. mRNA levels were measured by quantitative real-time polymerase chain reaction (qRT-PCR) using TaqMan Gene Expression Assays in the 7900HT Real-Time PCR System (Applied Biosystems). AR (Hs00171172_m1), KLK3 (Hs02576345_m1), TMPRSS2 (Hs05024838_m1), and MMP-1 (Hs00899658_m1) expression levels were normalized to the endogenous housekeeping gene Glucuronidase Beta (GUSβ) (Hs99999908_m1).



Microarray

Gene expression profiling was performed using Clariom™ D Pico Assay, human (Affymetrix, USA) according to user guide. Quantile normalization and subsequent data processing were performed using Applied Biosystems™ Transcriptome Analysis Console (TAC) Software (Affymetrix, USA). A volcano plot representing differentially regulated genes was generated using R software (Vienna University of Economics and Business, Austria). According to the results of microarray, RNAs with fold change > 1.5 were marked as significantly differentially expressed genes (21). Gene set enrichment analysis was performed using WEBGESTALT (22).



Western Blot

C4-2B FR cells were lysed in RIPA buffer (Sigma-Aldrich) with protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor cocktail (Sigma-Aldrich). Protein concentration was measured using a DC protein assay (Bio-Rad) following the manufacturer’s instruction. AR primary antibody (Rabbit mAb, Cell Signaling), β-actin primary antibody (Mouse mAb, Sigma), and secondary HRP-conjugated anti-Rabbit or anti-Mouse IgG Ab (Cell Signaling) were used. Immunoreactive bands were visualized by ChemiDoc MTP Imaging System (Bio-Rad) and their intensity was quantified using ImageJ software.



AR Luciferase Activity Assay

C4-2B FR cells were treated with OCM or C4-2B CM. After 24 h, AR activation was quantified using Dual-Luciferase Reporter Assay (Promega) following the manufacturer’s instructions. Firefly and Renilla luciferase signals were measured sequentially by a spectrofluorometer (Tecan Infinite M200Pro). AR activity was determined normalizing firefly luciferase signal with Renilla luciferase signal (constitutively expressed signal). Specificity of the luciferase signal was checked treating C4-2B FR cells with AR agonist R1881 (1 nM) and AR-antagonist enzalutamide (35 μM) (Supplementary Figure 1).



Cell Cycle Analysis

Cell cycle analysis was performed on C4-2B FR cells treated with OCM or C4-2B CM for 96 h. Cell cycle was analyzed using the following gating strategy (Figure 1) (23). Briefly, cells were fixed and permeabilized with Foxp3/Transcription Factor Staining Buffer Set (Thermofisher eBioscience) for intracellular staining with anti-Ki67-APC antibody (clone 20Raj1 eBioscience) and a Propidium Iodide (PI) solution (50 μg/ml PI+ 40 ng/ml RNAseA+ 0.1% of Triton) (Sigma). Dead cell exclusion was performed with Fixable Viability Dye conjugated with eFluor780 fluorochrome (Affimetrix eBioscience). Samples were analyzed by CytoFlex instrument (Beckman Coulter) and using CytExpert Software, v.2.1. Raw data of cell cycle phases (percentage) are summarized in Supplementary Figure 2.




Figure 1 | Gating strategy for C4-2B cell cycle. Cells are stained with FVD to exclude death cells (FVD+). Gating strategy based on Forward and Side scatter is shown.





Proteomic Assay

Proteomic profile analysis was performed on OCM or C4-2B CM. A panel of 507 human target proteins was analyzed using the human antibody Array Membrane Kit (RayBiotech) according to the manufacturer’s instructions. Band signal was detected by ChemiDoc MTP Imaging System (Bio-Rad), and their intensity was quantified using ImageLab Software (Bio-Rad).



Statistical Analysis

Data were analyzed using the Student’s t-test and one-way ANOVA test followed by Tukey’s multiple comparison tests. The graphics processing and statistical tests were performed using the program GraphPad Prism (San Diego, CA).




Results


Osteoblasts Modulate CRPC Cell Gene Profile

To evaluate if OB-secreted factors influence gene expression profile of CRPC cells, transcriptomic analysis was performed on C4-2B cells treated with OCM and C4-2B CM (as control). Pathway enrichment analysis revealed a significant upregulation of cell cycle signaling pathways [false discovery rate (FDR) adjusted p-value ≤ 0.05] in C4-2B cells treated with OCM compared to control, suggesting that OCM could promote cancer proliferation. Surprisingly, AR, which represents the major driver in prostate cancer proliferation, resulted among the genes that were significantly downregulated (Figure 2).




Figure 2 | Transcriptomic analysis on C4-2B FR treated with OCM and C4-2B CM. (A) Gene set enrichment analysis and (B) Volcano plot of down- (blue) and upregulated genes (red) in C4-2B FR treated with OCM (fold change ˃1.5). Top 10 genes ranked by enrichment score for gene set “cell cycle R-HAS-1640170 REACTOME” and androgen receptor (AR) are labeled.





Soluble Osteoblast Factors Inhibit AR and Promote CRPC Cell Proliferation

To dissect the effect of OB-secreted factors on AR signaling, we performed an “indirect” co-culture treating C4-2B FR cells with OCM or with C4-2B CM. Data confirmed that AR expression was downregulated in terms of mRNA (p = 0.0047), protein levels (p = 0.0247), and AR activity (p = 0.0029) when C4-2B FR cells grew in the presence of OCM compared to control (C4-2B CM) (Figures 3A–C). In addition, we found that OCM treatment significantly reduced mRNA levels of AR target genes such as Kallikrein Related Peptidase 3 (KLK3) (p = 0.02) and Transmembrane Serine Protease 2 (TMPRSS2) (p = 0.06) in C4-2B FR cells (Figure 3D). Next, we evaluated the effect of OCM on CRPC cell proliferation by flow cytometry. Data showed that OCM treatment increased the percentage of C4-2B in G1 (p = 0.0477) and S-G2-M (p = 0.0185) phases, but reduced the percentage of Ki-67-PI-resting cells in G0 phase (p = 0.0313) (Figure 4).




Figure 3 | AR and AR-target gene expression in C4-2B FR cells after OCM treatment. (A) AR mRNA levels normalized for the housekeeping β-glucoronidase (GUS-β). Values are expressed as fold change relative to the control. (B) Representative image and schematic representation of AR protein expression normalized for the housekeeping β-actin. (C) AR activity of C4-2B FR cells measured as firefly luciferase signal normalized with Renilla luciferase signal (housekeeping control). (D) KLK3 and TMPRSS2 mRNA levels were normalized for the housekeeping β-glucoronidase (GUS-β). Values are expressed as fold change relative to the control.*p < 0.05; **p < 0.001.






Figure 4 | Combination of PI and Ki-67 staining in C4-2B FR cells treated with OCM. Schematic representation of C4-2B cells percentage in G0, G1, and S-G2-M phases after OCM treatment with average value (bar). Cytometry profiles are representative of data from 4 different experiments. *p < 0.05.



We obtained similar results co-culturing CRPC cells and OBs in cell–cell contact models. In particular, we set up a “direct” OBs/C4-2B FR co-culture seeding C4-2B FR cells on an OB monolayer or C4-2B FR cells on a C4-2B cell monolayer as control. Data confirmed a significant reduction of AR activity (p = 0.020) (Figure 5A) and a concomitant increase of C4-2B GFP+ cell proliferation when cancer cells grew in the presence of OBs. In particular, the presence of OBs augmented C4-2B GFP+ growth at 48 h (p = 0.006), 96 h (p = 0.006), and 120 h (p = 0.004) (Figure 5B).




Figure 5 | AR activity C4-2B FR cells and proliferation analysis of C4-2B GFP+ cells in “direct” co-culture with OBs. (A) AR activity measured as firefly luciferase signal normalized with Renilla luciferase signal (housekeeping control). (B) Representative images of direct co-cultures captured at 24, 48, 96, and 120 h after C4-2B GFP+ cell (green) seeding; scale bar = 100 μm. Proliferation curves C4-2B GFP+ cells co-cultured with OBs (red) or C4-2B as control (blue). GFP+ signal at each time point was normalized with GFP signal at baseline *p < 0.05; **p < 0.001.





Analysis of Osteoblast Secretome Identifies MMP-1 as a Key Mediator of CRPC Proliferation AR Independent

To identify potential OB soluble factors involved in AR reduction and/or CRPC proliferation, an extensive proteomic analysis was performed on OCM and C4-2B CM. Secretome analysis identified a subset of 154 molecules that were differentially expressed between OCM and C4-2B CM. After filtering analysis based on the factors overexpressed in OCM, with a fold change > 2, we identified 9 soluble molecules: TIMP metallopeptidase inhibitor 2 (TIMP-2), TIMP metallopeptidase inhibitor 1 (TIMP-1), Monocyte chemoattractant protein-1 (MCP-1), C-X-C Motif Chemokine Ligand 2 (CXCL-2), C-X-C Motif Chemokine Ligand 1 (CXCL-1), Matrix metalloproteinase-1 (MMP-1), Dickkopf-1 (DKK-1), Ectodysplasin A2 (EDA-A2), and Insulin Like Growth Factor Binding Protein 7 (IGFBP-7) (Figure 6).




Figure 6 | Waterfall plot of soluble molecules differentially expressed in OCM compared to C4-2B CM (expressed as fold change). Proteomic analysis was performed on OCM pooled from three different donors and C4-2B CM from three different cell passages; molecules overexpressed in OCM with a fold change > 2 (blue) and downregulated fold change < 2 (yellow) are reported.



To investigate if one or some of these factors influenced AR activity, we treated C4-2B FR cells with C4-2B CM adding different dosages of each molecule (Supplementary Figure 3A). We found that DKK-1 (1 ng/ml p = 0.03; 10 ng/ml p = 0.04), EDA-A2 (1 ng/ml p = 0.04; 10 ng/ml p = 0.03), IGFBP-7 (50 ng/ml p = 0.03), and MMP-1 (0.1 ng/ml p = 0.006; 1 ng/ml p = 0.002; 10 ng/ml p = 0.0001) significantly reduced AR activity (Figure 7).




Figure 7 | AR activity of C4-2B FR cultured in C4-2B CM supplemented with DKK-1, EDA-A2, IGFBP-7, and MMP-1; *p < 0.05; **p < 0.001.



Then, we tested the effect of these factors on CRPC proliferation through flow cytometry. Data showed that only MMP-1 was able to increase S-G2-M phases (1 ng/ml p = 0.009; 10 ng/ml p = 0.033) (Figure 8A and Supplementary Figure 3B). Based on these results, we performed further analyses to confirm the direct involvement of MMP-1 in AR signal downregulation and CRPC proliferation. In particular, data showed that MMP-1 significantly reduced AR mRNA levels (0.1 ng/ml p = 0.024; 1 ng/ml p < 0.001; 10 ng/ml p < 0.001) (Supplementary Figure 4). Moreover, to confirm that MMP-1 is directly involved in CRPC proliferation through the activation of its receptor, Protease-activated receptor-1 (PAR-1), we treated C4-2B FR with OCM plus Vorapaxar (0.01 μM, 0.1 μM, and 1 μM), a specific PAR-1 inhibitor. As shown in Figure 8B, Vorapaxar significantly reduced S-G2-M cell cycle phases (0.1 μM p = 0.014; 1 μM p = 0.0087), confirming that MMP-1/PAR-1 could be one of the signaling pathways involved in AR-independent CRPC proliferation.




Figure 8 | Combination of PI and Ki-67 staining in C4-2B FR cells treated with OCM. Schematic representation of C4-2B cells percentage in S-G2-M phases treated with C4-2B CM supplemented with MMP-1 (A) and with OCM in the presence of different dosages of vorapaxar (B). *p < 0.05; **p < 0.001.






Discussion

Our results provide a novel AR-independent mechanism of CRPC proliferation mediated by OBs. In the current study, we demonstrated that OB-secreted factors reduced AR activity, but, surprisingly, induced the growth of prostate cancer cells. Proteomic analysis identified some soluble factors highly expressed in OCM compared to C4-2B CM, and, among these, four molecules were able to reduce AR activation, namely, DKK-1, MMP-1, EDA-A2, and IGFBP-7. Intriguingly, MMP-1 had the ability to decrease AR signal and, concomitantly, enhance prostate cancer cell proliferation. However, the increase in C4-2B cell growth induced by MMP-1 did not reach the proliferation levels observed after OCM treatment, suggesting that MMP-1 may not be the only factor responsible for AR-independent CRPC proliferation. MMP-1 is a potent agonist for PAR1, a G-protein-coupled receptor (GPCR) that plays critical roles in thrombosis, inflammation, and vascular biology (24). Moreover, several lines of evidence reported that PAR1 is also involved in the invasive and metastatic processes of various cancers (25–29). Thus, to evaluate if the MMP-1/PAR-1 axis was involved in OB-mediated CRPC proliferation, we treated C4-2B cells with Vorapaxar, a specific PAR-1 inhibitor. Intriguingly, C4-2B cell cycle was significantly reduced after treatment, confirming the potential role of MMP-1/PAR-1 pathway in tumor growth. Some studies reported that MMP-1 was mainly secreted by stromal cells, such as OBs and fibroblasts, in prostate and breast tumor microenvironment and promoted cancer cell migration and invasion through PAR-1 signaling (30, 31). In addition, cDNA microarray analysis revealed an increased expression of PAR1 on bone-derived prostate cancer cell lines (32), confirming the role of bone microenvironment in promoting MMP-1/PAR1 pathway activation.

Similar to the current study, previous papers reported that OBs contribute to prostate tumor proliferation in in vitro co-culture models of OBs and prostate cancer cell lines (33–36). In particular, Blaszczyket et al. demonstrated that interleukin-6 secreted by OBs stimulated the androgen-independent proliferation of prostate cancer cells by a mechanism that was partially AR dependent (33). However, data were obtained on LNCaP cells, a hormone-sensitive prostate cancer cell line that differs from C4-2B cells, which represent the best characterized castration-resistant bone metastatic model (37). In addition, Thulin and colleagues reported a key role of OBs as mediators of CRPC cell growth in bone through the stimulation of the intratumoral steroidogenesis. Differently from us, the authors used immortalized murine calvarial cell line MC3T3-E1 that did not completely resemble the physiological bone microenvironment (34). More recently, another study proposed an interesting in vitro 3D model to investigate the OBs/prostate cancer cell crosstalk. This more complex co-culture system highlighted the crucial involvement of OBs in prostate cancer progression (35). Moreover, preclinical studies showed that prostate cancer cells induced a strong osteogenic response (36) as well as the co-injection of bone stromal cells and human prostate cancer cells enhanced tumor formation in mice (17, 38). However, how osteoblasts supported tumor growth was not fully clarified. Sung et al. (17) identified extracellular matrix proteins versican and tenascin and chemokine ligands CXCL5 and CXCL16, released by stromal cells, as potential mediators of prostate cancer cell proliferation. Moreover, transcriptomic analysis of the stroma compartment of bones xenografted with human CRPC cells showed that some genes were upregulated in mouse stromal cells including PTN, EPHA3, and FSCN1 (39). These data suggest that a combination of stromal secreted factors, rather than one, could provide a support for prostate cancer cells. Taken together, these lines of evidence highlight the crucial role of bone microenvironment in supporting prostate cancer progression, but the identification of the cellular and molecular determinants remains an important unsolved question.

In this complex but fascinating scenario, our results reveal a novel potential mechanism of proliferation induced by OBs through an AR-independent mechanisms. Paradoxically, we found that AR signaling remained very low in bone microenvironment, and these findings have been confirmed at different levels, i.e., mRNA, protein, and functional activity. Although we consider this phenomenon real, we are not able to insert it in any biological frameworks given by previous literature data. Indeed, to our knowledge, no identified pathway can simultaneously inhibit AR and stimulate CRPC proliferation. Thus, MMP-1/PAR-1 could be one of the potential pathways able to promote AR-independent CRPC proliferation. However, further extensive investigations are warranted to completely elucidate the mechanisms that fully explain the data we observed. This represents the major limitation of the study.

To date, all mechanisms identified as responsible for CRPC progression or resistance to antiandrogens directly involved AR signaling. These include AR amplification and hypersensitivity (40), AR mutations (41), alterations in coactivators/corepressors (42), androgen-independent AR activation (43), intratumoral and alternative androgen production (44), and AR splice variants (45, 46). Here, we found that the AR axis could not be the only driver of disease progression, in bone metastatic niche, but it could be bypassed by alternative signaling pathways. Indeed, this inhibitory effect exerted by OB on AR activity could induce tumor cells to promote alternative molecular pathways of proliferation. Thus, bone microenvironment could provide novel potential mechanisms of resistance to second-generation AR inhibitors and, in particular, the MMP-1/PAR-1 axis could represent a new druggable pathway deserving of further studies.
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Pancreatic cancer is associated with highly malignant tumors and poor prognosis due to strong therapeutic resistance. Accumulating evidence shows that activated pancreatic stellate cells (PSC) play an important role in the malignant progression of pancreatic cancer. In recent years, the rapid development of single-cell sequencing technology has facilitated the analysis of PSC population heterogeneity, allowing for the elucidation of the relationship between different subsets of cells with tumor development and therapeutic resistance. Researchers have identified two spatially separated, functionally complementary, and reversible subtypes, namely myofibroblastic and inflammatory PSC. Myofibroblastic PSC produce large amounts of pro-fibroproliferative collagen fibers, whereas inflammatory PSC express large amounts of inflammatory cytokines. These distinct cell subtypes cooperate to create a microenvironment suitable for cancer cell survival. Therefore, further understanding of the differentiation of PSC and their distinct functions will provide insight into more effective treatment options for pancreatic cancer patients.
Keywords: inflammation, fibrosis, pancreatic stellate cells, pancreatic neoplasms, antineoplastic protocols
1 INTRODUCTION
Pancreatic cancer is among the most deadly forms of cancer, with a mortality-to-incidence ratio of 0.82 in 2020 and a 5 year survival rate of about 9% (Mizrahi et al., 2020). Associated symptoms typically go undetected until the advanced stages of the disease, resulting in great difficulty in early diagnosis (Kamisawa et al., 2016). Although surgical resection remains the preferred treatment option for pancreatic cancer patients, it is not effective in cases involving distant metastases. Interstitial cells, especially pancreatic stellate cells (PSC), play an important role in the malignant progression and treatment resistance observed in pancreatic cancer patients. PSC promote the fibrosis and inflammatory response of the tumor microenvironment by producing a large number of collagen fibers, exosomes, and soluble factors, which provide the basis for the proliferation, migration, and immune escape of pancreatic cancer cells (Wang et al., 2020), (Wang et al., 2017). More importantly, PSC play an extremely critical role in promoting the epithelial-mesenchymal transition (EMT) of cancer cells and enhancing cancer cell stemness. PSC promote EMT in pancreatic cancer cells by secreting exosomal microRNA-21 (Ma et al., 2020). It was shown that PSC also induce cancer stem cell-like properties in cancer cells through the secretion of osteopontin (Cao et al., 2019). Moreover, PSC also promote EMT in cancer cells by secreting hepatocyte growth factor (Xu et al., 2020), and the hepatocyte growth factor also promotes the expression of cancer stem cell pluripotency markers in cancer cells (Yan et al., 2018).
With the rapid development of single-cell sequencing technology, the heterogeneity of PSC populations has been recently investigated and attracted the attention of researchers, as this may provide a potential therapeutic route to targeting the tumor microenvironment (Pothula et al., 2020). Recently, researchers have identified two spatially separated, functionally complementary, and reversible subtypes of PSC in pancreatic cancer tissues, namely myofibroblastic and inflammatory PSC. Myofibroblastic PSC, characterized by elevated a-smooth muscle actin (α-SMA) expression, produce large amounts of pro-fibroproliferative collagen fibers, whereas inflammatory PSC express large amounts of inflammatory cytokines. Importantly, these two subtypes of PSC have been shown to operate synergistically to promote the progression of pancreatic cancer (Öhlund et al., 2017). Other PSC subtypes have also been identified. Cluster of differentiation (CD) 10-positive PSC assists in cancer cell invasion (Ikenaga et al., 2010). Bcl2‐associated athanogene- or fibroblast activation protein (FAP)-positive PSC not only enhance cancer cell migration but also promote fibrosis (Yuan et al., 2019), (Feig et al., 2013). There are even examples of differentiation among tumor suppressor subtypes, such as subsets expressing CD271 or Meflin (Nielsen et al., 2018), (Mizutani et al., 2019). However, improving patient survival requires a more detailed understanding of the mechanisms underlying PSC differentiation and their role in tumor malignancy. In the present review, we discuss the differentiation mechanism and cancer-promoting functions of myofibroblastic and inflammatory PSC. Moreover, we propose a more effective approach to manage treatment resistance in pancreatic cancer, at the level of PSC heterogeneity.
ARTICLE CATEGORY: REVIEW
Differentiation Mechanism of Myofibroblastic and Inflammatory PSC
Cancer-associated fibroblasts (CAF) that are induced by cancer cells are mesenchymal-derived cells and play an active role in promoting pancreatic cancer progression. CAF in the pancreas are highly heterogeneous, and researchers have recently identified cancer-promoting inflammatory CAF and myofibroblastic CAF as well as cancer-suppressing CAF that exert antigen-presenting ability (Hosein et al., 2020). Different groups of CAF have very different functions, for example, inflammatory CAF mainly lead to the inflammatory response of cancer stroma, while myofibroblastic CAF mainly lead to stroma fibrosis. apCAF, which play an antigen-presenting role, can inhibit tumorigenesis (Sahai et al., 2020). In addition, the sources of CAF are again extensive. Currently, a prevailing view is that the main source of CAF is the quiescent PSC in the pancreas. However, it has also been shown that adipose-derived mesenchymal stem cells can differentiate into CAF in vitro and in vivo (Miyazaki et al., 2020), (Miyazaki et al., 2021). Moreover, bone marrow-derived macrophages also can differentiate into CAF (Iwamoto et al., 2021). Whereas the diverse source of CAF may lead to functional differences, it is necessary to study PSC as a well-defined concept.
How Do Cancer Cells Activate PSC?
PSC are stellate stromal cells unique to the pancreas and are usually located in a quiescent state on the outer side of the acinus (Pothula et al., 2016). In addition to storing vitamin A lipid droplets, quiescent PSC also express several protein markers such as synemin and desmin (Roife et al., 2020). Accumulating evidence shows that pancreatic cancer cells can recruit and activate PSC. The activity of PSC isolated from pancreatic cancer tissue is much higher than those associated with chronic pancreatitis (Lenggenhager et al., 2019). Pancreatic cancer cells secrete a large number of paracrine cytokines, as summarized in Table 1, such as transforming growth factor-beta (TGF-β), Sonic hedgehog (Shh), and Interleukin-1 (IL-1) alpha to activate PSC (Sherman, 2018), while direct contact between pancreatic cancer cells and PSC, stimulating the Notch signaling pathway in PSC, leads to the activation of PSC (Fujita et al., 2009). The Notch receptors Notch1 and Notch3 are known to be highly expressed in the pancreatic cancer stroma and are accompanied by a rise in delta-like ligands Dll1, Dll3, and Dll4. Binding of the receptor to the ligand leads to the entry of the intracellular portion of the receptor into the nucleus, which activates the CSL/RBPJ protein, to promote the transcription of collagen fibers (Song and Zhang, 2018), (Procopio et al., 2015). Studies suggest that Notch3 is involved in the activation of PSC (Procopio et al., 2015). Activated PSC proliferate and secrete a large number of growth factors, inflammatory mediators, and collagen fibers that reshape the tumor microenvironment.
TABLE 1 | PSCs activating factor secreted by cancer cells.
[image: Table 1]Additionally, the rapid proliferation of cancer cells imposes significant pressure on the surroundings, including mechanical pressure which promotes the activation of PSC through a positive feedback loop (Sahai et al., 2020). G protein-coupled estrogen receptors, located within PSC membranes, sense interstitial mechanical signals and activate Ras homolog family member A (RhoA) (Cortes et al., 2019a). Both cell contraction and mechanosensation are dependent on RhoA activity, which regulates cell contractility and maintains the activated phenotype of PSC by regulating actomyosin (Cortes et al., 2019b), (Rodriguez-Hernandez et al., 2016). G protein-coupled estrogen receptor expression in the mesenchyme promotes stiffening and remodeling of the extracellular matrix (ECM), which also enhances the transmission of mechanical signals (Cortes et al., 2019c). PSC can maintain their activation state by autocrine TGF-β and other cytokines (Apte and Wilson, 2012). These cytokines effectively promote collagen synthesis and proliferation of PSC (Wu et al., 2020). Furthermore, pressure may be involved in the maintenance and enhancement of the activated state of PSC. Under conditions of high mechanical pressure, PSC will activate the injury-related stress response and synthesize a large number of reactive oxygen species (ROS) (Asaumi et al., 2007), which have been associated with the production of various cytokines and growth factors that facilitate the continuous activation of PSC (Richter et al., 2015). Importantly, PSC can activate the ROS system under a diverse array of conditions, including inflammation, hypoxia, and a high glucose environment, which seem to be key mechanisms for the maintenance of PSC activity (Hu et al., 2007; Lei et al., 2014; Kim et al., 2016). Furthermore, the researchers identified a key role for the Keap1-Nrf2 signalling axis in influencing the functional status of PSC in pancreatic cancer through the regulation of ROS production (Shao et al., 2019).
The Driving Mechanism of PSC Differentiation Into Myofibroblastic and Inflammatory Subtypes
In mice and human pancreatic cancer tissues, researchers have identified two distinct subgroups of PSC. The first, myofibroblastic PSC, are associated with elevated a-SMA expression in immediately surrounding of cancer cells, and produce large amounts of pro-fibroproliferative collagen fibers, while the second type, inflammatory PSC, are not associated with elevated a-SMA expression, but are known to secrete large amounts of inflammatory cytokines further away from the cancer cells (Öhlund et al., 2017). Studies have shown that soluble cytokines secreted by cancer cells dominate this process and the differentiation of PSC into these two subtypes involves an antagonistic mechanism (Figure 1 and Figure 2). Specifically, TGF-β activates Smads signaling to drive the expression of downstream target genes, including a-SMA and type 1 collagen (Col1), promoting the differentiation of myofibroblastic PSC. In contrast, IL-1α activates JAK-STAT signaling to mediate mass production of Interleukin-6 (IL-6) and leukemia inhibitory factor (LIF), promoting the differentiation of inflammatory PSC (Biffi et al., 2019). IL-1α-activated PSC can assist cancer cell migration, which is known to be inhibited by TGF-β via blocking IL-1α-mediated secretion of hepatocyte growth factor and reducing IL-1 receptor expression (Tjomsland et al., 2016a). These factors also act antagonistically in regulating the matrix metalloproteinase profile of PSC (Tjomsland et al., 2016b). Additionally, Shh protein shows a similar regulatory effect, as it promotes the differentiation of myofibroblastic PSC and inhibits the differentiation of inflammatory PSC in the tumor microenvironment, (Steele et al., 2021). Furthermore, Shh activates Hedgehog signaling, in a dose-dependent manner, to enhance the proliferation of PSC and induce the expression of a-SMA (Bailey et al., 2008). Moreover, the differentiation of PSC is also regulated by mechanical signal transduction, and the mechanical pressure caused by glandular dilatation is known to induce the expression of a-SMA in surrounding stromal cells (Miyai et al., 2020).
[image: Figure 1]FIGURE 1 | Pancreatic cancer cells can send activation signals to quiescent pancreatic stellate cells (PSCs) via paracrine factors, resulting in the activation of PSCs and differentiation into multiple subsets that participate in the progression of pancreatic cancer. Transforming growth factor beta and Sonic hedgehog can promote the activation of PSCs to myofibroblastic PSCs. The cells of this subgroup mainly secrete collagen fibers and mediate environmental fibrosis and hypoxia. Interleukin-1 alpha can promote the differentiation of PSCs into inflammatory PSCs to induce the inflammatory response and interstitial hypertension. Inflammatory PSCs also induce immunosuppression by recruiting immunosuppressive cells; BAG: Bcl2‐associated athanogene; FAP: fibroblast activation protein; IL-6: Interleukin-6; LIF: leukemia inhibitory factor; PSC: pancreatic stellate cell; Shh: Sonic hedgehog; TGF-β: transforming growth factor beta.
[image: Figure 2]FIGURE 2 | Malignant pancreatic epithelial cells activate PSCs and secrete oncogenic factors that drive PSC differentiation into myofibroblastic and inflammatory PSC subtypes, and such heterogeneous PSCs reshape the tumor microenvironment and promote the development of pancreatic cancer.
Indeed, whereas Öhlund identified two typical PSC subgroups, myofibroblastic PSC and inflammatory PSC, other researchers revealed the mechanism of differentiation of the two subgroups (Pothula et al., 2020), (Biffi et al., 2019). But subgroups are not stable and can re-differentiate into other types under certain conditions, including the rapid re-differentiation of inflammatory PSC into myofibroblastic PSC, in the case of monolayer distribution (Öhlund et al., 2017). This work also implies that the differentiation of PSC is dominated by cancer cells and PSC present different phenotypes according to the spatial and biochemical ecological niches in the PDA microenvironment. For myofibroblastic PSC and inflammatory PSC, the essential difference is whether a-SMA is expressed at high levels or not. Whether this marking method is reasonable or not needs to be further examined. Additional markers are available to differentiate diverse subgroups of PSC, such as FAP, Platelet-derived growth factor receptors, and Vimentin (Nurmik et al., 2020). It was shown that the FAP-positive PSC may produce both ECM and inflammatory cytokines (Wen et al., 2019), and the ecological niche of FAP-positive PSC in the PDA microenvironment is located between myofibroblastic PSC and inflammatory PSC (Feig et al., 2013). Thus, FAP-positive PSC may be an intermediate state between the differentiation of myofibroblastic PSC and inflammatory PSC. We need more authoritative classification criteria for the study of subgroups of PSC, which is crucial for us to further investigate the functions of PSC. Different activators, markers, and ecological niche characteristics are key factors for further identification of PSC subgroups in the future. Based on existing studies, the following section will focus on the known features and functions of myofibroblastic PSC and inflammatory PSC to further explore the functions of PSC in pancreatic cancer.
THE FUNCTION OF MYOFIBROBLASTIC AND INFLAMMATORY PSC
Myofibroblastic PSC Mediate Characteristic Desmoplasia in Pancreatic Cancer
Pancreatic cancer has a high degree of desmoplasia, which is characterized by the differentiation of PSC into myofibroblastic PSC and overexpression of ECM proteins (Incio et al., 2016). Myofibroblastic PSC dominate the desmoplasia and form a physically protective barrier outside pancreatic cancer cells, protecting them from drug intervention and immune recognition, representing a significant impediment to the treatment of pancreatic cancer, (Schnittert et al., 2019). This process is regulated by many myofibroblastic PSC differentiation drivers, such as TGF- ß and Shh. Targeting TGF-β can improve patient prognosis, whereas targeting Shh has no observable effect (Melisi et al., 2019), (Kim et al., 2014). Alternatively, the depletion of the ECM, to dissolve the fibrous barrier, was conjectured, but its application to the treatment in pancreatic cancer has not been successful. Knockout a-SMA transgenic mice successfully deplete a-SMA positive PSC in the stroma, which was associated with earlier metastasis, a high inflammatory response, and immunosuppression of pancreatic cancer (Özdemir et al., 2014), while silencing Shh in mice leads to depletion of stromal a-SMA+ cells, revealing a similar course of malignant progression (Rhim et al., 2014). Similarly, the depletion of Col1, which is the main component of the ECM, leads to immunosuppression and premature death in mice (Chen et al., 2021). Whether it is depletion of myofibroblast PSC or COL1, these are some drastic approaches. This does not directly confirm that they have a cancer-suppressive function. However, there are several possible reasons for immunosuppression and malignant progression: (Mizrahi et al., 2020): the self-protection mechanisms in pancreatic cancer cells were activated. (Kamisawa et al., 2016). the conditions created by inducing cell death in the cancer microenvironment may have primary responsibility for the adverse effects. This inspires us that targeting the mesenchymal component of pancreatic cancer requires more caution.
A novel treatment approach involves inducing PSC quiescence, which can not only effectively prevent the proliferation of connective tissue in pancreatic cancer, but also prevent the side effects caused by the depletion of the ECM. Calcipotriol, a ligand of the vitamin D receptor, is used to induce PSC quiescence and effectively reduce the degree of inflammation and fibrosis associated with pancreatic cancer in mice. The survival time of mice treated with calcipotriol chemotherapy increased by 57% (Sherman et al., 2014). All-trans retinoic acid (ATRA), an active metabolite of vitamin A, restores mechanical quiescence of PSC through a mechanism dependent on the contractile downregulation of actomyosin (Chronopoulos et al., 2016). ATRA also inhibits the ability of PSC to mechanically release active TGF-β, blocking the capacity of TGF-β to maintain the activity of PSC in an autocrine manner (Sarper et al., 2016). Recent studies have shown that ATRA-targeted stroma reduces pancreatic cancer aggressiveness (Froeling et al., 2011). A phase I clinical trial of ATRA-induced PSC quiescence demonstrates that patients tolerate ATRA well (Kocher et al., 2020); however, further clinical trials are required to verify the effectiveness of ATRA.
As the depletion of a-SMA positive stromal cells leads to the malignant progression of pancreatic cancer, an important question arises as to whether myofibroblastic PSC can inhibit tumor progression. This is likely not the case, and the expression of a-SMA in pancreatic cancer tissues is unstable and provides no predictive value in the prognosis of patients (Erkan et al., 2008; Moffitt et al., 2015; Haeberle et al., 2018). Studies have shown that the depletion of myofibroblastic PSC will lead to a substantial expansion of the number of inflammatory PSC, which then become the dominant subgroup in the tumor microenvironment, leading to the malignant progression of pancreatic cancer. This implies that an increase in the number of inflammatory PSC may be the main reason for the deterioration of a-SMA- mice (Steele et al., 2021). In addition, Col1 plays an important role in sending malignant signals to cancer cells (Grzesiak et al., 2007). Studies show that patients with low Col1 have a median survival time of 14.6 months, in comparison to 6.4 months for patients with high levels (Whatcott et al., 2015). α1β2 integrin is an α/β heterodimer membrane protein and the main receptor mediating the adhesion of cancer cells to the surrounding Col1 (Naci et al., 2015). Once these two elements combine to form adhesion plaques on the cell surface, they provide an important medium for the ECM to transmit signals into the cell, activating downstream Src family kinases, focal adhesion kinase, and extracellular regulated kinase signaling pathways (Ivaska and Heino, 2011), (Cooper and Giancotti, 2019). Discoidin domain receptor 1 (DDR1) is a member of the receptor tyrosine kinase family and acts as an important receptor for Col1 (Baltes et al., 2020). DDR1 is widely expressed in epithelial cells, involved in the regulation of multiple signaling pathways, and is known to have a strong association with cancer progression (Henriet et al., 2018). Col1 can transmit a variety of carcinogenic signals to cells, through the two pathways described above, to promote the migration, proliferation, and drug resistance of pancreatic cancer.
Col1 makes an outstanding contribution in promoting the malignant procession of cancer (Figure 3). Col1 signals the p130Crk-associated substrate and activates the JNK signaling pathway to increase N-cadherin expression (Huang et al., 2016), (Shintani et al., 2006) DDR1 also activates downstream Src to decrease the expression of E-cadherin (Sun et al., 2008), (Chen et al., 2016). These factors reduce the adhesion of cancer cells to the adjacent extracellular matrix and help them to complete their EMT, greatly enhancing their ability to migrate. In addition, Col1 can engage in crosstalk with transforming growth factor-beta (TGF-β) signaling to promote EMT in cancer cells. Studies have shown that Col1 increases the expression of transcription factor Snail by interacting with TGF-β-Smads. Moreover, the up-regulation of Snail can not only promote the occurrence of EMT but also increase the expression of membrane-type matrix metalloproteinase-1, which further helps pancreatic cancer cells to dissolve collagen fibers and achieve metastasis (Shields et al., 2011). Furthermore, Col1 positively regulates the transcription of Snail via the Smad interacting protein 1, a positive regulator of Smads signal (Imamichi et al., 2007). Col1 also induces the proliferation of pancreatic cancer cells by disrupting the E-cadherin-Col1 complex, leading to the accumulation of ß-catenin in the nucleus and activating the transcription of the oncogene c-Myc (Koenig et al., 2006; Katoh, 2018). Overexpression of c-Myc promotes the immortalization of cancer cells (Dang, 2012) and alters the original signal transduction mode of cells, resulting in malignant cell proliferation, anti-apoptosis, and chromosome instability (Kolenda et al., 2020). Moreover, the α1β2 integrin pathway can also assist cells to acquire a cancer stem cell phenotype (Begum et al., 2017). Finally, Col1 mediates drug resistance by activating MT1-MMP to increase the expression of high mobility group A2, a non-histone DNA-binding nuclear protein involved in chromatin remodeling and gene transcription (Dangi-Garimella et al., 2011).
[image: Figure 3]FIGURE 3 | Type 1 collagen (Col1) fibers are secreted by myofibroblastic pancreatic stellate cells (PSCs), which can promote multiple processes such as migration, proliferation, drug resistance, and stemness enhancement of pancreatic cancer cells, by binding to α1β2 integrins and discoidin domain receptors 1 (DDR1). In addition, when the E-cadherin-Col1 complex is destroyed, it will lead to the accumulation of ß-catenin in the nucleus, activate the oncogene c-myc, and eventually lead to the proliferation of pancreatic cancer cells; Col1: type 1 collagen; DDR1: Discoidin domain receptors one; EMT: epithelial mesenchymal transition; FAK: focal adhesion kinase; MET: metformin; HMGA2: high mobility group A2; MMPs: matrix metalloproteinases; MT1-MMP: membrane-type matrix metalloproteinase-1; SIP1: smad interacting protein one; TGF-βR: transforming growth factor beta receptor.
Interstitial Hypertension Dominated by Inflammatory PSC Is a Natural Protective Barrier for Pancreatic Cancer
Hyaluronic acid (HA) is a linear glycosaminoglycan macromolecule composed of repeating units that are synthesized by hyaluronan synthase enzymes HAS1, HAS2, and HAS3, and is the main source of external pressure in the cancer stroma. HA can also specifically bind to the CD44 protein to affect the physiological activity of cancer cells (Sato et al., 2016; Caon et al., 2020). Studies have shown that the content of HA in pancreatic cancer is higher than in other cancer tissues, which leads to the characteristic interstitial hypertension observed in pancreatic cancer (Jacobetz et al., 2013). The content of HA in pancreatic cancer is 12 times higher than that in a healthy pancreas (Theocharis et al., 2000). Studies show that activated PSCs are the main source of HA (Junliang et al., 2019). Surprisingly, HA is not synthesized by myofibroblastic PSC, and their depletion does not affect the expression of HA in pancreatic cancer stroma (Özdemir et al., 2014). In contrast, inflammatory PSC express HAS1 and HAS2, suggesting that these cells represent the main source of HA (Elyada et al., 2019). Pancreatic cancer has extremely high external pressure in the interstitium, which contributes to difficulties associated with treatment (DuFort et al., 2016). HA-induced external pressure forms a physical barrier to help pancreatic cancer cells resist the effects of therapeutic intervention (Jacobetz et al., 2013). Studies have shown that low molecular weight HA enhances the migration of cancer cells (Junliang et al., 2019), whereas high molecular weight HA is the main cause of external pressure, leading to interstitial pressures of up to 100 mmHg, resulting in vascular collapse, impeding the delivery of nutrients, oxygen, and drugs, and reducing the infiltration of immune cells (Chauhan et al., 2014). A recent study shows a median survival time of 24.3 months for patients with low levels of HA, in comparison to 9.3 months for patients with high levels (Whatcott et al., 2015). The degradation of HA in pancreatic cancer tissue by administering halofuginone can significantly weaken the effect of the physical barrier, resulting in prolonged survival time in mice (Elahi-Gedwillo et al., 2019).
Dissolving HA with drugs represents a viable treatment option for pancreatic cancer patients (Sato et al., 2016). Compounds capable of dissolving HA in pancreatic tumor-bearing mice include 4-methylumbelliferone (Nagy et al., 2015), Minnelide (Banerjee et al., 2016), and PEGylated human recombinant hyaluronidase (PEGPH20) (Hingorani et al., 2016). PEGPH20 has been shown to significantly prolong disease-free survival of pancreatic cancer patients, especially in patients with high HA expression. Maximum survival was observed upon treatment with a combination therapy regimen including PEGPH20, albumin-bound paclitaxel, and gemcitabine (Hingorani et al., 2018; Ramanathan et al., 2019). Unfortunately, clinical trials of PEGPH20 were eventually discontinued due to pharmacological toxicity.
Several pancreatic cancer cell lines with HA receptor expression exhibit potential for hypo-differentiation and high migration (Abetamann et al., 1996; Sugahara et al., 2008). Research has shown that high levels of HA can lead to the malignant progression of pancreatic cancer. HA binding to the CD44 receptor mediates cancer cell EMT, drug resistance, and proliferation through both RAS/ERK and PI3K/AKT signaling pathway activation (Sato et al., 2016). Recently, researchers have developed a therapeutic approach involving a combination of HA and CD44 targeting. Specifically, the drug is modified by HA and targeted to CD44-positive tumor cells to improve the efficiency of drug utilization (Mattheolabakis et al., 2015). Many preclinical trials have revealed positive results using HA-modified drugs, as shown in Table 2.
TABLE 2 | Targeting CD44-positive pancreatic cancer cells with HA-modified drugs.
[image: Table 2]Inflammatory PSC Lead to Malignant Inflammation of Pancreatic Cancer
Inflammation in the tumor microenvironment assists in the process of drug resistance, proliferation, metastasis, and immunosuppression in pancreatic cancer (Jarrin Jara et al., 2020). However, IL-6, secreted by inflammatory PSC, plays a significant role in mediating inflammation-related malignant progression of pancreatic cancer (Figure 4). Research has shown that IL-6 expression levels are significantly higher in patients with systemic metastases, and high levels of IL-6 reliably predict poor prognosis in patients treated with surgery (Palmquist et al., 2020). Additionally, high levels of IL-6 are often accompanied by large tumor size and distant metastases (Miura et al., 2015). IL-6 activates the JAK-STAT3 signaling pathway in cancer cells to exert its carcinogenic effect (Nagathihalli et al., 2016) and is regulated by both classical and trans-signaling pathways. In classical signaling, IL-6 can bind to the IL-6 receptor and induce a conformational change that triggers glycoprotein (gp) 130 dimerization. Subsequently, two IL-6-IL-R molecules bind to a gp130 dimer forming a 6-membered complex resulting in the activation of downstream JAK (Yu et al., 2014). In trans-signaling, the cleavage of IL-6R by specific enzymes, or alternative splicing of IL6R mRNA, produces soluble IL-6R (sIL-6R) (Johnson et al., 2018). IL-6R binds sIL-6R and forms an L-6-sIL-6R complex with the ability to induce gp130 dimerization to activate downstream JAK (104). Both types of regulation result in JAK activation and phosphorylation of the transcription factor STAT3, which regulates gene expression in cancer cells (van Duijneveldt et al., 19792020). Studies have shown that activating the JAK-STAT3 pathway enhances migration (Okitsu et al., 2010), drug resistance, proliferation (Zhang et al., 2017), and stemness (Alcalá et al., 2019) of pancreatic cancer cells. Inhibition of STAT3 signaling leads to apoptosis of pancreatic cancer cells (Nagathihalli et al., 2015). IL-6-receptor blockers enhance chemotherapeutic efficacy in KPC (LSL-Kras G12D/+; LSL-Trp53 R172H/+; Pdx-1Cre) mice (Long et al., 2017).
[image: Figure 4]FIGURE 4 | Schematic representation of the interaction between pancreatic cancer cells and inflammatory pancreatic stellate cells (PSCs). Secretion of interleukin (IL)-1α by pancreatic cancer cells stimulates activation of JAK-STAT3 signaling in quiescent PSCs, and leads to differentiation of inflammatory PSCs. Thereafter, inflammatory PSCs produce hyaluronic acid that then binds to cluster of differentiation (CD) 44 to activate AKT and ERK signaling pathways and promote the malignant process of pancreatic cancer. Additionally, inflammatory PSCs can also secrete large amounts of the cytokine IL-6, which activates JAK-STAT3 signaling pathways in cancer cells, promoting their proliferation and invasion. In addition, IL-6 also promotes the transcription of PD-L1 in antigen-presenting cells and cancer cells, leading to suppression of T-cell immunity; APC: antigen-presenting cell; ERK: extracellular regulated kinase; HA: hyaluronic acid; HAS: hyaluronan synthase; IL-1: Interleukin-1 IL-6: Interleukin-6; PD-1: programmed cell death one; PD-L1: protein programmed cell death one ligand one; PSC: pancreatic stellate cell.
Furthermore, inflammatory PSC also secrete IL-6 resulting in immunosuppression. PD-1 is one of the co-suppressor receptors of activated immune cells, and PD-L1 is mainly expressed in tumor cells and antigen-presenting cells (Ai et al., 2020). When PD-L1 binds to PD-1, this leads to suppression of activated immune cells and assists in the immune escape of tumor cells (Patel and Kurzrock, 2015). Anti-PD-1 targeted therapy has been successfully used in many cancers, but not in pancreatic cancer (Tsoukalas et al., 2019). This may be due to the persistent inflammatory response in pancreatic cancer (Antonangeli et al., 2020). Research has shown that transcription of PD-L1 is regulated by IL-6 in pancreatic cancer (Tsukamoto et al., 2018). IL-6 accelerates bone marrow-derived myeloid-derived suppressor cell differentiation and leads to increased levels of PD-L1 expression on myeloid-derived suppressor cells (Marigo et al., 2010; Weber et al., 2021). IL-6 also induces apoptosis of conventional type 1 dendritic cells to prevent antigen presentation (Lin et al., 2020). Moreover, antibody blockade of IL-6 reduces the expression of PD-L1 in dendritic cells (Eriksson et al., 2019). JAK-STAT3 activation in pancreatic tumor-bearing mice inhibits the effect of anti-PD-1 treatment (Lu et al., 2017). Therefore, blocking IL-6 may represent an effective adjuvant method for anti-PD-1 therapy. The combination of anti-IL-6 and anti-PD-L1 therapy effectively increases the survival rates of pancreatic cancer mice (Mace et al., 2018).
Studies focused on blocking IL-6-mediated JAK-STAT3 signaling activation have been conducted in the following categories ((Kaur et al., 2020): (Mizrahi et al., 2020) IL-6 receptor antagonists: tocilizumab, sarilumab; (Kamisawa et al., 2016); IL-6 production inhibitors: olokizumab, sirukumab, siltuximab, clazakizumab, PF-423691; and (Wang et al., 2020) JAK1/2 and STAT3 inhibitors: ruxolitinib, momelotinib. Despite the success of blocking IL-6 in pancreatic cancer animal models, this approach was virtually ineffective in a clinical setting (Ng et al., 2019). Anti-IL-6 therapy as an adjuvant in combination with other targeted therapies may represent a novel area worthy of exploration in the treatment of pancreatic cancer.
Outlook: The diversity of PSC subsets represents an important factor in the therapeutic intervention of pancreatic cancer.
We have shown that different groups of PSC play different roles in the progression of pancreatic cancer. The discovery of PSC heterogeneity will provide the basis for the development of novel approaches for the treatment of pancreatic cancer. Finding therapeutic targets for the treatment of pancreatic cancer at the level of PSC heterogeneity represents an unexplored potential therapeutic strategy. Although most of our regimens targeting myofibroblastic PSC for pancreatic cancer (including depletion of a-SMA + PSC and blockade of Shh) have failed, we have still achieved some successes such as blocking TGF-β or inducing PSC quiescence. Simultaneous inhibition of inflammatory responses and fibroplasia caused by different PSC subgroups significantly prevented pancreatic cancer progression in mice with no side effects (Khan et al., 2020). These reveal that targeting PSC for pancreatic cancer is an extremely valuable idea, but it should be done rationally. Future research should focus on the following aspects: 1) Induction of PSC quiescence to effectively block the progression of pancreatic cancer, 2) Evaluation of how pancreatic cancer cells produce and regulate the production of PSC subsets, and how PSC tumor suppressor subsets, specifically CD271 + PSC (Nielsen et al., 2020) and Meflin + PSC (Mizutani et al., 2019), are formed, and 3) Simultaneous blockade of the oncogenic effects of different PSC subgroups to treat pancreatic cancer more effectively.
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GLOSSARY
ATRA: All-trans retinoic acid
CAF: Cancer-associated fibroblasts
Coll: type 1 collagen.
DDR1: Discoidin domain receptors one
ECM: extracellular matrix.
FAP: fibroblast activation protein
HA: hyaluronic acid.
HAS: hyaluronan synthase.
IL-1: Interleukin-1.
IL-6: Interleukin-6.
IL-6R: Interleukin-6 receptor.
LIF: leukemia inhibitory factor.
PD-1: programmed death-ligand 1.
PD-L1: protein programmed cell death one ligand 1.
PEGPH20: PEGylated human recombinant hyaluronidase.
PDGF: platelet derived growth factor.
PSC: pancreatic stellate cell.
a-SMA: a-smooth muscle actin.
RhoA: Ras homolog family member A
ROS: reactive oxygen species
Shh: Sonic hedgehog.
TGF-β: transforming growth factor beta
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Cells and tissues in the human body are subjected to mechanical forces of varying degrees, such as tension or pressure. During tumorigenesis, physical factors, especially mechanical factors, are involved in tumor development. As lung tissue is influenced by movements associated with breathing, it is constantly subjected to cyclical stretching and retraction; therefore, lung cancer cells and lung cancer-associated fibroblasts (CAFs) are constantly exposed to mechanical load. Thus, to better explore the mechanisms involved in lung cancer progression, it is necessary to consider factors involved in cell mechanics, which may provide a more comprehensive analysis of tumorigenesis. The purpose of this review is: 1) to provide an overview of the anatomy and tissue characteristics of the lung and the presence of mechanical stimulation; 2) to summarize the role of mechanical stretching in the progression of lung cancer; and 3) to describe the relationship between mechanical stretching and the lung cancer microenvironment, especially CAFs.
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INTRODUCTION
The main function of the lungs is to exchange oxygen and carbon dioxide with the outside world. The lung and thorax are important organs in the human respiratory system (Figure 1) (Novak et al., 2021). The respiratory muscles contract rhythmically, causing the thoracic volume to change periodically and then causing changes in pulmonary pressure, driving oxygen and carbon dioxide in and out of the lung to achieve pulmonary ventilation (Hsia et al., 2016; Doryab et al., 2021; Novak et al., 2021). Therefore, mechanical transduction plays a crucial role in lung health and disease. There are many types of mesenchymal cells in lung tissues. The fibroblast is one of the most important mesenchymal cells to maintain the normal physiological function of the lung. The heterogeneity of fibroblasts is responsible for their different phenotypes and activities (Kotaru et al., 2006).
[image: Figure 1]FIGURE 1 | Mechanical Forces within the lung. (A) Contraction of the diaphragm and muscles in chest wall during inhalation led to negative interpleural pressure that enlarged lung tissue, stretched the alveoli, and increased lung volume driving air pulled in. (B) Relaxation of the diaphragm and muscles in chest wall during expiration permitted for elastic retreat that decreased lung volume and air compression that drove air forced out.
Lung tissue is constantly influenced by breathing mechanics, and it is constantly exposed to a state of cyclical stretching and retraction. Therefore, lung cancer cells and lung cancer-associated fibroblasts (CAFs) are also influenced by mechanical load (Najrana et al., 2020; Roshanzadeh et al., 2020). Fibroblasts are the cells that make and sustain a structurally diverse array of ECM-rich connective tissues to support a wide-ranging of vital organ functions, like resistance to blunt and sharp damages in the skin or organ-wide stretching and flexible recoiling in the undamaged breathing lung. Three functions are generally assigned to fibroblasts: 1) secrete many of the same structural and signaling macromolecules that donate to the extracellular space; 2) adopt a transient and contractile myofibroblast phenotype in response to tissue injury; 3) play an important role in signaling extracellular cells for tissue-resident stem cells, or serve as mesenchymal stem cells, which can differentiate to specialized mesenchymal cells (Lemos and Duffield, 2018; Pittenger et al., 2019; Plikus et al., 2021). A main constituent of the tumor stroma is fibroblasts, and numerous studies have demonstrated a prominent functional role for these cells in cancer progression and metastasis (Kalluri and Zeisberg, 2006; Öhlund et al., 2014). Tumor related fibroblasts have been labeled CAFs, tumor associated fibroblasts, activated fibroblasts or activated myofibroblasts and could take in cancer-associated mesenchymal stem cells. To facilitate tissue repair, chemical and physical clues induce quiescent fibroblasts to myofibroblasts that secrete a lot of expressing contractile proteins in ECM such as α-SMA that coordinate biomechanical remodeling and contraction by traction (Plikus et al., 2017; Plikus et al., 2021).
Thus, to better explore the progression of lung cancer pathogenesis, it is necessary to combine cell mechanics factors to obtain a more comprehensive analysis. The purpose of this brief review is: 1) to provide an overview of the anatomy and tissue characteristics of the lung and the presence of mechanical stimulation; 2) to summarize the role of mechanical stretching in the progression of lung cancer; and 3) to describe the relationship between mechanical stretching and lung cancer microenvironment, especially CAFs.
PHYSIOLOGICAL AND BIOMECHANICAL CHARACTERISTICS OF THE LUNG
The lungs are in the chest cavity, on either side of the mediastinum, above the diaphragm. The lungs are composed of two functional areas: 1) the airways through which air enters and passes the pharynx, larynx, trachea, main bronchi, bronchioles, and terminal bronchioles; and 2) the respiratory zone (gas exchange zone), including the alveolar tubes, bronchioles, and alveolar sacs (Ahadian et al., 2018).
The main function of the lungs is to exchange gas with the outside world. Through the external respiration function of the lungs, oxygen (O2) is continuously provided to the body and carbon dioxide (CO2) is discharged to maintain the body’s blood and gas balance and internal environment in equilibrium. The alveoli, which provide a large surface area for gas exchange, are lined with a thin layer of epithelial cells that form a tight single membrane on the basement membrane (1.66 ± 0.128 μm) in normal lungs (Divertie et al., 1976) and are directly connected to the endothelial lining of the capillary network. The space between the epithelium and endothelial lining is called the lung interstitium and contains various cellular and extracellular matrix (ECM) components that provide structure and support for the lungs (Novak et al., 2021).
PATHOLOGICAL CHANGES OF LUNG
In general, lung diseases fall into two categories: 1) restrictive diseases, which include a reduction in the ability of the lungs to expand and 2) obstructive diseases, which cause increased airway resistance and restricted airflow. Restrictive or obstructive diseases a classified based on clinical measures, including the ratio of forced expiratory volume to full forced lung capacity in one second (FEV1/FVC) and total lung capacity percentage (TLC%) (Kouranos et al., 2020). The restrictive disease is characterized by a decrease in the TLC% with no change or increase in the FEV1/FVC ratio because either both indicators decrease simultaneously or forced expiratory volume in one second (FEV1) increases with decreased lung compliance. Restrictive diseases, such as pulmonary fibrosis, interstitial lung disease, and sarcoidosis, often result from the accumulation of components of the ECM and scar tissue around the alveoli that affects the stiffness of the lung parenchyma and limits the lung’s ability to expand. Obstructive diseases, such as asthma, bronchopulmonary dysplasia, bronchiolitis obliteration, and chronic obstructive pulmonary disease, due to the degradation of lung connective tissue, lead to airway swelling, reduced matrix hardness and elasticity, and reduced lung retraction, and interfere with an individual’s ability to exhale adequately (Novak et al., 2021).
Pulmonary fibrosis (PF) is a chronic, restrictive lung disease in which excessive collagen deposition results from the accumulation of scar tissue in the lung caused by lung injury, inflammation, and/or long-term exposure to toxins or particles. Idiopathic pulmonary fibrosis (IPF) is a chronic progressive pulmonary fibrosis disease with unknown reasons. In recent years, more and more studies have shown that IPF is closely related to the occurrence of lung cancer. Also, IPF diagnosis and treatment guidelines in 2011 clearly indicate that IPF is prone to lung cancer, pulmonary embolism, pulmonary hypertension, and other lung diseases (Raghu et al., 2011; Raghu et al., 2015). According to the latest research statistics, the incidence of lung cancer in IPF population is 2.7–48% (Ballester et al., 2019), which is significantly higher than that of the general population (2–6.4%) (Bouros et al., 2002). Undissolved scar tissue in the lungs hardens the lung parenchyma and limits lung dilation. Matrix over deposition occurs in the distal airway structure, where fibroblast lesions are composed of excess collagen, fibrin, and other ECM components that are insoluble and deteriorate over time (Burgess et al., 2016). Heterogeneous lung stiffness results in increased stress and strain, affecting cellular mechanical conduction and disease progression. Tsukui et al. (2013) constructed an in vivo model of bleomycin-induced pulmonary fibrosis to study the gene expression profile of fibroblast populations. They found that osteopontin is highly overexpressed in lung fibroblasts and can serve as a marker of CAFs activation. It has been reported that biomarkers commonly expressed by CAFs include α -smooth muscle actin (α-SMA), fibroblast specific protein-1 (FSP-1), fibroblast activating protein α (FAP-α), platelet-derived growth factor receptor -β (PDGFR-β), neural/glial antigen (NG2) (Kalluri, 2016; Nurmik et al., 2019), and Gamma-glutamyltransferase 5 (GGT5) (Wei et al., 2020). Su S et al. reported CD10+/GPR77+ CAFs promoted cancer development and chemoresistance by sustaining cancer stemness (Su et al., 2018). Interestingly, osteopontin expression is significantly increased in senescent fibroblasts and is a key mediator of senescent stroma promoting tumor progression (Pazolli et al., 2009).
ASSOCIATION BETWEEN MECHANICAL STRETCHING OF THE LUNG AND LUNG CANCER
Cells respond to both chemical and mechanical signals in their microenvironment. Various mechanical stimulus signals (e.g., basal rigidity, hydrostatic pressure, compression, tension, and shear stress) are detected and transmitted to cells via mechanoreceptors. These receptors often encounter the ECM, where external signals are converted into physiological responses that affect cell proliferation, differentiation, and migration (Jang and Beningo, 2019).
Studies on Cell Mechanics Involving Lung Tissue Cells
A major feature of the lung is its unique mechanical force. Each respiratory cycle imposes a periodic mechanical force, and this dynamic mechanical force exposes the lung to a challenging system of external reconstruction (Ahadian et al., 2018). The experiments by Tschumperlin and Margulies have shown that circulatory stretching stimulation of 5–12% is equivalent to 60–80% of the total lung volume and is associated with the physiological level of mechanical strain experienced by the alveolar epithelium and microvessels during low tidal volume mechanical ventilation, which is the protocol used in lung protection strategies (Tschumperlin and Margulies, 1998; Tschumperlin and Margulies, 1999). In contrast, circulatory stretching at 17–22% linear dilation is equivalent to 100% of total lung volume and is associated with pathophysiological conditions induced by mechanical ventilation of the organism volume and with inflammatory responses in vivo and with acute lung injury (Tschumperlin et al., 2000).
The lung is a dynamic organ with complex mechanical environment at microscale (Shikata et al., 2005). Thus, mechanotransduction plays a vital role in lung health and disease. The effects of mechanical force on proliferation, morphology, ECM composition, and alteration, gene regulation and the inflammatory response of lung cells and lung cancer cells have been recognized by most researchers (Novak et al., 2021). Nalayanda et al. (2009) observed that the growth rate of A549 cells decreased as the shear stress increased. However, Mahto et al. demonstrated that the effect of shear stress on alveolar cells was affected by cell species. The secretion of surface-active substances in human A549 cells showed no change below 8 dynes/cm2, but was impaired when it was above 8 dynes/cm2. The secretion of mouse MLE-12 cells increased with the growth of stimulation (Mahto et al., 2014). There are conflicting findings in the literature on the role of matrix rigidity on epithelial cell function. Eisenberg et al. (Jones, 2011) established that substrate rigidity affected cell morphology, microfilaments, and focal adhesion, but did not adjust the differentiation of EMT or cell types (from ATII into ATI) in mouse alveolar epithelial cells. In contrast, Marilyn M. Dysart et al. found that environmental particulate enhances stiffness induced alveolar epithelial cells mechanoactivation of TGF-β (Dysart et al., 2014). Markowski et al. (2012), reported that augmented matrix rigidity induced EMT, integrin binding, and TGF-β activation. The cell mechanics of lung cancer cells will discuss in the next section.
Many researchers have developed in vitro systems to detect the response of lung cells to mechanical forces. These models typically study how one type of mechanical force affects one cell type, and there is very little work combining multidimensional forces and multicellular models to accurately summarize the complex interactions that occur in the body. Typical devices in vitro mechanical stimulation involved: 1) cyclic uniaxial or biaxial, equi-biaxial strain for cell stretch stimulation (Felder et al., 2008; Rapalo et al., 2015) 2) static or cyclic pressure devices on cell stimulation (Huang et al., 2010); 3) microfluidic device for wall shear stress on cells (Mahto et al., 2014); 4) gradient stiffness hydrogel for cell culture (Liu et al., 2010); 5) cyclic strain device for capillary interface (Huh et al., 2010); 6) interstitial fluid flow custom device for cells seeded on the gel (Ng and Swartz, 2003). The effects of endothelial cells stimulated by shear stress have been widely studied. Shear stress is a known factor impacting endothelial cell morphology (Szulcek et al., 2016), cytoskeletal remodeling (Birukov et al., 2002), and Ca2+ levels in plasma (Yamamoto et al., 2018). Nitric oxide release is donated to maintain vasomotor action, anti-inflammatory mechanism, and cytoplasmic antioxidant ability (Tousoulis et al., 2012). Endothelial cells increased their ACE2 expression with pulsating shear stress stimulated, thereby enhancing the level of nitric oxide and decreasing proliferation and inflammation. ACE2 level was enlarged when endothelial cells were stimulated and stretched in the Flexcell device (Song et al., 2020).
Studies on Cell Mechanics on Lung Cancer Cells
Like normal cells, cancer cells recognize the mechanical changes provided by the tumor microenvironment and convert them into signaling pathways through mechanical transduction pathways (Table 1) (Sporn and Albini, 2007; Xu et al., 2017). Wang et al. (2020) found that after cyclic stretching of the A549 lung cancer and IMR-90 fibroblast cells, cells were rearranged, the cytoskeleton was restructured, and an increased stretching time could prolong mitochondrial length. Weber et al. (Wang et al., 2020) found that various human lung epithelial cell lines could adapt to chronic cyclic strain stimulation. Hendricks et al. (2012) studied the effects of the simulated force of near-normal respiration (20% maximum strain and 15 cycles/min) on proliferation and morphology of NCI-H358 and A549 cell lines. They showed that mechanical stimulation reduced cell proliferation. Shukla et al. (2016) demonstrated that higher substrate rigidity induced slower and directional migration of lung cancer cells by decreasing the phosphorylated focal adhesion kinase and paxillin, not the biomarkers of EMT. Furthermore, Barenholz Cohen et al. (2020) demonstrated that tumor-derived extracellular vesicles from breast carcinoma cells caused the lungs of cancer-free mice broadly variable, and being more elastic than viscous. Matrix rigidity encourages microtubules glutamylation by increasing glutamine metabolism and strengthening microtubules stabilization, thus stimulating the migration of cancer cells (Torrino et al., 2021).
TABLE 1 | Stimulation experiments of lung cancer cells by mechanical stretching.
[image: Table 1]CAFs and Studies on Cell Mechanics
Fibroblasts and Mechanical Stimulation
The lung is a complex organ, and types of mesenchymal cells are found in its tissues. Fibroblasts are one of the most important mesenchymal cells that contribute to maintaining the lung’s normal physiological function. The heterogeneity of fibroblasts is the key reason for their different phenotypes and functions (Öhlund et al., 2014). Fibroblasts from different parts of the lung present significant differences and can be divided into different subgroups according to their heterogeneity (Chang et al., 2002; Kotaru et al., 2006). Kotaru et al. (2006) found that there are two kinds of fibroblasts at least: Airway fibroblasts (AFs) and distal lung fibroblasts (DLFs). AFs are larger, stellate-shaped with more cytoplasmic protrusions, and DLFs are spindle-shaped. AFs expressed more procollagen type I and eotaxin-1 than DLFs did at and after TGF-β treatment. In contrast, AFs had low proliferation rate than DLFs with serum treatment. Moreover, AFs expressed less α-SMA than DLFs in reference point. Pechkovsky et al. (2010) demonstrated results by comparing human proximal bronchi (B-FBR) and distal lung parenchyma (P-FBR). It indicated that P-FBR showed improved TGF-β/Smad signaling at the reference point, and the activated TGF-β significantly reduced basal a-SMA protein in P-FBR. Xie et al. (2018) segregated six subpopulations in adult pulmonary mesenchymal cells: myofibroblasts, Col13a1 matrix fibroblasts, Col14a1 matrix fibroblasts, lipofibroblasts, mesenchymal progenitors, and mesothelial cells.
Fibroblasts are cells that respond to mechanical stretching stimuli (Table 2). They maintain the structure and function of organ tissues by altering the expression of genes and proteins in their ECM in response to external physical (such as tensile force), chemical (such as chemical poisons), and biological (such as infectious toxins) factors (Amma et al., 2005; Sakamoto et al., 2010).
TABLE 2 | Stimulation experiments of lung fibroblasts by mechanical stretching.
[image: Table 2]Pechkovsky et al. (2010) found that fibroblasts derived from the lung parenchyma cilia develop α-SMA, whose high expression characterizes a specific fibroblast phenotype. These cells are responsible for the composition of the ECM. Components, mainly cellular protein deposition, may be involved in the pathogenesis of idiopathic pulmonary fibrosis, and fiber proliferative disease and may play a key role in the occurrence and development of lung cancer. The cyclic load to which healthy lung cells are exposed during respiration prevents fibroblasts from differentiating into myofibroblasts (Blaauboer et al., 2011). suggesting that fibroblasts are static in their physiological state. Low levels of mechanical stretching may be important for interstitial remodeling during lung development. However, extensive stretching can damage the normal lung structure (Hawwa et al., 2011a; Sanchez-Esteban et al., 2002).
After the lung tissue is slightly injured, fibroblasts in the lung parenchyma differentiate into myofibroblasts (Tomasek et al., 2002) to promote wound healing. After tissue repair, apoptosis of myofibroblasts occurs once the remodeling balance of repaired tissue is restored. During fibrosis, however, myofibroblasts remain active after wound healing, producing an excess of strongly contracted ECM components. Xie et al. (2020) showed that (5–10%) mechanical stimulation could improve the proliferative activity of MRC-5 cells and may slightly stimulate the expression of transforming growth factor-β (TGF-β) 1 and type I collagen in human embryonic lung fibroblasts. Mechanical stimulation (15–20%) directly leads to cell damage, reduces cell proliferation activity, induces TGF-β1 expression, significantly increases collagen expression, and accelerates the process of pulmonary fibrosis.
After mechanical stimulation at different tensile ranges, the biomechanical properties of MRC-5 fibroblast cells decreased. And, the fibroblasts appeared to “soften”, indicating that the degree of deformation of lung fibroblasts was lower than the linear stress-strain relationship. This feature is not a reflection of a specific molecular mechanism but indicates higher-level structural changes, which suggests that the cytoskeleton may have been damaged (Xie et al., 2020). Other in vitro studies have shown that mechanical stretching with higher strain ranges (20–30%) activates the Ca2+ influx pathway independently of the actin cytoskeleton and the conventional stretch sensitive ion channel (such as members of the transient receptor potential (TRP) family proteins, Piezo1, and Piezo2). Moreover, ATP is released in human lung fibroblasts after mechanical stretching (Murata et al., 2014). It is also suggested that Ca2+ is the second messenger that activates lung fibroblast functional activity (Hinz, 2012). However, an increase in the extracellular ATP concentration is considered a “danger signal” in the pathophysiology of pulmonary fibrosis (Riteau et al., 2010). Therefore, increased Ca2+ in lung fibroblasts responding to mechanical stress plays a role in the progression of pulmonary fibrosis.
Fibroblasts release more pro-inflammatory cytokines and chemokines after mechanical stretching, which actively participate in regulating the inflammatory response after mechanical injury (Hawwa et al., 2011a) and promote wound healing and tissue repair. Lung fibroblasts play a key role in pathophysiological events associated with pulmonary fibrosis (Barkauskas and Noble, 2014; Riteau et al., 2010; Yamauchi et al., 2020).
Cancer-Associated Fibroblasts Exposed to Stretching Stimulation
Cancer is known as “wounds that never heal”, and fibroblasts activated in the tumor ECM can promote tumor inflammation and fibrosis (Kalluri, 2016); thus, they are also known as CAFs. Compared with resting fibroblasts, CAFs present a larger morphology, nuclear depression, and more branching cytoplasm (De Wever et al., 2008), and activated CAFs have stronger proliferation and migration ability (Chen and Song, 2019).
CAFs are cells with mechanical ability and are the most abundant stromal cell type in the tumor microenvironment (Bhowmick et al., 2004). They play a crucial role in cancer development and metastasis (Pereira et al., 2019). Once CAFs settle down in ECM of the tumor, they can benefit cancer cells in many aspects: 1) promote the growth and proliferation of tumor cells (Zhang et al., 2020); 2) assist in tumor-related angiogenesis (Fan et al., 2020; Lugano et al., 2020); 3) accelerate the invasion and metastasis of tumor cells (Birkbak and McGranahan, 2020); 4) cause drug resistance of some anti-tumor drugs (Wei et al., 2020). CAFs secrete soluble factors such as growth factors, cytokines, and ECM molecules during cancer progression to promote the self-differentiation of normal fibroblasts. TGF-β released by CAFs triggers the anisotropic matrix to stimulate myofibroblast differentiation of normal fibroblasts (Franco-Barraza et al., 2017). Meanwhile, excessive production of fibrillary ECM proteins and ECM remodeling by CAFs leads to cancer fibrosis, namely promoting connective tissue hyperplasia. As the stiffness of the ECM derived from CAFs increases, it usually leads to greater force (traction) exerted by cells on the matrix, as well as increased stress fibers and greater focal adhesion (Ladoux et al., 2016), thus promoting the differentiation of CAFs and supporting the progression of cancer.
There is an inverse relationship between traction stress and metastatic capacity of breast cancer cells, and the generation of force decreases with the increase of metastatic potential and capacity (Indra et al., 2011). Studies have shown that cell-matrix adhesion dynamics and traction conversion regulate tumor cell migration (Fokkelman et al., 2016). Recent studies have shown that CAFs exert physical forces on cancer cells by stimulating phenotypically pro- or anti-tumorigenic interactions that allow them to invade en masse (Yamauchi et al., 2020).
Glentis et al. (2017) found that CAFs actively reshape the basement membrane by pulling, stretching, and softening it, leading to the formation of spaces where cancer cells can migrate. By applying contractile forces, CAFs alter the organizational and physical properties of the basement membrane, allowing cancer cells to invade. CAFs promote fracture of the bone matrix in a matrix metalloproteinase-independent manner. Therefore, it has been proposed that in addition to proteolysis, the mechanical forces exerted by CAFs represent another mechanism of basement membrane rupture.
In the tumor microenvironment, CAFs and cancer cells communicate through the ECM and other soluble factors to influence each other’s cellular behavior (Figure 2). Numerous mechanical signals are detected and transmitted to cells by mechanoreceptors. These receptors often communicate with ECM, where external signals are converted into physiological replies. Integrin was a well-defined mechanoreceptor that directly connected the microfilaments to the ECM and conducted signals. The 18 α and 8 β subunits heterodimerize to produce more than 24 different receptors. These heterodimers are the link between cells and the tumor microenvironment. CAFs heterogeneity drives balancing processes in tumor growth and invasion (DiPersio and Van De Water, 2019; Jang and Beningo, 2019). Tumor growing accompanied with a heterogeneous population of CAFs. The subpopulations of CAFs can promote deposition and ECM remodeling, which interact directly with tumor cells in principal and subordinate structures to help tumor cell migration and invasion. Also, it provokes angiogenic factors by mediating new blood vessel growth and yield immune cell suppression via ECM modification and chemokine/cytokine secretion (Yamauchi et al., 2020). Although this communication is bi-directional, as shown in the figure, we mainly consider communication as unidirectional, from CAFs to cancer cells. Mechanical forces generated by ECM remodeling induced by CAFs contribute to the invasion efficiency of metastatic cells (Menon et al., 2011).
[image: Figure 2]FIGURE 2 | The crosstalk of cancer associated fibroblasts (CAFs) and the cancer microenvironment (CME). CAFs and cancer cells are responsible for sensing and transducing various extracellular matrix (ECM) proteins and mechanical signals in the CME. CAFs and cancer cells also effect each other’s physiological processes by releasing and receiving various factors in a paracrine manner.
CONCLUDING REMARKS AND OUTSTANDING QUESTIONS
Mechanical stimulation is closely related to lung, lung cancer, and lung cancer-related fibroblasts. Mechanical strain is an important regulator of normal and abnormal lung growth and development. Mechanical forces are involved in biological processes ubiquitously (Kumar and Weaver, 2009), although the underlying mechanisms of cancer cell migration or metastasis are still not fully understood. Mechanical stimulation plays an important role in regulating fibroblasts and the ECM components within the tumor microenvironment. First, there is no literature available on the mechanisms induced in lung CAFs by mechanical stimulation. Secondly, a limited number of studies have described mechanisms induced by mechanical stimulation of other types of CAFs. However, these studies suggested that CAFs play a crucial role in tumor progression. Thirdly, the response of lung CAFs to mechanical stimulation may play a crucial role in the progression of lung cancer; thus, it will be of great clinical significance to study the response of lung CAFs to mechanical stimulation.
At present, lung biomechanics are mainly focused on mechanical ventilation, ventilation injury and fluid dynamics of vascular endothelial cells. There is a lack of research on mechanical factors affecting other lung cells (especially fibroblasts and immune cells) in normal respiration. There are few studies on the mechanism of lung tumors causing changes in lung physical properties and then affecting lung cells.
Due to the complexity of the lung cancer classification, there may be different types of lung CAFs, but once this role of mechanotransduction on lung cancer cells is recognized, this will be accompanied by further in-depth research. In the future, it will be extremely challenging and of practical significance to isolate different types of lung CAFs associated with different types of lung cancer, and elucidate the specific mechanisms involved in mechanical stimulation on tumor progression.
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Gastric cancer (GC) is a malignant tumor with poor survival outcomes. Immunotherapy can improve the prognosis of many cancers, including GC. However, in clinical practice, not all cancer patients are sensitive to immunotherapy. Therefore, it is essential to identify effective biomarkers for predicting the prognosis and immunotherapy sensitivity of GC. In recent years, chemokines have been widely reported to regulate the tumor microenvironment, especially the immune landscape. However, whether chemokine-related lncRNAs are associated with the prognosis and immune landscape of GC remains unclear. In this study, we first constructed a novel chemokine-related lncRNA risk model to predict the prognosis and immune landscape of GC patients. By using various algorithms, we identified 10 chemokine-related lncRNAs to construct the risk model. Then, we determined the prognostic efficiency and accuracy of the risk model. The effectiveness and accuracy of the risk model were further validated in the testing set and the entire set. In addition, our risk model exerted a crucial role in predicting the infiltration of immune cells, immune checkpoint genes expression, immunotherapy scores and tumor mutation burden of GC patients. In conclusion, our risk model has preferable prognostic performance and may provide crucial clues to formulate immunotherapy strategies for GC.
Keywords: chemokine, immune, prognosis, gastric cancer, tumor mutation burden
INTRODUCTION
Gastric cancer (GC) is one of the most common malignant tumors worldwide, and its morbidity and mortality rank fifth and fourth, respectively (Sung et al., 2021). Although progress has been made in the diagnosis and treatment of GC, the overall survival time of patients has not improved significantly especially for advanced gastric cancer (AGC). The effect of immune checkpoint inhibitors has been previously investigated in patients with AGC. First-line treatment of PD-1/PD-L1 inhibitors could prolong OS and PFS of GC patients with CPS>10 or MSI-H (Shitara et al., 2020; Janjigian et al., 2021; Moehler et al., 2021). Results from a randomized phase III KEYNOTE-062 study indicated that AGC patients with a combined positive score (CPS) more than 10 or greater could benefit from first-line pembrolizumab (Smyth and Moehler, 2020). Huang et al. reviewed the efficacy and safety of third-line treatments for advanced gastric cancer (AGC). Among them, Nivolumab was one of the most effective third-line therapy drugs in prolonging overall survival (OS) of AGC especially for 1-year OS (Huang et al., 2021). These findings proved that PD-1/PD-L1 has an undeniable effect in patients with AGC. However, not all patients are sensitive to immunotherapy. Considering the poor outcome of GC and promising application use of immunotherapy, the identification of novel biomarkers for predicting prognosis and immune therapy response is helpful for disease stratification and developing GC treatment strategies.
Many biomarkers have been previously identified for predicting the prognosis of GC. Mismatch repair deficiency (MMRD) and microsatellite instability (MSI) were identified as positive prognostic biomarkers in GC patients treated with surgery alone and negative prognostic biomarkers in GC patients treated with chemotherapy (Smyth et al., 2017). Tumor mutation burden (TMB) was proved to be positively correlated with the disease-free survival (DFS) of microsatellite-stable (MSS) GC patients (Li et al., 2021). A combination of immune cell infiltration score and TMB score could be utilized to predict the survival of GC patients (Jiang et al., 2021a). Some noncoding RNAs such as circRNAs and lncRNAs could also act as diagnostic biomarkers or prognostic factors in GC (Yang et al., 2016; Shan et al., 2019). A recent study identified an immune-related signature composed of MAGED1, ACKR3, FZD2, and CTLA4 could be used to predict the prognosis of GC patients (Dai et al., 2021). These molecular analyses have increased our knowledge of GC biology and might provide new insights on GC therapy strategies.
Chemokines are a large class of cytokines with chemotactic activity. Chemokines were widely reported to regulate cancer progression and could be used as therapeutic targets (Mantovani et al., 2010). Dysregulation of chemokines and chemokine receptors were reported to be closely correlated with the progression of tumors including GC. For example, CC and CXC chemokines were reported to promote tumor angiogenesis, which is essential for tumor growth and metastasis (Santoni et al., 2014). CXCL5 chemokine could induce epithelial-mesenchymal transition (EMT) of GC cells thereby promoting GC metastasis (Mao et al., 2020). Another chemokine CXCL2 was reported to promote GC cell growth and peritoneal metastasis (Natsume et al., 2020). CXCL1 chemokine was reported to exert a tumor-promoting role through activating the VEGF pathway in GC (Wei et al., 2015). Chemokines and chemokine receptors also exert crucial roles in immunity and mainly affect the infiltration of various immune cells, thus affecting tumor progression. CCL2 chemokine and CCR2 chemokine receptor could regulate the infiltrating level of macrophages in hepatocellular carcinoma (Li et al., 2017). CCL2-CCR2 axis could affect the immune cell infiltration, which results in an induction of immune evasion in esophageal cancer (Yang et al., 2020). CCL28 chemokine could promote the infiltration of Treg cells, thereby promoting the progression of GC (Ji et al., 2020). CCL3 and CCL20 chemokines could recruit dendritic cell DCs, which could induce anti-tumor immunity of GC (He et al., 2010). In addition, some chemokines and chemokine receptors, such as CXCL8, CXCR4 and CXCL13, were proved to be promising prognostic biomarkers in GC (Jin K.et al., 2021; Pawluczuk et al., 2021; Xue et al., 2021). These findings indicated that chemokine-related genes exert crucial functions in tumors, especially in the tumor microenvironment.
LncRNAs are a subset of noncoding RNAs with a length of over 200 nucleotides that regulate the expression of many genes involved in cancer development (Chi et al., 2019; Fang et al., 2021; Yu et al., 2021). Apart from gene regulation, lncRNAs are also involved in regulating numerous biological processes involved in tumorigenesis (Bhan et al., 2017; Peng W.-X. et al., 2017; Fattahi et al., 2020). Mounting evidence indicated that lncRNAs have an undeniable prognosis prediction function in GC cancer. Prognostic signatures based on ferroptosis-related lncRNA, immune-related lncRNA and helicobacter pylori infection-related lncRNA were proved to have preferable prognosis prediction functions in GC (Ma et al., 2021; Pan J. et al., 2021; Wei et al., 2021; Xin et al., 2021). Apart from this, lncRNAs could be used for subtype identification and therapy response prediction of GC (Huang et al., 2021; Jiang et al., 2021b). LncRNAs have also been reported to modulate immunity (Yu et al., 2018). Various lncRNAs were identified as prognostic biomarkers and could be used to predict the immune landscape of multiple cancers (Hong et al., 2020; Shen et al., 2020; Xu et al., 2021).
At present, the role and type of immune landscape in the prognosis of gastric cancer remains largely unknown. Identification of infiltrating immune cells is associated with cancer prognosis and new immune therapeutic targets, which could provide meaningful clues for the future treatment of GC, especially for immunotherapy.
The correlation between chemokine-related lncRNAs and the immune landscape in GC has not been reported. In this study, we first constructed a multi-lncRNA risk model composed of 10 chemokine-related lncRNAs based on The Cancer Genome Atlas (TCGA) expression data. Then, we explored the prognostic efficiency and accuracy of the risk model. In addition, we explored the role of the risk model in predicting immune cell infiltration, immune checkpoint genes expression level and immunotherapy scores. Our results demonstrated that the lncRNA risk model shows preferable performance in predicting patient survival, immune cell infiltration and immunotherapy effectiveness.
RESULTS
Identification of Chemokine-Related lncRNAs
The workflow for this study was shown in Figure 1. First, we acquired the expression profiling data of 343 tumor samples and corresponding clinical information from The Cancer Genome Atlas (TCGA) database. We annotated the gene symbols to acquire the expression data of lncRNAs and mRNAs by using a human GTF file. Subsequently, we obtained 64 chemokine-related genes (Supplementary Table S2) (including chemokines and chemokine receptors) from four previous reviews concerned with chemokines or chemokine recptors (Zlotnik and Yoshie, 2012; Griffith et al., 2014; Sokol and Luster, 2015; Tiberio et al., 2018). Pearson’s correlation analysis (Pearson ratio > 0.3 and p < 0.001) was further conducted between these 64 chemokine-related genes and lncRNAs for screening chemokine-related lncRNAs. A total of 403 chemokine-related lncRNAs were identified and used for the subsequent analyses.
[image: Figure 1]FIGURE 1 | Flow chart of this study.
Construction and Validation of the Risk Model
After obtaining chemokine-related lncRNAs, we combined the survival status and survival time of gastric cancer (GC) patients with lncRNA expression data. We performed univariate analysis and obtained 24 prognostic chemokine-related lncRNAs. To further obtain the prognostic signature, we randomly divided 305 samples (the entire set) into two sets: training set (Supplementary Table S7) and testing set (Supplementary Table S8) at a ratio of 1:1. A total of 153 samples and 152 samples were enrolled in the training set and testing set, respectively. The training set was used for the establishment of the risk model. Then, lasso regression analysis was performed 1,000 times to recognize the potential survival-related combinations of the candidate chemokine-related lncRNAs in our study, which resulted in 17 optimal candidates (Figures 2A,B). To make our risk model more conducive to potential clinical application and cost-saving, we further conducted a multi-cox analysis on these 17 optimal candidates to reduce the number of lncRNAs in our model. Ten out of 17 lncRNAs were identified for the construction of the prognosis signature (Figure 2C and Supplementary Table S6). The coef value of each lncRNA was shown in Supplementary Table S5. The correlation between chemokines and 10 lncRNAs in the risk model was visualized by using a heatmap (Figure 2D). According to the median risk score, patients were divided into a high-risk group and a low-risk group. Principal component analysis (PCA) was used for dimensionality reduction of the entire genes, 403 chemokine-related genes and genes in the risk model according to the risk patterns of the risk model. Compared with the expression of all genes and 403 chemokine-related genes, only the risk model showed elevated efficiency in separating the high-risk and low-risk patients in all GC samples (Supplementary Figures S1E–G).
[image: Figure 2]FIGURE 2 | Construction of the risk model. The lasso regression analysis (lasso) was conducted for the construction of the risk model (A,B). A total of 10 chemokine-related lncRNA were identified in the risk model (C). The correlation between chemokines and lncRNAs in the risk model (*p < 0.05, **p < 0.01, ***p < 0.001) (D).
To further validate the efficiency of the risk model in predicting the survival of GC patients, we conducted survival analysis and found that low-risk group patients had a superior survival outcome than high-risk patients (Figure 3A). Next, we tested the accuracy of the risk model by using a time-dependent receiver operating characteristic (ROC) curve. The area under curve (AUC) value revealed that the risk model has enough efficiency in predicting the survival of GC patients (Figure 3B). In addition, we observed that there were more deaths in the high-risk group than in the low-risk group (Figure 3C). The expression of 10 lncRNAs in the risk model was visualized using a heatmap (Figure 3D).
[image: Figure 3]FIGURE 3 | Validation of the risk model in the training set and testing set. Survival analysis of the training set and testing set (A,E). Roc curves were plotted to assess the accuracy of the risk model in the training set and testing set (B,F). The survival status of the patients in high-risk and low-risk groups (C,G). The expression of the chemokine-related lncRNAs in the risk model was shown by using heatmap (D,H). Low or high type represent the patients with low risk or high risk.
Inner Validation of Risk Model
To further validate the performance of the risk model, we conducted survival analysis in the testing set and the entire set. We observed that high-risk patients in the testing and entire set have poorer survival outcomes than low-risk patients (Figure 3E and Supplementary Figure S1A). Then, we tested the accuracy of the risk model in two sets by using a time-dependent ROC curve. As expected, we observed that our risk model has a preferable performance in both sets. The AUC values in the testing set and the entire set were 0.691 and 0.740 at one year (Figure 3F and Supplementary Figure S1B), respectively. After ranking the patients according to the median risk score, we found that the deaths incidence of low-risk patients in the training set and testing set were 11/77 (14.3%) and 28/85 (32.9%), respectively. However, the death rate of high-risk patients in the training set and testing set were 66/77 (85.7%) and 57/85 (67.1%), respectively (Figure 3G and Supplementary Figure S1C). We concluded that the high-risk group have more deaths than the low-risk group in both sets (p = 0.006). The expression of the 10 lncRNAs in two sets was shown in Figure 3H and Supplementary Figure S1D. These results indicated that our risk model has a good performance in predicting the survival outcome of GC patients.
Considering our risk model could not be validated in an external set, we obtained the expression data of colorectal cancer, the organ most closeted to stomach, (CRC) patients to validate the function of our risk model. We observed that our risk model has an undeniable value in predicting the survival time of CRC patients (Supplementary Figures S1H, I).
Independent Prognostic Value of the Risk Model
We also explored the correlation between the risk model and clinical characteristics of the GC patients. After excluding patients with unknown clinical features, no difference was observed in clinical characteristics between high-risk and low-risk patients (Table 1), which further validated the prognostic function of the risk model as not related to the clinical characteristics of the patients. To validate the independent prognostic value of the risk model, we conducted univariate analysis and multivariable analysis. We found that the risk score could be used as an independent prognostic index (Figures 4A,B). Then, we divided the patients into two groups according to different clinical characteristics and analyzed the survival outcome of the patients. Interestingly, we observed that low-risk group patients had better survival outcomes than high-risk group patients in all subgroups (Supplementary Figures S2A–G). In addition, we also divided 305 patients into a chemotherapy group (Supplementary Table S13) and a none-chemotherapy group (Supplementary Table S14). We tested the survival difference between low-risk and high-risk patients in two groups. Interestingly, we found that low-risk patients in the chemotherapy group have a better survival outcome than high-risk patients. However, there was no survival difference between low-risk and high-risk patients in the none-chemotherapy group (Supplementary Figures S3A–C). These findings indicated that the risk score could be used as an independent prognostic biomarker in all patients.
TABLE 1 | Correlations between risk and clinicopathologic characteristics of GC patients.
[image: Table 1][image: Figure 4]FIGURE 4 | Independent prognosis value of the risk model. Univariate analysis and multivariable analysis were conducted to validate the independent prognosis value of the model (A,B). Roc curves were performed to validate the superiority of the risk score in predicting patient’ survival (C). Decision curve analysis (DCA) was conducted to confirm the superiority of the risk score in the clinical application (D). Nomogram was plotted for the prediction of overall survival time (E) and progression-free survival time (F) in GC patients. The calibration curves and ROC curves were further plotted to determine the accuracy of the nomogram for OS and PFS at 1, 3 and 5 years, respectively (G,H).
To further validate that the risk model is superior to other clinical characteristics in prognostic predicting function, we conducted ROC curve analysis and decision curve analysis (DCA) at 1, 3 and 5 years, respectively. The results demonstrated that the risk model has an elevated efficiency compared with other clinical characteristics (Figures 4C,D and Supplementary Figures S3D–E). In addition, nomogram and calibration curves were plotted to determine the accuracy in predicting patients’ overall survival time (Figures 4E,G) and progression-free survival time (Figures 4F,H). The concordance index (C index) and ROC of the nomogram were also obtained to validate the accuracy of the nomogram. The value of C index is 0.739. As for the ROC of the OS nomogram, the AUC value of 1 year, 3 and 5 years were 0.753, 0.815 and 0.787, respectively (Figure 4G). We also observed that the predicted overall survival time and progression-free survival time were almost consistent with the actual survival time (Figures 4G,H), which further supports the risk model’s accuracy.
Association Between the Risk Model and Immune-Related Pathways
To detect the difference in KEGG enrichment between the low-risk and high-risk patients, we performed gene set enrichment analyses (GSEAs) and identified 21 enrichment pathways in the low-risk patients. Among these pathways, 6 out of 21 were immune-related pathways such as antigen processing and presentation, autoimmune thyroid disease, intestinal immune network, natural killer cell-mediated cytotoxicity, primary immunodeficiency and T cell receptor signaling pathway (Figure 5A). Subsequently, we determined the difference in 13 immune-related pathways between the high-risk group and low-risk group. Nine out of 13 pathways were identified to have a statistically significant difference between the two groups. Interestingly, among these nine immune-related pathways, eight pathways had a higher activity in the low-risk group, whereas one pathway showed a lower activity in the low-risk group (Figure 5B). This result was consistent with the enrichment of immune-related pathways in the low-risk group. These results indicated that the risk model is associated with the immune-related pathways in GC patients.
[image: Figure 5]FIGURE 5 | Correlation between immune microenvironment and risk model. Gene set enrichment analysis based on the chemokine-related lncRNAs risk model (A). The difference in the enrichment of thirteen immune-related pathways between the low-risk group and the high-risk group was assessed (*p < 0.05, **p < 0.01, ***p < 0.001) (B).
Correlation Between the Risk Model and Immune Infiltration Cells
Based on the above results, we speculated that the low-risk group and the high-risk group have different immune microenvironment statuses. To validate our hypothesis, the infiltration status was calculated by using the CIBERSORT analysis. The infiltration of 22 immune cells was visualized by using a bar plot graph (Figure 6A). We visualized the infiltration of 22 immune cells in groups according to the risk pattern. Results demonstrated that the infiltration pattern of 22 immune cells in low-risk group patients is obviously different from that in high-risk group (Supplementary Figures S3F, G). Then, we determined the correlation among 22 immune cells. The results demonstrated that most types of T cells have a negative correlation with macrophages, mast cells and dendritic cells (Figure 6B). In addition, we determined the difference in immune infiltration cells between the low-risk group and high-risk group. We observed that low-risk group patients had a higher infiltration of memory B cells, activated memory CD4 T cells, CD8 T cells and follicular helper T cells. However, a higher infiltration of naive B cells, M2 macrophages, resting mast cells, monocytes and resting memory T cells was detected in the high-risk group (Figure 6C). Furthermore, we detected the correlation between the infiltration of immune cells and the risk score. We observed that follicular helper T cells and memory B cells have a negative correlation with the risk score, which indicated that patients with lower risk scores have higher infiltration of these two immune cells (Figure 6D). In contrast, resting dendritic cells, M2 macrophages, resting mast cells and monocytes had a positive correlation with the risk score, which indicated that patients with higher risk score have more infiltration of these immune cells (Figure 6D). Our results suggested that the risk model could be used to predict the infiltration of immune cells.
[image: Figure 6]FIGURE 6 | Tumor infiltrating immune cells in GC. CIBERSORT calculation method was used to calculate the infiltrating level of 22 tumor immune cells in GC patients (A). Correlation between 22 tumor infiltrating immune cells was visualized. The red plot represents the negative correlation between two immune cells, while the blue plot represents the positive correlation between two immune cells. The larger the shape of the point, the stronger the correlation (B). The difference of the tumor infiltrating immune cells between the low-risk group and high-risk group (*p < 0.05, **p < 0.01, ***p < 0.001) (C). Correlation between the risk score and infiltrating level of T cells follicular helper, B cells memory, dendritic cells resting, macrophages M2, mast cells resting and monocytes (D).
Clinical Value of the Risk Model in Immunotherapy
The expression of immune checkpoint genes was reported to be associated with immunotherapy efficiency (Burugu et al., 2018). Patients with higher expression of PD-L1 have better immunotherapy outcomes in NSCLC (Sharma et al., 2021). In addition, we found that patients with PD-L1 combine positive score (CPS) > 10 could benefit more from PD-1 or PD-L1 immunotherapy (Shitara et al., 2020; Janjigian et al., 2021; Moehler et al., 2021). Elizabeth C et al. also analyzed the results of KEYNOTE-062 and found that AGC patients with PD-L1 combined positive score (CPS) more than 10 or greater could benefit more from pembrolizumab than patients with a CPS of 1 or greater (Smyth and Moehler, 2020). To evaluate the expression difference of immune checkpoint genes, we compared the expression of immune checkpoint genes between the low-risk and high-risk patients. The results demonstrated that the low-risk patients showed elevated expression of most immune checkpoint genes (Figure 7A), which indicates that low-risk patients might be more sensitive to immunotherapy although clinical evidence should be required. To validate our results, we obtained the immunotherapy score data from TCIA (https://tcia.at/) and compared the difference in immunotherapy score between the two groups. Immunotherapy score was derived in an unbiased manner using machine learning by considering the four major categories of genes that determine immunogenicity (effector cells, immunosuppressive cells, MHC molecules, and immunomodulators) by the gene expression of the cell types these comprise (e.g., activated CD4+ T cells, activated CD8+ T cells). The immunotherapy score is positively correlated with immunogenicity. Results demonstrated that the low-risk group patients with single positivity for CTLA4 or PD-1 and double positivity for CTLA4 and PD-1 had higher immunotherapy scores (Figures 7B–E). We also utilized Tumor Immune Dysfunction and Exclusion (TIDE) score to prove immune response difference between the high-risk group and low-risk group. Result demonstrated that low-risk group has a relative lower TIDE prediction score, which indicated a potential better immune therapy response in low-risk group (Supplementary Figure S3J).
[image: Figure 7]FIGURE 7 | Correlation between risk model and immune checkpoint genes and immunotherapy score. The difference in the expression of immune checkpoint genes between the low-risk group and the high-risk group was determined (*p < 0.05, **p < 0.01, ***p < 0.001) (A). The immunotherapy scores of patients with positive status of CTLA4 or PD-1 in the low-risk group patients are higher than that of high-risk group patients (B–E).
Correlation Between the Risk Model and Tumor Mutation Burden
By using “maftools” of R, we acquired the TMB data of GC. We compared the TMB difference between the low-risk group and high-risk group. We found that low-risk group patients had a higher TMB level (Figure 8A). The risk score is negatively correlated with TMB level (Figure 8B). We also analyzed the TMB status in the low-risk and high-risk groups. Except for the mutation of TP53, the mutation of other genes was higher in the low-risk group (Figures 8C,D). We grouped the patients according to the TMB level and analyzed the survival outcomes. We found that patients with higher TMB had better outcomes (Figure 8E). In addition, high TMB patients with lower risk scores had the best survival outcome. However, low TMB patients with higher risk scores have the worst survival outcome (Figure 8F).
[image: Figure 8]FIGURE 8 | Correlation between the risk model and tumor mutation burden (TMB). Boxplot was used to visualize the TMB level between the low-risk group and high-risk group (A). The risk score is negatively correlated with the TMB level (B). The top 20 genes’ TMB in the low-risk group and high-risk group (C–D). The survival difference between the high TMB group and low TMB group (E). The survival status of patients with low or high risk-score in the high TMB group and low TMB group (F).
Expression Validation of Ten lncRNAs in Our Risk Model
The above results indicated that ten chemokine-related lncRNAs of the risk model (AC010719.1, BX293535.1, LINC01094, AC008770.3, MIR3142HG, AC147067.2, AC005332.4, AC091043.1, ACTA2-AS1, USP30-AS1) were associated with patients’ survival and immune landscape. To find the most valuable lncRNAs in our risk model, we determined the expression of each lncRNA in TCGA coherent. Six out of ten lncRNAs (AC010719.1, BX293535.1, LINC01094, AC008770.3, MIR3142HG and AC147067.2) were differentially expressed between tumor tissues and normal tissues (Figures 9A–J). Compared with normal tissues, only BX293535.1 exhibited a lower expression level in tumor tissues (Figure 9B). In addition, we collected 18 paired GC samples and performed qRT-PCR to validate the differences of these six lncRNAs in clinic samples. Interestingly, we observed that only LINC01094 and MIR3142HG were differentially expressed between tumor tissues and paired adjacent normal tissues (Figure 9K–P). These results indicated that LINC01094 and MIR3142HG might exert a more crucial function in GC development.
[image: Figure 9]FIGURE 9 | Expression validation of ten lncRNAs in our risk model. A total of six lncRNAs were identified to be differentially expressed between normal tissues and tumor tissue of the TCGA dataset (A–J). Expression of AC010719.1, BX293535.1, MIR3142HG, LINC01094, AC008770.3 and AC147067.2 between tumor tissues and adjacent normal tissues in 18 clinic samples (K–P).
DISCUSSION
Traditionally, patients diagnosed with GC are treated with sequential chemotherapy such as the combination of platinum and fluoropyrimidine (Smyth et al., 2020). However, the overall survival of patients is still very low (Spolverato et al., 2014), especially the median survival time of advanced gastric cancer (AGC) is less than one year (Smyth et al., 2020). Immunotherapy can prolong the overall survival of many cancer patients (Herbst et al., 2016; McGranahan et al., 2016; Jin T. et al., 2021). However, immunotherapy is not effective for all patients. The effectiveness of immunotherapy is associated with many factors, such as the infiltration state of immune cells (Anfray et al., 2019; Zhang et al., 2019), the expression level of immune checkpoint genes (Burugu et al., 2018) and the state of somatic mutations (Allgäuer et al., 2018; Zhao et al., 2019). Therefore, it is very important to find effective biomarkers that could be used to predict patient prognosis and immunotherapy sensitivity.
Chemokines are a large class of cytokines with chemotactic activity. It has been reported that chemokines exert crucial functions in the tumor microenvironment, especially in the immune microenvironment (Bian et al., 2019; Xun et al., 2020). Different types of immune cells could be recruited into the tumor microenvironment via interactions between chemokines and chemokine receptors (Nagarsheth et al., 2017). Altered expression levels of chemokines in malignant tumors are associated with angiogenesis, proliferation, metastasis and recruitment and activation of immune cells in multiple tumors (Strieter et al., 2005; Teicher and Fricker, 2010; Santoni et al., 2014; Li et al., 2017; Yang et al., 2017; Liang et al., 2018; Mo et al., 2020; Yang et al., 2020). Many anti-chemokine drugs have been used in combination with other antitumor drugs in cancer treatment (Feig et al., 2013; Salazar et al., 2018). Therefore, it is essential to explore the function of chemokines and their related genes.
In this study, we first identified a novel chemokine-related lncRNA prognostic signature based on the expression data of patients in the TCGA database. In brief, we acquired the RNA sequence profiles of 343 tumor samples from the TCGA database. By using the human GTF file, we annotated the mRNA and lncRNA from the RNA sequence results. To obtain chemokine-related lncRNAs, we conducted co-expression analysis between certified chemokine-related genes and lncRNAs (Zlotnik and Yoshie, 2012; Griffith et al., 2014; Sokol and Luster, 2015; Tiberio et al., 2018). A total of 403 chemokine-related lncRNAs were identified and used for univariate analysis to obtain prognostic chemokine-related lncRNAs. Then, lasso regression analysis (LASSO) and multi-cox analysis methods were performed to screen chemokine-related lncRNAs for the construction of the model. Ten chemokine-related lncRNAs (AC010719.1, BX293535.1, LINC01094, AC008770.3, MIR3142HG, AC147067.2, AC005332.4, AC091043.1, ACTA2-AS1, USP30-AS1) were identified in the risk model. Among these lncRNAs, AC091043.1, USP30-AS1, MIR3142HG, LINC01094 and ACTA2-AS1 were reported to regulate the progression of various tumors, while others were reported for the first time (Hadjicharalambous et al., 2018; Xu et al., 2020; Pan et al., 2021a; Wan et al., 2021). After obtaining the risk model, we divided patients into a high-risk group and a low-risk group according to the median risk score. Then, Principal component analysis (PCA) was performed for dimensionality reduction and model identification of the entire gene expression profile, 403 chemokine-related genes and a risk model (Li et al., 2020). As expected, we found that only the risk model showed elevated efficiency in separating the high-risk patients and low-risk patients, which further validates the efficiency of the risk model in separating high-risk patients and low-risk patients.
To explore the function of the risk model in predicting patients’ survival outcomes. We performed survival analysis and found that low-risk group patients have better survival outcomes than high-risk group patients in the training set. The area under curve (AUC) values of the ROC curve at one, three and five years exceeded 0.8, which confirmed the accuracy of our risk model. The efficiency and accuracy of the risk model in the testing set and entire set were also determined. In addition, we explored the independent prognostic function of the risk model. The results demonstrated that the risk score could be used as an independent prognostic biomarker in GC. All patients with different clinical characteristics in the low-risk group had better survival outcomes. ROC curve and decision curve analysis (DCA) were conducted to validate the accuracy of the risk score in an independent prognostic function. In addition, the predicted survival time from the nomogram was almost consistent with the actual survival time. These results indicated that our risk model has enough efficiency in predicting the prognosis of GC patients.
The immune system plays a crucial role in the development of cancer. Chemokines play crucial functions in the tumor microenvironment, especially in the immune microenvironment (Bian et al., 2019; Xun et al., 2020). To explore whether the chemokine-related lncRNA risk model also functions in the immune microenvironment, we performed gene set enrichment analyses (GSEA) and identified six immune-related pathways, antigen processing and presentation, autoimmune thyroid disease, intestinal immune network, natural killer cell-mediated cytotoxicity, primary immune deficiency and T cell receptor signaling pathway, that were enriched in the low-risk group (Tang et al., 2021). In addition, we observed that patients in the low-risk group showed an elevated score in immune-related pathways. Therefore, we speculated that the risk model may regulate immunotherapy by affecting the immune infiltration cells of GC. The status of immune infiltration cells was also reported to be associated with the response to immunotherapy (Anfray et al., 2019; Zhang et al., 2019). Then, we analyzed the proportion of infiltrating immune cells in GC tissue. We observed that the low-risk group had a higher infiltration of memory B cells, activated memory CD4 T cells, CD8 T cells and follicular helper T cells. However, the high-risk group had a higher infiltration of naive B cells, M2 macrophages, resting mast cells, monocytes and resting memory T cells. High infiltration of helper T cells, memory CD4 T cells and CD8+ T cells is reported to be associated with better survival outcomes in patients with cancers (Melssen and SlingluffJr, 2017; Kim H. S. et al., 2021). Patients with more CD4+ and CD8+ T cell infiltration experienced a superior treatment response from immunotherapy than those with less infiltration (Zander et al., 2019; Niogret et al., 2021; Pan et al., 2021b). In contrast, M2 macrophages, resting mast cells and monocytes exert tumor-promoting functions. Monocytes can affect the tumor microenvironment through various mechanisms that induce angiogenesis, immune tolerance, and increased dissemination of tumor cells (Ugel et al., 2021). Infiltration of monocytes is associated with cancer progression, including GC (Peng L.-s. et al., 2017; Wang et al., 2017; Cavassani et al., 2018). Mast cells play a tumor-promoting role in gastric cancer by releasing angiogenic factors and lymphangiogenic factors (Sammarco et al., 2019). Macrophages in solid tumors are associated with poor prognosis and might enhance tumor progression and metastasis (Qian and Pollard, 2010; Cassetta and Pollard, 2018). M2 macrophages are related to the EMT and progression of GC (Guan et al., 2021). These results support the use of our risk model as a biomarker for predicting the GC immune landscape.
Immune checkpoint genes’ expression level and tumor mutation burden (TMB) are effective indicators for immunotherapy. Patients with higher expression of immune checkpoint genes and higher somatic mutations might have better immunotherapy effectiveness (Allgäuer et al., 2018; Burugu et al., 2018; Zhao et al., 2019). To further understand the function of the risk model in the immune landscape, we analyzed the expression of immune factors and found that patients in the low-risk group had a relatively higher expression of various checkpoint genes. In addition, we compared the TMB status between the low-risk and high-risk patients. The risk score obtained from the risk model is negatively correlated with TMB. Patients with lower risk scores have a higher level of TMB. Thus, we speculated that low-risk patients might be more sensitive to immunotherapy. Based on this hypothesis, we downloaded the immunotherapy score data of GC and assessed the sensitivity of high-risk and low-risk group patients to immunotherapy. We found that low-risk patients with single positivity for CTLA4 or PD-1 and double positivity for CTLA4+PD-1 had higher immunotherapy scores. The survival analysis concerned with TMB revealed that high TMB patients with lower risk scores had the best survival outcome, and low TMB patients with higher risk scores had the worst survival outcome. According to the above results, we concluded that the chemokine-related lncRNA risk model could be used to predict the immunotherapy sensitivity of GC.
Recently, many studies constructed prognostic signatures in GC. All these studies aim to find a reliable signature for predicting prognosis, immune cells infiltration and immune response of GC. Dai identified that low-risk patients in their risk model have a higher tumor mutation burden (TMB) score and immunotherapy score than that in high-risk group (Dai et al., 2021), which is similar to our results. Ma established an immune-related lncRNA signature which has a preferable performance in prognosis and immune cell infiltration prediction. They observed that high-risk patients have a relatively higher infiltration of M2 macrophages and T cells regulatory (Ma et al., 2021). In our study, risk score was revealed to be positively correlated with the infiltration of M2 macrophages. Unexpectedly, there was no obvious difference in the infiltration of T cells regulatory between the two groups. Unlike other studies, Kim et al. constructed a novel tumor immune microenvironment (TIM) classification system. They found that TIM of GC could be influenced by frameshift mutations and tumor mutational burden (Kim H. et al., 2021). In our study, we only observed that risk score is closely correlated with immune cells infiltration and TMB. However, whether the infiltration of immune cells could be affected by TMB needs further research.
Despite our positive findings, we recognized that our study has some limitations. We obtained a risk model that could be used to predict patients’ survival outcomes and immune landscape. We didn’t perform independent validation of the risk model, which might lead to a risk of overfitting the model. In this regard, we performed 1,000 times lasso regression analysis. After obtaining the risk model from the training set, we validate the prognostic function of the model in the testing set and entire set. We also validated that our risk model has a good performance in predicting the survival time of CRC patients. These results indicated our model is reliable in predicting the prognosis of gastrointestinal cancer.
Additionally, these ten lncRNAs have not been previously reported to be associated with GC except LINC01094. LINC01094 was used for the construction of another signature to predict the prognosis of GC patients (Zhang et al., 2021). To find the most valuable lncRNAs in our risk model, we determined the expression of ten lncRNAs in the TCGA dataset and 18 clinic samples. Two lncRNAs (LINC01094 and MIR3142HG) were identified to be differentially expressed between normal tissues and tumor tissues both in the TCGA dataset and 18 clinic samples. These results indicated that these two lncRNAs (LINC01094 and MIR3142HG) in the risk model might exert vital function in the prognosis and immune infiltration of GC patients. We will explore the association between these two lncRNAs and GC in further study.
In conclusion, we constructed a chemokine-related lncRNA risk model in GC. The risk model could be used to predict the prognosis of GC patients. The risk model also exerts a crucial function in predicting the immune landscape of GC patients. These results could provide insights for prognosis prediction of GC patients and might provide valuable clues for immunotherapy in GC.
MATERIALS AND METHODS
Data Acquisition and Processing
The RNA sequence data of gastric cancer (GC) and colorectal cancer (CRC) patients and their corresponding clinical information (Supplementary Table S1) were obtained from The Cancer Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcga/). Patients with survived time more than 30 days were enrolled. The human GTF file download from Ensembl (http://asia.ensembl.org) was used to acquire mRNA and lncRNA expression data from transcriptome data.
Acquiring of the Prognostic Chemokine-Related lncRNAs
According to four previous reviews concerned with chemokines or chemokine receptors (Zlotnik and Yoshie, 2012; Griffith et al., 2014; Sokol and Luster, 2015; Tiberio et al., 2018), we obtained 64 chemokine genes (Supplementary Table S2). Then, the expression of these 64 chemokine genes was extracted from the mRNA matrix of TCGA STAD by using the “limma” package of R software. Based on these 64 chemokines, we screened chemokine-related lncRNAs from lncRNA matrix by using Pearson’s correlation analysis (Pearson ratio >0.3 and p < 0.001), and 403 chemokine-related lncRNAs were identified (Supplementary Table S3). Subsequently, univariate analysis was performed to determine prognosis-related lncRNAs. A total of 24 prognostic chemokine-related lncRNAs were identified (Supplementary Table S4).
Establishment of the Risk Model
The training set was used to construct the risk model, and the entire set (Supplementary Table S6) and testing set were used for the validation of the risk model. In brief, the lasso regression analysis and multi-cox analysis were utilized to construct the lncRNA risk model by using 24 prognostic chemokine-related lncRNAs. We identified 10 chemokine-related lncRNAs (Supplementary Table S5) to establish the risk model. The calculation formula of the risk score is as follows:
[image: image]
In this formula, n, i, [image: image], and [image: image] represent the number of selected lncRNA, lncRNA numbers, regression coefficient values and lncRNA expression value, respectively. Principal component analysis (PCA) was further used for dimensionality reduction, grouping visualization and model identification of the entire gene expression profiles, 403 chemokine-related genes and risk model according to the risk patterns of the risk model [25].
Validation of the Risk Model
According to the median risk score, all samples were divided into high-risk group and low-risk group. Kaplan-Meier survival analysis was used to determine the over survival (OS) difference between the two groups. A time-dependent receiver operating characteristic (ROC) curve was plotted to detect the accuracy of the risk model. The expression of the chemokine-related lncRNAs in the model was visualized by using a heatmap. All analyses were further performed in the entire set and testing set. R package of “survivalROC”, “survival”, “survminer” and “pheatmap” were used in the validation of the risk model.
Independent Prognostic Value of the Risk Model
The relationship between the risk model and clinicopathological characteristics was determined by using the chi-square test. Univariate analysis and multivariate analysis were used to detect the independent prognostic value of the risk model. Kaplan-Meier survival analysis was used to determine the over survival (OS) difference among patients with different clinical characteristics. The ROC curve and decision curve analysis (DCA) were performed to validate the clinical application value of the risk model. The “survival” and “regplot” R packages were utilized to construct a nomogram for the prediction of survival time in GC patients. The calibration curve was acquired to assess the accuracy of the nomogram by using “rms” package of R.
Correlation Between the Risk Model and Immune-Related Pathway
Gene set enrichment analyses (GSEA) were performed to define the lncRNAs signatures in the KEGG. Subsequently, we obtained and evaluated the difference in immune-related pathways between the high-risk group and low-risk group through the single-sample gene set enrichment analysis (ssGSEA). In ssGSEA analysis, the R packages of “limma”, “GSVA”, “GSEABase”, “ggpubr”, “reshape2” were used.
Evaluation of Immune Cell Infiltration
The CIBERSORT bioinformatic computational tool was used to predict the infiltration status of immune cells in tumors (Supplementary Table S9). The root mean squared error and p-value were counted for each sample file to improve the accuracy of the deconvolution algorithm. Only p < 0.05 was filtered and selected for further analysis, and the algorithm used a default signature matrix for 1000-loop computation. The “corrplot” package was used to visualize the correlation among 22 immune cells. The difference of immune infiltration cells between the high-risk and low-risk group was visualized by using R packages of “ggpubr”, “ggplot2” and “data.table”.
The Clinical Value of the Risk Model in Immunotherapy
The expression of immune checkpoint genes between the high-risk group and low-risk group patients was evaluated by using “limma”, “reshape2”, “ggplot2” and “ggpubr” package of R. In addition, the immunotherapy score data was obtained from TCIA (Supplementary Table S10). The sensitivity of high-risk and low-risk group patients to immunotherapy was calculated to further validate the prognostic function of our risk model. Tumor Immune Dysfunction and Exclusion (TIDE) score was acquired from http://tide.dfci.harvard.edu.
Correlation Between the Risk Model and Tumor Mutation Burden
Tumor mutation burden (TMB) data of GC was downloaded from the TCGA database (https://tcga-data.nci.nih.gov/tcga/). The correlation between the risk model and tumor mutation burden was acquired and visualized by using “ggpubr”, “reshape2” and “ggplot2” packages of R software. The “maftools” package was utilized to obtain the TMB status in the high-risk group (Supplementary Table S11) and low-risk group patients (Supplementary Table S12). Kaplan-Meier analysis was performed to determine the survival difference among patients with different statuses of TMB and risk scores.
Human Tissue Samples Collection, RNA Isolation and Quantitative Real-Time PCR
A total of 18 pairs of GC tissues and adjacent normal tissues were collected from the First Affiliated Hospital of Chongqing Medical University (Chongqing, China). This study was approved by the Ethics Committee of the First Affiliated Hospital of Chongqing medical university. Total RNA of GC samples was isolated by using Trizol reagent according to the manufacturer’s protocol (Takara, Japan). For the qRT-PCR assay, all primers were designed and synthesized by Sangon Biotech (Sangon Biotech, Wu Han, China). cDNA was synthesized by using PrimeScript RT Reagent Kit (#RR037A, Takara, Japan). qRT-PCR was performed by using TB Green Premix Ex Taq II (Takara, #RR820A). Results were normalized using GAPDH. The information of primers was exhibited in Supplementary Table S15.
Statistical Analysis
All data were acquired by using Perl (5.30.1) or R (version 4.1.0) software. Pearson correlation test was used for the correlation analysis. Survival analyses were performed using the Kaplan-Meier method with a log-rank test.
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Background: Lung adenocarcinoma (LUAD), the most common subtype of non-small cell lung cancer (NSCLC), is associated with poor prognosis. However, current stage-based clinical methods are insufficient for survival prediction and decision-making. This study aimed to establish a novel model for evaluating the risk of LUAD based on hypoxia, immunity, and epithelial-mesenchymal transition (EMT) gene signatures.
Methods: In this study, we used data from TCGA-LUAD for the training cohort and GSE68465 and GSE72094 for the validation cohorts. Immunotherapy datasets GSE135222, GSE126044, and IMvigor210 were obtained from a previous study. Using bioinformatic and machine algorithms, we established a risk model based on hypoxia, immune, and EMT gene signatures, which was then used to divide patients into the high and low risk groups. We analyzed differences in enriched pathways between the two groups, following which we investigated whether the risk score was correlated with stemness scores, genes related to m6A, m5C, m1A and m7G modification, the immune microenvironment, immunotherapy response, and multiple anti-cancer drug sensitivity.
Results: Overall survival differed significantly between the high-risk and low-risk groups (HR = 4.26). The AUCs for predicting 1-, 3-, and 5-year survival were 0.763, 0.766, and 0.728, respectively. In the GSE68465 dataset, the HR was 2.03, while the AUCs for predicting 1-, 3-, and 5-year survival were 0.69, 0.651, and 0.618, respectively. The corresponding values in the GSE72094 dataset were an HR of 2.36 and AUCs of 0.653, 0.662, and 0.749, respectively. The risk score model could independently predict OS in patients with LUAD, and highly correlated with stemness scores and numerous m6A, m5C, m1A and m7G modification-related genes. Furthermore, the risk model was significantly correlated with multiple immune microenvironment characteristics. In the GSE135222 dataset, the HR was 4.26 and the AUC was 0.702. Evaluation of the GSE126044 and IMvigor210 cohorts indicated that PD-1/PD-LI inhibitor treatment may be indicated in patients with low risk scores, while anti-cancer therapy with various drugs may be indicated in patients with high risk scores.
Conclusion: Our novel risk model developed based on hypoxia, immune, and EMT gene signatures can aid in predicting clinical prognosis and guiding treatment in patients with LUAD.
Keywords: lung adenocarcinoma, hypoxia, immune, EMT, gene signature, immunotherapy response
1 INTRODUCTION
Lung adenocarcinoma (LUAD) is the most common subtype of non-small cell lung cancer (NSCLC) (Hyuna et al., 2021). Despite advances in standard treatment strategies based on clinical stage, the survival rate remains poor among patients with LUAD (Bi et al., 2020; Siegel et al., 2021), and the associated tumors are highly heterogeneous. Thus, developing a method for accurately stratifying risk and guiding treatment is essential.
Hypoxic conditions in the tumor microenvironment (TME) and immune microenvironment play a crucial role and are regarded as the major drivers of malignancy in LUAD. Further, both environments are strongly associated with malignant progression, therapeutic resistance, and poor prognosis (Wang D. D. et al., 2021; Wu et al., 2021; Zhang Y. et al., 2021). Several studies have recently shown that a hypoxic stimulus can alter the TME, decreasing the proportion of immune cells and increasing the expression of immunosuppressive cytokines (Zeng et al., 2021). Thus, hypoxia is considered the major immunosuppressive mechanism during cancer development (Labiano et al., 2015). Moreover, hypoxic stimulation can activate epithelial-mesenchymal transition (EMT), a key link in cancer progression (Jiang et al., 2011). Despite these findings, reliable prognostic signatures based on the fundamental combination of hypoxia, immunity, and EMT gene signatures have yet to be established.
Hence, to aid in improving clinical management strategies, the present study aimed to establish a novel model for evaluating LUAD risk based on genes related to hypoxia, immunity, and EMT.
2 MATERIALS AND METHODS
2.1 Data Acquisition
Gene expression data, clinical survival information, and gene mutation information for patients with LUAD were downloaded from The Cancer Genome Atlas (TCGA) database (TCGA-LUAD) (Schabath et al., 2016) and the Gene Expression Omnibus (GEO) database (GSE68465, GSE72094) (Zhang A. et al., 2021). The TCGA-LUAD data were used for the training cohort, while those for GSE68465 and GSE72094 were used for the validation cohorts. The TCGA-LUAD dataset was delivered via an Illumina HiSeq 2000 microarray, the GSE68465 dataset was delivered via the Affymetrix Human Genome U133A Array, and the GSE72094 dataset was delivered via the Rosetta/Merck Human RSTA Custom Affymetrix 2.0 microarray. The “sva” package of R software was used to correct the batch effect between different datasets using the “combat” algorithm.
Hypoxia- and EMT-related genes were extracted from the hallmark gene set in the Molecular Signatures Database v7.0(MSigDB, www.gsea-msigdb.org), which includes 200 hypoxia genes and 200 EMT-related genes; 2,498 immune-related genes were acquired in the ImmPort (http://www.immport.org/). This study was approved by the Ethics and Research Committees of Sun Yat-Sen Memorial Hospital and Sun Yat-Sen University.
2.2 Screening of Differentially Expressed Hypoxia-, Immunity-, and EMT-Related Genes
Information regarding the expression of 200 hypoxia-, 2,498 immune-, and 200 EMT-related genes was collected from the TCGA-LUAD database. Differentially expressed genes (DEGs) between LUAD and normal lung tissue were then identified using the Wilcoxon test according to |Log2FC| > 1 and p < 0.05 would considered as DEGs. Log2FC > 1 indicating upregulated genes and Log2FC < −1 indicating downregulated genes, respectively. Heat and volcano maps were then generated to show the expression of different genes.
2.3 Functional Exploration of DEGs
An R software package (clusterprofiler, version 3.12) was used to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Using Fisher’s exact test, those with false discovery rate (FDR)-corrected p values less than 0.05 were regarded as significant indicators.
2.4 Construction and Verification of the Risk Model
First, RNA expression in the TCGA-LUAD, GSE68465, and GSE72094 datasets was cross-checked to identify co-expressed and differentially expressed hypoxia-, immunity-, and EMT-related genes. Consequently, univariate Cox analysis of overall survival (OS) was performed to screen for hypoxia-, immunity-, and EMT-related genes with prognostic values. Next, least absolute shrinkage and selection operator (LASSO) regression with 10-fold cross-validation was performed, and 1,000 cycles were run via the R software package “glmnet.” For each cycle, 1,000 random simulations were performed. Based on the optimal lambda value, the best possible gene was selected to construct the model, and a risk formula was established.
The risk scores were calculated according to the expression of each gene and its corresponding regression coefficients using the following equation: risk score = ∑genes Cox coefficient × gene expression. The patients were then categorized into high-risk and low-risk groups based on the optimal cutoff value, which was computed using the “surv_cutpoint” function in the “survminer” R package. Receiver operating characteristic curves were drawn via the R Package “survivalROC” to estimate the predictive sensitivity of the formula. Model effectiveness was evaluated in the validation set using the same coefficients and cutoff values used in the training set. We then evaluated whether the risk score formula exhibited independent prognostic value when combined with clinical variables via multiple regression analysis.
2.5 Selection of m6A, m5C, m1A and m7G Genes
The expression matrices of m6A genes were including (METTL14, METTL3, RBM15, RBM15B, WTAP, CBLL1, ZC3H13, ALKBH5, FTO, YTHDC1, YTHDF1, YTHDC2, YTHDF2, IGF2BP1, YTHDF3, FMR1, HNRNPC, HNRNPA2B1, ELAVL1, and LRPPRC). The expression of m5C genes including (NSUN7, ALYREF, NSUN1, NSUN6, NSUN3, NSUN4, NSUN2 and NSUN5); The expression of m1A genes including (ALKBH3, ALKBH1 and YTHDF2); The expression of m7G genes including (METTL1, BUD23 and RNMT).
2.6 Differential Analysis of Immune Cell Infiltration, Immune Function, and Immune Checkpoint Function and the Validation of Immunotherapeutic Responses
Immune cell infiltration was identified using timer 2.0 (cistrome.shinyapps.io/timer/) via the Timer, QUANTISEQ, CIBERSORT, CIBERSORT-ABS, XCELL, MCPCOUNTER, and EPIC algorithms. The “gsva” R package was used to process the single-sample gene set of the enrichment analysis (ssGSEA) to calculate the activity status of 13 immune-related pathways. The selection of immune-checkpoint genes was based on the findings of a previous study (Isomura et al., 2021). The ESTIMATE algorithm was used to calculate the stromal score, immune score, and ESTIMATE score of TCGA-LUAD samples.
Given the lack of information on immune therapy in the TCGA-LUAD cohort, the predictive capability of the risk score formula was evaluated using the GSE135222 (NSCLC), GSE126044 (NSCLC), and IMvigor210 (metastatic urothelial cancer) cohorts (Charoentong et al., 2017; Mariathasan et al., 2018; Jung et al., 2019; Yu et al., 2019; Yu et al., 2020a; Cho et al., 2020).
2.7 Predicting Anti-Cancer Drug Response
To evaluate the ability of the risk score to predict the chemotherapeutic response, the half-maximal inhibitory concentration (IC50) of common chemotherapeutic drugs was first calculated in the TCGA-LUAD training group, using the “pRRophetic” package in R software. The Wilcoxon rank test was then used to compare the difference in IC50 between the low- and high-risk groups. Finally, the R package “ggplot” was used to visualize the data.
2.8 Statistical Analysis
DEGs were screened using the Wilcoxon test. Univariate Cox analysis of overall survival (OS) was performed to screen relevant genes with prognostic values. Kaplan–Meier survival curves were generated and compared between the two groups using the log-rank test. The associations between the risk score determined using the prognostic model and the stromal score, stemness score, and immune score were assessed using Spearman correlation analysis. All statistical analyses were performed using R version 4.0.0 (R-project.org) and its adequate packages. Statistical significance was set at p < 0.05.
3 RESULTS
Totals of 500 and 840 patients with LUAD were selected from the training and validation sets, respectively. The detailed clinical features of these patients are summarized in Supplementary Table S1. The flowchart of the study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of this study.
3.1 Differentially Expressed Hypoxia-, Immune-, and EMT-Related Genes
In the training set, 66 of 169 hypoxia-related genes, 556 of 1,214 immune-related genes, and 81 of 177 EMT-related genes were differentially expressed between LUAD and adjacent normal tissues. Of these, 37 hypoxia-related genes, 345 immune-related genes, and 50 EMT-related genes were upregulated, while 29 hypoxia-related genes, 211 immune-related genes, and 31 EMT-related genes were downregulated (Figures 2A,B,E,F,I,J). In total, there were 703 of 1,560 DEGS, 432 and 271 of which were upregulated and downregulated, respectively (Figures 3A,B).
[image: Figure 2]FIGURE 2 | Separativelly screening of differentially expressed hypoxia, immunity and EMT related genes. (A) Volcano plots showing the hypoxia-related DEGs. (B) Heatmaps of differentially expressed hypoxia-related mRNAs. (C) GO enrichment of hypoxia-related DEGs. (D) KEGG pathways of hypoxia-related DEGs. (E) Volcano plots showing the immune-related DEGs. (F) Heatmaps of differentially expressed immune-related mRNAs. (G) GO enrichment of immune-related DEGs. (H) KEGG pathways of immune-related DEGs. (I) Volcano plots showing the EMT-related DEGs. (J) Heatmaps of differentially expressed EMT-related mRNAs. (K) GO enrichment of EMT-related DEGs. (L) KEGG pathways of EMT-related DEGs.
[image: Figure 3]FIGURE 3 | Integrally screening of differentially expressed hypoxia, immunity and EMT related genes. (A) Volcano plots of the integrated DEGs. (B) Heatmaps of the integrated mRNAs. (C) GO enrichment based of integrated DEGs. (D) KEGG pathways of integrated DEGs.
3.2 Functional Analysis of Hypoxia-, Immune-, and EMT-Related DEGs
In the GO enrichment analysis, we identified the top 5 GO categories with significant enrichment of genes related to hypoxia, immunity, or EMT. The most significantly altered hypoxia-, immune-, and EMT-related genes were involved in the metabolic processing of ADP, in signaling receptor activator activity, and in extracellular matrix organization, respectively (Figures 2C,G,K; Supplementary Tables S2, S4, S6). We then performed KEGG analysis and identified the top 15 KEGG categories with significant enrichment of hypoxia-, immune-, and EMT-related genes. The altered hypoxia-related genes were mostly associated with glycolysis, while the altered immune-related genes were mostly associated with cytokine–cytokine receptor reactions. The EMT-related genes exhibiting the most significant alterations were involved in focal adhesion (Figures 2D,H,L) (detailed in Supplementary Tables S3, S5, S7). Further, when these gene signatures were combined, the most correlated GO and KEGG categories were signaling receptor activator activity cytokine–cytokine receptor reactions, respectively (Figures 3C,D) (Supplementary Tables S8, S9).
3.3 Predictive Ability of the Risk Score
A total of 11,074 genes were co-expressed; among them, 430 of 668 hypoxia-, immune-, and EMT-related DEGs were selected (Figures 4A,B). Then, these 430 genes were used in the univariate Cox regression analysis. A total of 57 prognostic genes were identified (Figure 5A). To avoid overfitting the prognostic model, LASSO regression analysis was performed. Finally, 27 genes were selected and included in the risk score formula, as follows: Risk score = ADAM12 × 0.0537 + CCL20 × 0.1149 + LGR4 × 0.0481 − CTSG × 0.0435 + PDGFB × 0.2173 + INSL4×0.0526 + LIFR×0.0033 + LDHA × 0.1794 − FBP1 × 0.0417 − MAP3K8×0.3235 + SEMA3A × 0.0329 + MC1R × 0.1367 − CD79A × 0.1300 − WFDC2 × 0.0577 + PDYN × 0.2017 − GDF15 × 0.0710 + BCAN × 0.1043 + DDIT4 × 0.0715 − SPOCK1 × 0.0148 + TNFRSF11A × 0.1982 − CX3CR1×0.1238 − AKAP12 × 0.0061 + ANGPTL4 × 0.0227 + GPI × 0.1924 − CAT × 0.0789 + FURIN × 0.0187 + F2RL1 × 0.1408 (Figures 5B,C). Based on am optimistic cut off, 144 and 356 patients were categorized into the high-risk and low-risk groups, respectively (Figures 6A–C). Kaplan–Meier survival analysis revealed that OS was lower in the high-risk group than in the low-risk group (Figure 6E). The area under the curve (AUC) values for predicting 1-, 3-, and 5-year OS were 0.763, 0.766, and 0.728, respectively (HR = 4.26; 95% CI 3.15–5.75; p < 0.0001; Figure 6D). These results show that the risk model based on the 27 genes listed above had high accuracy in predicting the OS of patients with LUAD. Besides, we also proved the novel risk score independently predict the OS of LUAD (Supplementary Figure S1).
[image: Figure 4]FIGURE 4 | Venn diagram of the intersected genes and DEGs. (A) Venn diagram of the intersected genes among the cohorts of TCGA, GSE68465 and GSE72094. (B) Venn diagram of the intersected hypoxia, immune and EMT related DEGs.
[image: Figure 5]FIGURE 5 | Construction of risk score formula. (A) Forest plots showing the results of survival related gene via univariate Cox regression analysis between interacted genes and OS. (B) LASSO coefficient profile plots of the 57 prognostic related genes showing that the variations in the size of the coefficients of parameters shrink with an increasing value of the k penalty. (C) Penalty plot for the LASSO model for the 57 prognostic genes with error bars denoting the standard errors.
[image: Figure 6]FIGURE 6 | Prognostic analysis of the risk score formula in the training set. (A) Distribution of risk score for the training set. (B) Patterns of the survival time and survival status between the high-risk and low-risk groups for training set. (C) Heatmaps of the 27 prognostic genes for each patient in training set. (D) Time-related ROC analysis proved the prognostic performance of the risk score in the training set. (E) Kaplan-Meier survival curve of the patients in the high-risk and low-risk groups for OS in the training set.
3.4 Stability of the Risk Score Formula Constructed Using Hypoxia-Related Genes
To check the stability of the model developed from the training set, patients in the validation sets (GSE68465 and GSE72094) were also divided into a high-risk group and a low-risk group according to the same cut-off value and risk formula as those in TCGA cohort (Figures 7A–C,F–H). The results indicated that OS was markedly lower in the high-risk group than in the low-risk group (Figures 7E,J). In the GSE68465 set, the AUCs for predicting 1-, 3-, and 5-year OS were 0.69, 0.651, and 0.618, respectively (HR = 2.03; 95% CI = 1.55–2.65; p < 0.0001). In the GSE72094 cohort, the corresponding AUCs were 0.653, 0.662, and 0.749, respectively (HR = 2.36; 95% CI = 1.63–3.43; p < 0.001; Figures 7D,I).
[image: Figure 7]FIGURE 7 | Prognostic analysis of the 27-gene signature model in the validation sets GSE68465 and GSE72094. (A) Distribution of risk score for the GSE68465. (B) Patterns of the survival time and survival status between the high-risk and low-risk groups for GSE68465. (C) Heatmaps of the 27 prognostic genes for each patient in GSE68465. (D) Time-related ROC analysis proved the prognostic performance of the risk score in the GSE68465. (E) Kaplan-Meier survival curve of the patients in the high risk score and low risk score groups for OS in the GSE68465. (F) Distribution of risk score for the GSE72094. (G) Patterns of the survival time and survival status between the high-risk and low-risk groups for GSE72094. (H) Heatmaps of the 27 prognostic genes for each patient in GSE72094. (I) Time-related ROC analysis proved the prognostic performance of the risk score in the GSE72094. (J) Kaplan-Meier survival curve of the patients in the high-risk and low-risk groups for OS in the GSE72094.
3.5 Subgroup Analysis Using the Risk Score Formula
Next, we analyzed the association between clinical features (including stage, age, and sex) and the risk score in the TCGA-LUAD database. The risk score remained significantly effective across all subgroups based on tumor stage, sex, and age (Figure 8), supporting the reliability of the risk score formula. Moreover, in the univariate and multivariate Cox regression analysis, the risk score formula was identified as an independent prognostic indicator of poor outcomes in patients with LUAD (Supplementary Figures S1A,B).
[image: Figure 8]FIGURE 8 | Clinical subgroups analysis between high risk score group and low risk score group. (A) Time-related ROC analysis and Kaplan-Meier survival curve of the patients in stage I and stage II. (B) Time-related ROC analysis and Kaplan-Meier survival curve of the patients in stage III and stage IV. (C) Time-related ROC analysis and Kaplan-Meier survival curve of the male patients. (D) Time-related ROC analysis and Kaplan-Meier survival curve of the female patients. (E) Time-related ROC analysis and Kaplan-Meier survival curve of the patients more than 70 years old. (F) Time-related ROC analysis and Kaplan-Meier survival curve of the patients less than or equal to 70 years old.
3.6 Functional Analysis
Further analysis of the differences in enrichment pathways between the low-risk and high-risk groups showed that the most different pathways were related to the humoral immune response, collagen-containing extracellular matrix, and focal adhesion (Figures 9A,B; Supplementary Tables S10, S11). This may explain why OS was lower in the high-risk group than in the low-risk group.
[image: Figure 9]FIGURE 9 | GO and KEGG enrichment analysis between high risk score group and low risk score group. (A) GO enrichment between the high-risk patients and low-risk patients in TCGA cohort. (B) KEGG pathways between the high-risk patients and low-risk patients in TCGA cohort.
3.7 Tumor Stemness Analysis and Gene Mutation Landscape
Growing evidence indicates that increased expression of stemness-related biomarkers in tumor cells is highly correlated with drug resistance, cancer recurrence, and tumor proliferation (Luo and Vögeli, 2020). Hence, we assessed the correlations of the DNA stemness score (DNAss) and RNA stemness score (RNAss) with the risk score. The results indicate that the risk score was significantly positively correlated with the DNAss and RNAss (Figures 10A,B). Besides, this study also compared the gene mutation landscape between high and low risk score group. We found in high risk score group, the mutation frequency of TP53, TTN and KEAP were obviously higher than low risk score group (Supplementary Figure S2).
[image: Figure 10]FIGURE 10 | Analysis of risk score with tumor stem cell score and Differential expression of m6A related gene between high risk score group and low risk score group. (A) The relationship between risk score and RNAss. (B) The relationship between risk score and DNAss. (C) Differential expression analysis of m6A related gene between high risk score group and low risk score group. (D) Differential expression analysis of m5C related gene between high risk score group and low risk score group. (E) Differential expression analysis of m1A related gene between high risk score group and low risk score group. (F) Differential expression analysis of m7G related gene between high risk score group and low risk score group.
3.8 Expression of m6A, m5C, m1A and m7G Modification-Related Genes
Previous research has indicated that m6A, m5C, m1A and m7G modification, which were reversible epigenetic RNA process, significantly involved in the proliferation and migration of cancer cells (Dib et al., 2017; Barbieri and Kouzarides, 2020). In this study, the expression of m6A modification genes WTAP, HNRNPA2B1, IGF2BP2, HNRNPC, CBLL1, ELAVL1, RBM15B, LRPPRC, and ELAVL1, the expression of m5C modification gene ALYREF, NSUN1 and NSUN2 and the expression of m7G modification gene METTL1, BUD23 and RNMT were significantly higher in the high risk group, while the expression of m6A modification gene METTL3, the expression of m5C modification gene NSUN7 and NSUN6 were significantly higher in the low-risk group (Figures 10C–F).
3.9 Analysis of Immune Status
The relationship between the risk score and the immune status of the patients in the TCGA cohort is shown in Figures 11A,B. There were significant alterations in immune checkpoint genes. Thus, we further compared the expression of immune checkpoint-related genes between the high-risk group and the low-risk group. The tumor immune microenvironment was also assessed using the immune score, ESTIMATE score, and stromal score (Yoshida et al., 2021). All three scores were negatively correlated with the risk score (Figures 11C–H), indicating stronger tumor immune activity in low-risk patients than in high-risk patients.
[image: Figure 11]FIGURE 11 | Exploration of tumor immune microenvironment between high risk score group and low risk score group. (A) Heatmap for immune responses based on CIBERSORT, TIMER, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, EPIC algorithms among high risk score group and low risk score group. (B) ssGSEA for the association between immune cell subpopulations and related functions. (C) ESTIMATE score. (D) Immune score. (E) Stromal score. (F) The relationship between risk score and the ESTIMATE score. (G) The relationship between risk score and the Immune score. (H)The relationship between risk score and the Stromal score. *p < 0.05; **p < 0.01; ***p < 0.001, ns, not significant.
3.10 Analysis of Anti-Cancer Treatment Sensitivity
To verify the prognostic value of the risk score formula for immunotherapy sensitivity, we selected three immunotherapy datasets from patients with NSCLC and metastatic urothelial cancer. The risk score formula was associated with progression-free survival (PFS) in patients with NSCLC undergoing anti-PD-1/PD-L1 therapy in the GSE135222 cohort (HR = 4.26; 95% CI = 3.15–5.75; p = 0.04) (Figure 12A), and the AUC value for predicting the 12-month PFS was 0.702 (Figure 12B). In the GSE126044 cohort, the risk score was higher in patients with NSCLC who had experienced no benefit (disease progression [PD]) from nivolumab or pembrolizumab than in those who had experienced a benefit (partial response [PR] + stable disease [SD]) (p = 0.017) (Figure 12C). Furthermore, the risk score was associated with worse immunotherapy response in patients with metastatic urothelial cancer (Figures 12D,F). The risk score was also significantly correlated with several immune checkpoint-related genes: PD-1, CD8A, CTLA4, CXCL9, GZMA, HAVCR2, IDO1, PRF1, LAG3, IFNG, GZMB, and TBX2 (Figure 13G). Our analysis further revealed that a high risk score was associated with high sensitivity to common NCCN (National Comprehensive Cancer Network, https://www.nccn.org) recommended anti-LUAD drugs such as cisplatin, docetaxel, paclitaxel and gemcitabine (Figure 13). These results show that the risk score can be used as a potential predictor of chemosensitivity and that immunotherapy may be more appropriate for low-risk patients, while chemotherapy may be more appropriate for high-risk patients.
[image: Figure 12]FIGURE 12 | Validation of the risk score formula for immunotherapy. (A) Kaplan-Meier survival curve of GSE135222 cohort for PFS. (B) Time-related ROC analysis proved the prognostic performance of the risk score in the GSE135222. (C) The difference of risk score in the subgroup of PD-1 treatment response in GSE126044. (D) Kaplan-Meier survival curve of IMvigor210 cohort for OS. (E) The difference of Risk score in the subgroup of PD-L1 treatment response. (F) The expression of immue-related checkpoints among high and low risk groups in IMvigor210 cohort. *p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001.
[image: Figure 13]FIGURE 13 | The difference of multiple anti-cancer drugs sensitivity between high risk score group and low risk score group.
4 DISCUSSION
The current era of precision medicine highlights an urgent need to establish a more precise method for evaluating prognosis and guiding treatment in patients with LUAD. Hypoxia, the immune microenvironment, and EMT play crucial roles in tumorigenesis, progression, and drug resistance in LUAD (Isomura et al., 2021; Wu et al., 2021; Yoshida et al., 2021).
Numerous studies have identified the existence of a hypoxic area as one of the key characteristics of cancer growth (Shen et al., 2015). Indeed, hypoxia promotes cancer metastasis and reduces the survival rate in patients with cancer (Nobre et al., 2018), and the expression of hypoxia genes has been shown to increase metabolism in lung adenocarcinoma cells (Smolle et al., 2020). At the same time, the hypoxic microenvironment of the tumor suppresses the ability of immune cells to detect and kill tumor cells (Vito et al., 2020). Additional studies have reported that the hypoxic microenvironment influences the effect of tumor chemotherapy and immune checkpoint inhibitors, which explain the increasing mortality rate among patients with LUAD (Ando et al., 2019; Daniel et al., 2019; Gao et al., 2019). Hypoxia can also contribute to EMT in patients with LUAD (Ando et al., 2019). Moreover, the immune system plays a vital role in the development and progression of malignant tumors (Lin et al., 2021). Immunotherapy is a novel treatment for LUAD that has achieved multiple satisfactory results (Li et al., 2020). EMT has also been shown to play a critical role in tumor development from initiation to metastasis (Taki et al., 2021). After EMT, LUAD cells can produce more extracellular matrix, which can hasten tumor metastasis, aggravate immune evasion, and induce drug resistance (Pastushenko and Cédric, 2019; Cui et al., 2020; Taki et al., 2021). Based on these findings, the present study combined hypoxia-, immunity-, and EMT-related gene signatures to construct a prognostic model for LUAD risk. To our best knowledge, this is the first study to combine these gene signatures to predict prognosis in patients with LUAD.
Using the LASSO Cox algorithm, 200 hypoxia-related genes, 2,498 immune-related genes, and 200 EMT-related genes were used to identify the most robust biomarkers and establish a novel risk score. In total, 27 related genes were included in the risk formula for LUAD prognosis. Using this formula, we classified patients with LUAD into the high- and low-risk groups. The formula had AUCs of 0.763, 0.766, and 0.728 for predicting 1-, 3-, and 5-year OS, respectively, indicating that it has high accuracy and reliability. Further, OS was significantly lower in the high-risk group than in the low-risk group, and the risk score exhibited high predictive capability in the GSE68465 and GSE72094 validation sets.
Subsequent subgroup analysis by sex, age, and stage indicated that the formula exhibited good predictive capability across all categories. Prognosis was accurately predicted in male and female patients and in patients aged >70 years or <70 years. Importantly, patients in the high-risk group also had significantly lower OS than patients in the low-risk group, regardless of disease stage, indicating the need for a gene-based classification for clinical use. Functional analysis between each group revealed strong associations between a high risk score and genes related to the humoral immune response, collagen-containing extracellular matrix, and focal adhesion. All of these are highly correlated with the anti-tumor response, tumor metastasis, drug resistance, and tumor progression (Murphy et al., 2012; Lovitt et al., 2018; Kosibaty et al., 2021).
Stemness-related biomarkers in tumor cells are highly correlated with drug resistance, cancer recurrence, and tumor proliferation (Liu et al., 2021). In this study, stemness-related biomarkers were positively associated with the risk score, demonstrating the prognostic value of the formula. Modification of m6A, m5C, m1A, and m7G are the common type of modification in RNA and plays critical roles in cancer development (Teng et al., 2021; Xu F. et al., 2021; Xu R. et al., 2021). And RNA methylation highly interconnected with hypoxia, immune response and EMT(Lin et al., 2019; Chao et al., 2020; Wang E. et al., 2021). In previous study, researcher identified hypoxia can induced the sumolytion of m6A enzyme(Hou et al., 2021), hypoxia-inducible factor-1 alpha (HIF-1α) can drive m5C modification to promote tumorigenesis(Wang J. Z. et al., 2021), m1A and m6A modification can significantly affect the infiltration of immune cells(Cai et al., 2021; Gao et al., 2021), m7G modification can drives immune evasion (Devarkar et al., 2016), and m6A, m7G modification can induce EMT in cancer development (Yu X. et al., 2020; Xia et al., 2021). Hence we investigate the correlation of RNA methylation with this risk score. In this study, the expression of WTAP, HNRNPA2B1, IGF2BP2, HNRNPC, CBLL1, ELAVL1, RBM15B, LRPPRC, ELAVL1, ALYREF, NSUN1, NSUN2, METTL1, BUD23, RNMT, METTL3, NSUN7 and NSUN6 differed significantly between the high-risk and low-risk groups. These results further support the value of our risk score formula.
Immune cells in the TME are associated with the development of cancer (Bruni et al., 2020). Our risk formula was highly correlated with markers of the immune microenvironment. Previous studies have reported that the characteristics of the immune microenvironment can predict sensitivity to immune checkpoint inhibitor treatment in patients with LUAD (Yu et al., 2020b; Park et al., 2020). In this study, patients in the low-risk group had higher immune activity. To validate the prognostic value of the risk score for immunotherapy sensitivity, we used two external datasets (GSE135222, GSE126044) containing information from patients with NSCLC treated with anti-PD-1/PD-L1 therapy. Our findings indicated that the risk score formula was associated with PFS and treatment responses in patients with NSCLC undergoing anti-PD-1/PD-L1 therapy. The IMvigor210 study examined the effect of PD-L1 inhibitor treatment in patients with metastatic urothelial cancer (Mariathasan et al., 2018; Wang S. et al., 2021). Because relatively few patients were enrolled in the GSE135222 and GSE126044 cohorts, we further evaluated the formula in the IMvigor210 cohort. Our results suggest that the risk score formula is not only suitable for predicting the effect of anti-PD-1/PD-L1 treatment in lung cancer, but that it may also be applicable in patients with other cancer types. Hence, a low-risk score may be an indicator for immunotherapy.
Previously, Sun et al. (2020) reported that the hypoxia-related signature could aid in predicting OS in patients with early-stage LUAD. However, whether hypoxia-related gene signatures can be used to develop a simple predictive formula for late-stage LUAD outcomes or immunotherapy sensitivity remains unknown. Other studies have also attempted to use immune- or EMT-related gene signatures to establish a prognostic model for LUAD (Tang et al., 2020; Wang et al., 2020). However, few of these studies used an authentic immune therapy cohort for validation. Given that multiple factors can have a substantial effect on the prognosis of LUAD and the intimate interconnections among hypoxia, immune responses, and EMT function, we aimed to establish a novel prognostic model based on the integration of multiple gene signatures. Our analysis indicated that the prognostic formula developed in this study exhibits precision for both early- and late-stage LUAD and is valid for predicting sensitivity to immunotherapy based on findings from a clinical cohort.
Currently, there are only a few methods for evaluating tumor sensitivity to chemotherapy (Rochigneux et al., 2020). In this study, the risk score was positively associated with drug sensitivity to cisplatin, docetaxel, paclitaxel and gemcitabine. This indicates that the risk score can be used to determine the appropriateness and benefit of chemotherapy in patients with LUAD, which may aid in the development of individualized treatment strategies.
This study also had some limitations. As the study was based on information within public databases, real-world prospective cohort studies are required to validate the risk score formula. The sequencing methods of the cohort included in this study were different, this may also affect the accuracy of this formula. Furthermore, most patients were Caucasian, highlighting the need to evaluate the predictive ability of the risk score in patients of other races.
5 CONCLUSION
In summary, this study established a novel 27-gene prognostic risk score for LUAD. The risk score was independently associated with OS in patients with LUAD and with functional analysis, tumor stemness, RNA methylation analysis, the immune microenvironment, and treatment response. Further, it accurately predicted prognosis in subgroups according to age, sex, and disease stage. These findings indicate that molecular risk stratification may be useful for predicting prognosis and guiding treatment in patients with LUAD.
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The erythropoietin-producing hepatocellular carcinoma (Eph) receptors and their Eph receptor-interacting (ephrin) ligands together constitute a vital cell communication system with diverse roles. Experimental evidence revealed Eph receptor bidirectional signaling with both tumor-promoting and tumor-suppressing activities in different cancer types and surrounding environment. Eph receptor B2 (EphB2), an important member of the Eph receptor family, has been proved to be aberrantly expressed in many cancer types, such as colorectal cancer, gastric cancer and hepatocellular carcinoma, resulting in tumor occurrence and progression. However, there are no reviews focusing on the dual roles of EphB2 in cancer. Thus, in this paper we systematically summarize and discuss the roles of EphB2 in cancer. Firstly, we review the main biological features and the related signaling regulatory mechanisms of EphB2, and then we summarize the roles of EphB2 in cancer through current studies. Finally, we put forward our viewpoint on the future prospects of cancer research focusing on EphB2, especially with regard to the effects of EphB2 on tumor immunity.
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INTRODUCTION
The erythropoietin-producing hepatocellular carcinoma (Eph) receptors constitute the largest sub-family of receptor tyrosine kinases (RTKs) identified until now (Eph Nomenclature Committee, 1997). The Eph receptors have diverse activities, including effects on the actin cytoskeleton, cell attachment, cell shape, and cell mobility. Moreover, recent work has also found that these receptors also influence cell proliferation, survival, secretion, and differentiation. These activities depend on the interaction between the Eph receptors and the ephrins (Eph receptor interacting proteins) (Pasquale, 2005; Pasquale, 2008). Based on sequence identity, structure, and their binding affinity for ligands, the Eph receptors are grouped into two subclasses, EphA receptor (EphA1-10) and EphB receptor (EphB1–6). The ligands for Eph receptors, ephrins, are cell-surface bound proteins that are divided into two subclasses ephrin-A (ephrin-A1 to -A6) and ephrin-B (ephrin-B1 to -B3) according to how they bind to the plasma membrane (Pasquale, 2004; Pasquale, 2005). Ephrin-A ligands are glycosylphosphatidylinositol (GPI) anchored, and ephrin-A ligands can transmit signals despite the lack of a cytoplasmic domain. The reverse signaling mechanisms of ephrin-A ligands are considered to be related to ephrin-A clustering and recruitment of regulatory proteins (Davy et al., 1999). Ephrin-A ligands are anchored to the membrane via covalent linkage to GPI, and rely on transmembrane coreceptors to transmit signals intracellularly (Bonanomi et al., 2012). Ephrin-B ligands are similar to Eph receptors in that they contain a cytoplasmic region, a single transmembrane domain, and a PDZ-binding motif. Ephrin-B reverse signaling also involves the Src family kinases, which are responsible for ephrin-B phosphorylation after the binding of Eph receptor (Pasquale, 2005; Arvanitis and Davy, 2008). Phosphorylated ephrin-B can initiate reverse signaling via SH2 or PDZ domain-containing proteins (Cowan and Henkemeyer, 2001; Lu et al., 2001). In general, EphA receptors are promiscuously activated by glycosylphosphatidylinositol (GPI)-linked ephrin-A ligands, and EphB receptors are promiscuously activated by transmembrane ephrin-B ligands. However, there are some exceptions, cross interactions have been observed between EphA4 and ephrin-B2/B3 as well as between EphB2 and ephrin-A5 (Himanen et al., 2004; Kania and Klein, 2016; Royet et al., 2017). Furthermore, the membrane attachment of both Eph receptors and ephrin ligands provides a mechanism whereby Eph-ephrin receptors signaling activation requires cell-cell contacts. Eph receptors interact with their membrane-bound ligands the ephrins and promote cell-cell contacts, leading to bidirectional intracellular signaling and downstream signaling cascades that induce autophosphorylation of tyrosine residues in the juxtamembrane region and kinase domain, which further drive the recruitment of downstream signaling molecules (Kullander and Klein, 2002). These include Src family kinases, mitogen-activated protein (MAP) kinases, Src homology 2 and 3 adapter proteins, guanine nucleotide exchange factors, phosphatidylinositol 3-kinase (PI3K), small GTPases, and phosphatases. They are all involved in complex cell-cell repulsion and adhesion pathways, which modulate cell morphology, motility and attachment (Pasquale, 2005).
It is widely known that Eph receptors have essential roles in embryonic development, and in the past decade their critical roles in the occurrence and progression of human disease, especially in tumorigenesis, have become more and more clear (Pasquale, 2008; Xi et al., 2012; Husa et al., 2016). Undoubtedly, enriching our understanding of the roles Eph receptors play in the potential biomarkers, stemness, and drug resistance of cancer will provide new opportunities for tumor therapy (Pasquale, 2010; Leung et al., 2021). Eph receptor B2 (EphB2) has been demonstrated to play a crucial modulatory role in tumor progression (Guo et al., 2006; Lam et al., 2014; Buckens et al., 2020; Morales et al., 2021). Perplexingly, EphB2 can function as both tumor promoters and suppressors in different cellular contexts. In many different human tumors, such as breast cancer, cervical cancer, and medulloblastoma (Wu et al., 2004; Sikkema et al., 2012; Duan et al., 2018), EphB2 acts as a tumor promoter that promotes migration and invasion of tumor cells, and its expression is upregulated. On the contrary, in colorectal cancer and bladder cancer (Xi et al., 2012; Lee et al., 2021), EphB2 functions as a tumor suppressor and its expression level is reduced. However, there are no reviews focusing on the dual roles of EphB2 in cancer. Hence, in the subsequent chapters we first review the main biological features and the related signaling regulatory mechanisms of EphB2, and then we summarize the roles of EphB2 in cancer through current studies, in order to provide some fundamental knowledge for following studies. Finally, we provide our viewpoint on the future prospects of cancer research focusing on EphB2, especially with regard to the effects of EphB2 on tumoral immunity.
THE BIOLOGICAL FEATURES OF EPHB2
The EphB2 receptor is a 117-kDa transmembrane protein consisting of 1,055 amino acids, which is encoded on chromosome 1p36.12 in humans. It was cloned from chicken cDNA in 1991 (Pasquale, 1991). EphB2 has a prototypical RTK topology including an N-terminal multidomain extracellular region, a membrane spanning region, and an intracellular region (Figure 1) (Beckmann et al., 1994; Lisabeth et al., 2013). The extracellular region includes two fibronectin type-III repeats, a cysteine-rich domain (containing an epidermal growth factor (EGF)-like motif), and an ephrin-binding region (Himanen et al., 2001; Pasquale, 2005). The ephrin-binding region of EphB2 is a spherical ligand-binding region containing a cavity that accommodates a hydrophobic loop protruding from the ephrin (Himanen et al., 2001). Interestingly, so as to accommodate to ephrin-A5 or ephrin-B2, different conformational changes occur in the ligand-binding cavity of EphB2 (Toth et al., 2001; Himanen et al., 2004). Moreover, EphB2 can also bind ephrin-B1 and ephrin-B3 (Tanaka et al., 2007; McClelland et al., 2010).
[image: Figure 1]FIGURE 1 | EphB2 and ephrin domain structure and their interacting proteins. Eph receptors contain an N-terminal multidomain extracellular region, a membrane spanning region, and an intracellular region. The intracellular region encompasses a juxtamembrane region, a tyrosine kinase domain, a sterile-α-motif (SAM) domain, and a PDZ-binding motif. The extracellular region includes two fibronectin type-III repeats, a cysteine-rich domain (containing an epidermal growth factor (EGF)-like motif), and an ephrin-binding region. Bidirectional signaling causes forward signaling via Eph receptors and reverse signaling via ephrin ligands. The cellular response caused by Eph/ephrin reverse signaling depends on the intracellular environment. In general, ephrin-B binding of EphB receptors results in the recruitment of Src family kinase and the phosphorylation of the intracellular region of ephrin-B (Kania and Klein, 2016).
The intracellular region encompasses a juxtamembrane region, a tyrosine kinase domain, a sterile-α-motif (SAM) domain, and a PDZ-binding motif (Pasquale, 2008). The SAM domain is a protein interaction domain that facilitates receptors homo-dimerization and the oligomerization (Thanos et al., 1999). Moreover, biophysical and structural studies have revealed that isolated extracellular Eph and ephrin regions initially form high-affinity heterodimers around the hydrophobic loop of the ligand. Then, these dimers may form ring-like heterotetramers with lower affinity. On cell surface, Eph-ephrin complexes are further arranged into higher-order aggregates or clusters, and begin a bidirectional signaling (Himanen et al., 2001; Himanen and Nikolov, 2002; Himanen, 2012). EphB2 signals may also be propagated through the Ras binding protein AF6 and other proteins containing the SH2 domain, which bind to the C-terminus of the Eph receptors (Hock et al., 1998; Torres et al., 1998; Buchert et al., 1999). Furthermore, there are two conserved autophosphorylation sites (tyrosines 605 and 611) in the EphB2 juxtamembrane region (Zisch et al., 2000). In order to investigate their role in Src binding, Zisch et al. have mutated tyrosines 605 and 611 of EphB2 to the amino acid phenylalanine that cannot be phosphorylated (Zisch et al., 1998). However, replacing tyrosines 605 and 611 with phenylalanine reduce EphB2 kinase activity, which complicates the analysis of their role in EphB2-mediated signaling and their function as Src homology 2 (SH2) domain binding sites. In contrast, replacing them with glutamic acid, which like phosphotyrosine is negatively charged, will disrupt SH2 domain binding without impairing EphB2 kinase activity (Zisch et al., 2000). Functionally, Ephb2 is related to monocyte adhesion to endothelial cells (Vreeken et al., 2020), endothelial cell chemotaxis and branching remodeling (Salvucci et al., 2006), T-cell and B-cell activation (Nguyen et al., 2013; Yu et al., 2014; Mimche et al., 2015a), autophagic cell death (Kandouz et al., 2010; Tanabe et al., 2011), cell repulsive responses (Lin et al., 2008; Poliakov et al., 2008; Schaupp et al., 2014; Gaitanos et al., 2016; Okumura et al., 2017; Evergren et al., 2018), platelet function (Vaiyapuri et al., 2015; Berndt and Andrews, 2018; Berrou et al., 2018), angiogenesis (Sato et al., 2019), and liver fibrosis (Mimche et al., 2015b; Butler and Schmidt, 2015; Mimche et al., 2018; Chen et al., 2020; Huang et al., 2021).
FORWARD AND REVERSE SIGNALING
A distinctive characteristic of Eph-ephrin complexes is that they can generate bidirectional signals: Eph/ephrin forward signaling is triggered by activating tyrosine kinase domain after the binding of ephrin ligand, and propagates in the receptor-expressing cells, whereas Eph/ephrin reverse signaling is initiated by activating Src family kinase domain after the binding of Eph receptor, and propagates in the ligand (ephrin)-expressing cells (Surawska et al., 2004; Pasquale, 2010). Eph signaling modifies the actin cytoskeleton organization and affects the activities of intercellular adhesion molecules and integrins, thereby controlling cell morphology, adhesion, invasion, migration, and the epithelial phenotype (Pasquale, 2005; Pasquale, 2008). In addition, recent work has also discovered Eph influences on cell proliferation, survival, and special cellular functions such as insulin secretion, immune function, synaptic plasticity and bone remodeling (Pasquale, 2005).
Regarding forward signaling by EphB2 in cancer cells, although the receptor is upregulated in most cancers, its response to ephrin is silent. In some cases, Eph forward signaling that relies on ephrin may even be harmful to tumor progression. For example, the medulloblastoma cell lines with high expression of EphB2 were stimulated by ephrin-B1, the cell adhesion ability in vitro was significantly decreased, and the invasion ability was increased (Sikkema et al., 2012). At the same time, overexpression of EphB2 in glioma tissues and cells inhibited cell adhesion and promoted cell invasion, indicating that the overexpression of EphB2 promotes tumor progression via forward signaling (Nakada et al., 2004; Nakada et al., 2005). However, EphB2 inactivation promoted cell proliferation, motility, and invasion of bladder cancer (Lee et al., 2021). Silencing EphB2 accelerated pancreatic cancer growth by facilitating cell proliferation through triggering G1/S phase transition, indicating EphB2 forward signaling has a tumor suppressing function (Hua et al., 2011).
Unlike Eph receptors, since ephrin-Bs do not have intrinsic catalytic activity, they depend on the recruitment of signaling molecules (such as Src family kinases) to signal, which phosphorylate specific tyrosine residues in the cytoplasmic region of ephrin-Bs, leading to receptor engagement and clustering (Salvucci and Tosato, 2012; Salgia et al., 2018). Moreover, similar to the case of forward signaling, reverse signaling was also found to lead to tumor progression and suppression. For example, EphB2-ephrin-B1 promoted the invasion of pancreatic cancer cells (Tanaka et al., 2007). However, EphB2/ephrin signaling was able to suppress colorectal cancer expansion and invasion via repulsive mechanisms (Okumura et al., 2017; Evergren et al., 2018). In summary, these results on bidirectional signaling indicated that EphB2/ephrin has diverse and complex functions in different cancer types and surrounding environment. In addition, mutational inactivation of EPHB2 may also play an important role in cancer progression (Huusko et al., 2004).
EPHB2 IN VARIOUS HUMAN TUMORS
Many studies have verified that EphB2 is abnormally expressed in many cancer types Table 1. EphB2 is overexpressed in most tumors, such as hepatocellular carcinoma, breast cancer, glioma, and malignant mesothelioma (Leung et al., 2021; Wu et al., 2004; Nakada et al., 2004; Goparaju et al., 2013), and it functions as a tumor promoter. However, the expression of EphB2 is low in other tumors, such as colorectal cancer and bladder cancer (Xi et al., 2012; Lee et al., 2021), indicating that it exerts a tumor-suppression effect. These studies show that EphB2 expression is dynamically regulated in different tumor progression, and that EphB2 exerts its regulatory functions in multiple ways (Figure 2). Moreover, EphB2 expression is related to elevated metastatic potential, poor prognosis, and decreased survival of tumor patients (Wu et al., 2006; Yu et al., 2011; Husa et al., 2016; Koh et al., 2020). Consequently, EphB2’s functional relevance and expression patterns in malignancies make this protein a potential prognostic biomarker and therapeutic target in cancer.
TABLE 1 | The expression levels and functions of EphB2 in different tumors.
[image: Table 1][image: Figure 2]FIGURE 2 | Overview of the roles of EphB2 in cancer. (A) EphB2 exerts its roles in tumor cell growth, invasion and metastasis, as well as angiogenesis through multiple signaling pathways. (B) Model of SEV-induced angiogenesis pathway. EphB2 on cancer cell–derived small extracellular vesicles (SEVs) binds to ephrin-B2 on endothelial cells, and induces ephrin-B2 reverse signaling through downstream phosphorylation and activation of STAT3, thereby promoting angiogenesis (Sato et al., 2019).
EphB2 in Gastric Cancer
EphB2 was found to be overexpressed in gastric cancer (GC) tissues than in adjacent or benign non-cancerous gastric tissues, including gene and protein expression (Kataoka et al., 2002; Yin et al., 2020). EphB2 activation accelerated the invasion and migration abilities of the GC cells. Conversely, EphB2 activation obviously reduced the adhesion in GC cells. Moreover, the enrichment analysis of related genes in a GC cohort showed that EphB2 may play a role by mediating the cytokine-cytokine receptor interaction, TP53 and JAK-STAT signaling pathways (Yin et al., 2020). However, the clinical significance of EphB2 in GC is controversial and contradictory so far (Kataoka et al., 2002; Lugli et al., 2005; Yu et al., 2011). Yu et al. reported that the loss of EphB2 expression in GC was significantly correlated with nodal metastasis and advanced disease stage. As the tumor grade increased, the expression rates of EphB2 lowered significantly. At the same time, univariate and multivariate analysis indicated that the loss of EphB2 expression was significantly associated with poor survival of GC patients (Yu et al., 2011). This further implies that EphB2 also serves as a tumor suppressor in GC. However, the underlying molecular mechanism that can explain this contradictory result needs further research. Furthermore, Davalos et al. found that high mutation rate of EphB2 may be related to microsatellite instability in GC compared with endometrial tumors adopting a limited sample size (Davalos et al., 2007).
EphB2 in Prostate Cancer
EphB2 expression was frequently found to be decreased in prostate cancer (PC) tissues with somatic mutational inactivation occurred in approximately 10% of sporadic tumors (Huusko et al., 2004; Robbins et al., 2011). Using nonsense-mediated RNA decay microarrays in combination with array comparative genomic hybridization, it was found that the EphB2 gene in the PC metastatic cell line DU145 was completely inactivated (biallelic inactivation). The introduction of wild-type EPHB2 remarkably decreased clonogenic growth of DU145 cells (Huusko et al., 2004). Moreover, Morales et al. found that EphB2 expression was inversely associated with PC cell aggressiveness. EphB2 silencing promoted the proliferation of PC cells and simultaneously induced de novo lipid droplet (LD) accumulation in both nuclear and cytoplasmic compartments. A DGAT1-specific inhibitor (A-922500) suppressed LD accumulation induced by EphB2 loss (Morales et al., 2021). However, another study reported that the upregulation of EphB2 and Src Pathways were correlate with advanced PC. After dasatinib treatment or siRNAs knockout of Src or EphB2, the epidermal growth factor receptor (EGFR) dynamics, cell motility, and invasive capabilities of PC cells were significantly reduced. Additionally, the upregulation of partial EphB2 and Src pathways predicted poor prognosis in PC patients (Liu et al., 2019), but the paradoxical results need more thorough investigation. In addition, EphB2 was found to play a crucial role in familial PC. Loss of function mutations in the EphB2 were accompanied by an increased risk of PC development (Kittles et al., 2006).
EphB2 in Colorectal Cancer
EphB2 has been proven to be a direct transcription target of T-cell factor (TCF)/β-catenin and it was expressed at high levels in colon premalignant lesions (Batlle et al., 2002; van de Wetering et al., 2002). However, EphB2 expression was decreased in colorectal cancer (CRC). Fu et al. revealed that c-Rel serves as a transcriptional inhibitor of EphB2 and plays a positive role in EphB2 downregulation in CRC (Fu et al., 2009). Downregulation of EphB2 expression promoted the progression of CRC (Batlle et al., 2005; Oshima et al., 2008; Noberini and Pasquale, 2009) and was associated with more advanced CRC, poorer differentiation, poorer overall survival and disease-free survival (Jubb et al., 2005; Guo et al., 2006). Moreover, inactivation of EphB2 has been demonstrated to facilitate tumorigenesis caused by APC mutations in the colorectum of APCMin/+ mice, indicating that EphB2 acts as a tumor suppressor in the large intestine (Batlle et al., 2005; Cortina et al., 2007). Consequently, although upregulated by TCF/β-catenin signaling, EphB2 inactivation seems to be a crucial requirement for CRC progression. The potential mechanism of EphB2 inactivation was considered to be genetic and epigenetic changes including aberrant promoter methylation (Alazzouzi et al., 2005), loss of heterozygosity (Oba et al., 2001; Lefeuvre et al., 2009), and/or gene mutations (Huusko et al., 2004; Alazzouzi et al., 2005; Davalos et al., 2007). Furthermore, overexpression of EphB2 inhibited CRC cell growth and activation of EphB2 receptor reduced CRC cell migration (Guo et al., 2006; Senior et al., 2010). Yet, EphB2/ephrin signaling was able to suppress CRC expansion and invasion via repulsive mechanisms (Lugli et al., 2005; Okumura et al., 2017; Evergren et al., 2018).
EphB2 in Breast Cancer
EphB2 was reported to be expressed in benign tissues, but it was significantly upregulated in breast cancer, especially in invasive and metastatic carcinomas (Wu et al., 2004; Chukkapalli et al., 2014). High EphB2 expression was correlated with poor overall survival in breast cancer patients (Wu et al., 2004; Husa et al., 2016; Ebrahim et al., 2021). However, paradoxically, although EphB2 expression induces autophagy and apoptosis, it was also found to promote cell invasion (Chukkapalli et al., 2014). To explain this duality, Kandouz et al. proposed that EphB2 stimulates autophagy, which, conversely, can promote apoptosis or invasion depending on the context. In normal circumstances, autophagy facilitates apoptosis, but when the apoptosis of cancer cells is blocked, autophagy promotes invasion (Chukkapalli et al., 2014). This mechanism could interpret the contradictory role of EphB2 receptor in breast cancer, but this theory requires further research. Furthermore, the EphB2 gene was identified as a novel transforming growth factor (TGF)-β target that is important for the TGF-β3-mediated migration and invasive of breast cancer cells, and its transcriptional activation by TGF-β3 was also suppressed by p53 (Lam et al., 2014). However, how p53 inhibits TGF-β3-induced EphB2 expression requires additional research.
EphB2 in Hepatocellular Carcinoma
EphB2 expression was found to be stepwise increased from normal liver tissues to cirrhotic liver tissues and to hepatocellular carcinoma (HCC) tissues and associated with poor prognosis (Mimche et al., 2015b; Butler and Schmidt, 2015; Leung et al., 2021). Moreover, knockout of endogenous EPHB2 showed reduced tumor growth in mice. Interestingly, EphB2 was significantly upregulated in the established sorafenib-resistant PDTXs. EphB2High HCC cells were found to have enhanced the traits of liver cancer stem cells (CSCs). Mechanistically, T cell factor-1 (TCF1) regulated the expression of EphB2 through promoter activation to form a positive Wnt/β-catenin feedback loop, thereby regulating cancer stemness and drug resistance. Targeting EphB2 with rAAV-8-shEphB2 inhibited HCC tumor development and obviously sensitized HCC cells to sorafenib in an HCC immunocompetent mouse model (Leung et al., 2021). Taken together, targeting the TCF1/EphB2/β-catenin pathway may act as a promising therapeutic strategy for HCC treatment.
EphB2 in Pancreatic Cancer
EphB2 was reported to be highly expressed in pancreatic cancer tissues and associated with shortened survival (Lu et al., 2012; Chen et al., 2019). Multivariate analyses showed that EphB2 was an independent prognostic factor in human pancreatic cancer. The overexpression of EphB2 and ephrin-B2 significantly increased the incidence of higher degree of pain, lymph node metastasis, and advanced classification of T factor. Moreover, in the presence of high EphB2 expression, elevated ephrin-B2 levels can cause a more aggressive tumor phenotype (Lu et al., 2012). However, another study reported that silencing EphB2 accelerated pancreatic cancer growth by promoting cell proliferation through triggering G1/S phase transition, which depended on a CyclinD1/CDK6 cell-cycle regulated signal. Similarly, inhibiting EphB2 also reduced the apoptosis of CFPAC-1 cells by upregulating Bcl-2 expression. Furthermore, the high expression of EphB2 indicated a better response rate to Qingyihuaji formula (QYHJ) treatment in pancreatic cancer CFPAC-1 cells (Hua et al., 2011; Hua et al., 2014), but the contradictory results need more thorough research. In addition, QYHJ showed an obvious effect against the gemcitabine (GEM) resistant pancreatic cancer, which probable by inhibiting cell migration, increasing the mRNA expression of lncRNA AB209630, and decreasing the mRNA levels of EphB2, miR-373, and NANOG (Chen et al., 2019).
EphB2 in Squamous Cell Carcinoma
EphB2 overexpression was detected in head and neck squamous cell carcinoma (HNSCC) patient and correlated with poor patient survival. Functional experiments demonstrated that the expression of EphB2 in small extracellular vesicles (SEVs) regulated HNSCC angiogenesis both in vivo and in vitro, and EphB2 carried by SEVs induced ephrin reverse signaling through phosphorylation of ephrin-B and STAT3. A STAT3 inhibitor significantly reduced SEV-induced angiogenesis (Sato et al., 2019). Cutaneous squamous cell carcinoma (CSCC)-derived cell lines and tumor tissues were reported to express increased levels of EphB2 mRNA. Knockdown of EphB2 expression inhibited growth and vascularization of CSCC tumors in vivo and inhibited proliferation, invasion, and migration of CSCC cells (Farshchian et al., 2015). In the human CSCC cell line A431, silencing of EphB2 also induced epithelial-mesenchymal transition (EMT)-like morphological changes accompanied by an obvious upregulation of EMT-associated genes such as zinc finger E-box binding homeobox 1/2. And EphB2 plays a crucial role in facilitating the anchorage-independent growth of A431 cells by the suppression of EMT (Inagaki et al., 2019). At the same time, activation of EphB2 signaling by ephrin-B2-Fc promoted invasion of CSCC cells and stimulated production of matrix metalloproteinase-13 (MMP13) and MMP1 (Farshchian et al., 2015). Moreover, treatment of CSCC cell lines with dasatinib effectively suppressed phosphorylation of endogenous EphB2, p38 MAPK, and Src, and then inhibited phosphorylation of ERK1/2. Silencing of EphB2 expression partly rescued CSCC cells from the inhibition of dasatinib on cell viability (Farshchian et al., 2017). Furthermore, in vitro experiments, EphB2 small-molecule inhibitors obviously inhibited CSCC cell proliferation, migration, invasion, and induced apoptosis. In a xenograft model, EphB2 small-molecule inhibitors induced morphological changes in the EMT, thereby affecting the progression of CSCC (Li and Zhang, 2020).
EphB2 in Gliomas
EphB2 expression was reported to be significantly higher in gliomas than in normal brain tissues and was correlated with tumor grade (Nakada et al., 2004). overexpression of EphB2 inhibited cell adhesion and promoted cell invasion in glioma tissues and cells (Nakada et al., 2004; Nakada et al., 2005). Mechanistic investigations demonstrated that epigenetic silencing of miR-204 increased EphB2 expression in glioma cells and promoted EphB2-mediated invasion and migration (Ying et al., 2013). Additionally, overexpression of EphB2 decreased the capability of miR-128 to facilitate cell-cell adhesion. The wound-healing assay revealed that miR-128 obviously suppressed cell migration by EphB2 (Lin et al., 2013).
In glioblastoma multiforme (GBM), EphB2 overexpression correlated to poor overall survival in GBM patients. CircMELK could upregulate EphB2 expression by sponging miR-593, thereby promoting the proliferation, invasion, migration, and glioma stem cell (GSC) maintenance of GBM cells (Zhou et al., 2021). Moreover, Qiu et al. reported that EphB2 expression was upregulated in GBM cells under hypoxia and the stabilization of EPHB2 by hypoxia required the participation of hypoxia-inducible factor-2α (HIF-2α). The overexpression of EphB2 enhanced the invasion capability of GBM through the phosphorylation of paxillin under hypoxic conditions (Qiu et al., 2019). However, another study reported that focal adhesion kinase (FAK) activation mediated EphB2-induced actin cytoskeleton organization, focal adhesion formation, and ultimately caused GBM neurosphere cell migration, but EphB2 expression suppressed neurosphere cell proliferation (Wang et al., 2012). The phenomenon that EphB2 has both anti-proliferative and pro-migratory effects in vivo may reflect the migration/proliferation dichotomy of GBM, whereas its underlying molecular mechanisms are largely unclear (Giese et al., 1996; Giese et al., 2003).
EphB2 in Medulloblastoma EphB2 was reported to be overexpressed in medulloblastoma patient samples than in normal cerebellum (Sikkema et al., 2012; Coudière Morrison et al., 2013; Bhatia et al., 2017). EphB2 knockdown combined with radiation exposure induced G2/M cell cycle arrest, reduced clonogenic survival fractions, inhibited medulloblastoma cell viability, and reduced medulloblastoma cell invasion (Bhatia et al., 2017). The efficacy of this combined modality can be further tested in other pre-clinical models. Moreover, Sikkema et al. reported that stimulation with ephrin-B1 resulted in a significant decrease in cell adhesion in vitro and an increase in invasion ability of medulloblastoma cells expressing high levels of EphB2. Furthermore, analysis of signal transduction found that Erk, mTOR, and p38 are downstream signaling mediators, which may induce the ephrin-B1 phenotype (Sikkema et al., 2012).
EphB2 in Cervical Cancer
EphB2 expression was reported to be upregulated and significantly associated with cancer progression and stage malignancy in the cervical cancer (CC) (Narayan et al., 2007; Gao et al., 2014), and the overexpression of EphB2 induced CC cells to undergo epithelial-mesenchymal transition (EMT) and acquire stem cell-like properties by activating the R-RAS pathway (Gao et al., 2014). Moreover, Duan et al. reported that EphB2 was a direct target of miR-204 and knockdown of EphB2 obtained the inhibitory effect of miR-204 mimic on the proliferation, migration, and invasion of CC cells (Duan et al., 2018).
EphB2 in Malignant Mesothelioma
EphB2 was reported to be overexpressed in malignant mesothelioma (MM) cell lines and tumor tissues. EphB2 inhibition was involved in the decrease of cell proliferation, invasion, migration, and colony formation and the increase of apoptotic cells. Silencing the EphB2 expression is related to the decrease of cell proliferation, migration, invasion and colony formation and the increase of apoptotic cells. Moreover, targeting EphB2 knockout in H2595 and HP-1 cell lines increased the expression of downstream targets such as caspase-2 and caspase-8, whereas vascular endothelial growth factor (VEGF) and matrix metalloproteinase (MMP-2) had decreased expression (Goparaju et al., 2013).
EphB2 in Bladder Cancer
EphB2 expression was reported to be absent or decreased in bladder cancer tissues, compared to the normal bladder tissues (Li et al., 2014; Lee et al., 2021). Low expression of EphB2 was significantly correlated with advanced clinical stage, muscular invasion, higher tumor grade, and a high incidence of cystectomy. Moreover, in vitro studies demonstrated that EphB2 inactivation promoted cell proliferation, motility, and invasion of bladder cancer, implying that EphB2 loss was involved in tumor metastasis and invasion of bladder cancer (Lee et al., 2021).
EphB2 in Other Tumors
EphB2 overexpression was detected in lung adenocarcinoma (AC) tissues. High expression of EphB2 was remarkably associated with poor overall survival of lung AC patients (Zhao et al., 2017). EphB2 was found to be overexpressed in ovarian carcinoma and correlated with poor prognosis (Wu et al., 2006). Moreover, EphB2 expression was reported to be increased in cholangiocarcinoma (CCA) tissues. High expression of EphB2 was remarkably associated with CCA patient’s metastasis status. EphB2 suppression by siRNA obviously decreased CCA cell migration through reducing the phosphorylation level of paxillin and focal adhesion kinase (FAK) (Khansaard et al., 2014). Furthermore, EphB2 had significantly lower expression in Wilms tumor tissues compared to normal kidney tissues, but its role in Wilms tumor requires further research (Chetcuti et al., 2011).
PROSPECTS AND CONCLUSION
EphB2 is a significant member of the Eph receptor family, which was thought to be distributed on tumor cells and endothelial cells in previous researches (Salvucci et al., 2006; Wang et al., 2012). Recently, as EphB2 was found to be expressed on some immunocytes such as monocytes, T cells, and B cells, increasing researches have reported on the roles of EphB2 in immunity (Alfaro et al., 2008; Braun et al., 2011; Yu et al., 2014). Forward EphB2 signaling induced by the specific binding of ephrin-B1/B2 and EphB2 could promote monocyte activation and T-cell migration (Alfaro et al., 2008; Braun et al., 2011). In addition, transdifferentiation of human monocytes into macrophages was correlated with increased expression of EphB2, and exposure of monocytes to immobilized ephrinB2 led to phosphorylation of receptors, followed by increased expression of proinflammatory chemokines such as monocyte chemotactic protein-1/CCL2 and interleukin-8 (Braun et al., 2011). Yu et al. reported that EphB2 was involved in the activation of human naive B-cell via Notch1 and Src-p65 signaling pathways and was regulated by miR-185 (Yu et al., 2014). In this study, they used Western blot to test the expression of EphB2 on B cells, and used EphB2 siRNA interference in human B cells from healthy volunteers to evaluate the roles of EphB2 in immunoglobulin (Ig) production, cytokine secretion, and B-cell proliferation. Their demonstrated that EphB2 was scattered on naive B cells and its expression was up-regulated on activated B cells. IgG production (decreased by 26%, p < 0.05), TNF-α secretion (decreased by 40%, p < 0.01), and B-cell proliferation (decreased by 22%, p < 0.05) were decreased concordantly with the down-regulated EphB2 expression. Subsequently, they found that miR-185 directly targeted EphB2 mRNA and inhibited its expression. Moreover, miR-185 overexpression suppressed B-cell activation and miR-185 inhibitor promoted B-cell activation. Furthermore, abatement of EphB2 via EphB2 siRNA or miR-185 mimics attenuated the activation of Notch1 and Src-p65 signaling pathways in human B cells (Yu et al., 2014). In conclusion, it can be speculated that EphB2 might be involved in tumor immunity and this issue certainly worthy further investigation in future research. In this review, we first systematically summarized and discussed the roles of EphB2 in cancer, as well as listed researches that may deepen our understanding of how it regulates cancer progression. Overall, EphB2 serves as a tumor promoter in most cases, facilitating tumor cell proliferation, invasion, and migration through different signaling pathways. However, EphB2 expression and its specific functions in gastric cancer and prostate cancer are controversial and need to be further studied. Moreover, the relationship between EphB2 expression and clinicopathological features was summarized. In detail, the abnormal expression of EphB2 was remarkably associated with clinicopathological features, including overall survival, disease-free survival, lymph node metastasis, histological differentiation, tumor grade and stage, reflecting its potential value as a sensitive and effective biomarker for cancer diagnosis, prognosis, and therapy. Furthermore, The Eph receptor family is an attractive tumor therapeutic target. Previous studies have developed a peptide, monoclonal antibody or small molecule against EphB2 in an attempt to prevent its activation (Mao et al., 2004; Koolpe et al., 2005; Toledo-Sherman et al., 2005), which may be used as a potential treatment for cancer. Accordingly, deepening the understanding of the structure, biogenesis, and molecular mechanisms of EphB2 will provide valuable information for functional research and improving the efficiency of rational drug design.
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Cancerous invasion of nerves has been reported in a list of malignant tumors as a high-risk pathological feature and marker of poor disease outcome especially in neurotrophic cancers (such as in pancreas and prostate), indicating that although once neglected, nerves could have played a pivotal role in tumorigenesis and cancer progression. In colorectal cancer, perineural invasion, a specific form of tumor-nerve interaction referring to the identification of tumor cells in proximity to the nerve, has been recognized as a strong and independent prognosis predictor; denervation of autonomic nerves and enteric nerves have shown that the existence of these nerves in the gut are accompanied by promoted cancer proliferation, further supporting that nerve is a potential accomplice to shield and nurture tumor cells. However, the precise role of nerve in CRC and the pattern of interaction between CRC cells and nerve has not been unveiled yet. Here we aim to review some basic knowledge of the importance of nerves in CRC and attempt to depict a mechanistic view of tumor-nerve interaction during CRC development.
Keywords: colorectal cancer, tumor-nerve interaction, perineural invasion, mechanism, tumor microenvironment
BACKGROUND
Colorectal cancer (CRC) has been steadily ranked as one of the most common malignant tumors and a dominating cause of death in cancer patients. Although diverse pathogenic pathways have been identified in colorectal cancer, very few of them are targeted in clinical therapy.
It was not until previous decades that the significance of nerves in tumors received much attention. Recent studies have demonstrated that just as lymphovascular invasion, nerve involvement also lends support to tumor progression and dissemination, suggesting that neoplastic invasion of nerves might be another key hallmark of cancer. In clinical practice, perineural invasion (PNI), defined as at least 33% of nerve fiber circumference surrounded by cancer cells or cancer cells directly found in any layer of the nerve sheath (i.e. epineurium, perineurium or endoneurium) (Liebig et al., 2009), is most commonly used to evaluate the extent of nerve involvement. First described in head and neck cancer, the perineural invasion has now been reported in a list of malignant tumors including those in the pancreas, prostate, breast, colon and rectum, stomach, etc. Among all these cancers, despite the varying incidence of perineural invasion, PNI positive patients are remarkably susceptible to cancer progression and relapse, denoting novel pathways of tumorigenesis and metastasis to be discovered.
In colorectal cancer, perineural invasion occurs far less frequently than in pancreatic cancer, but once confirmed, it is responsible for rapid disease progression and remarkably unfavorable clinical outcomes. In most studies, detection rate of PNI in colorectal cancer stays less than 30%, suggesting a relatively low incidence of nerve involvement. In-vitro 3D migration assay also revealed that neurotrophic growth was far less frequent for colon and rectal cancer cells than pancreatic cancer cells (Liebl et al., 2013). However, these PNI-positive CRC patients suffered from severely compromised disease outcomes. As an independent risk factor of CRC prognosis, PNI culminates in more than 20% decrease in overall and disease-free survival. Several large-population studies further point out that PNI increases the risk of lymph node metastasis, another pathologic feature associated with poor disease prognosis, and cancer-related mortality. The latest studies on the association between PNI and disease prognosis are summarized in Table 1 (Leijssen et al., 2019; Skancke et al., 2019; Sun et al., 2019; Lee et al., 2020; Liu et al., 2020; Martínez Vila et al., 2020; Mo et al., 2020). Here we review the role of nerves in colorectal cancer, identify nerve dependence in colorectal cancer and illustrate underlying molecular mechanisms of perineural invasion.
TABLE 1 | Significance of perineural invasion in predicting prognosis.
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Colon and rectum are richly innervated by autonomic nerves and enteric nerves--presumably deal for cancer cells to take advantage of--yet the precise role of nerve in colorectal cancer has not been delineated. Colorectal distribution of nerves can be categorized into two groups: extrinsic innervation incorporates sympathetic and parasympathetic input from the brain and spinal cord, while intrinsic innervation refers to the enteric nervous system, which integrates signals from autonomic input and controls gut secretion, reabsorption and motility. Ascending and transverse colon receives sympathetic innervation through superior mesenteric plexus and parasympathetic innervation through vagus nerve; descending colon and upper rectum receives sympathetic innervation via inferior mesenteric plexus, lower rectum via inferior hypogastric plexus, with common parasympathetic input through the pelvic splanchnic nerve. Both colon and rectum are regulated by the enteric nervous system (ENS), namely the myenteric (Auerbach’s) and submucosal (Meissner) plexus. Together these nerves orchestrate the normal functioning of gut (Table 2).
TABLE 2 | Physiological innervation of nerves in CRC and denervation studies.
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Structural disarrangement of nerve tissues in CRC patients has been reported by several studies, indicating putative roles of autonomic and enteric nerves in the development of CRC. A retrospective study of 90 CRC patients tested the immunoreactivity of tyrosine hydroxylase and vesicular acetylcholine transporter respectively in the resected tissue to track down sympathetic and parasympathetic nerves. Results denoted the existence of both sympathetic and parasympathetic nerves in proximity to the tumor. Sympathetic nerves are found in the stroma closer to tumor site, while parasympathetic nerves are located away from tumor cells (Zhou et al., 2018). Distribution of β2A receptors appears to be denser in CRC-invaded ganglia and larger nerve bundles, compared to the nervous tissue in non-tumor sections (11). Besides, an increasingly diffuse and dense expression pattern of β2A receptors is observed from the normal colon tissue to G1, G2 and G3 differentiated adenocarcinoma. There is also a significant association between β2 adrenergic receptor expression and tumor size, tumor invasion or lymph node metastasis. Several studies have reported abnormal morphology of enteric nerves. Significant loss of myenteric and submucosal plexuses was noticed in CRC, especially in more progressive types (Godlewski, 2010; Ciurea et al., 2017); in sigmoid and rectal cancer, disruption of normal ENS structures are observed, with an irregular border of the myenteric plexus and deformation of their structures, and, simultaneously, a larger area of extracellular matrix surrounding the myenteric plexuses with more abundant collagen fibers in tumor-infiltrated colon walls (Zauszkiewicz-Pawlak et al., 2017). Myelin-like structures that usually appear in degeneration of nerves are observed near the tumor invasion site. A marked drop in the density of enteric glial cells was also observed corresponding to the increase in tumor grading (Jaiswal et al., 2020).
Denervation Studies
Sustained efforts have been made in denervation studies to ascertain whether loss of nerve innervation would affect tumor initiation and survival, providing functional insights into the role of nerves in CRC.
Research of parasympathetic denervation mainly considers ablation of muscarinic receptors. Targeting muscarinic acetylcholine receptor 3 (M3R) through selective and non-selective antagonists (p-fluorohexahydro-sila-difenidol hydrochloride and atropine respectively) repressed H508 colon cancer cell proliferation by approximately 40% whilst acetylcholinesterase inhibitors were capable of stimulating tumor growth by 2 to 2.5 fold (Cheng et al., 2008), indicating participation of cholinergic signaling in tumor development. Similar inhibitory effects were also observed in murine colon cancer models as epithelial proliferation, tumor size and quantity were greatly diminished in mice deficient of CHRM3, the coding gene of M3R (Raufman et al., 2008).
Other denervation studies have been focused on enteric nerve denervation. Chagas disease, a trypanosomiasis-related disease that induces megacolon and damage to myenteric neurons, seems to be an existing example of how myenteric neuronal activity negatively associates with colon carcinogenesis. Experiments on Wistar rats suggested that chronic infection with Trypanosoma cruzi led to fewer tumors when treated with dimethylhydrazine(DMH), a specific chemical carcinogen to induce CRC (Oliveira et al., 2001). A review of histopathological findings from 894 chagasic megacolon patients revealed that none of those patients developed colon cancer(Garcia et al., 2003); previous studies on surgical specimens from Chagas patients who underwent megacolon resection confirmed a decline in the density of myenteric neurons and correspondingly reduced risk for colon cancer [(Kannen et al., 2015)]. To prove the tumorigenic effect of myenteric nerves, in-vivo experimental approach has been established to mimic myenteric denervation in chagasic megacolon through benzalkonium chloride (BAC) treatment. Results showed that BAC-treated rats are less susceptible to DMH, since both preneoplastic and neoplastic lesions were reduced compared to those whose myenteric innervation were intact (Garcia et al., 1996; Vespúcio et al., 2008; Kannen et al., 2015).
Although few studies have directly investigated changes in tumors upon sympathetic denervation, many researchers have reported effects of beta receptor antagonists. Studies of multiple CRC cell lines demonstrated that beta blockade inhibits cell viability and proliferation in a dose-dependent manner, probably through EGFR-Akt/ERK1/2 pathway, cell cycle arrest and apoptosis followed by suppression of β2 signaling (Coelho et al., 2015; Chin et al., 2016). Meanwhile, various clinical studies were conducted in Europe to measure the effect of beta receptor blockers on CRC patient outcomes, but no definitive conclusion has been made. Stage-specific benefit of beta blockade at diagnosis (particularly selective beta blockers) was once detected, as overall and CRC-specific mortality markedly decreased in stage IV patients prescribed with beta blockers (Jansen et al., 2014). However, several large population-based studies have reported that long-term beta blocker usage may contribute to increased risk of CRC progression, and little association was found between pre- or post-diagnostic beta blockade and improved clinical outcomes (Jansen et al., 2012; Hicks et al., 2013; Jansen et al., 2017). Perioperative application of beta blockers, on the other hand, seems to be more promising in improving CRC patients’ prognosis. The latest study demonstrated that preoperative beta blocker treatment results in reduced post-operative complications and mortality in rectal cancer (Ahl et al., 2020); it was also previously found that combine perioperative blockade of β receptor and COX2 leads to lower recurrence rate and improvement in tumor biomarkers associated with epithelial-to-mesenchymal transition, immune microenvironment and CRC-related inflammatory pathways (Haldar et al., 2020).
UNDERLYING MECHANISMS OF PERINEURAL INVASION
Initially, cancer cells were thought to spread along the nerves passively because perineural connective tissues are loose paths with low resistance. With a distensible space between nerves and outer sheaths, tumor cells might be capable of lurk in those spaces without showing any symptoms. Later, however, ultrastructural studies revealed the presence of densely organized collagen and basement membrane constituting the nerve sheath, which should have highly resisted the invasion of cancer cells, indicating that tumors could take the initiative to disseminate through nerves (Liebig et al., 2009). Through concerted efforts of neurotrophic factors, neurotransmitters, adhesion molecules, matrix metalloproteinases, glial cells and tumor stem cells, a perineural niche favoring cancerous infiltration is eventually established, and neoplastic cells are guided towards this route.
Neurotrophic Factors
Neurotrophic factors represent a list of proteins binding to tyrosine kinase receptors to activate downstream signaling pathways in the growth and differentiation of nerves, comprising nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5). Their high-affinity receptors include tropomyosin-related kinase (Trk), preferring NGF, BDNF and NT-3/4, while GDNF family receptor (GFRα)/RET prefers GDNF. Each ligand-receptor complex, leading to phosphorylation of various downstream pathways including PI3K/Akt and Ras/MAPK, is responsible for recruitment of specific type of nerves during nerve development. NGF/TrkA signaling dominates in the establishment of sympathetic innervation, GDNF/GFRα in parasympathetic innervation and BDNF/TrkB in sensory innervation. Multifaceted interactions between epithelium and neurons in embryonic establishment of glandular innervation are summarized by Zahalka et al. (Zahalka and Frenette, 2020). In physiological conditions, epithelial mesenchyme secrets neurotrophins to bind their specific receptors, forming a ligand-receptor complex to be engulfed by axons and retrogradely transported to the soma, thus stimulating down-stream transcription, axonogenesis, and nerve recruitment to the target organ. Once morphogenesis of their target organ is accomplished, neurotrophic factors cease to accumulate (Klein, 1994).
However, these molecules indicated in embryonic development of nervous system can be re-stimulated in the context of cancer. Neurotrophic factors such as NGF and GDNF can be released either by tumor cells or neurons (Amit et al., 2016). In colorectal cancer, abnormality in TrkA has been recurrently reported. Chromosomal rearrangement of TrkA coding gene NTRK1 produces NTRK1 fusion proteins and upregulates TrkA kinase activity, followed by oncogenic phosphorylation of downstream proteins and hypersensitivity to NGF binding. TPM3-NTRK1 is the most commonly identified fusion gene, as TrkA itself was originally separated from TPM3-TrkA fusion gene of colon carcinoma, with a detection rate of 0.5–1%. Other fusion forms such as TPR-NTRK1 and LMNA-NTRK1 have also been reported. Indeed, TrkA positive patients may represent a minority of patients with satiable response to TrkA kinase inhibitors. In resected colon adenocarcinoma, cytoplasmic immunoreactivity to TrkA was abundantly detected (Ardini et al., 2014). In vitro experiments confirmed the presence of typical TPM3-NTRK1 fusion gene in KM12 human CRC cell line and demonstrated strong effects of TrkA inhibitor on suppressing cancer cell proliferation. TrkA fusion protein was also discovered in a case of liver metastasis of CRC, and application of Entrectinib, a selective Trk inhibitor, managed to achieve clinical partial response (Sartore-Bianchi et al., 2016).
Other neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and glial cell-derived neurotrophic factor (GDNF), have been shown to induce tumor migration via upregulation of VEGF and activation of p38 and PI3K/Akt signaling pathway (Huang et al., 2014; Huang et al., 2015). In-vitro studies in two human colon cancer cell lines, HCT116 and SW480, proved that migratory activity increases with the concentration of BDNF and GDNF respectively, paralleled with increased expression of VEGF, MAPK and PI3K/Akt-associated proteins at transcription and translation level.
So far, it has not been fully revealed in CRC how neurotrophic factors get engaged in perineural invasion(PNI), but accumulating evidence in other types of cancer indicates crucial importance of neurotrophin signaling through the development of nerve invasion. In pancreatic cancer, GDNF signaling is a characterized mechanism of PNI (Gil et al., 2010; He et al., 2014). In-vitro co-culture of dorsal root ganglia and human pancreatic adenocarcinoma cell lines and in-vivo murine sciatic nerve models of PNI showed that nerves release GDNF, and induce polarized neurotrophic migration of cancer cells via downstream pathways of RET. Tumor invasion of nerves is upregulated upon GDNF induction and is greatly diminished when GDNF/GFRa1/RET pathway is suppressed. Similar changes have been reported in prostate cancer, as GFRα-1/RET binding of GDNF potentiates invasion and proliferation of cancer cells (Ban et al., 2017). NGF and GDNF were also found to be more abundantly expressed in patients with PNI and higher Gleason scores (Baspinar et al., 2017). In salivary adenoid cystic carcinoma (SACC), NT-3/TrkC signaling enhances in-vitro cancer cell migration in the presence of Schwann cells: A comparative study of 78 SACC and 25 normal tissue specimens demonstrated higher expression of NT-3 in tumor cells surrounding the nerves and TrkC in tumor-invaded nerves; statistics proved that level of NT-3/TrkC expression is strongly correlated with the occurrence of PNI (Li et al., 2019). BDNF/TrkB-dependent Schwann-like differentiation was also discovered in human SACC cell lines; both TrkB and S100A4, a surface marker of Schwann cell, are found to be significantly associated with PNI (Jia et al., 2015; Shan et al., 2016).
It can be concluded that neurotrophins have multifaceted roles in tumor-nerve crosstalk of PNI, as both tumor cells and neurons are able to release neurotrophic factors. These growth factors might be secreted by neoplastic epithelium in the same way as embryonic neurogenesis to summon newborn nerves to the invasive front, facilitating direct contact between cancer cells and nerves; or they might be secreted by nerves to polarize neurotrophic migration of cancer cells towards resident nerves, as indicated in pancreatic cancer, prostate cancer, SACC, etc. Further research is needed in CRC to unveil the role of neurotrophic factors in bridging tumor and nerve.
Neurotransmitters
As the main effector molecules released by nerve fibers, neurotransmitters may serve as a crucial messenger between tumor and nerve. Upregulated adrenergic signaling has been reported in colorectal cancer. As indicated in several pathology reports of CRC tissue, distribution of beta receptors appears to be denser in the tumor site (Godlewski, 2010; Ciurea et al., 2017), and such phenomenon is usually accompanied by worse prognosis. Some studies further demonstrate a direct relationship between adrenergic transmitters and tumor proliferation in CRC. An in-vitro study of Wong et al. shows COX-2 dependent stimulation of adrenaline on human colon adenocarcinoma HT-29 cell proliferation (Wong et al., 2011), as adrenaline activates COX-2, VEGF, PGE2 and MMP-9 downstream, which can be rescued by COX-2 inhibitors and beta receptor antagonists. Besides, adrenaline-induced COX-2 upregulation has been found to suppress immunity in coordination with inflammatory signals by enhancing expression of IDO and IL-10 in macrophages, thus attenuating the proliferation and IFN-γ production of CD8+ T cells and facilitating immune escape in colon cancer (Muthuswamy et al., 2017). Han et al. have revealed the role of epinephrine in colorectal cancer as well. By targeting the CREB1-miR-373 axis and subsequent downregulation of tumor suppressor gene TIMP2 and APC, epinephrine plays a stimulatory role in the proliferation and dissemination of human colon cancer cells in vitro and in vivo (Han et al., 2020).
Cholinergic signaling via acetylcholine (Ach) and its receptors constitutes another regulating pathway of tumor-nerve crosstalk. Mounting evidence has shown that muscarinic receptor participates in the development of CRC. Muscarinic acetylcholine receptor 1 (M1R) and 3 (M3R) are the predominant types distributed in the gut, through which enteric and autonomic nervous system innervates intestinal smooth muscle tone, with M3R notably over-expressed in CRC lesions. Expression of CHRM3, coding gene of M3R robustly increased by 128 fold in colon adenocarcinoma compared with that in adjacent normal epithelium; immunostaining also shows over-expression of M3R in cancerous tissue in contrast to the unaffected epithelium (Cheng et al., 2017). CHRM3-deficient mice develop fewer and smaller colon neoplasm induced by Azoxymethane, whereas CHRM1 knockout or dual knockout didn’t have much visible impact on tumor size or quantity (Cheng et al., 2014).
Due to ubiquitous distribution and multi-target effect of adrenergic and cholinergic transmitters, it would be troublesome to distinguish whether neurotransmitters support cancer development through direct local interaction with tumor or via systemic neuroendocrine signaling activated by other CRC-related events. Allen et al. have identified a feed-forward loop in ovarian cancer cells, that in response to sustained adrenergic signaling, tumor cells secrete BDNF, which then promotes intratumoral innervation via host neurotrophic receptor tyrosine kinase 2 (TrkB) receptors (Allen et al., 2018), denoting that sympathetic pathway might be an upstream inducer of tumor innervation. Parasympathetic signaling through acetylcholine promotes matrix metalloproteinase 1 (MMP1) expression, facilitating the invasion of HT29 and H508 human colon cancer cells, which can be rescued by atropine and anti-MMP1 antibody (Raufman et al., 2011). Potential mechanistic pathway downstream of M3R activation was reviewed in detail by Ali et al. (Ali et al., 2021), which involves stimulation of protein kinase C-α (PKCα), MMP1 and MMP7 transcription, EGFR signaling and PI3K/Akt pathway and ultimately contributes to tumor growth, dissemination and invasion. Thus, neurotransmitters and their receptors might work as a stimulator to trigger invasive acts of CRC cells, yet more studies are required to identify the role of autonomic signaling in tumor-nerve interaction.
Adhesion Molecules
During the maturation of the nervous system, a wide range of cell-matrix and cell-cell interactions are required to facilitate neuronal migration, axon/dendrite outgrowth and synaptogenesis, mainly mediated by the immunoglobulin superfamily of neural cell adhesion molecules (CAMs). L1CAM is a crucial family of adhesion molecules comprising L1 and its close homolog (CHL1), NrCAM and neurofascin. Their extracellular domain consisted of immunoglobulin (Ig)-like and fibronectin type III-homologous (FnIII) domains, specializes in modulating intercellular interaction, particularly at synaptic cleft to assist in synapse forming and functioning. L1 also stimulates signal transduction related to neuron migration and neurite outgrowth, either by serving as signaling molecule itself or as co-receptor(Schmid and Maness, 2008; Sytnyk et al., 2017). By interacting with β1 integrin, L1 helps to upregulate cell-matrix adhesion and initiates downstream cascade, resulting in ERK1/2 MAPK signaling and transcriptional activation of a series of proteins that upregulates cell motility, including integrin and Rac1.
A handful of researchers have proposed that L1CAM represents a potential marker for cancer invasiveness and progression of CRC. It was recurrently reported that L1 expression was correlated with increased tendency of metastasis, along with advanced cancer stage, high-risk pathological features (including poor differentiation grade, solid cancer nests and tumor budding) and severely shortened survival (Boo et al., 2007; Kaifi et al., 2007; Tampakis et al., 2020; Tieng et al., 2020). Transcription of L1CAM mRNA was significantly active in the invasive front compared to the center of tumor especially in patients with nodal involvement; besides, expression levels of L1CAM and ERK1/2 in CRC tissue is associated with lymph node metastasis, indicating supportive role of L1CAM-associated in CRC dissemination (Kajiwara et al., 2011; Fang et al., 2020). Regretfully, perineural invasion status was absent in most of these studies, making it difficult to identify whether L1 also helps tumor cells to infiltrate the nerves. Recently, it has been reported that colorectal neoplastic cells preferentially adhere to enteric neurons, supporting further dissemination of tumor cells. Through tumor-nerve adhesion mediated by L1CAM and N-Cadherin, CRC tumor cells can migrate along enteric neurons in vitro, representing a possible route for CRC perineural invasion due to the wide distribution of enteric nerves throughout the colon and rectum (Duchalais et al., 2018).
In pancreatic cancer, there is a strong association between L1CAM expression in cancer tissue and perineural invasion (Ben et al., 2010). By constructing in-vitro model of PNI, it was revealed that L1CAM secreted by Schwann cells attracts cancer cells into perineural niche via MAPK pathway and enhances expression of metalloproteinase (MMP) in cancer cells to facilitate penetration of extracellular matrix (Na’ara et al., 2019). Such process proves to be L1-dependent as neural invasion is greatly impaired after treatment of L1CAM antibody. Considering dual identity of L1CAM in nerve development and neoplastic invasion, more work remains to be done to pinpoint the position of L1CAM in neural invasion of CRC.
CONCLUDING REMARKS
Nerve dependence has been identified in several neurotrophic cancers, such as pancreatic cancer and prostate cancer, with numerous studies focused on deciphering potential mechanisms of perineural invasion. In contrast, the role of nerves in CRC has received far less attention, possibly due to low incidence of PNI in CRC (less than 30%). Currently, established models for neural invasion (Amit et al., 2016) (such as in-vitro dorsal root ganglia assay, 3D Schwann cell outgrowth and migration essay, etc.) are rarely applied in CRC-related studies, making it difficult to pattern nerve involvement in a systematic approach. Although the pattern of direct interaction between cancer cells and nerves has not been clearly elucidated, a handful of clues have suggested that a specialized microenvironment might be established surrounding cancer cells and adjacent nerves, with neurotrophins, neurotransmitters, adhesion molecules, matrix metalloproteinase and other mediators highly enriched in this niche (Figure 1). It was also revealed that enteric glial cells, component of the neural sheath, might be activated by tumor cells to assist in expansion of cancer stem cells (Valès et al., 2019). As indicated in other types of cancers, neurotrophins may be secreted by neurons, mesenchyme or tumor cells, contributing to neurogenesis and further tumor survival or invasion; Adhesion molecules may serve as the “glue” between cancer cell and nerve to potentiate neural invasion; MMPs released by tumor cells help to degrade extracellular connective tissues, facilitating protrusion into the neural sheath; chemotaxis recruit other components and establish a favorable niche for neural tracking. Nerves may also advocate tumor growth by releasing neurotransmitters and activating multiple downstream pathways such as MAPK and PI3K/Akt signaling. Here we have illustrated the clinical significance of perineural invasion, a specific form of tumor-nerve, and we have exhibited a possible mechanistic view of nerve participation in CRC. Further studies need to be carried out to focus directly on local interaction between cancer cells and neurons or glial cells to provide solid evidence of nerve dependence in CRC.
[image: Figure 1]FIGURE 1 | Possible pattern of interaction between CRC cell and adjacent nerve. Neurons secret neurotrophic factors such as NGF, BDNF and GDNF, which then form signaling complex with their cognate receptors (TrkA, TrkB and GFRα respectively) on CRC cells. These complexes initiate intracellular MAPK and PI3K/Akt pathway and eventually turn on NF-κB transcription, facilitating tumor survival and invasion. Besides, neurotransmitters released by neurons also switch on growth pathways in CRC cells and prompts extracellular matrix remodeling: adrenaline binds to β receptor and activates PGE2/COX2 axis, resulting in increased expression of VEGF and MMP9; acetylcholine binds to M3 receptor, which upregulates EGFR signaling and downstream production of MMP1 and MMP7. 2) Tumor cells themselves and mesenchymal cells may also release BDNF and GDNF to bind TrkB and GFRα expressed on newborn nerves, assisting in neurogenesis in the tumor microenvironment, thus “placing” nerves in proximity to tumor cells. Adhesion molecules such as L1CAM and N-Cadherin are expressed on CRC cells and neurons, allowing for further migration and dissemination of cancer cells along the adjacent nerve. 3) Glia cells may be stimulated by CRC cells to activate cancer stem cell, which serves as a replenishing pool for CRC cells, constituting a positive feedback loop.
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Cancer is primarily a disease of dysregulation – both at the genetic level and at the tissue organization level. One way that tissue organization is dysregulated is by changes in the bioelectric regulation of cell signaling pathways. At the basis of bioelectricity lies the cellular membrane potential or Vmem, an intrinsic property associated with any cell. The bioelectric state of cancer cells is different from that of healthy cells, causing a disruption in the cellular signaling pathways. This disruption or dysregulation affects all three processes of carcinogenesis – initiation, promotion, and progression. Another mechanism that facilitates the homeostasis of cell signaling pathways is the production of extracellular vesicles (EVs) by cells. EVs also play a role in carcinogenesis by mediating cellular communication within the tumor microenvironment (TME). Furthermore, the production and release of EVs is altered in cancer. To this end, the change in cell electrical state and in EV production are responsible for the bioelectric dysregulation which occurs during cancer. This paper reviews the bioelectric dysregulation associated with carcinogenesis, including the TME and metastasis. We also look at the major ion channels associated with cancer and current technologies and tools used to detect and manipulate bioelectric properties of cells.
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Introduction

Carcinogenesis, also termed oncogenesis or tumorigenesis, is rooted in two major theories or hypotheses, both significantly different from one another. The somatic mutation theory (SMT), which has been prevailing in cancer research for more than sixty years proposes that the origin of cancer can be explained by an accumulation of several DNA mutations in a single somatic cell. Tumor development is then a multistep process where successive mutations produce advantageous biological compatibilities (1). The SMT explains many features of cancer such as hereditary cancers and the success of gene-targeting cancer therapies (2). However, non-genotoxic carcinogens which induce cancer without any DNA modifications (3) and the absence of mutations in some tumors (4) contradict this theory. Alternatively, the tissue organization field theory (TOFT) proposed in 1999, hypothesizes that carcinogenesis is a problem of tissue organization instead of having a cellular level origin. Here, the carcinogenic agents disrupt the reciprocal interactions between cells that maintain tissue organization, repair, and homeostasis, hence creating altered microenvironments which allow the parenchymal cells to exercise their ability to proliferate and migrate (5).

Bioelectric regulation is an important mechanism of cell communication and dysregulation of this mechanism can result into alterations in tissue organization, fitting the tissue organization field theory of carcinogenesis. While bioelectricity has been extensively studied in cells with neural origins, its role in non-neural cell activity and functionality has only emerged more recently. With advances in understanding the underlying bioelectric mechanisms of cancer and development of molecular tools to measure and control these electric fields, we are now able to better identify the role of bioelectric signaling in carcinogenesis. Another important mechanism that facilitates intercellular communication for the maintenance of tissue homeostasis is the production and release of extracellular vesicles (EVs) by cells of different tissue types. Cancer-derived EVs play a role in all steps of carcinogenesis by mediating the communication between cancer cells and non-cancer cells as well as malignant cells and non-malignant cells within the tumor microenvironment (TME) (6). Furthermore, the production of EVs is aberrant during cancer which in turn plays an important role in disturbing the bioelectrical signaling pathways between cells.

Several review papers (7–10) focusing on the bioelectric control of one or the other aspect of cancer, such as migration or metastasis, have been published. In this paper, we provide a more extensive review of bioelectric regulation in multiple cancer processes including initiation, promotion, the tumor microenvironment, and metastasis. We also look at the major ion channels implicated in cancer and current technologies and tools used to measure and manipulate bioelectric properties of cells in vivo.



Bioelectricity and Endogenous Electric Fields – An Overview

Membrane potential (Vmem) is an electrical property associated with any cell, specific to its origin and function. The electric nature of the membrane potential produces endogenous electric fields (EFs) due to the segregation of charges by molecular machines such as pumps, transporters and ion channels that are primarily located in the plasma membrane of the cell (11). These transmembrane voltage gradients have been established to control not only neural signaling via gap junctions, but also cell proliferation, migration, differentiation, and orientation in both, excitable and non-excitable cells (12, 13).

Depending on the presence of relative charges, all excitable and non-excitable cells possess an electric gradient across their plasma membrane (Figure 1A). When the cytoplasm becomes more positively charged relative to the extracellular space, the cell is said to be depolarized and will have a less negative Vmem. When the cytoplasm becomes more negatively charged relative to the extracellular space, the cell in said to be hyperpolarized and will have a more negative Vmem (Figure 1B). It is worthwhile to note that Vmem is not only a key intrinsic cellular property, but also an integral part of the microenvironment where it acts both, spatially and temporally, to guide cellular behavior (9). It does so by enabling the cells to make decisions based on the states of their neighbors (14). Physiological Vmem can range from -90 to -10 mV, depending on the cell type and physiological state (13, 15). Furthermore, as Vmem is primarily established by ion channels that are gated post-translationally, two cells that are in the exact same genetic and transcriptional states could theoretically be in very different bioelectric states (16).




Figure 1 | (A) Polarization of cells based on cell type. Excitable cell such as neurons have a membrane potential of -90 mV. Non-excitable cells such as HMEC: Human Mammary Epithelial Cell and MCF7: Estrogen-receptor-positive breast cancer cell line are at -60 mV and -13 mV respectively. (B) Depolarized cell state (left) indicated by a more positive charge in the cytoplasm relative to the extracellular space. Hyperpolarized cell state (right) indicated by a less positive charge in the cytoplasm relative to the extracellular space.





Bioelectricity in Cancer Processes

Bioelectric properties of cells and the electrical state of cells in the microenvironment are known to control several key behaviors of relevance to cancer (17–24). Here we first introduce some major ion channels implicated in cancer. Then we look at the role of bioelectricity in cancer initiation and progression, the tumor microenvironment, and migration and metastasis.


Ion Channels and Cancer

Ion channels are membrane proteins that create ionic concentration gradients by regulating the flow of ions across the plasma membrane. The primary function of ion channels is to maintain cellular homeostasis by regulating the inward and outward ion flux, but they are also higher order regulators of many downstream molecular signaling pathways (7). The four main ions that play a role in establishing the resting Vmem of a cell are: Ca2+, Na+, K+, and Cl-. The Goldman equation links the overall transmembrane potential to the concentrations and permeabilities of various ion species. The resting potential Vmem depends on the internal and external K+, Na+, and Cl- concentrations, ambient temperature, and permeability of each ion specie. Alterations in ion channel expression and activity are associated with the initiation, proliferation, and metastasis of cancer cells (21, 25). For instance, there is a host of ion channels whose expression is dysregulated in cancer cells and have been found to be associated with a metastatic phenotype (7). Here, we summarize major ion channels responsible for the disruption of homeostasis and aberrant activation of downstream signaling pathways in cancer including voltage-gated cation channels (CaV, NaV, KV), mechanosensitive cation channels, transient receptor potential (TRP) channels, and chloride channels (CLCs). Several review papers focusing extensively on ion channels implicated in cancer can be found in literature (26–29). It is worthwhile to note that disruption in expression of these ion channels leads to deregulation in a host of different signaling pathways in cancer (27–30). Prominent ones include the mitogen-activated protein kinase (MAPK) pathways, ERK and JNK signaling pathways, Wnt/ß-catenin pathway, PI3K/Akt pathway, Notch signaling, and the Rac and Rho pathways.


Calcium Channels

Voltage-gated calcium channels (VGCCs) and transient receptor potential (TRP) ion channels are primary channels facilitating Ca2+ ion diffusion. VGCCs are present in human breast cancer cells but not in normal human mammary epithelial cells (HMECs) (31). Berzingi et al. studied the effect of calcium ions on cell proliferation. Upon 5 days of culture, it was found that MCF7 breast cancer cells showed almost no growth in a culture medium without Ca2+ ions compared with cells growing to nearly 100% confluence in a medium containing 2 mM Ca2+ ions. Furthermore, blocking external Ca2+ ions from entering the cell through voltage-gated calcium channels using Verapamil indicated that cell growth was substantially inhibited in MDA-MB-231, breast cancer cells (32). The intracellular calcium concentration is also integral for cancer cell metastasis since it regulates the cell cytoskeletal dynamics, protease activity, cell volume, and pH – all of which play a role in migration and invasion of cancer cells (33–36). Calcium is also involved in driving ECM degradation and cell invasion by promoting epithelial-mesenchymal transition (EMT) pathways and the activity of matrix metalloproteinases (37, 38). Furthermore, multiple TRP channels are regulated differently in various cancers. Expression levels of TRPC3 in some breast and ovarian tumors (39) and TRPC6 in breast, liver, stomach cancers and in glioma are elevated (40). In non-small-cell lung carcinoma cells, Ca2+ entry mediated by TRPC1 and its associated signaling was found to activate the Pl3K/Akt and MAPK downstream pathways and simulate proliferation (41). Some TRP channels including TRPC1 (42), TRPC3 (43), TRPC6 (44–46), TRPM2 (47–49), and TRPM8 (50, 51) also simulate apoptosis by increasing Ca2+ activity. Consequent increase in TRPC6-mediated Ca2+ entry has also been found to alter the Notch pathway, leading to tumorigenesis in human glioblastoma multiforme (GBM) and GBM-derived cell lines (52). TRPV4 is also a critical regulator of the Rho signaling pathway involved in cancer cell adhesion and migration (53).



Sodium Channels

Cancer cells can effectively use Na+ flux to indirectly promote a metastatic phenotype. For instance, changes in Na+ flux can create localized areas of depolarization that can drive the movement of Ca2+ and H+ ions. Activity of Na+/Ca2+ exchangers located in the plasma membrane of cells has also been linked to favor ECM degradation and cell invasion, as has been demonstrated in MDA-MB-231 breast cancer cells that overexpress a voltage gated sodium channel (VGSC) (54). The expression of NaV1.7 also promotes cellular invasion at the transcriptional level by epidermal growth factor (EGF) and EGF receptor (EGFR) signaling via the ERK1/2 pathway (55). In colon cancer cells, NaV1.5 activity and the subsequent depolarization have been found to play a role in the induction of invasion-related genes through the MEK, ERK1/2 pathway (56, 57). Furthermore, a sodium-channel SCN5A has been identified as a key regulator of a genetic network that controls colon cancer invasion (57). The activity of some sodium channels has also been shown to further simulate the expression of more sodium channels in prostate and breast cancer cell lines. This allows the cells to substantially increase ion flux by creating a positive feedback loop of channel activity-induced channel expression (58). Finally, changes in the intracellular Na+ concentration can also alter cellular pH (10). A decrease in the pH surrounding a tumor is known to influence cell adhesion via the formation of integrin-mediated focal adhesion contacts (59–61).



Potassium Channels

K+ ions predominantly move from the intracellular to extracellular space through their channels to maintain the steady state resting potential of a cell. K+ indirectly affects the Vmem by driving the entry of Ca2+ into the cell. At the same time, the proliferation of some tumor cells is dependent on voltage-gated potassium channels (62–67) that alter cell volume by affecting K+ flow. A variety of tumor cells express KV10.1 (68, 69) or KV11.1 (HERG) (70) or both channels. The K+ channel EAG has been found to be expressed in 100% of cervical cancer biopsies analyzed and overexpression of EAG in human cells has been shown to increase cell proliferation in culture (71, 72). Furthermore, overexpressing K+ channels in breast cancer cells has been found to drive cell migration mediated by cadherin-11 and MAPK signaling (73). Calcium-dependent K+ channel KCa3.1 also promoted proliferation by directly interacting with ERK1/2 and JNK signaling pathways (74). Finally, Ca2+ flow through TRPM8 regulates activity of Ca2+-sensitive K+ channels such as KCa1.1, which plays a role in migration (75, 76). In breast cancer cells, overexpression of TRPM8 increased the metastatic potential via activation of the AKT glycogen synthase kinase-3 ß (GSK-3ß) pathway (77).



Chloride Channels

Chloride is the main anion that accompanies the transport of cations such as calcium, sodium, and potassium. Chloride channels play an important role in cancer cell migration due to their role in maintaining cell volume (78). Cl- channels have been revealed to have a role in glioblastomas from studies in glioma cell lines (79, 80). Studies of human prostate cancer cell lines have also shown chloride channels to play a role as key regulators of proliferation through cell size regulation (81). Chloride ion channel-4 Cl-/H+ exchanger has been found to enhance migration, invasion, and metastasis of glioma and colon cancer cells by regulating the cell volume (65). For instance, genetic knockdown of ClC-3 has been found to substantially reduce migration in glioma cells (82).



Piezo Channels

Piezo channels are non-selective Ca2+-permeable channels whose gating can be simulated by several mechanical stimuli affecting the plasma membrane, including compression, stretching, poking, shear stress, membrane tension, and suction (83–85). A recent study has also demonstrated that Piezo channels show significant sensitivity to voltage cues and thus can also be viewed as important members of the voltage-gated ion channel family (86). Two major piezo channels – Piezo1 and Piezo2 have been identified which are mainly expressed in different tissues. Piezo channels are overexpressed in several cancers, such as breast, gastric, and bladder, whereas in other cancers, their downregulation has been described. Several studies conducted in vitro and in vivo have demonstrated that the activation of Piezo channels can drive a Ca2+ influx, thus modulating key Ca2+-dependent signaling pathways associated with cancer cell migration, proliferation, and angiogenesis (87). Overexpression of Piezo1 has also been found to promote prostate cancer development through the activation of the Akt/mTOR pathway (88). Furthermore, the mechanistic effects of Piezo2 are associated with a Ca2+-dependent upregulation of Wnt11 expression which enhances the angiogenic potential of endothelial cells in cancer via ß-catenin-dependent signaling (89).




Cancer Initiation and Promotion

Resting potential established by ion channel and pump proteins is important for determination of differentiation state and proliferation. One way that carcinogenesis occurs is due to the disruption of electrical gradients, or the mechanisms by which they are perceived by cells (24). Vmem is an important non-genetic biophysical aspect of the microenvironment that regulates the balance between normally patterned growth and carcinogenesis (7). Cancerous and proliferative tissues are generally more positively charged or depolarized than non-proliferative cells (90, 91). Vmem values from -10 to -30 mV correspond to more undifferentiated, proliferative, and stem-like cells (92). For instance, the resting membrane potential in normal human mammary epithelial cells (HMEC) is -60 mV. This value goes up to -13 mV in breast cancer cells isolated from patients (93). Berzingi et al. experimentally compared Vmem in HMEC and two different invasive ductal human carcinoma cell lines, MCF7 (estrogen-receptor-positive) and MDA-MB-231 (estrogen-receptor-negative). The results indicated that MCF7 and MDA-MB-231 cells are 30.4 mV and 27.3 mV more depolarized in comparison to HMEC cells, respectively. It was also seen that HMEC grew at a much slower rate compared to MCF7 and MDA-MB-231 (32).

Lobikin et al. used a Xenopus tadpole model to confirm the role of ion flow in oncogenesis in vivo by investigating the consequences of depolarizing select cell groups (67). Embryos were exposed to glycine-gated chloride channel (GlyCl) activator ivermectin to control the membrane potential of a widely distributed, sparse population of cells expressing the GlyCl channel. The membrane potential of these specific cells could be set to any desired level by manipulating external chloride levels following ivermectin treatment. Tadpoles whose cells were depolarized were seen to exhibit excess melanocytes with a much more arborized appearance and colonize areas normally devoid of melanocytes, such as around the eyes and mouth. It was also shown that depolarization induces the up regulation of cancer relevant genes such as Sox10 and SLUG (94). Furthermore, susceptibility to oncogene-induced tumorigenesis was shown to be significantly reduced by forced prior expression of hyperpolarizing ion channels indicating that bioelectric signaling of the cellular microenvironment can both, induce and suppress, cancer-like cell behavior.

Vmem has been suggested as a cancer biomarker due to its role as an early indicator of tumorigenesis and is associated with tumors of diverse molecular origin (95–98). Induced tumor like structures (ITLS) can be formed in Xenopus and zebrafish embryos by mis-expressing mammalian oncogenes (Gli1, Xrel3 and KRASG12D) and mutant tumor suppressors (p53Trp248). ITLS’s are formed as a result of genetic interference with signaling pathways altered in several types of cancer including basal cell carcinoma, lung cancer, leukemia, melanoma, and rhabdomyosarcoma (99–102). Fluorescence reporters of Vmem in the injected animals have been found to reveal unique depolarization of tumors and increased sodium content compared to healthy tissues (7, 103). Moreover, depolarized foci have a higher success rate in predicting tumor formation as compared to cancer specific antigen level in the serum. For instance, Chernet and Levin found that depolarized foci, while present in only 19-30% of oncogene-injected embryos, predict tumor formation with 50-56% success rate as compared to prostate specific antigen level in the serum, which when used as a biomarker for prostate cancer, has a 29% predictive value (104, 105).

Recently, Carvalho developed a computational model of cancer initiation, including the propagation of a cell depolarization wave in the tissue under consideration (106). This model looks at an electrically connected single layer tissue in two and three dimensions and simulates ion exchange between cells as well as between cells and the extracellular environment. It was seen that a polarized tissue with cells in quiescent state tends to change state if a large enough perturbation changes its homeostatic conditions, such as a carcinogenic event. The induced depolarized state is able to then propagate to neighboring cells in a wave like manner. The developed model shows the importance of community effects associated with cell electrical communication leading to both, short- and long-range influences and ultimately, cancer.



The Tumor Microenvironment

The microenvironment functions to guide the cell through space and to direct tissue growth through time. It also plays a significant role in the physiological outcome of a given Vmem input. The tumor microenvironment (TME) is a complex entity and consists of multiple cell types embedded in the extracellular matrix (ECM), including immune cells, endothelial cells and cancer associated fibroblasts (CAFs) which communicate with cancer cells and with other CAFs during tumor progression (107). One way this communication is mediated is by a plethora of bioactive molecules, including proteins, lipids, coding and non-coding RNAs, and metabolites, which are secreted into extracellular vesicles (EVs) (108, 109).

The mechanical microenvironment impacts bioelectric regulation and cell proliferation (9). An early indication of this were studies in the late 1900s which found that cells within a low cell density (fewer cell-cell contacts) exhibited reduced proliferation (110) and that cells in a confluent monolayer are more hyperpolarized than individual cells (111, 112). Similarly, chemical components of the cellular microenvironment have the ability to impact cell phenotype. Factors such as hypoxia (113) and pH (114) have been demonstrated to drive cancer progression. Moreover, hypoxic tumors exhibit more aggressive phenotypes. Tumor cells under hypoxia can produce a secretion partly in the form of EVs that modulates the microenvironment to facilitate tumor angiogenesis and metastasis (115). Vmem thus functions at the interface of chemical and mechanical signals by creating an electrical gradient across cells, which in turn gates voltage-sensitive channels. This creates a tightly connected communication pathway between a cell and its microenvironment (9, 116–119).

The key components of the mechanical microenvironment (Figure 2) are solid and fluid pressure, substratum stiffness (120–128) tissue geometry, and mechanical stress (129–131). These components of the physical microenvironment are primarily dependent on mechanosensitive calcium channels CaV3.3 (132, 133). Cells have the ability to sense the surrounding substratum by applying force through actomyosin motors in stress fibers linked to focal adhesions (134). Varying the substratum stiffness has been demonstrated to influence cellular behaviors including differentiation (122), apoptosis (126), proliferation (125), gene expression (135–137), migration (138), cell stiffness (139), and epithelial-mesenchymal transition (EMT) (127). Along with microenvironments of varying rigidity, cells also experience mechanical stress due to the dense packing of neighboring cells. Cell-cell contacts are critical for propagation of bioelectric signals via the transport of ions through gap junctions (140–142). The normal breast epithelium cell line MCF10A was demonstrated to respond differently to an EF in vitro depending on the confluency of the cell culture (143). The study observed that clustered cells are more sensitive to an EF due to increased cell-cell contacts.




Figure 2 | Key components of the tumor microenvironment (TME) which comprises of multiple cell types including cancer cells, immune cells, endothelial cells, and cancer associated fibroblasts. This includes mechanical components such as fluid pressure, substratum stiffness, mechanical stress, cell-cell, and cell-matrix interactions. Also shown are some chemical components of the microenvironment such as pH, temperature, and hypoxic core of the tumor. Cell-cell and cell-TME communication is mediated by a variety of bioactive molecules during carcinogenesis.



Physical signals from the Vmem of the microenvironment also contribute to tumorigenesis (9). Furthermore, pressure activates oncogenic factors such as p38, ERK, and c-Src which are involved in the regulation of cell proliferation, differentiation, and apoptosis (132). Tumors in vivo are under higher pressure and are also stiffer than the surrounding tissue which creates a microenvironment that promotes cell proliferation (133). Increased pressure also enhances the invasiveness of tumor cells (121). Additionally, a key communication pathway between cells and their ECM is Integrin signaling pathway which regulates cytosolic Ca2+ levels (144). These cytosolic Ca2+ concentrations play an important role in cancer-related processes such as EMT (38), metastasis (21), and apoptosis (126, 145). For instance, inducing EMT in human breast cancer cells has been shown to upregulate cytosolic calcium levels (38).



Cell Migration and Metastasis

The dissemination of primary tumor cells to secondary organs is called metastasis. This involves cancer cells breaking away from the primary tumor, traveling through blood or lymphatic systems, and forming secondary or metastatic tumors in other parts of the body. Metastasis is a multi-step process (Figure 3) and involves the following events: local invasion to surrounding tissues, intravasation into the vasculature or lymphatics (where they are called circulating tumor cells or CTCs), survival and circulation in the vessels, and extravasation and colonization in a secondary organ (where they are called disseminated tumor cells or DTCs) (146, 147). Bioelectricity mediates many of the normal cell functions which are disrupted in metastasis. Factors such as ion channel expression, Vmem, and external EFs have been determined to regulate invasion and metastasis. Furthermore, the migration of cancer cells out of the primary tumors into local tissues through various physical barriers is driven by components of the local tumor microenvironment and executed by complex signaling pathways in the cell (10).




Figure 3 | Overview of the five-step metastatic cascade involving local invasion, intravasation into surrounding vasculature, circulation, extravasation, and finally colonization in a secondary location. Also shown is the formation of a pre-metastatic niche that supports the survival of disseminated tumor cells (DTCs) into a successful metastasis. Exosomes, a subpopulation of EVs play a primary role in carrying information from the primary site to the secondary site or site of metastasis, especially to form the pre-metastatic niche.



Cues within the TME can promote local invasion (148). For instance, an ECM protein fibronectin can attract breast cancer tumor cells to the vasculature via haptotaxis (directional migration in response to substrate-bound cues) to promote dissemination. During tumor invasion, constant communication occurs between tumor cells and surrounding stromal cells via extracellular vesicles (EVs) (115). Even upon entering a secondary tissue, the transition of a DTC into an overt metastasis is highly dependent on the local microenvironment of this organ (10). Hence, the formation of a supportive premetastatic niche, composed of ECM and resident immune cells is essential to provide nutrients and survival signals that drive DTC survival and outgrowth. Recent work suggests that tumor cells may be able to prime the premetastatic site from a distance before colonization to create a more favorable niche, for example, by secreting exosomes, a subpopulation of EVs (6). Furthermore, even within cancer cells, there is variability in the amount of depolarization. A more depolarized Vmem is associated with a higher metastatic potential and forced hyperpolarization of cells can reduce their migration and invasiveness (24, 141, 149, 150).

To study the effect of EFs on cell galvanotaxis, Zhu et al. employed unique probe systems to characterize cancer cell electrical properties and their migratory ability under an EF (151). It was found that tumors established from 4T1, a triple-negative murine breast cancer cell line, produced heterogeneous intratumor potentials causing a flow of endogenous EFs inside and outside of the tumors, which may in turn affect cell migration behavior and ultimately contribute to cancer metastasis. Moreover, tumor electric potentials were found to increase with increase in tumor size, which is an important factor since the primary tumor size has been reported to be linked to the metastatic potential (152, 153). Finally, it was also found that metastatic sublines (m4T1) from lung, heart, axillary lymph node and spleen showed different galvanotaxis thresholds. For instance, parental 4T1 and lung metastatic cell lines were found to respond to EFs as low as 50 mV/mm, while other metastatic sublines showed an anodal migration in a field of 100 mV/mm or higher. Additionally, the migration speeds also varied among different metastatic sublines. Cancer cell monolayers were found to have a higher migration persistence (defined as the ratio of displacement to trajectory length) under EFs than that of isolated cells, suggesting that cancer cells migrated more linearly in a certain direction when responding to EFs collectively.

Interestingly, bioelectric factors override most chemical gradients and other cues in a multi-cue environment during cell migration (8). Lobikin et al. investigated a cell population termed as “instructor” cells which when depolarized, is able to direct the activity of an entirely different set of cells (7). The “instructor” cells induce metastatic phenotype in normal melanocytes by serotonergic signaling, a mechanism which mediates long-range bioelectric signaling. Furthermore, instructor cells also disrupt blood vessel patterning upon depolarization. The melanocytes were then found to acquire three properties commonly associated with metastasis – hyper-proliferation, a highly dendritic morphology, and invasion into tissues such as blood vessels, gut, and neural tube. This data illustrated the power of depolarized Vmem as an epigenetic initiator of widespread metastatic behavior in the absence of a centralized tumor.




Applications


Current Devices, Materials and Technologies

Molecular-resolution tools have recently been developed for real-time detection and manipulation of bioelectric properties in vivo (91, 154). An important component of such investigations is the ability to track spatio-temporal distribution of Vmem gradients in vivo, over significant periods of time.


Detection of Bioelectric Properties

Microelectrodes are a common tool used to measure the electrophysiological characteristics of cells and are extremely powerful for single cell measurements. For instance, Zhu et al. used glass microelectrodes to measure intratumor potentials in subcutaneous tumors established from a triple-negative murine cancer cell line (4T1) (151). However, measurements corresponding to multicellular areas and volumes are constrained by the smaller size of these electrodes. Furthermore, the sample under study needs to be kept perfectly still (154). Fluorescent bioelectricity reporters are a more recent development which has facilitates measurement of electrophysiological properties when it is not feasible to use microelectrodes. These dyes can be used to achieve subcellular resolution, measure many cells simultaneously in vivo, and to track bioelectric gradients over long period of time despite cell movements and divisions (154). Chernet and Levin utilized voltage-sensitive fluorescent dyes to non-invasively detect areas of depolarization in oncogene-induced tumor structures in Xenopus larvae (24). A few other tools for the characterization of bioelectrical events are highly sensitive ion-selective extracellular electrode probes (105, 155) that reveal ion flux at the cell membrane, reporter proteins (156–159) and techniques that report individual ion species content such as protons (160) and sodium (161). Bioelectronic sensors or biosensors can also be used to sense electric fields, ionic concentrations, and biological markers (162–167). Based on the type of sensor, both intracellular and extracellular recordings of a single cell or a group of cells can be measured. A common transistor biosensor platform used for extracellular recordings is the organic electrochemical transistor (OECT) which is inherently sensitive to ionic species and external electric fields (14). The OECT is typically made of a poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT : PSS) mixture and has been implemented for recording of electrochemical gradients in non-excitable cells such as Caco-2 as well as excitable cells (168). Meanwhile, silicon nanowires are suitable for crossing the cell membrane and are commonly used for intracellular readings. These nanowires are synthesized with spatially controlled electrical properties. A nanoscale field effect transistor (NFET) is then created on an individual nanowire by varying the doping levels. NFETs allow localized and tuneable 3D sensing and recording of single cells and even 3D cellular networks. By having a three-dimensional probe presentation, NFETs overcome a major limitation of most traditional nanoelectronic devices which have a more planar design. Tian et al. used three-dimensional NFETs as localized bioprobes for intracellular readings in cardiomyocytes (169). While these methods are excellent tools for measuring cell electrical properties, tools that can manipulate these properties are essential to study the effects of altering cell states.



Manipulation of Bioelectric Properties

Bioactuators are a class of devices that can be used to modify cell behavior by delivering directly biophysical signals such as electrophoretic delivery of ions and small molecules targeting specific cell locations (14). Additionally, a variety of nanomaterials have been developed for reading and writing bioelectric cues in tissue. These include biocompatible piezoelectric materials and nanoparticles that alter the resting potential of cells by contact, without the use of transgenes (170–173). Warren and Payne determined that nanoparticles with amine-modified surfaces induced significant depolarization in both, Chinese Hamster Ovary (CHO) cells and HeLa cells (173). Conductive polymers are another class of materials that can stimulate cells or tissue cultured upon them (174–176) by applying an electrical signal. Conductive polymers used in tissue engineering include conductive nanofibers, conductive hydrogels, conductive composite films, and conductive composite scaffolds fabricated using methods such as electrospinning, coating, or deposition by in situ polymerization (177). For instance, Jayaram et al. used PEDOT : PSS conducting polymer microwires to depolarize cells and achieve a more positive membrane potential in E. coli cells (170). Thourson and Payne also demonstrated the use of PEDOT : PSS microwires to control action potentials of cardiomyocytes (178). Conductive polymer microwires thus provide a minimally invasive platform to control electrical properties of cells with high spatial precision. Detailed reviews on conductive polymers have been previously published (177, 179).

As mentioned previously, treatment with ivermectin is another way to control the transmembrane potential of a select group of cells by manipulating of endogenous chloride channels (Figure 4A). Ivermectin targets GlyR-expressing cells and hence opens their chloride channels. Chloride ions can then be made to enter or exit the GlyR-expressing cells by manipulating the external chloride levels, thus controlling their transmembrane potential (7). For instance, a low level of chloride in the external medium would cause chloride ions to exit the cell and into the medium, hence depolarizing the cell. Lobikin et al. employed this method in frog models to regulate the membrane potential of a specific group of cells expressing GlyCl channels to desired levels and study the consequences on metastasis and tumorigenesis in vivo.




Figure 4 | Manipulating bioelectric properties of cells (A) Manipulation of endogenous chloride channels as a means of manipulating Vmem of a select group of cells. Treatment with ivermectin causes chloride channels in GlyR-expressing cells to open. External chloride levels are then manipulated to regulate movement of chloride flux into or out of the cytoplasm (B) Piezo1 and Piezo2 are mechanically activated cation channels. Application of a mechanical force causes the central pore to open, allowing an influx of positive charge into the cell.



Another potential way to manipulate the bioelectric properties of cells is by controlling the mechanosensitive Ca2+-permeable Piezo channels which have emerged as major transducers of mechanical stress into Ca2+ dependent signals. These mechanosensitive Piezo channels expressed on the plasma membrane are gated by various mechanical stimuli such as stiffness, compression, tension forces, and shear stress. Channel activation then allows a Ca2+ influx into the cytoplasm which then mediates the cell polarity (Figure 4B). Piezo1 may also be pharmacologically activated by agonists such as Jedi1, Jedi2 and Yoda1 or inhibited by channel pore blockers, competitive antagonists, and peptides such as Ruthenium Red, GsMTx-4, Dooku1 and Aß peptides which distort the membrane mechanical properties (87). Han et al. demonstrated that activation of Piezo1 via mechanical stimuli in 1 μm using a heat-polished glass probe controlled by a piezo electric device or via agonist Yoda1 mediated Ca2+ influx in pancreatic cancer cells, resulting into a more depolarized state (88).




Extracellular Vesicles and Electricity

Extracellular vesicles (EVs) facilitate inter-cellular communication via delivery of proteins and nucleic acids, including microRNA (miRNA) and mRNA (180). EVs-mediated communication is vital during the establishment of planar cell polarity and the developmental patterning of tissues (181). EVs are particularly enriched in the tumor microenvironment (182, 183) and as mentioned in the previous sections of this paper, they play a special role in cancer development and progression. In a recent study, Fukuta et al. demonstrated that external stimuli such as low levels of electric field treatment that activate intracellular signaling would likely increase exosome secretion from the cells. It was seen that an electric field of 0.34 mA/cm2 increases the secretion of these EVs from cultured cells of murine melanoma B16F1 and murine fibroblast 3T3 Swiss Albino without compromising their quality (180). These results together indicate that the bioelectric dysregulation or depolarization of cells that occurs during cancer may be responsible for the upregulation of EVs in the cancer tumor microenvironment. At the same time, the increase in production of EVs plays a role in disrupting the bioelectric homeostasis, forming a feedback loop. The change in cell state and EV production along with the interdependence of the two are major mechanisms responsible for the bioelectric dysregulation of cancer.




Conclusions

Bioelectric signaling is a growing field of study that takes us a step closer to understanding cancer as a disease, all the way from initiation to metastasis. A lot is known about cancer and its biology as per the somatic mutation theory. On the other hand, the role of electric fields in cancer processes, while strongly established over the last few decades, needs further investigation. Understanding the bioelectric mechanisms underlying cancer is especially important since it will allow us to develop new biomedical and bioengineering tools and techniques as per the tissue organization field theory. These new engineering tools, along with the existing biological knowledge will enhance our understanding of cancer and enable the development of novel treatments for patients.

Another exciting area of study is the interplay between the bioelectric dysregulation and enhancement of extracellular vesicles (EVs) within the context of the cancer microenvironment. It has been well established that EVs play a significant role in facilitating the signaling pathways involved in all processes of carcinogenesis. This paper provides a detailed review of the current knowledge about bioelectric dysregulation that underlies different processes of cancer. However, little is known about the interdependence of these two mechanisms. Furthermore, EVs, especially exosomes, have been proven to have a role in therapeutic strategies for cancer. Understanding this crosstalk will not only enhance our knowledge of cancer, but also help develop efficient exosome-based cancer immunotherapies and drug delivery vehicles.
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EV, extracellular vesicle; TME, tumor microenvironment; Vmem, membrane potential; EF, electric field; SMT, somatic mutation theory; TOFT, tissue organization field theory; HMEC, human mammary epithelial cell; MCF7, estrogen-receptor-positive breast cancer cell line; MDA-MB-231, estrogen-receptor-negative breast cancer cell line; ECM, extracellular matrix; EMT, epithelial mesenchymal transition; CAF, cancer associated fibroblast; GlyCl, glycine-gated chloride channel; VGCC, voltage gated calcium channel; VGSC, voltage gated sodium channel; EAG, ether-à-go-go K+ channel; TRP, transient receptor potential; MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; Pl3K/Akt, phosphatidylinositol 3-kinase/protein kinase B; MEK, mitogen-activated ERK kinase; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; GBM, glioblastoma multiforme; GSK-3ß, glycogen synthase kinase-3 ß; ITLS, induced tumor like structure; MCF10A, normal breast epithelium cell line; CTC, circulating tumor cell; DTC, disseminated tumor cell; mRNA, messenger RNA; miRNA, micro RNA; B16F1, murine melanoma cell line; 3T3, murine fibroblast cell line; OECT, organic electrochemical transistor; CHO, Chinese hamster ovary; PEDOT : PSS, poly(3,4-ethylenedioxythiophene): polystyrene sulfonate.
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The in-depth characterization of cross-talk between tumor cells and T cells in solid and hematological malignancies will have to be considered to develop new therapeutical strategies concerning the reactivation and maintenance of patient-specific antitumor responses within the patient tumor microenvironment. Activation of immune cells depends on a delicate balance between activating and inhibitory signals mediated by different receptors. T cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT) is an inhibitory receptor expressed by regulatory T cells (Tregs), activated T cells, and natural killer (NK) cells. TIGIT pathway regulates T cell-mediated tumor recognition in vivo and in vitro and represents an exciting target for checkpoint blockade immunotherapy. TIGIT blockade as monotherapy or in combination with other inhibitor receptors or drugs is emerging in clinical trials in patients with cancer. The purpose of this review is to update the role of TIGIT in cancer progression, looking at TIGIT pathways that are often upregulated in immune cells and at possible therapeutic strategies to avoid tumor aggressiveness, drug resistance, and treatment side effects. However, in the first part, we overviewed the role of immune checkpoints in immunoediting, the TIGIT structure and ligands, and summarized the key immune cells that express TIGIT.
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Introduction

Solid and hematological malignancies are complex ecosystems that arise from malfunctioning complex cellular mechanisms controlled by genetic and epigenetic factors that coordinate the cross-talk between tumor cells and the tumor microenvironment (TME) components. Among the cellular components of the TME, T cells are the second most abundant cell type after tumor-associated macrophages (TAMs) (1).

Following the development phase in the thymus, the diverse naïve T cells migrate to the secondary lymphoid organs, where they remain dormant until they are activated by recognition of the antigen-human leukocyte antigen (HLA) complex presented by the APC to their TCR (Figure 1). In addition to antigen recognition by TCR, naïve T cell activation is regulated by second signals known as co-stimulatory pathways, such as the well-noted CD28–CD80/CD86 and CTLA4–CD80/CD86 (3, 4). These co-stimulatory pathways have a lot of receptor/ligand pairs, also called immune checkpoints, which lead to positive signaling events, while other pathways send out negative signals (5).




Figure 1 | Representative brightfield images of double IHC for TIGIT and CD8 in a lymph node. Micrographs show TIGIT staining in red, CD8 staining in green, and the colocalized TIGIT+CD8+ signals in purple. As demonstrated by other authors, the TIGIT+ T cells are preferentially at the periphery of the germinal center (2). Scale bar: (A) 500 μm; (B) 165 μm.



CD28 is constitutively expressed on naïve CD4+ and CD8+ T cells, while CD80 and CD86 are inducible on APCs. CD28–CD80/CD86 pathway activates T cell responses. Other stimulatory immune checkpoints are members of the tumor necrosis factor (TNF) receptor superfamily (CD27, CD40, OX40, GITR, and CD137) or the B7–CD28 superfamily (ICOS) (6).

On the contrary, cytotoxic T-lymphocyte-associated protein 4 (CTLA4) is a negative regulatory inducible receptor for CD80/CD86 and has inhibitory effects on T cell responses, leading to T cell attenuation and tumor cell immune evasion (7). A considerable number of inhibitory immunoreceptors have been identified and studied in tumors, including but not limited to adenosine A2A receptor (A2AR), B7-H3, B7-H4, programmed death (PD-1), CTLA4, T cell immunoglobulin domain and mucin domain 3 (TIM3), T-cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT), and B and T lymphocyte attenuator (BTLA) (6, 8).

Interestingly, the immune system can constrain and promote tumor development and progression (5, 9, 10). Alterations in immune checkpoint pathways result in an imbalance of positive and negative co-stimulatory signals, which increases the risk of tumorigenesis and its progression. These signals are also involved in patients’ resistance to immunotherapies (9, 11).

Immune checkpoint inhibitors were developed to block checkpoints by making T cells free to attack cancer cells. These therapies are also referred to as checkpoint blockade therapies and are an emerging and attractive field to treat many cancers, but they do not work for all patients and can cause serious side effects (12). The failure of classical antitumor therapies could be attributed to the fact that most drugs currently in use primarily target tumor cells and not also TME cells. These cells are different cell types, including endothelial cells, stromal cells, and immune cells. Understanding the in situ cross-talk of heterogeneous tumor cells with various tumor-associated immune cells, such as T cells, will provide critical information for improving anticancer therapies.

The immune checkpoint inhibitors are most efficacious in patients with a TME enriched in tumor-infiltrating lymphocytes (TILs) (13). TILs are deputed to tumor immunoediting [“a dynamic process wherein immunity functions not only as an extrinsic tumor suppressor but also to shape tumor immunogenicity” (14)]. Immunoediting shapes tumor fate in three steps: elimination, equilibrium, and escape. The elimination step is the immunosurveillance step, in which a competent immune system (innate and adaptive immunity) recognizes and destroys transformed cells expressing highly immunogenic antigens long before they become clinically relevant (15).

If some cancer cells evade the elimination step, they will enter the equilibrium step, in which survived tumor cells and immune cells mutually edit each other. During this adaptation time, tumor cells undergo a complex process of natural selection [similar to that described by Darwin (16)] that presses on tumor cells with traits that are better suited to the environment than others.

These natural evolution-selected tumor cell variants develop resistance to elimination and put them in the escape step (17). A progressive establishment of an immunosuppressive TME characterizes the escape step (11, 18). This is the final step when aggressive-selected tumor clones develop diverse ways to escape the immune system that mimic peripheral tolerance (8, 19, 20): prevent the response of effector T cells, TAMs, natural killer (NK) cells, and tumor-associated neutrophils (TANs) (21); down-regulate their HLA (22); induce antigen presentation defects; eliminate neoantigens; inhibit immune cell chemoattraction to the tumor site; secrete or promote the secretion of immunosuppressive cytokines (23); modulate the recruitment and expansion of immunosuppressive cells, such as regulatory T cells (Tregs); orchestrate immune cell metabolism (24); and activate immune checkpoint pathways to inhibit the emerging antitumor immune response (25).

T cells immunoediting also occurs during tumorigenesis (26, 27). At first, in order to attack and eliminate tumor cells, APCs, via CD28-CD80/CD86 pathway, activate T cells, but at the same time regulate pro-inflammatory mechanisms, activating inhibitory pathways by immune checkpoints (28). Among immune checkpoint inhibitors, immediately after TCR engagement, CTLA4 is upregulated and competes with CD28 to bind to CD80/CD86 on APCs, limiting autoreactive T cells, decreasing T cell priming and proliferation, inducing immune tolerance, and preventing autoimmunity (29, 30).

In the immune response, PD-1 is also expressed on activated T cells, but it acts later and interferes with T cells that have already been activated (31). When the stimulating antigen is removed, PD-1 expression on responding T cells decreases, whereas it remains increased in the opposite scenario. Like CTLA4, the PD-1–PD-L1/PD-L2 pathway recruits phosphatases to block the stimulatory signals sent by TCR and CD28–CD80/CD86, resulting in decreased T cell activation, survival, cytokine generation, and metabolism (31). Overexpression of PD-1 on tumor cells or by the cellular component of the TME with its downstream pathway is a systematic strategy used by malignancies to increase exhausted T cells and to evade immunosurveillance. The fact that PD-1 overexpression happens later means that it will only be overexpressed and activated once an inflammatory process has begun (32).

Immune checkpoint activation and an immune infiltrate enriched in Tregs were identified as the primary tumor escape mechanisms in a mouse model of hypermutated and microsatellite-instable colorectal cancer (33). According to the same study, the expansion of the TCR following PD-1 blockade potentiates immunoediting (33).

In a subtype of advanced untreated primary colorectal cancer, immune checkpoints expression has been related to immune evasion via neo-antigen-related mechanisms (34). This subtype was called the “stealth subtype,” and immune evasion and poor prognosis have been associated with less clonal highly expressed neoantigens (HiNeo), high chromosomal instability, high immune checkpoint expression (PD-1, PD-L1, PD-L2), low neoantigen presentation (reduced HLAII), downregulation of functional CD8+ T cells, and a microenvironment poor in TAMs and B cells (34, 35).

After T cell activation, also TIGIT expression increases on T cells, where it competes with CD226 (DNAM-1) for binding to their shared ligands CD112 and CD155 (36). TIGIT expression is late in the cancer-immunity cycle. It is highly expressed on specialized CD4+ subsets, such as Treg and TFH, and lowly expressed on CD4+ and CD8+ exhausted T cells (37). Moreover, TIGIT+CD4+ T cells and TIGIT+CD8+ T cells displayed a memory phenotype (37).

The timing of immune checkpoint activation is currently under investigation because there is a debate about the reactivation of primed T cells and/or novel T cells. The former depends on memory T cells and presumes the existence of pre-existing cancer-specific T cells that recognize tumor-specific antigens. The second depends on novel T cells against neo-antigens and therefore assumes that T cells are primed and recruited to tumors after the initiation of therapy (38–40). This topic is interesting in patient stratification for immune checkpoint blockades therapy since the success of these therapies relies on antigen processing and presentation (41–43).

In this context, the TIGIT immune checkpoint is emerging as a promising target for anticancer therapy alone or combined with other immune blockade therapies (44). The purpose of this review is to update the role of TIGIT in cancer progression, looking at last year’s studies about its pathways that are often upregulated in immune cells and possible therapeutic strategies to avoid tumor aggressiveness, drug resistance, and treatment side effects. However, in the first part, we overviewed the TIGIT structure and ligands, and summarized the key immune cells that express TIGIT.



Overview Of TIGIT Structure and Ligands

TIGIT is also known as V-set and immunoglobulin domain-containing protein 9 (VSIG9) or V-set and transmembrane domain-containing protein 3 (VSTM3). Based on UniProt data resources, two alternatively spliced isoforms have been reported in humans.

It has an extracellular Ig-like V-type domain, a type I transmembrane domain, and a cytoplasmic domain with the immunoreceptor tyrosine-based inhibitor motif (ITIM) (45, 46) and the immunoglobulin tyrosine tail (ITT)-like motif (45, 47). ITIM modulates cellular responses by binding the SH2 domain of several SH2-containing tyrosine phosphatases, SHP1 (48) and SHP2, when phosphorylated (49).

After the extracellular ligand binding, the ITT-like domain is phosphorylated at Tyr225, binds the two cytosolic adaptor proteins Grb2 and β-arrestin2, and recruits the SH2-containing inositol phosphatase-1 (SHIP-1) that inhibits PI3K/MAPK signaling (via Grb2) (50) to reduce the NK cell effector functions (50), and TRAF6/NF-κB signaling (via β-arrestin2) to inhibit IFN-γ production (48).

Different studies show that phosphorylation of the tyrosine residue in either ITIM- (Y231) or ITT-like (Y225) motif is essential for signal transduction and the inhibitory function of TIGIT in humans (48, 50). When both tyrosine residues are mutated, the inhibitory activity of human TIGIT is completely lost (51).

TIGIT binds to nectin and nectin-like (NECL) adhesion molecules, including NECTIN-2 (CD112) (52, 53), NECTIN-3 (CD113) (45, 51), and NECL-5 (CD155) (54) to mediate cell adhesion and signaling.

TIGIT binds NECL in cis-trans, forming a receptor clustering. For instance, two TIGIT–CD155 dimers assemble into a heterotetramer with a core TIGIT–TIGIT cis-homodimer in which each TIGIT molecule binds one CD155 molecule (47).

CD112 is a cell adhesion protein involved in the modulation of T cell signaling. Two isoforms, delta and alpha, are annotated by alternative splicing. Depending on the receptor it binds to, CD112 can be either a co-stimulator or a co-inhibitor of T cell function: CD226 binding stimulates T cell proliferation and cytokine production (IL2, IL5, IL10, IL13, and IFN-γ) (55); PVRIG (also called CD112R) binding inhibits T cell proliferation (56). These interactions are competitive (57). CD112 binds with low affinity to TIGIT (46, 52). The TIGIT binds to CD112 destroys CD112–CD112 homodimer (52) and, as for TIGIT–CD155, homo- and heterodimers in the heterotetramer interact by a conserved “lock and key” binding (52). CD112 is highly expressed in bone marrow, kidney, pancreas, lung cells, and breast and ovarian cancer (58, 59).

CD113 is another cell adhesion protein that interacts with nectin and NECL molecules via heterophilic trans-interactions, such as CD112 at Sertoli-spermatid junctions (60). Through common signaling molecules such as SRC and RAP1, CD113 trans-interaction with CD155 activates CDC42 and RAC small G proteins (61). CD113 also establishes cell-cell junctions, such as adherens junctions and synapses (62, 63). It inhibits cell movement and proliferation by inducing endocytosis-mediated downregulation of CD155 on the cell surface (64). CD113 contributes to the morphology of the ciliary body (65). CD113 is highly expressed in the testis, placenta, kidney, liver, and lung (66). CD113, like CD112, has a low affinity for TIGIT, and their interaction prevents the self-destruction of normal cells by NK cells (46, 53).

CD155, the primary ligand for TIGIT, is also known as the Poliovirus receptor (PVR). CD155 has a “lock-and-key” motif that is essential for TIGIT binding and is highly conserved across PVR family members (47). CD155 is a glycoprotein with three extracellular immunoglobulin domains, transmembrane, and intracellular domains (67). Two splice forms, lacking the transmembrane region, have also been described as soluble or secreted isoforms that seem to compete with the membrane-anchored ones (68, 69). CD155 is highly expressed on CD11c+ human dendritic cells (DCs) (70, 71), macrophages (72, 73), T (74) and B cells (75), epithelial cells (74, 76), kidneys (76), nervous system (77), intestine (78, 79), and tumor cells (80, 81). In vivo, the CD155–TIGIT pathway suppresses immunological responses increasing IL-10 anti-inflammatory cytokine (82, 83) and decreasing IL-12 pro-inflammatory cytokine released by DCs (46, 84). This induces a tolerogenic phenotype in T cells (85). A more detailed description of the CD155–TIGIT pathway in cancer is present in the next section.

A new NECL that exclusively binds TIGIT was recently identified, NECTIN-4 (86). TIGIT binds NECTIN-4 with high affinity, comparable to CD155 (86). NECTIN-4 is involved in cell adhesion through trans-homophilic and -heterophilic interactions, including specific interactions with NECTIN-1 (CD111) (87), does not interact with CD226, CD96, or CD112 (86), and is overexpressed in several tumors of the breast (88, 89), bladder (90), lung (91, 92), and pancreas (93, 94).



TIGIT Pathways and Immune Cells Involved

TIGIT is expressed by a variety of immune cells. Its expression and related pathways have been discussed in this section.

In simple terms, TIGIT activation creates a tolerogenic microenvironment in both cell-intrinsic and cell-extrinsic ways (resumed in Figure 2 and discussed in the following). This means that TIGIT competes directly with CD226 for binding to CD155, CD112, or CD113 ligands in the former way, or that it is involved in events that indirectly induce immunosuppressive effects, such as TIGIT’s action on innate immunity cells in the second way.




Figure 2 | Role of TIGIT in the regulation of immune response. TIGIT transmits inhibitory signals via ITIM and immunoglobulin tyrosine tail (ITT)-like motifs in its cytoplasmic domain when it is engaged. TIGIT has multiple ligands, but it binds with greater affinity to CD155, which is widely expressed by immune cells and tumor cells. CD155 expressing tumor cells bind to TIGIT expressed by immune cells inducing an immunosuppressive and tolerogenic microenvironment: CD4+ T cells induce a tolerogenic phenotype in DCs, release the anti-inflammatory cytokine IL-10, and down-regulate INF-γ; CD8+ T cells up-express TIGIT and down-regulate the release of pro-inflammatory cytokine IL-2, which in turn promotes a T cell immunosuppressive phenotype characterized by increase in Foxp3+ Tregs and Th2 compared to pro-inflammatory Th1 and Th17; NKs cytotoxicity is suppressed; and macrophages switch to an M2 anti-inflammatory phenotype. This simplistic view does not integrate signals from the CD226/CD155 pathway.



CD226 is a member of the immunoglobulin superfamily and consists of an extracellular region with two IgV-like domains, a transmembrane region, a cytoplasmic region with ITT, and four putative tyrosine residues and one serine residue that are phosphorylated (95). It is mainly expressed on myeloid and lymphoid cells (96), through which promotes intercellular adhesion, lymphocyte communication, and lymphokine production, as well as enhances cellular cytotoxicity mechanisms (96).

TIGIT–CD155 in CD4+ T cells induces immunosuppression inhibiting T cell proliferation directly by inducing the down-expression of T-bet, GATA3, IFN regulatory factor 4 (IRF4), and retinoic acid-related orphan receptor c (RORc), which reduce the level of pro-inflammatory IFN-γ while increasing the level of anti-inflammatory IL-10 (97).

TIGIT–CD155 in NK cells reduces their cytotoxicity (51, 53), resulting in impaired granule polarization and IFN-γ production (50, 98). On the contrary, TIGIT blockade restored potent effector NK cells through CD226–LFA-1 signaling that increases adhesion to target cells, induces IFN-γ production by naïve CD4+ T cells, and enhances the cytotoxic function of NK cells (99, 100).

TIGIT–CD155 signaling was also observed in cytokine-induced killer (CIK) cells expressing CD3 and CD56 molecules (101, 102). As observed indirectly by Zhang et al., who analyzed the literature concerning the clinical trial ongoing on renal cell carcinoma patients enrolled in integrated CIK cell immunotherapy, the TIGIT blocked enhanced CIK proliferation and the release of pro-inflammatory cytokines, such as IFN-γ, IL-6, and TNF-α (102).

TIGIT–CD155 in CD8+ T cells induces immunosuppression via the NF-κB signaling pathway, promoting a tolerant state that is passed down across T cell generation. In this process, CD155+ naïve T cells trans-interact with TIGIT+ preceding tolerant T cells resulting in increased TIGIT expression and IL-2 suppression via Blimp1 increment (54, 103).

TIGIT–CD155 signaling was also observed in activated Foxp3+ Tregs, which suppress pro-inflammatory Th1 and Th17 but not Th2 cells via Akt repression and FoxO1 phosphorylation, IL-10 and fibrinogen-like protein 2 overexpression (104, 105). According to this shift in immunity from Th1 and Th17 to Th2 immunity and IL-10 release, CD226 is expressed on Th1 and Th17, but not on Th2 cells, and in the former, CD226–CD155 promotes IFN-γ and IL-17 production (106, 107).

Concerning TIGIT-mediated tolerogenic microenvironment by cell-extrinsic ways, it was observed that TIGIT suppresses T cell function by enhancing the immunosuppressive function of DCs and macrophages that express TIGIT ligands such as CD155 (46, 97, 108, 109).

TIGIT+CD4+ T cells exerted immunosuppressive effects indirectly by modulating the monocyte‐derived DCs cytokine production (97). TIGIT of CD4+ T cells interacts with CD155+ of DCs, modulating the Erk signaling pathway and increasing IL-10 production while decreasing IL-12p40 production and promoting tolerogenic DCs that suppress T cell responses (46, 97).

TIGIT was found to play a role in macrophages in an in vitro pig-to-human xenograft model (84). In this model, TIGIT is expressed by M2 macrophages but not by M1 macrophages or endothelial cells. At the same time, CD155 is expressed by both M1 and M2 macrophages. Here, the immunosuppressive effects of TIGIT are explained by reduced expression of pro-inflammatory cytokines, such as TNFα, IL-1β, and IL-12 in M1 via SHP-1 phosphorylation. In BALB/c mice, TIGIT immunomodulates CD155+ pro-inflammatory M1 into IL-10-secreting anti-inflammatory M2 (85).

All of this demonstrates the intricacy of the several targets and pathways that ani-TIGIT immunotherapies must consider.



TIGIT In Cancer Progression

Immune dysregulation may play a role in cancer progression (110). TIGIT overexpression has been found in the cellular microenvironment of several tumors, including lung (111), kidney (112), liver (113), glioma (114, 115), melanoma (116), colorectal carcinomas (117), gastric cancer (118), and neuroblastomas (119). TIGIT expression was found to be strongly associated with poor prognosis in colorectal cancer and positively correlated with pathological stages in renal clear cell carcinoma (120), kidney renal papillary cell carcinoma, and uveal melanoma (121, 122).

As explained in the introduction paragraph, immune cells interact with other microenvironment cells and the tumor cells in a cross-talk that determines the cancer features and heterogenicity (123, 124). Chronic antigen exposure, which characterizes the first part of tumorigenesis when tumor cells become detectable, stresses T cells, causing them to lose their effector function, become exhausted, and upregulate several immune inhibitor receptors (IRs) such as TIGIT (125, 126) (Figure 3). In various cancers, according to computational analyses, the TIGIT expression profile was related to the immune infiltration level, coupled with the expression of other IRs, including LAG3, CTLA4, PD-1, PD-L1, PD-L2, and it is related to tumor mutation burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), and DNA methyltransferases (DNMTs) gene alterations in different tumors (122). Gene set enrichment analysis (GSEA) demonstrated a negative association among high TIGIT expression and cytokine-cytokine receptor interaction, chemokine signaling pathway, NK-mediated cytotoxicity, allograft rejection, INF-γ response, and IL6/JAK/STAT3 signaling (122). On the contrary, a low TIGIT expression was associated with oxidative phosphorylation and propanoate metabolism (122).




Figure 3 | The complexity of the tumor microenvironment and focus on TIGIT+ cells. Panel (A) shows the major cellular components of the microenvironment that cross-talk with tumor cells. Panel (B) shows the competition among CD226 and TIGIT to bind their ligands CD112 or CD113 or CD155 expressed by tumor cells or antigen-presenting cells (APCs) from innate or adaptive immunity. Especially for CD155, the affinity for TIGIT is higher than its affinity for CD226. Thus, the signaling of the CD155-TIGIT synapse (red arrow) induces immunosuppression rather than effector cell activation and/or cytotoxicity.



Blocking the co-expression of IRs appears to be an excellent arm of immunotherapy. TIGIT co-expression with other IRs has been widely examined on CD8+ TILs and circulating T cells (116, 127). Li et al. demonstrated that distinct IRs are co-expressed on CD8+ TILs in T cell exhaustion of primary cancer treatment-naïve patients comprising breast, kidney, lung, liver, cervical, esophageal, gastric, and colorectal cancer (128). Almost 50% of CD8+ TILs were found PD-1+TIGIT+, indicating that TIGIT is preferentially co-expressed with PD-1 (128). Furthermore, in the same study for cervical cancer was observed that the advanced T cell differentiation (CD27–CCR7–CD45RA–) of PD-1+TIGIT+2B4+TIM3+KLRG-1–CTLA4– CD8+ TILs was associated with 60% of poorly differentiated cervical cancer (128). TIGIT mono-expression was also highly present in both TILs and circulating T cells, and this is probably the cause of the side effects after systemic treatment with TIGIT blockade (128).

TIGIT and PD-1 high co-expression was observed in PBLs (peripheral blood lymphocytes), MALs (malignant ascites lymphocytes), and TILs with increased frequency in tumor proximity in matched samples of patients at first diagnosis of ovarian cancer not treated (129). Moreover, the authors also observed TIGIT and TIM3 co-expression in PBLs, MALs, and TILs but with a decreased frequency in tumor proximity (129).

Multiple IRs expression, such as PD-1, PD-L1, TIGIT, and CTLA4, was reported in detail in TILs and circulating T cells in primary breast cancer and colorectal cancer in which immune checkpoint expression was correlated with promoter demethylation and post-translational histone modifications (130–134). For instance, TIGIT in colorectal cancer and TIGIT plus PD-L1 in colorectal cancer and breast cancer were found hypomethylated at the gene promoter level (134).

In esophageal squamous cell carcinoma, the analysis of the RNA-seq dataset from The Cancer Genome Atlas (TCGA) database and by multiplex-immunohistochemistry reactions on patient’s biopsies revealed a high expression of PD-L1 with TIM3 or TIGIT (135). This high IRs co-expression was positively correlated to a greater extent with CD8+ TILs and to a lesser extent with CD4+ TILs and was associated with poor overall survival (OS), TNM III/IV stage, and short restricted mean survival time (RMST) (135).

A TIGIT role in T cell exhaustion was also reported in chronic lymphocytic leukemia (CLL) (136). By flow cytometric and transcript expression analysis, Hajiasghar-Sharbaf et al. have observed a significantly high number of TIGIT+PD-1+CD8+ T cells (136), PD-1+TIM3+CD8 T cells (137), and PD-1+TIM3+CD4 T cells (138) in CLL patients compared with control, particularly in patients with advanced TNM stage.

In both myeloid leukemia and multiple myeloma, using flow cytometry, the bone marrow resident γδ T cells, a T cell subpopulation of non-MHC-restricted, have shown TIGIT, PD-1, TIM3, and the ectonucleoside triphosphate diphosphohydrolase-1 (CD39) co-expression at a high level compared to αβ T cell but similar to that expressed on CD8+ effector T cells (139). These markers were linked to signs of exhaustion, such as transcriptional reprogramming, decreased release of proinflammatory cytokines, decreased T cell proliferation, and lesser tumoricidal activity, and were associated with a lower OS for myeloid leukemia (139, 140).

In relapsed/refractory classic Hodgkin’s lymphoma, a TIGIT-mediated alternative system of immune escape was demonstrated to the classic PD-1/PD-L1 (141). TIGIT and PD-L1 were found to be mutually exclusively expressed and TIGIT+PD-1+CD3+CD4+T cells surrounding Hodgkin Reed-Sternberg (HRS) cells were associated with advanced TNM stages (141).

IRs blockades are mainly used for T cells, but also NK cells could be a valid target for immunotherapy (142, 143). The expression pattern of immune checkpoints on NK cells isolated from peripheral blood of patients affected by hepatitis B virus-related hepatocellular carcinoma (HBV-HCC) revealed a positive correlation among the co-expression of TIGIT and TIM3 in exhausted T cells, high rate of tumor progression, and poor clinical prognosis (144).

In melanoma patients, tumor-infiltrating NK cells were present at low frequencies in metastatic melanoma, had downregulated expression of both TIGIT and CD226, and in vitro experiments had shown their dysfunctional phenotype with higher lytic potential but lower lytic activity compared with TIGIT− NK cells against CD155+ MHC class I–deficient melanoma cells (145). Interestingly, in the same study, TIGIT blockade as a single treatment failed to reverse NK cells dysfunction, while together with IL-15 had reversed CD155-mediated NKs exhaustion and had inhibited experimental melanoma metastasis in vivo (145).

Despite their inhibitory effects on T cells, PD-1 and TIGIT co-expression were described in activated T cells with a cytotoxic effector phenotype and the CXCR5 overexpression (146–148). In Merkel cell carcinoma patients, the PD-1+TIGIT+ CD8+ T cells circulating population was significantly associated with clinical benefit (146). Moreover, a positive trend, but not significant, was observed in melanoma patients (146). In both diseases, the monitoring of PD-1+TIGIT+ CD8+ T cells was proposed as a predictive biomarker of clinical efficacy for PD-1 blockade (146).

Though under-investigated, TIGIT is also expressed in CD4+ Tregs in association with an increased hypomethylation state (149, 150). In melanoma patients, increased TIGIT/CD226 ratio was observed in CD4+ Tregs compared with CD4+ effector T cells and was associated with highly suppressive TME and poor clinical outcomes (149). TIGIT hypomethylation was found dependent by Foxp3. It is a marker of CD4+ Tregs and works as a transcriptional activator by binding to demethylated sequences containing a Forkhead-binding motif, as observed in TIGIT, MIR21, FOXP3, CTLA4, and CD25 (128, 150). Altogether, these data demonstrated that epigenetic regulators, such as demethylation inhibitors, together with immune checkpoint inhibitors, should be considered in new combined therapeutical approaches, and that the promoter methylation pattern of immune checkpoints could be a valid prognostic biomarker.

Here, we discern last year’s update concerning TIGIT’s role in cancer based on PubMed search [for an update concerning hematological malignances, see the review (144)]. We have also looked at studies investigating the correlation of TIGIT expression with the clinicopathological characteristics of such a tumor (such as grade, stage, and metastasis) to improve clinical diagnosis, the amount of surgical resection, prognosis determination, and target therapy. Indeed, a 2021 meta-analysis of TIGIT expression in the tumor microenvironment of various solid tumors revealed that it has prognostic value because it is associated with risk factors for OS and progression-free survival (PFS) (142). In Table 1, all the clinical trials evaluating anti-TIGIT immunotherapeutics started in 2021 are collected, while an in-depth discussion on TIGIT in clinical development is elegantly presented by Rotte et al. (143). (Note that there are now “new” cancers as glioblastoma and melanoma in the clinical trials and not only the “usual” lung cancers. This will give important clinical data on TIGIT blockade on different tumors).


Table 1 | Clinical trials evaluating anti-TIGIT immunotherapeutics started in 2021 (accessed on March 14, 2022).



Epigenetic modifications more and more play a role in the upregulation of immune checkpoints in cancer. Through qRT-PCR, CpG methylation, and repressive histone abundance experiments, TIGIT was found poorly expressed in primary breast cancer and adjacent non-cancerous tissues because its CpG islands at the promoter level were mostly hypermethylated (80-70%), while CpG islands of PD-L1 and LAG3 promoter were demethylated at 100% and 80-90%, respectively (130). In another study, using large-scale transcriptome data analysis of aggressive breast cancers, TIGIT was found to be highly and specifically expressed in aggressive breast cancer, and its pro-tumor activities were linked to immune-related genes (151). An in-depth analysis by the same authors revealed that TIGIT expression was positively correlated with T cells, CD8+ T cells, cytotoxic T cells, NK cells, B cells, DCs, and macrophages, but negatively correlated with neutrophils, endothelial cells, and fibroblasts (151). Furthermore, TIGIT expression was positively correlated with inflammation and immune response-related genes (LCK, HCK, MHC-I, MHC-II, STAT1, and interferon) (151). Accordingly, TIGIT expression seems closely related to higher malignant pathological types of breast cancer and might be a potential biomarker of breast cancer progression.

The role of epigenetics in TIGIT expression and immunotherapeutic sensitivity was also uncovered in gastric cancer. Increased TIGIT expression in gastric cancer appears to be a favorable event (152). TIGIT expression correlates with an active immune landscape, survival and immunotherapeutic sensitivity, and favorable prognosis, according to a bioinformatics-guided analysis. Patients with high TIGIT expression respond better to immunotherapy than those with low TIGIT expression (152).

The role of TIGIT in cancer progression was updated in bladder cancer. The failure of the antitumor immune response in bladder cancer was attributed to a subset of TIGIT+ Treg cells overexpressing interleukin IL-32 using single-cell sequencing technology on tissue and experiments in a mouse model (153). In support of this, the same study found that anti-TIGIT monoclonal antibodies, when used alone, have a dual effect: they boost the antitumor activities of T cells while decreasing IL-32, which in turn inhibits bladder cancer metastasis (153). Furthermore, in muscle-invasive bladder cancer, the worst clinical outcomes were attributed to a suppressive TME characterized by Th2 cells, Tregs, mast cells, neutrophils, and exhausted TIGIT+CD8+ T cells with low tumoricidal capacity that benefited from anti-PD-L1 and anti-TIGIT immunotherapy (154, 155). However, in patients with stage II of muscle-invasive bladder cancer with low TIGIT+ CD8+ T cell infiltrate, adjuvant chemotherapy prolongs their OS and recurrence-free survival (RFS) (155). Therefore, TIGIT+ T cells have a prognostic role in clinical outcomes in bladder cancer and seem to be a predictive biomarker for inferior adjuvant chemotherapy responsiveness.

The CD155–TIGIT pathway suppresses the immune system at different levels in colorectal cancer. In colorectal cancer patients and mouse models, the TME is populated by exhausted TIGIT+CD8+ T cells with co-expression of other IRs and low levels of pro-inflammatory cytokines (IFN-γ, IL-2, TNF-α) (103, 156). Furthermore, high TIGIT expression was linked to advanced disease, early recurrence, and lower survival rates (156), and with advanced TNM stage and better disease-free survival (DFS) in colorectal cancer patients with mismatch repair deficiency (157). Another study discovered a higher TIGIT+CD3+ T cell subpopulation in the peripheral blood and cancer tissue of colorectal cancer patients than in healthy donors (121). TIGIT+CD3+T cells were exhausted cells with decreased proliferation, cytokine production, and glucose metabolism (121). TIGIT blockade, combined with PD-1 blockade, reversed these pro-tumorigenic features in the human MC38 colorectal xenograft mouse model. According to this data, GSEA computational analysis revealed that TIGIT expression in colorectal cancer drives the negative regulation of cytokine-cytokine receptor interaction pathway, chemokine signaling, and cytotoxic function of NK cells (122). In vitro studies have revealed that CD155–TIGIT pathway suppresses the downstream effector NF-κB, which is usually involved in the production of IFN-γ by NK cells, which in turn would activate cytotoxic CD8+ T cells (103). On the contrary, the same authors demonstrated that knocking out CD155 in colorectal cancer cells promotes the effector function of tumor-infiltrating CD8+ T cells, and inhibition of the CD155–TIGIT pathway suppresses the tumor growth in an in vivo mouse model. Overall, TIGIT+ cells in colorectal cancer were linked to advanced disease, early recurrence, and lower survival rates (103).

In pancreatic cancer, the CD155–TIGIT pathway suppresses immunity and promotes immune evasion (158, 159). The cancer progression of a subset of patients with pancreatic adenocarcinoma in metastatic/advanced stages was related to high-affinity MHC-I-restricted neoepitopes expression and exhausted TILs in the intratumoral compartment. Functional studies using orthogonal preclinical models revealed a synergistically antitumor response when TIGIT/PD-1 co-blockade was combined with CD40 agonism because they had been reinvigorated tumor-reactive T cells (158).

TIGIT+ immune cells were also shown to play a role in cancer invasion and metastasis in esophageal carcinoma. A transcriptomic profile investigation followed by immunohistochemistry validation has identified the allograft inflammatory factor 1 (AIF1) gene as an unfavorable prognostic factor in this carcinoma and demonstrated that it is associated with immune infiltrates (160). In the tumor infiltrate, T cells and NK cells are affected by AIF1, which promotes TIGIT expression, and hence induces or strengthens immunotherapy resistance sustained by an immune infiltrate enriched in Th1 cells and exhausted T cells.

According to mRNA profiling of CD8+ T cells in a murine model of autochthonous liver cancer, TIGIT is a hallmark of T cell exhaustion in liver cancer at various stages of their differentiation (161). TILs from patients with primary hepatocellular carcinoma and intrahepatic cholangiocarcinoma had an increased TIGIT+CD8+ T cell subpopulation. However, two subsets of these patients were identified: one had significantly higher TIGIT and PD-1 expression levels in the tumor area than the surrounding peritumoral area; whereas the other had a similar level of expression for both IRs in the tumoral and peritumoral areas (161).

In renal cell carcinoma (RCC), immunohistochemistry and flow cytometry experiments to evaluate TIGIT and PD-1 expression in circulating immune cells and TILs revealed an increased TIGIT and PD-1 expression in the tumoral area compared with adjacent normal tissue, but TIGIT+ T cells and NK cells amount did not correlate with clinicopathological characteristics (age, sex, tumor diameter, Fuhrman grade, or TNM stage) (162). In contrast, a positive correlation with RCC clinicopathological characteristics was observed only for PD-1 (162).

CD155 and TIGIT were correlated with clinicopathological features in lung adenocarcinoma, in which CD155 expression was strongly associated with tumor staging and poor OS (111). TIGIT expression was associated with advanced TNM staging, which correlated with lymphatic metastasis and distant metastasis, with low antitumor immunity-related gene expression activation and poor PFS (111).

In oral squamous cell carcinoma, circulating T cells and TILs overexpressed TIGIT on CD4+ and CD8+ T cells, characterized by dysfunctional phenotype, including reduced proliferative capacity and low proinflammatory cytokine release (163). Higher TIGIT expression was also associated with higher T stage and nodal invasion but not with other clinicopathological variables such as age, gender, smoke/alcohol use, tumor site, and tumor differentiation (163).

Singer et al. proposed TIGIT expression as a predictive rather than prognostic biomarker for reactive tumor-infiltrating immune cells in soft sarcoma tissue in an elegant investigation on IL-15 and TIGIT blockade therapy to reactive tumor-infiltrating immune cells (164). The authors observed both activated and exhausted tumor-infiltrating NK cells and TILs and TIGIT upregulation in the TME, especially on NK cells, associated with superior distant disease recurrence-free and OS (165). Interestingly, activator and inhibitor pathways are not mutually exclusive and are a recent field of interest in targeted therapy (164, 165).

Under hypoxic conditions, HIF-1α transcript factor activation stimulates the expression of various IRs, including TIGIT. TIGIT and HIF-1α activity suppression experiments, using a siRNA carrier system, have revealed a critical role of these molecules in tumor growth, apoptosis, and metastasis in colorectal and breast cancer (166). In colorectal cancer cell line CT26 and breast cancer cell line 4T1 and in their in vivo mouse models, TIGIT and HIF-1α down-regulation diminished the colony formation ability and afflicted cancer cells’ angiogenesis and proliferation activities, suggesting simultaneous blocking of TIGIT and HIF-1α as a potential new treatment strategy (166).

Considering all these results, it is possible to speculate that later than tumorigenesis, when the tumor already presents an immune infiltrate, immune cells, particularly T cells, upregulate TIGIT, promoting an immunosuppressive microenvironment that leads to metastasis and unfavorable prognosis. The studies with an in-depth microenvironment characterization and association with clinicopathological features point out several diverse IRs expression combined analysis that might represent an effective outcome prediction panel in cancer. However, there is much work to be done to understand in more detail TIGIT’s role in the different tumor stages (e.g., initial diagnosis, progression, recurrence, metastases) in various cancers.



Therapeutic Strategies Targeting TIGIT Immune Checkpoint Expression

Cancer treatments are traditionally based on surgery, targeted therapies, chemotherapy, or radiation therapy (167). Immune inflammatory modulation-based therapy, or more simply immunotherapy, has lately emerged as a novel therapeutic arm with enormous potential, particularly in the treatment of cancer chemo-radiotherapy resistance (168, 169). Immunotherapy is a type of treatment that aids the immune system in fighting cancer and other diseases.

Immunotherapies have been shown to be effective against tumor-associated T cells that are dysfunctional. The rationale behind these therapies is that the cancer cells overexpress ligands for IRs, such as CD115, CD112, and others, to elude the immune system. Different immunotherapy strategies aim to boost the patient’s antitumor immune response against malignancies minimizing T cell exhaustion and providing protective effects against recurrence and metastasis with less toxicity when compared to traditional cancer therapy (170).

Here is an update on therapeutic strategies targeting TIGIT immune checkpoint expression.

Cancer immunotherapy strategies that boost innate and adaptive immunity are being developed to achieve long-lasting antitumor effects. Azelnidipine is a long-acting third-generation dihydropyridine calcium channel blocker that has been approved for the treatment of hypertension. However, using the molecular operating environment (MOE) by blocking and MST binding assays, molecular docking and structural analysis of CD172a and CD112 have indicated azelnidipine’s potential relevance in cancer immunotherapy (171). Azelnidipine inhibits the innate checkpoint CD47/CD172a and the adaptive checkpoint TIGIT–CD112 pathways and has anti-cancer effects by increasing the infiltration and function of CD8+ T cell and macrophage tumor cell phagocytosis in vivo and in vitro. This study extensively looked at the effect of TIGIT blockade on macrophages in the tumor. Tumor cells, like normal cells, can express CD47, a “do not eat me” signal that prevents CD172a+ macrophages from phagocytosing them. Zhou et al. demonstrated that azelnidipine blocks CD47–CD172a signaling, reactivates macrophage phagocytosis, and improves antitumor immunity even in combination with radiotherapy, as shown in the MC38 murine colon adenocarcinoma cell line (171). A cancer immunotherapy antibody targeting both CD47 and TIGIT has been patented (WO2020259535).

Alternative anticancer treatments with a systemic approach are being developed. In a mouse model of lung adenocarcinoma, triple therapy with the RadScopal approach (high-dose radiation to primary tumors plus low-dose radiation to secondary tumors) plus anti-TIGIT and plus anti-PD-1 prolong survival and block tumor growth while decreasing TIGIT+ exhausted T cells and TIGIT+ Tregs (104). This approach promotes a systemic antitumor response because low-dose radiation also reduces CD155 expression on TAMs and DCs (104). Combined therapies based on immunotherapy and radiation therapy promise to reset the TME.

TIGIT+ macrophages were also looked at in leukemia, in which the leukemia-associated macrophages (LAM) co-expressing TIGIT, TIM3, and LAG3 were identified as immunosuppressive M2 responsive to in vitro TIGIT blockade therapy that polarizes the M2 toward the M1 phenotype and improves phagocytosis of the CD47 expressing tumor cells (172, 173).

An in-depth characterization of TILs in bladder cancer using PBMC isolation and tumor single-cell isolation from fresh tumor tissue demonstrates that PD-1highTOX+ T cells play a key role in tumor evasion, which might be reversed by combining PD-1 and TIGIT inhibition (174).

pt?>Autophagy, a cell-intrinsic system that uses the lysosome to remove damaged organelles and proteins, plays a critical role in cellular immunity. Indeed, autophagic abnormalities linked with oncogenesis promote tumor escape by influencing cell immunogenicity, APC activity, and T cell activity (175). Artesunate, an anti-malaria drug, exerts anticancer activity by inhibiting proliferation, migration, and angiogenesis and inducing apoptosis and autophagy. Artesunate-induced autophagy was well demonstrated in human bladder cancer cells, upregulating ROS and activating the AMPK-mTOR-ULK1 axis and in uterine corpus endometrial carcinoma, enhancing NK cell cytotoxicity via interactions with tumor cells overexpressing CD155, and upregulating co-stimulator CD226 and downregulating co-inhibitor TIGIT (176–178).

Anti-TIGIT antibodies are used instead in more consolidated therapies. TIGIT blocked reduced tumor growth while promoting an immune infiltration enriched in effector cytokine-secreting CD8+ T cells (44, 116, 127, 179).

Vibostolimab is a humanized antibody that targets TIGIT preventing its binding with CD112 and CD155. Patients with advanced solid tumors who received vibostolimab alone or combined with the anti-PD-1 pembrolizumab in a phase I clinical trial (NCT02964013) showed controllable tolerance across escalating doses and all types of advanced solid tumors assessed. Increased NK cell activation of CD8+ T cells was found to have an anticancer effect in the study (180).

Etigilimab is another anti-TIGIT monoclonal antibody that is now being investigated in an open-label, multicenter, phase I/II clinical trial (NCT04761198) in patients with advanced or metastatic solid tumors for tolerance and pharmacokinetics with the anti-PD-1 nivolumab (181).

Combining anti-TIGIT and anti-PD-1 immunotherapy in metastatic melanoma has shown encouraging outcomes, with increased proliferation, cytokine generation, and degranulation of effector CD8+ T cells (116).

Mono- or dual TIGIT and PD-1–PD-L1 blockade aims to take advantage of the curative potential of pre-existing tumor-primed T cells in cancer treatment by promoting CD8+ T cell proliferation and function, resulting in protective memory T cells that ensure tumor rejection and avoid recurrence (182–184). Although several of these antibodies have received clinical approval, their effectiveness remains modest because immunological checkpoints and their signaling are regulated at multiple levels.

In addition to monoclonal antibodies, the most recent approach is to design T cells for TIGIT.

Hoogi et al. created a TIGIT : CD28 chimeric co-stimulatory switch receptor with the TIGIT exodomain fused to the CD28 signaling domain, which improved the activities of chimeric antigen receptor T cells by stimulating cytokine production and activating other T cell effector functions (185).



Efficacy And Toxicity of Anti-TIGIT Immune Checkpoint Therapy

Even though therapeutic strategies targeting immunological checkpoints have been approved for a variety of cancer types, patients continue to have poor prognoses and suffer from immune-related adverse events (irAEs) that affect numerous organs. irAEs are secondary to the infiltration of activated T cells and can affect any organ (186, 187). Skin, gastrointestinal tract, endocrine, lungs, thyroid, pituitary and adrenal glands, and the musculoskeletal system are the most usually impacted, while nervous, renal, hematologic, ophthalmic, and cardiovascular systems are less commonly affected (188–190). Four degrees of irAEs can be distinguished based on the organs involved and the severity: patients with grade 1 irAEs show skin toxicity (<10% body surface area) and no sign of toxicity for the gastrointestinal tract, liver, endocrine system, and lungs; patients with grade 4 of irAEs show elevated skin toxicity (> 30% body surface), hepatotoxicity, and severe symptoms of involvement of the cardiovascular, endocrine, and digestive apparatus (191). Grade 2 and 3 show intermediate signs. The management of irAEs is based on well-established clinical practice guidelines well reviewed by Barber in 2019 (192). Some irAEs are more common in immune therapy than chemotherapy, and their frequencies are positively associated with clinical efficacy, making them useful for clinical decisions (193).

To understand the efficacy and toxicity of immune checkpoint therapy, it should be noted that the types of antibodies used in anti-TIGIT therapies are very different and more or less tolerated. A murine, chimeric, humanized, or completely human IgG antibody could be used to suppress immunological checkpoints (194). The majority of anti-TIGIT antibodies in clinical trials are either humanized (such as ociperlimab, pembrolizumab, atezolizumab) or fully human (such as tiragolumab, etiligimab, ipilimumab, nivolumab, vibostolimab, domvanalimab) (195). Compared to other forms of IgG origin, humanized and completely human antibodies have increased in vivo tolerability but much-reduced immunogenicity (194).

Furthermore, blockade therapy efficacy depends on the antibody-dependent cellular cytotoxicity (ADCC) desired to destroy unfunctional T cells and tumor cells. ADCC is a non-phagocytic mechanism in which antibody-bound target cells are killed by innate immune cells such as NK cells, DCs, and macrophages (196). To activate ADCC, the targeted cell must express target antigens, the antibody must be preferentially IgG1 or IgG3 monoclonal because these two antibodies link any type of FcR, and the effector cell must have the Fc-gamma receptors (FcγR) (196). Concerning TIGIT, its FcγR is active in tiragolumab, ociperlimab, vibostolimab, EOS-448, etigilimab, and AGEN-1307, whereas it is inactive in domvanalimab, BMS-986207, and CASC-674 (195). However, FcγR presence or absence has not been tested for anti-TIGIT antibody clinical efficacy (197, 198).

Recently, TIGIT molecular was also used as Fc-fused protein in some reports demonstrating that TIGIT-Fc may act both as an immunosuppressor and as an immunostimulator in a microenvironment-dependent way (83, 85, 199–201). TIGIT-Fc is a dimer in which an Fc domain of an antibody is linked to the extracellular domain of TIGIT by covalent bonds. TIGIT-Fc has antibody-like features, such as a long serum half-life and efficient expression and purification in vitro, making it an ideal drug (46). Its action as an immunosuppressor was demonstrated in vitro and in a mouse model of acute allogeneic GVHD in which it decreased CD8+IFN-γ+ and CD8+ granzyme B+ T cells activation in a dendritic cell-dependent manner and reduced the release of IL-10 (83).

Moreover, TIGIT-Fc acts as a negative regulator of inflammation, inhibiting macrophage activation and imbalanced M1/M2 ratio in favor of M2 anti-inflammatory profile via c-Maf up-regulation, which promotes IL-10 transcription as demonstrated by in vivo and in vitro experiments using fibroblasts stably secreting TIGIT-Fc in the LPS shock model (85). In CLL, a tumor-supportive role of TIGIT+CD4+ T cells was observed in the presence of TIGIT-Fc via down-regulation of IFNγ and IL-10 production (201). Interestingly, this protumor activity of CD4+ T cells was dependent on CLL cell’s presence because in vitro experiments with CD4+ T cells alone did not show any effects (201).

On the contrary, TIGIT/ligand interactions using recombinant TIGIT-Fc molecule immunostimulatory functions were shown in xenograft mouse models containing different human tumor cells (A375, A431, SK-BR-3, SK-OV-3, and H2126) co-implanted with human T cells (200). The TIGIT-Fc treatment enhanced effector NK cell functions and activated an anti-tumor T cell immune response via CD4+ T cells preventing their exhaustion (200). Additionally, synergistic effects were observed in TIGIT-Fc plus anti-PD-L1 combined therapy (200).

Efficacy and toxicity of anti-TIGIT therapy were evaluated in the CITYSCAPE trial (NCT03563716), in which anti-TIGIT (tiragolumab) with anti-PD-L1 (atezolizumab) combined therapy were applied. The findings showed that this combined therapy in non-small cell lung cancer (NSCLC) is well tolerated when compared to CTLA4 with PD-L1 combined therapy, and that it improves responses and PFS in PD-L1–immune sensitive patients (202–205). Furthermore, despite the similar safety profiles of atezolizumab with placebo (AP) vs. atelozomab with tiragolumab (AT), 80.6% of patients in the AT group and 72% of patients in the AP group suffered irAEs. The irAEs included rash and thyroid issues, infusion reactions at the first dose, soft stool, diarrhea, and very few cases of more severe toxicities, like hepatitis (204, 205).

The anti-TIGIT vibostolimab was tested in patients with solid tumors as monotherapy or in combination with the anti-PD-L1 pembrolizumab in the phase I multicohort MK-7684-001 trial (NCT02964013). The ORR for vibostolimab monotherapy was more significant than for combination therapy in the sub-cohort of NSCLC patients with anti–PD-1–PD-L1–refractory disease (7% (95% CI, 2%-20%) vs. 5% (95% CI, <1%-18%)) (206). IrAEs were reported by 65% of patients in the same NSCLC sub-cohort, including pruritus, fatigue, rash, arthralgia, decreased appetite, and 13% also had lipase elevation and hypertension (206).

TIGIT blockade therapy may be more beneficial if it is evaluated as a first-line treatment. In February 2020, a multicenter, open-label, phase I/II study using the novel anti-TIGIT EOS884448 as monotherapy was launched in patients with previously treated advanced cancer (ovarian, head and neck, cervical, and colorectal) (NCT04335253) (207). Multiple mechanisms of action for EOS884448 were demonstrated: inhibition of TIGIT triggering activation of TIGITlow T cells and NK cells; depletion of immunosuppressive Treg and exhausted TIGIThigh T cells; and reverse activation via FcγR engagement (207). The pharmacokinetic and pharmacodynamic analysis demonstrated that exhausted Tregs and TIGIT+ T cells were depleted in a dose-dependent manner. Moreover, in this interventional study with multiple ascending-dose treatments, EOS884448 was generally well tolerated at all tested doses in patients with advanced cancer and had a promising antitumor activity as a single agent also in PD1-resistant patients. IrAEs were reported by 82% of patients, including pruritus, infusion-related reaction, fatigue pyrexia, rash macuolo-papular, eczema, and hypothyroidism (207).

Cancer patients’ stratification based on tumor response to immune checkpoint inhibitors is vital even if challenging to evaluate (208, 209). In fact, patients might experience clinical pseudoprogression that can be misinterpreted as disease progression because it cannot be evaluated with the existing response-evaluation criteria (210, 211). In tumor pseudoprogression, an increase in tumor size depends on infiltrating T cells, while in proper tumor progression, the increased tumor mass is due to proliferating tumor cells (210). In 2017, the Response Evaluation Criteria in Solid Tumors (RECIST) working group published a modified set of response criteria, the immune-related response criteria (iRECIST), adapted for immunotherapy because of the importance of a standardized strategy to evaluate its effects (212, 213).

Identifying prognostic biomarkers of response to TIGIT blockade alone or in combination with other IRs is needed to improve efficacy and reduce toxicity.



Challenges and Conclusions

To summarize, in cancer, the genetic and epigenetic alterations could initiate tumorigenesis, which activates T cells and NK cells, and TME gets infiltrated by immune cells. Following T cells and NK cells upregulate TIGIT expression, which leads to an immunosuppressive TME, promoting tumor progression, immune escape, and metastases that result in poor prognosis.

Immune inflammatory modulation-based therapy is a promising therapeutic strategy against solid and hematological malignancies, but the outcomes are not largely encouraging because some tumor types remain refractory primarily to these therapies (214). CD8+ T cells are extremely heterogeneous, while CD4+ T cells in immunosuppression and immunotherapy are under-investigated (44). Targeting only a part of the complicated tumor system is insufficient for most cancer therapies or only in the arm of immunotherapies, so patients cannot benefit for a long time. New combined multiple targets (other co-inhibitory receptors) for immunotherapy must be explored to improve treatment.

Guidelines should be set for immunotherapy research. The results of different studies are difficult to compare due to the different designs for types of cancer, sample size, and statistical analysis. Consequently, when the results of individual studies are analyzed, they are insufficient to adopt particular and successful therapeutic interventions.

Side effects of traditional and immune checkpoint blockade therapies should be evaluated in-depth. High cytokine release and effector cell infiltration into TME cause irAEs that sometimes lead to the death of patients (215–217). Skin, gastrointestinal tract, lung, or liver are all affected by irAEs. However, the TIGIT blockade seems to have fewer side effects compared with other IRs blockades, as demonstrated in TIGIT-/- mouse model (218–220). In this pre-clinical model, TIGIT blockade triggers fewer irAEs than anti-PD1 or anti -CTLA4 therapies (218–220).

Anti-TIGIT therapy is now being tested in 25 clinical trials, considering only those starting from 2021 (Table 1), but there is still considerable work to be done to discover new and safely targetable immune checkpoints that could be effective against various malignancies.

The immunological and stromal characterization of the TME cells and their amount and spatial distribution in relation to pathology and prognosis will help patient stratification, enhance personalized cancer therapy efficiency, and overcome tumor immune evasion mechanisms.
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The importance of the tumor microenvironment (TME) in dynamically regulating cancer progression and influencing the therapeutic outcome is widely accepted and appreciated. Several therapeutic strategies to modify or modulate the TME, like angiogenesis or immune checkpoint inhibitors, showed clinical efficacy and received approval from regulatory authorities. Within recent decades, new promising strategies targeting myeloid cells have been implemented in preclinical cancer models. The predominance of specific cell phenotypes in the TME has been attributed to pro- or anti-tumoral. Hence, their modulation can, in turn, alter the responses to standard-of-care treatments, making them more or less effective. Here, we summarize and discuss the current knowledge and the correlated challenges about the tumor-associated macrophages and neutrophils targeting strategies, current treatments, and future developments.
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1 Introduction

Cancer is a significant cause of death worldwide and does so through the ability of malignant cells to egress from the primary mass and spread to other parts of the body via a complex process known as metastasis. This latter can be seen as secondary cancer, as it can profoundly differ from the primary and progressively overwhelm organs leading to death.

Resistance to cancer treatment can be intrinsic to the tumor cells, but it is often conferred by non-malignant ones that make up the tumor microenvironment (TME). The importance of the TME stands within its capacity to dynamically regulate cancer progression and influence the response to treatment. For this reason, several therapies target different components of the TME, aiming to shatter at least one pillar of the palace.

The TME is considered a complex and rich multicellular environment where a tumor takes roots. It does not just include tumor cells but also many normal ones that can contribute both positively and negatively. Indeed, they can be modified by malignant cells and induced to synthesize growth factors, chemokines, matrix-degrading enzymes to enhance proliferation and invasion. They can also rearrange the stroma, avoiding the effective delivery of anti-cancer drugs, increasing interstitial fluid pressure, and changes in vascular flow (1, 2).

Many are the cell types involved: immune cells, such as dendritic cells (DCs), macrophages, T and B lymphocytes, natural killers (NKs), neutrophils, myeloid-derived suppressor cells (MDSC); stromal cells like pericytes, mesenchymal cells, cancer-associated fibroblasts (CAFs); the extracellular matrix (ECM) with many secreted molecules as cytokines, chemokines, growth factors; and the blood and lymphatic vascular networks, which are in communication with each other and the tumoral cells (Figure 1A).




Figure 1 | (A) The TME is composed by several diverse cell types including cancer cells, immune cells (such as T and B lymphocytes, macrophages, DCs, NK cells, MDSCs, neutrophils), and stromal cells (like pericytes, mesenchymal stromal cells, fibroblasts); this architecture is also supported by the extracellular matrix and its proteins, as well as growth factors and cytokines produced by all the cellular component that, in turn, influence the TME. Together with them, blood and lymphatic vascular networks allow exchanges and nutritional supply. (B) General overview of cellular and molecular targets currently used and on development. (C) New relevant targets involving cancer cells metabolites and receptors expressed by immune cells. This figure was made with Biorender.



In the light of knowledge, we understand the early days of the TME research field where therapeutics targeting each component were viewed with enormous interest (3); now, we are aware of the TME complexity, and those early perspectives were seen as overly optimistic.

Such complexity resides within several different aspects like the stage of cancer, the organ in which the tumor arises, the ontogeny of some cell populations, and their phenotype within the tumor mass and/or at the systemic level.

More recently, the knowledge of the functional role of myeloid cells (macrophages, neutrophils, MDSC) and their interactions with tumor cells has remarkably increased. The types and the relative abundance of tumor-infiltrating leukocytes define the immune landscape, and it has been shown to have prognostic value. As the increase of cytotoxic CD8+ T cells is positively correlated with survival and treatment response, the presence of myeloid cells, depending on their phenotype, could be either negative or positive (4–6). Several studies have highlighted the correlation of a specific subset of myeloid cells with more prolonged survival and better clinical responses, showing myeloid cells’ heterogeneity in tumors.

The TME is well-recognized in regulating the response to therapeutic interventions conferring an intrinsic resistance or acquiring one.

High numbers of immunosuppressive cells, including tumor-associated macrophages (TAMs) and regulatory T cells (Treg), and the presence of protective niches that shield a subset of tumor cells from therapeutic effects, additionally contribute to intrinsic resistance (7–9). Few studies have revealed the pleiotropic adaptive effects on TME composition and phenotypes following different therapeutic interventions, including standard-of-care treatments and TME-directed therapies (7). These alterations lead to massive therapy-induced cell death and the correlated accumulation of immune cells, which phenotypes could be specific to the therapeutic intervention.

Both radiotherapy and chemotherapies can increase the presence of immunosuppressive TAMs in tumors, protecting the cancer cells from therapy-induced cell death, which may ultimately lead to tumor recurrence (10–13). For example, chemotherapy may also induce DNA damage in stromal cells, resulting in the activation of NF-κB contributing to therapeutic resistance (14), and radiotherapy may affect the tumor vasculature promoting cancer cell survival and radio-resistance (15); as well, specific therapies can show a synergistic effect by promoting immunogenic cell death and enhancing T cell-dependent anti-tumor immunity (16, 17).

Given the importance of the TME in tumor progression and the efficacy of cancer treatment, in recent years, the TME has been taken as a central focus for new therapeutic strategies. These approaches mainly target TAMs, neutrophils, DCs, T cells, tumor vasculature, ECM, and CAFs. This review will focus on the myeloid cell neutrophils and macrophages, their controversial role in TME, and the clinically relevant therapeutics that are currently in use or underway.



2 Myeloid Cells in Tumors

Since Rudolf Virchow recognized the immune system as an essential regulator of tumor growth, describing extensive accumulations of white cells within tumors (18), the presence of myeloid cells within the TME has raised substantial interest. Our comprehension of myeloid cells’ functionality and their interaction with tumor cells has given us an epiphany in the last decades.

Great endeavours to boost T cell-directed anti-cancer immune responses have been made to date. As reported, the incidence of cancerogenesis is low in invertebrates with no T or B cells, indicating that innate immune cells are of great importance for preventing the initiation and development of cancer (19, 20).

Since the study of the TME immunophenotype had been introduced and often paired with classical oncology screenings, pathologists and oncologists had to realize the predictive value of the immune landscape based on the evidence that specific cell types are associated with distinct disease outcomes in patients. Consequently, several immune-oncology strategies have been developed to reactivate the adaptive and innate immune systems to mount a proper immune response as an alternative approach to classical anti-cancer treatments.

The opening of new clinical trials using immune checkpoint inhibitors (ICIs) (such as monoclonal antibodies (mAbs) against cytotoxic T lymphocyte antigen 4 (CTLA4), programmed cell death 1 (PD1), and PD1 ligand (PDL1), have shown complete success only on a small fraction of patients with melanoma and lung cancers, and possible reasons are still unknown (21).

In preclinical studies, TMAs can promote the recovery of tumors despite chemotherapies, radiotherapies, or biologic therapies due to the promotion of angiogenesis, maintenance of cancer stem cells, and inhibition of immune responses (22, 23). In some tumors, macrophage infiltration also interferes with the efficacy of immunotherapy, neutralizing efforts to reactivate CD8+ T cells. For this reason, several therapeutic strategies to modulate TAM function, infiltration, or activation are emerging to block resistance to conventional therapies and promote T cell-based therapies (4, 22, 24).

In parallel, recent findings studying neutrophils in cancer have opened a debate about their involvement in tumor formation, progression, and dissemination, showing a dichotomy of their role. Moreover, the importance of neutrophil recruitment in tumoral tissues was assessed on human cancer samples. It was associated with a more aggressive disease characterized by inadequate treatment response, tumor relapse, and bad prognosis (25).



3 Neutrophils


3.1 About Neutrophils

Neutrophils are bone marrow (BM) granulocytic-myeloid cells and comprise 50-70% in humans and 10-30% in mice of circulating white blood cells, making the granulocytic population the first most abundant in humans and the second one in mice (B cells precede them) (26, 27). Historically, neutrophils are short-lived leukocytes that last about one day in the circulation and then cleared away by macrophages or dendritic cells in the liver, spleen, and BM (28). The granulocyte-colony stimulating factor (G-CSF) stimulates the proliferation and differentiation of neutrophil precursors into the BM and augments the mobilization of terminally differentiated neutrophils into the bloodstream (29). In fact, it regulates granulopoiesis, the de novo generation of neutrophils, both at the steady-state and at emergency. The latter occurs when an inflammatory stimuli (i.e. microbial infections or cancer) becomes systemic and considerably enhances the generation and the release of immature and mature neutrophils from the BM into the peripheral blood (30, 31). Alternatively, stress conditions (i.e. extensive blood loss, cancer, BM dysfunction) induce the extramedullary emergency hematopoiesis in the spleen that produces myeloid cells, monocytes, and neutrophils (32). Neutrophils developmental stages relate to their systemic trafficking. It is possible to distinguish fully mature neutrophils from pre-neutrophils and immature neutrophils using the expression of the CXC-chemokine receptor 2 (CXCR2) found only on the surface of fully differentiated neutrophils (29, 33). CXCR2 mediates signaling required for neutrophil mobilization into the peripheral blood by interacting with the IL-8 [a.k.a. Neutrophil chemotactic factor or CXC-chemokine ligand 8 (CXCL8)]. IL-8, released by endothelial cells and stromal cells of the basement membrane, acts as a chemoattractant to recruit circulating neutrophils to the site of inflammation and is required to mediate the rolling of neutrophils along the endothelium (34). Conversely to CXCR2, the CXC-chemokine receptor 4 (CXCR4) is expressed on immature neutrophils (both proliferating and mitotically inactive), where it mediates the signaling required for neutrophils retention into the BM compartment (29).

The Ly6G (Lymphocyte antigen 6G) is the key marker of neutrophils, but it is not only present on fully mature and mitotically inactive neutrophils, but also on precursors, as recently proved by 10X technology (35). Hence, it should not be considered to discriminate between immature and mature neutrophils. The distinction between those ones further relies on the gene signature level; for example, the Gata1 gene is more expressed by BM mature neutrophils than in their precursors; on the contrary, the Gata2 gene is highly expressed in premature rather than mature neutrophils (35). Nowadays, transcriptomic advances and multiparametric flow cytometry analyses revealed the presence of several neutrophil subsets both in mice and humans. The pre-neutrophil (preNeu), a committed proliferative precursor, differentiates into mitotically inactive immature (immNeu) and mature neutrophils (31). Analogously, the presence of an early neutrophil progenitor (NeP) in mouse BM and a similar unipotent NeP in human BM (hNeP) were identified using cytometry by time of flight (CyTOF). NeP was further classified into two clusters, C1 and C2 (based on Ly6G marker), giving rise exclusively to neutrophils (35). These findings have been very recently confirmed, exploiting single-cell RNA sequencing (RNAseq), partitioned differentiating and mature subtypes of neutrophils into eight clusters (G0-G4, G5a-G5c) (33). Neutrophils are the first responders to danger signals (sterile insults or microbial infections) and are among the first mediators of inflammatory reactions. Their fast migration is mediated by danger-associated molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPs), and the activation of the Toll-like receptors (TLRs). At the injury site, they can release the content of their cytoplasmic granules or exert their protective roles by the respiratory burst producing reactive oxygen species (ROS), extruding the Neutrophil Extracellular Traps (NETs) (36), or by acting as antigen-presenting cells (APC) (37, 38).



3.2 The Controversial Role of Neutrophils in Cancer

Nowadays, the knowledge about neutrophils is constantly expanding. These cells are not only circulating grenades but also mixed populations capable of adapting and specializing in micro-environmental cues (39); thus, they exert both pro and anti-cancer activities. Notably, tumor-associated neutrophils, both primaries or secondaries, are usually referred to as TANs, even though this terminology does not relate to a specific differentiation step and activation status (40). Pertinent to metastases, the role of neutrophils is quite confounding and closely resembles the case of primary cancers. Neutrophils have been described to elicit both metastasis-promoting and -suppressing capacities, depending on the cancer type, staging, and micro-environmental signals or cancer cell-intrinsic causes. Different findings suggest their direct or indirect involvement in mediating an anti-cancer immune response early during carcinogenesis. In preclinical models, neutrophils were shown to delay primary tumor growth by releasing nitric oxide (NO) that induces cancer cell killing. The binding of the receptor tyrosine kinase MET, expressed on neutrophils, by the tumor necrosis factor-alpha (TNFα), and its ligand, the Hepatocyte growth factor (HGF), drives the nitric oxide synthase (NOS) and the consequent release of the anti-tumor inflammatory mediator (41). The neutrophil elastase (ELANE) is another extracellular protein released by human polymorphonuclear cells that can directly kill cancer cells. While human neutrophils release a catalytically active ELANE, instead murine neutrophils do not and hence fail to kill cancer cells, both in vivo and in vitro (42). A study, carried out with a mouse model spontaneously developing epithelial carcinogenesis due to the functional loss of the tumor suppressor phosphatase and tensin homolog (PTEN), neutrophils were shown to exert an inhibitory role in developing endometrial adenocarcinoma by inducing the detachment of tumor cells from the basement membrane (43), implying that PMNs can fight autochthonous tumorigenesis.

The involvement of the chemokine receptor CXCR2 in skin and intestine tumors development has been assessed when its deficiency or depletion (on Ly6G+ cells) suppressed colitis-associated tumorigenesis and the formation of intestine adenomas (44). Nonetheless, the lack of a mouse model with neutrophil knockout for CXCR2 made the findings controversial. However, mouse models with selective deletion of CXCR2 in neutrophils could be generated by crossing MRP8Cre, and Cxcr2fl/fl mice (45).

PMNs are part of immune cell networks that suppress tumor formation and growth by activating T cell-mediated anti-tumor responses. During the early phase of the development of a murine sarcoma induced by 3-methylcholanthrene, neutrophils amplified the production of IL12 by macrophages, which in turn drove the release of the interferon-gamma (IFNγ) by a subset of unconventional T cells, establishing an anti-tumor immunity that led to a reduced incidence of sarcoma (46). In early-stage human lung cancer, immature neutrophils, influenced by the low concentration of INF-γ and GM-CSF in the TME, differentiated into hybrid TANs with an APC phenotype, cross-presenting tumor antigens to T cells, in turn stimulating their response and unleashing their anti-tumor action (47).

Earlier it was shown that granulocytes are equipped with anti-metastatic functions. In fact, in mice orthotopically transplanted with murine breast cancer cells 4T1, was demonstrated that tumor cells recruited neutrophils, via CC-motif chemokine ligand 2 (CCL2), into the pre-metastatic lungs; once arrived, neutrophils produced hydrogen peroxide (H2O2) that prevented the seeding of disseminated tumor cells (48). Another line of evidence reported that in human renal cancer, neutrophils were actively recruited to the metastasis sites, thanks to tumor-derived IL8 and CXCL5, exerting an anti-metastatic action (49). In these studies, neutrophils were recruited and instructed to dampen metastasis formation by a tumor-released soluble signal representing an example of tumor entrained neutrophils (TEN). Furthermore, another study revealed that MET is required for neutrophil chemo-attraction and cytotoxicity in response to HGF. Consequently, the release of HGF/MET-dependent NO by neutrophils promotes cancer cell killing, abating metastasis formation, and corresponding primary tumor growth (in several cancer models) (41).

As well, the genetic inactivation of the atypical chemokine receptors 2 (ACKR2), a scavenger for inflammatory chemokines and hence a negative regulator of inflammation (expressed in hematopoietic precursors), resulted in the release from the BM neutrophils showing higher anti-metastatic activity in mice orthotopically transplanted with 4T1 mammary carcinoma or intravenously injected with B16F10 melanoma (50).

Conversely, others demonstrated the involvement of neutrophils in the tumor formation or the growth of established primary tumors. Neutrophils might support tumor formation, incidence, and growth by exploiting several mechanisms, including the promotion of a chronic inflammatory state which was extensively studied and reviewed by others (25, 40, 51), inducing DNA damage and genome instability (52) or inducing the proangiogenic switch (53).

In the context of chemically induced tumorigenesis, PMNs amplify the DNA damage caused by urethane, a component of cigarette smoke, in murine lungs, stimulating cancer initiation (54). Similarly, the release of ROS by neutrophils was shown to trigger oxidative DNA damage mutations causative of intestinal tumorigenesis and consequent cancer growth (55).

Neo-angiogenesis is the sprouting and growth of blood vessels into a tumor mass promoted by tumor cells and secreted growth factors and cytokines, useful for the oxygen and nutrients supply required for tumor growth (56). Primary mediators of cancer-induced neo-angiogenesis are the vascular endothelial growth factors (VEGFs) that include VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PLGF) and their respective receptors, the vascular endothelial growth factor receptors (VEGFRs) and the neuropilin (NRPs). Neutrophils are a reservoir of pre-formed VEGF, although they are not the principal producers of the growth factor as in the case of macrophages (57). Still, neutrophils release VEGF and other angiogenic factors such as the protein Bombina variegate peptide 8/Prokinecitin 2 (Bv8/PROK2), contributing to alternative pathways leading to new blood vessels formation (58, 59). On the contrary, neutrophils are the primary source of metalloproteinase-9 (MMP-9), which degrades the ECM and forces mesenchymal cells to release VEGF-A and other proangiogenic molecules such as the fibroblast growth factor (FGF) (60).

Another mechanisms has revealed that neutrophils, by IL1-β and matrix MMP, inhibit NK cells cytotoxicity and the disseminated tumor cells (DTCs) extravasation into the target organ, promoting their survival (61). As proof, in immunocompetent or NOD-scid mice, bearing E0071 breast carcinoma, neutrophils showed metastasis supporting activity via NK suppression, while in NSG mice (lacking of NKs), they reduced metastasis (62).

Additionally, neutrophils secrete pro-inflammatory factors (i.e., lipids and cysteinyl leukotrienes) able to favor metastatic initiating cells MICs, leading to increased metastatic competence of breast cancer cells like 4T1 (63).

It was also reported that IL-17, secreted by γδ-T cells, induces neutrophil accumulation in the lungs which, in turn, suppresses cytotoxic T cells functions, increasing pulmonary and lymph node metastasization in the KEP mouse model of spontaneous breast cancer metastasis (64). Here neutrophil depletion caused a reduction of pulmonary metastasis formation.

Interestingly, in the bloodstream has been reported an interaction between circulating tumor cells (CTCs) and white blood cells, predominantly with neutrophils. This connection seems to drive CTC cycle progression and the induction of CTCs metastatic potential (65). Such peculiar interaction could be seen a potential new target for targeting for treatment of metastatic breast cancer.

Proteomic approaches elucidated the TANs secretome, identifying transferrin as the major mitogen for tumor cells. Depletion of neutrophils inhibited lung metastasis and transferrin production in the metastatic microenvironment, while deletion of transferrin receptors suppressed the growth of lung-colonizing tumor cells (66). By these findings, preclinical models of tumors different from the mammary ones [like lung (67) and colorectal cancer (68)] produce neutrophils that support metastasis. Furthermore, others reported a pathological Notch signaling involvement in colorectal cancer cells that initiates a neutrophil-dependent, and tumor-necrosis factor (TGF)- β mediated signaling cascade leading to the appearance of metastatic disease (68).

Nonetheless, different other stimuli affect PMN cells, modulating their role in metastasis. For example, the loss of testosterone in castrated male mice impaired neutrophils’ maturation and functions, thereby making them pro-metastatic in two preclinical models, while testosterone replacement restored their cytotoxic functions. These results were also observed in patients with prostate cancer undergoing androgen deprivation treatments (69).

Besides being a potent anti-tumor protein, ELASTASE is also one of the primary markers used to detect NETosis (NETs formation). NETs are extracellular, web-like structures composed of decondensed nuclear and mitochondrial DNA intertwined with cytotoxic enzymes, such as neutrophil elastase (NE) and myeloperoxidase (MPO), that usually are retained into neutrophil granules and used to neutralize pathogens like bacteria, fungi, viruses, and parasites (70). NETs formation is a mechanism that cancer cells adapt to hijack neutrophils to awake disseminated dormant cancer cells (71) or to enhance the establishment of metastases in triple-negative breast cancer murine models (72). Such a link is not only confined to hematogenous metastases but was also observed in a preclinical model of ovarian cancer, where the metastatic dissemination occurs through a transcelomatic process. By the way, it seems that the neutrophils influx into the omentum is a prerequisite for a successful metastatic dissemination. In detail, ovarian tumor-derived inflammatory factors stimulate neutrophils to NET which, in turn, binds ovarian cancer cells and promotes metastasis. In fact, omental metastasis is decreased in mice with neutrophil-specific deficiency of peptidyl-arginine deiminase 4 (PAD4), an essential enzyme for NET formation (73). Similarly, neutrophils have been shown to induce hepatocellular carcinoma (HCC) metastasis by releasing NETs that, once internalized by HCC cells, activate the TLR4 and subsequently induce cell-death resistance and enhanced invasiveness (74).



3.3 Neutrophils Interference With Anti-Cancer Therapies

Given the extensive and growing body of evidences related to the involvement of neutrophils in the formation and progression of cancer, it is relevant to understand whether they might affect anti-cancer treatments.

Immunotherapy is the latest breakthrough in anti-tumor therapy and is used to make the immune system reactive against cancers taking advantage of the blockade of immune checkpoints. In the context of cancer, immunosuppressive determinants present in the TME downregulate the immune cells’ reactivity, making them exhausted or polarised toward a pro-tumor profile (75).

Antibodies against a different number of ICIs that support the expansion of type-I helper CD4+ T lymphocytes and prevent the exhaustion of CD8+ T cells have reached the clinic (76). Unfortunately, not all patients respond to ICIs, possibly owing to intrinsic resistance, but many usually develop acquired resistance (77).

In this context, neutrophils or, more specifically, TANs are considered contributors to the resistance to ICIs. In hot tumors (highly infiltrated with T lymphocytes), the ICIs are usually effective unless the TME is enriched with TANs, suggesting a granulocytic immunosuppressive role (78). The neutrophil pathological activation by the microenvironmental stimuli exerts detrimental effects on T cells and thus mediates the resistance to ICIs. Different neutrophil mediators are able to induce T cells exhaustion, including arginase 1, prostaglandin E2, ROS, and NO, as recently reviewed elsewhere (79).

A therapeutic strategy to restore the sensitivity to ICIs is to dampen neutrophils recruitment in the TME, hence avoiding their hijacking (80). The receptors CXCR2 and CXCR4 are central regulators of neutrophil trafficking and recruitment in tumors. In fact, the inhibition of CXCR2 in a murine model of a soft tissue sarcoma resistant to anti-PD1 treatment restored the effectiveness of the immunotherapy (81). It was also reported that the treatment with a small-molecule inhibitor of CXCR2 and CXCR1, SX-682 (SX), sensitized tumor-bearing mice to the anti-PD1 antibody. The inhibitor had no anti-tumor effect in monotherapy and was ineffective on cancer cells, independently of their positivity for CXCR1 and CXCR2 (82). These preclinical findings provided a rationale for a clinical translation, thus that ongoing clinical trials are evaluating the effectiveness of combining CXCR2 inhibitors with ICIs. SX is currently being investigated in combination with pembrolizumab and with nivolumab (both targeting PD1) for the treatment, respectively, of metastatic melanoma [NCT03161431 (83)] and metastatic pancreatic ductal adenocarcinoma [PDAC; NCT04477343 (84)]) and unresectable or metastatic colorectal cancer [NCT04599140 (85)].

Like CXCR2 inhibition, targeting CXCR4 represents a different strategy to reduce tumor recruitment and neutrophil mobilization from the BM. Accordingly, treatment with AMD3100 (plerixafor, Mozobil), a small-molecule inhibitor of CXCR4, promotes an enhanced intratumoral immune B and T cell responses in metastatic lesions in patients with microsatellite stable (MSS) colorectal cancer (CRC) or pancreatic ductal adenocarcinoma (PDA), that usually are ICIs resistant (86). Concomitantly, the clinical trial NCT02907099 (87) is studying the inhibitor of CXCR4, BL-8040, in patients with metastatic PDAC.

Pulmonary endothelial cells express CXCL12 constitutively. Treatments with AMD3100 was shown to cause neutrophilia (neutrophils in the bloodstream), decrease of neutrophils in the BM, and induce neutrophil distribution in the lungs without compromising their trafficking to inflamed sites (88). Conversely, the release of neutrophils from lungs into the bloodstream was previously observed during the treatment with AMD3100 (89). When considering the inhibition of CXCR4 in lung cancer, it needs to be considered the immunosuppressive neutrophil recruitment in the metastatic lesion and hence reduced response to ICIs.

Considering that neutrophils recruited into the tumor may acquire a tumor-supporting phenotype, the inhibition of their recruitment could be associated to the modulation of their phenotype. To this aim, a preclinical trial, on mice bearing the allografts 4T1 and LLC or transplanted with the triple-negative breast cancer line MDA-MB-231, showed that the CXCR2-inhibitor SX in combination with BinTrafusp Alpha, that simultaneously blocks PD-L1 and traps soluble TGF-β, polarize neutrophils (90, 91). SX-682 and BinTrafusp Alpha are being tested in co-administration in phase I/II trials on solid metastatic cancers (NCT04574583) (92).

A possible therapeutic strategy to induce anti-tumor neutrophils in cancer and potentiate ICIs is to potentiate the appearance of anti-tumor neutrophils, like with INF-γ. It was shown that early treatment with anti-PD1 Ab induced tumor shrinkage in mouse models of pancreatic cancer. On the contrary, delayed anti-PD1 treatment showed limited benefits associated with CXCR2+ myeloid cell recruitment in response to tumor secreted CXCL8. The administration of INF-γ inhibited the tumor trafficking of CXCR2+ cells, suppressing the release of tumor-derived CXCL8, ultimately enhancing anti-PD1 efficacy (93). This combination is currently investigated in a clinical trial for advanced solid tumors [NCT02614456 (94)];, which results have not been deposited yet. A general representation of cellular and molecular targets are visualized in Figure 1B.

Angiogenesis Inhibitors (AIs) block the formation of new blood vessels into the tumor and have been investigated in monotherapy for renal cancer and, more often, in combination with conventional chemotherapy. The VEGF/VEGFR, the angiopoietins (ANGPT) and their tyrosine kinase receptors (Tie2/Tek), or molecules mediating tumor angiogenesis, like the fibroblast growth factor (bFGF/FGF2) and platelet-derived growth factor-B (PDGF-B), have been the main targets. The humanized anti-VEGF monoclonal Ab bevacizumab, the VEGF-Trap protein aflibercept, and small molecules inhibitors of VEGF-receptors (i.e. sunitinib, sorafenib, pazopanib, and cediranib) represent examples of currently US Food and Drug Administration (FDA)-approved antiangiogenic drugs (56). The use of AIs was promising in preclinical studies but not effective in the clinical setting.

To this extent, neutrophils have been observed to sustain the resistance to therapy by generating of alternative vascularisation mechanisms. For example, tumor-infiltrating neutrophils produced the Bv8/PROK2 protein, which caused the refractoriness to anti-VEGF therapy in tumor allograft and xenograft models (95). The same was observed in a genetically engineered mouse model (GEMM), spontaneously developing colorectal cancer (CRC), and in mice bearing the colon cancer cells CT26 and Colon38. In these models, therapy resistance occurred only upon the induction of an inflammatory state by chemically-induced colitis, which caused the augmentation of the G-CSF serum levels in mice, followed by the recruitment of neutrophils into the tumor stroma and the release of Bv8/PROK2, promoting angiogenesis. Treatment with anti-GCSF or anti- Bv8/PROK2 rescued the anti-VEGF tumor sensitivity (96). These findings indicate that the tumor responses to AI may rely on the degree of inflammation of tumor tissues.

Another study correlated the degree of neutrophils infiltrated into the metastasis with the bevacizumab treatment refractoriness and the decreased overall survival (OS), both in xenograft and syngeneic tumor models. Furthermore, the depletion of neutrophils or the use with BI-880, which targeted a different angiogenic pathway (the Tie2/Tek axis), restored the sensitivity to anti-angiogenic treatment (97). Additionally, in a preclinical model of glioblastoma, neutrophils were again found to support anti-VEGF therapy resistance in mice (98).

In contrast with these preclinical findings, the high absolute neutrophils count and high neutrophils to lymphocyte ratio (NLR) have been considered prognostic factors for antiangiogenic treatment efficacy and favorable prognosis in CRC patients, respectively (99, 100). However, the opposite is also supported in other studies (101).

Neutrophils might also indirectly promote resistance to antiangiogenic therapy and hence tumor progression. It was highlighted that TANs, but not circulating neutrophils, via the production of CCL2 and CCL17 and the recruitment of monocytes and Treg cells, were the cause of the refractoriness to sorafenib, the first line treatment for hepatocellular carcinomas (HCC) (102, 103). These studies do not elucidate or demonstrate whether neutrophils or the pathologically activated PMN-MDSCs were the one responsible for the acquisition of such resistance. It would be of great interest to investigate the characteristics of the neutrophil population in cancer patients undergoing anti-cancer treatments by the newly available molecular biology techniques such as RNAseq to verify each specific subset’s contribution to therapy response.

Despite novel therapies, conventional cytotoxic-based chemotherapy remains the cornerstone in cancer treatment. Consequently, in preclinical and clinical trials, the effectiveness of new agents is frequently investigated with conventional chemotherapy. Neutrophils have emerged as contributors to cancer progression, reducing tumor responsiveness to the chemotherapy rather than mediating resistance. Therefore, chemotherapy might delay tumor growth, failing to induce its shrinkage. Thus, the rationale behind the co-administration of chemotherapy and immunomodulators acting on neutrophils is again to reduce their recruitment in the tumor and a likely pro-tumor polarization or convert immunosuppressive neutrophils (PMN-MDSCs) toward an anti-tumor phenotype. For example, one preclinical evidence highlighted the effectiveness of combining cisplatin, a widely known chemotherapeutic drug, with the inhibition of CXCR2 axis (104); the authors showed that the agent SB225002, that selectively inhibits CXCR2, enhanced the therapeutic effect of cisplatin in lung cancer mice models, which was associated with a significant reduction of neutrophil infiltration and enhanced CD8+ T cell anti-tumor. Supporting the benefits of combinatorial treatment, in preclinical models of PDAC, it has been tested FOLFIRINOX (composed of oxaliplatin, irinotecan, 5-FU, and leucovorin) with the small molecule PF-04136309, a CCR2 inhibitor for limiting the recruitment of monocytes-macrophages (105). This combination resulted in compensatory recruitment into the tumor of neutrophil populations highly expressing CXCR2. The combined CCR2 plus CXCR2 blockade enhanced the chemotherapeutic efficacy and improved the survival of tumor-bearing mice. Moreover, inhibiting the CXCR2 axis with the molecule SB 225002 in combination with paclitaxel retarded the growth of Lewis Lung Carcinoma (LLC) bearing mice (106). These findings are very recent, and currently, no clinical trials are using CXCR2 inhibitors with chemotherapy.

Conversely, agents exerting an immunomodulatory effect, like INF-γ, upon neutrophils have been explored. Several clinical trials are still recruiting to investigate the benefits of adding INF-γ to chemotherapy, principally phase I/II trials where the main objective is to determine the best-tolerated dose. Given the low number of patients recruited, the estimation of response parameters is considered secondary outcomes.

Patients undergoing chemotherapy frequently develop neutropenia when the absolute neutrophil count (ANC) drops below 2 X109/L. The Grade 4 neutropenia (<0.5 X109/L) represents a life-threatening event requiring patient hospitalization, treatments with antibiotics (to avoid the risk of spreading infections), and chemotherapy discontinuation, possibly favoring tumor relapse. The drop in the ANC that occurs during neutropenia usually persists for 2-3 weeks, possibly leading to a reduced abundance of neutrophils within the tumor bulk, making their targeting not feasible. The hematopoietic grow factor G-CSF (Filgrastim) is an FDA-approved drug for patients with non-myeloid malignancies, used to reduce the time for neutrophil recovery and to decrease the incidence of infections. The Granulocyte macrophage-colony Stimulating Factor (GM-CSF or Molgrastim) might represent another hematopoietic growth factor used as an immune-stimulant agent to treat neutropenic patients. A clinical trial shows that Molgrastin induced a faster neutrophil recovery and reduced hospitalization but the drug worked in a limited number of patients compared to Filgrastim, thus it is considered less effective than G-CSF. In another trial conducted on non-small-cell-lung-cancer patients, the GM-CSF was ineffective.

Alternatively, it could be hypothesized that neutrophils could be targeted based on the administered chemotherapy, since each treatment differentially affects neutrophils (e.g., cyclophosphamide and doxorubicin are drugs more myelotoxic than 5-fluorouracil or methotrexate) (107).

Chemotherapy-induced neutropenia may be considered per se an approach to target neutrophils by depleting their precursors in the BM. Intriguingly, neutropenia is associated with drug effectiveness and better overall survival (108), although it may cause therapy discontinuation or delayed treatment cycles. However, it is still unknown if chemotherapy-induced neutropenia and the reported outcome improvements are linked or unrelated events, and prospective trials designed ad hoc to evaluate this association is still lacking.



3.4 Current Strategies to Target Tumor-Associated Neutrophils

The above-mentioned strategies aim to increase the effectiveness and efficacy of the current standard of care treatments. Still, they do not represent per se a strategy that exploits the neutrophils’ anti-cancer killing machinery, as in the case of autologous and heterologous T-cell-based therapies recognizing specific tumor antigens and mediating a direct cancer cell killing (109). Even if neutrophils are ontogenically endowed with anti-cancer properties, a tumor-promoting phenotype is more frequently observed and defined as a tumor-induced conversion subset referred to as G-MDSC. In light of this, it would be clinically relevant to find a druggable target that favor neutrophil reprogramming toward their naturally occurring anti-tumor phenotype. To this regard, the fatty acid transport protein 2 (FATP2) was recently identified as a regulator of the suppressive capacities of G-MDSCs; it is a neutrophil membrane protein implicated in the trafficking of lipids and it is overexpressed by G-MDSCs in tumor-bearing mice compared to “classical” neutrophil isolated in healthy mice. The pharmacological inhibition of FATP2 by lipofermata resulted in a delay in tumor growth of mice bearing different and etiologically unrelated tumors (namely: LLC and EL4), without affecting the proliferation of the same tumors cultured in vitro (Figure 1C). It should be noted that the in vivo anti-tumor effect was lost when mice were treated with lipofermata and an anti-CD8 depleting antibody or when the therapy was administered in immunodeficient (NOD/SCID) non-obese diabetic–severe mice, indicating that the anti-tumor effect is anyway mediated by T cells rather than neutrophils (110). Of note, this finding highlighted the role of the immune cells’ metabolism and the influence on their polarization.

Neutrophils often share signaling cascades and extracellular receptors with other myeloid cells, such as monocytes. Using a strategy not explicitly tailored towards neutrophils might paradoxically exert detrimental effects on other myeloid cells. Hence, a more profound comprehension of neutrophils’ intricate roles in tumor progression might provide new ideas for new therapeutic approaches. Despite this scary scenario, the innate immune checkpoint SIRPα/CD47, a negative regulator of myeloid cell phagocytosis, is a druggable axis which impairment showed efficacy at the preclinical levels, even though it is not a neutrophil specific target but rather a complex shared with monocyte and macrophages. For example, breast tumor-bearing mice benefitted from the combinatorial treatment with the mAb trastuzumab directed against the human epidermal receptor 2 (HER2) and the blockade of the SIRPα/CD47 checkpoint interaction that increased the killing activity of neutrophils towards antibody-opsonized cancer cells and led to tumor shrinkage caused by the antibody-dependent cell cytotoxicity (ADCC) (111) (Figure 1C).

As already described, several reports showed the opposite effect of neutrophils in different steps of tumor progression. Contrasting effects on metastasis formation were observed depending on the type of studied tumor. For example, after neutrophils depletion (anti-Ly6G mediated), a drastic reduction of secondary tumors (49) and a critical increment of metastatic deposits (63) were reported in Renca and 4T1 breast cancer bearing mice, respectively. This observation supports the notion of a cancer-induced alteration of the neutrophil functions. More interestingly, it suggests that comparing differences and analogies between different cancers, achieved via omics-based methods, might reveal new pathways involved in the pathological activation of neutrophils.




4 Macrophages


4.1 About Macrophages

Macrophages, a type of white blood cell deriving from a myeloid progenitor, play essential roles in maintaining tissue homeostasis and protecting our body through several functions, such as engulfing and digesting foreign substances. Macrophages also clear away harmful matter, including cellular debris and tumor cells in vivo, maintaining homeostasis and limiting the entrance of pathogens (112–114).

These cells are classically categorized in the innate compartment of the immune system since they mediate a non-specific response and help initiate a specific defense mechanism, typical of adaptive immunity. In addition to stimulating the immune system, macrophages exert an immune-modulatory impact by secreting various cytokines and activating the complement system, leading to inflammation.

Depending on the microenvironment, chemokines, cytokines, and other stimuli (local anoxia, lactic acid), these cells can shape their phenotype. This led to the pragmatic description 15 years ago of two divergent forms of macrophage activation, such as M1 with immunostimulatory and anti-tumoral activity, and M2, immunosuppressive, both linked to the arms of the adaptive immune system with which they interact (T helper cells). This fundamental dichotomy has essentially formed the basis of research into macrophage activity ever since (115). Evidence indicates that macrophage phenotypes may be more appropriately described as a continuum of functional states that are signal-dependent and plastic (116), making it even more complex to classify cancers based on TME myeloid composition.

Macrophages have long been hypothesized to originate from cells of the blood compartment, deriving from hematopoietic BM precursors that would be attracted and recruited at peripheral tissues upon inflammatory conditions or tissue damage (112–114).

The understanding of macrophages ontogeny has recently undergone a profound transformation thanks to modern lineage tracing techniques. The main notable discovery is that most tissue-resident macrophages are not derived from BM progenitors, as previously thought, but instead from the yolk sac or fetal liver (117, 118). In adults, some tissue-specific macrophages exclusively derive from one source (for instance those in the intestine derive from BM). In comparison, in other tissues (i.e. the skin), different batches of macrophages derive from one source or another. Within the brain, ontogenetically distinct macrophage populations exist, including both tissue-resident microglia and BMDMs (119). The first develops from embryonic yolk sac progenitor cells and are not replenished postnatally through peripheral mononuclear haematopoiesis (120). Also, non-parenchymal macrophages within the CNS arise during embryonic development, and are largely stable populations during adult life (121). By contrast, in response to perturbations of tissue homeostasis or pathological conditions, circulating monocytes are recruited to the brain parenchyma and give rise to BMDMs through monocytosis, particularly during tumor progression where the integrity of the blood-brain-barrier (BBB) is compromised (122).

Furthermore, the yolk sac-derived macrophages of the heart are replaced by fetal liver monocytes (118, 123). The presence of persistent embryonic populations throughout life in most tissues suggests that these tissues harbor pre-macrophages (pMACs) that can proliferate to give rise to mature macrophages (123).

Decades of shreds of evidence support that the environmental niche strongly influences macrophage gene expression and function, yet these cells remain plastic and retain the capacity to alter their phenotypes in response to new signals and situations. Phenotype is ultimately a flexible translation of multilevel cell-intrinsic and environmental signals.

Like healthy tissues, tumors also contain diverse populations of signal-responsive macrophages. Local mediators and conditions may significantly influence macrophage polarization in the tumor context as tumors have an evolving and chronic pathology that may involve dynamic environmental stresses such as hypoxia (124). Circulating precursors that are recruited into tumor tissues and subsequently differentiate into TAMs include conventional inflammatory monocytes and monocyte-related myeloid-derived suppressor cells (M−MDSCs). This latter can differentiate into mature TAMs when the signal transducer and activator of transcription 3 (STAT3) are downregulated (125); additionally, M-MDSCs contribute to the immunosuppressive tumor microenvironment, promoting tumor metastasis (126).

Of note, TAM proliferation has been observed in mouse models of sarcoma and mouse and human breast carcinomas, but this general mechanism does not seem to sustain the numbers of TAMs in growing tumors, suggesting that recruitment of circulating cells is required to maintain the TAM population (127, 128).

In a tumor setting, M1-like macrophages are currently thought to promote anti-tumor immunity, whereas M2-like TAMs stimulate angiogenesis and tissue repair (127) and suppress cytotoxic T cell function indirectly promoting tumor progression. In reality, heterogeneous macrophage populations coexist within the tumor compartment, influencing the progression of both tumor growth and the evolving immune response (124, 129). Nonetheless, a full understanding of the heterogeneity and functional states of TAMs seem now more relevant in clinical and therapeutic settings than ever before, as recently supported by the collected evidences (130).

A considerable number of questions have been raised about the relevance of macrophages’ phenotype according to their lineage compared with their tissue environment, whether the replacement of yolk sac-derived or fetal liver-derived macrophages with BM-derived macrophages results in identical phenotypes, and whether macrophages from different origins can be specifically targeted. In the context of tumors, these questions are essential because not all TAMs take origin from the same organ (119, 131). For example, in pancreatic cancer models, the yolk sac-derived macrophages show a pro-tumoral phenotype opposite to the BM-derived macrophages, suggesting that origin is important (132).

Such observations underline that a different origin might be of clinical relevance, and they raise questions as to whether inhibition of BM-derived macrophage recruitment might result in compensation by yolk sac-derived and/or fetal liver-derived tissue progenitors or vice versa. Above the yet complex scenario of cancer, it seems of great importance the understand macrophage origin, heterogeneity, and dynamics in the tumor microenvironment.



4.2 The Controversial Role of Macrophages in Cancer

Macrophages can potentially mount a robust anti-tumoral response, as they can directly eliminate cancer cells if adequately activated. They can also support the adaptive immune response by presenting tumor antigens and producing chemokines and cytokines to recruit and activate cytotoxic CD8+ T cells (CTLs) and NK cells.

In the 1970s, studies demonstrated that macrophages activated by bacterial products and cytokines acquire the capacity to kill tumor cells (133–136). At least for the initial stage of cancer, TAMs have been seen as an ally, whereas when tumors progress, the TME modifies the environment and the TAMs, supporting tumor progression. It had been found that TAMs from malignant metastatic cancers promote tumor growth and metastasis (134).

Thus, early evidence suggested that macrophages could engage in a controversial dual relationship with cancer. The tumor-promoting functions of TAMs are diverse and may impact the different stages of tumor progression, from cancer initiation to metastasis, contributing to different hallmarks of cancer. Macrophages have bimodal roles in orchestrating immune responses that can either hamper or foster the effectiveness of conventional anti-cancer strategies.

In the first stages of tumor formation, macrophages are mainly tumoricidal, as they show an activated state, producing reactive oxygen and nitrogen intermediates that may contribute to DNA damage and genetic instability (55). The role of macrophages in the transition from a benign to a malignant tumor has been studied in only a few cancer models (mammary, skin, and pancreatic cancers) (137–139) and, at least in mammary tumors, premature recruitment of macrophages by overexpression of colony stimulator factor 1 (CSF1) promotes the transition to malignancy (138).

Furthermore, the presence of type II cytokines (interleukin-(IL)-4 or IL-13) in the microenvironment affect macrophage functions and phenotypes resembling those involved in tissue development and repair, with consequent suppression of anti-tumoral response switching the immune response from a cytotoxic to a supportive role (24, 140).

Macrophages also exacerbate the transition to malignancy by producing angiogenic factors, proteases, and secretion of growth factors such as epidermal growth factor, which induces cancer cell proliferation and the support of epithelial-mesenchymal transition in tumor cells (141).

TAMs are a source of additional angiogenic factors, chemokines with proangiogenic and pro-lymphangiogenic potential, and inflammatory cytokines, including placental growth factor, fibroblast growth factor 2, VEGF-C, tumor necrosis factor (TNF), IL-1β, IL-6, and chemokine (C-X-C motif) ligand 8 (CXCL8) (53). Moreover, myeloid cells produce different proteases, such as MMPs and cathepsins, that mobilize ECM-bound VEGF-A and other factors. Hypoxia, a major driver of angiogenesis in cancer tissues, induces the upregulation of hypoxia-inducible factor-1α (HIF-1α) expression and secretion of proangiogenic factors, such as VEGF-A (142). In addition, myeloid-derived VEGF-A is essential for the tumorigenic alteration of the vasculature. This alteration delays tumor progression as VEGF-A deficiency in TAMs was found to reduce angiogenesis and abnormalities in tumor vessels in mouse cancer models but to increase tumor growth (143). Accordingly, TAMs are also promoters of the neoangiogenic switch in tumors since their frequency correlates with the vascular density in preclinical tumor models and human tumors (144).

In mice, Ly6C+/CCR2+ cells, defined as inflammatory monocytes, have been shown to contribute to TAM accumulation and maintenance in a mouse mammary tumor model (145) and the establishment of pulmonary metastases derived from mouse or human breast cancer cells (146). In contrast, a protective role of patrolling monocytes, defined as Ly6C-/CX3CR1+, is shown by their inability to extravasate into tissues and differentiate into macrophages; despite that, they can rapidly accumulate within lung metastases and inhibit tumor cell seeding and growth in mouse models. Such anti-tumor functions include scavenging tumor debris, the recruitment and activation NK cells, and Th1 responses (147, 148).

M2-like macrophages can be found in the metastatic cell niche at more advanced stages, where they exert trophic functions while promoting tumor-initiating cell evasion of immune clearance (149, 150).

TAMs are major drivers of immunosuppression in the TME. Mediators released by tumor-infiltrating lymphocytes, such as Th2 cells and Treg cells (producing IL-4 and Il-10), and by tumor cells (IL-10, TGFβ, and PGE2) activate an immunosuppressive program in TAMs (151, 152). Macrophage-derived cytokines, such as IL-1, promote the recruitment and seeding of metastatic cancer cells at niche sites (146, 149). Additionally, myelomonocytic cells also promote metabolic starvation of T cells due to the activity of arginase and the production of amino acid metabolites by indoleamine 2,3-dioxygenase (IDO).

Furthermore, in mouse and human melanoma, IL-1 was shown to induce the upregulation of the expression of TET2, a DNA methylcytosine dioxygenase, which sustained the immunosuppressive functions of TAMs (153). Finally, TAMs express the ligands of checkpoint molecules, such as PD-L1, PD-L2, B7 ligands (154), and VISTA (155), which suppress adaptive T cell immune responses and promote Treg recruitment (5, 156).

In addition to primary tumors, macrophages can also assist in tumor survival and colonization at premetastatic lesions. It has been shown that macrophages are required for the early dissemination of breast cancer, and early disseminated macrophages contribute to late metastasis (157).

Macrophages promote the invasiveness and metastasis of tumor cells by expressing matrix metalloproteinases, cathepsin, urokinase, plasminogen activator, and matrix remodeling enzymes (dissolving the extracellular matrix to pave the path for a tumor cell to escape, as well as secrete IL-1ra enhancing tumor cell stemness and metastasis (158)). It has also been observed that pancreatic cancer cell-derived exosomes preferentially colocalize with macrophages in liver metastasis sites (159). Exosome-educated macrophages facilitate premetastatic niche formation via secretion of TGF-β (160). Additionally, exosomes produced by macrophages can transfer miRNA into cancer cells favoring metastasization in colorectal cancer and pancreatic ductal adenocarcinoma cells (160, 161). Other studies support the indispensable role of monocytes/macrophages recruited to

premetastatic niches in promoting circulating tumor cell survival and colonization in metastatic lesions (162). For instance, tumor cells of lung metastasis (derived from breast cancer) produce CCL2, recruiting and retaining monocytes/macrophages (163), likewise fibrocytes that prepare the premetastatic niche for melanoma cells by the exact mechanism (164). The inflammatory monocytes CCR2+Ly6C+, after differentiating into Ly6C− macrophages, accelerate tumor cell extravasation by generating VEGF (146).

Tissue-resident macrophages have also been demonstrated to promote or restrict metastasis. Alveolar macrophages promote hepatocellular carcinoma lung metastasis by producing the inflammatory leukotriene B4 (165) and suppressing the Th1 responses (166). Conversely, Kupffer cells engulf cancer cells to limit liver metastasis (167).

Interestingly, within the brain, evidences support that the majority of TAMs tend to be pro-tumorigenic and accumulate with higher tumor grade (168) and the dogma of a simple linear M1-M2 phenotypic balance has been disputed. Instead, many groups are focusing on defining activation and phenotype as a measure of functional diversity in brain cancers (124).

Indeed, studies in mice showed that phenotypic alteration of TAMs results in anti-tumor efficacy in glioblastoma (169, 170), whereas TAM depletion prevents brain metastasis outgrowth (171).

Lately, it has been leveraged a diverse panel of analyses to deeply interrogate the immune landscape of primary and metastatic brain cancers uncovering several pronounced differences between gliomas and brain metastasis. A significant shift in the ratio of microglia and monocytes-derived macrophages (MDMs) has been revealed between isocitrate dehydrogenase 1 and 2 (IDH) mut and IDH WT gliomas. Additionally, gliomas show an abundance of TAMs, whereas T cells were much fewer (particularly in IDH mut tumors) confirming the notion that gliomas are immunologically cold tumors. By contrast, brain metastasis seem to accumulate more lymphocytes and neutrophils, indicating that tumors that arise within the brain shape their TME differently than cancers that metastasize from extracranial sites (172).



4.3 Macrophages Interference With Anti-Cancer Therapies

In conventional chemotherapy and radiotherapy, macrophages have boosted or limited the therapeutic effect. Chemotherapy can affect macrophages’ functions modulating the cross-talk with the adaptive compartment, thus changing the entity of the immune responses and ultimately the therapy outcome. More than 30 years ago, an interaction was reported between the chemotherapeutic agent actinomycin D and human and murine monocytes/macrophages, afterward named “drug-dependent cellular cytotoxicity” (173). Another earlier study underlined how immunity could determine the efficacy of doxorubicin treatment (174). This latter can induce tumor cells to undergo immunogenic cell death as they express alarm signals that trigger adaptive immune responses; for instance, doxorubicin causes a massive release of ATP from tumor cells leading to the mononuclear phagocytes recruitment and their differentiation in antigen-presenting cells (APCs) (175).

Data from preclinical models suggest that myeloid cells can shift the balance of the role of immunity in the anti-tumor activity of selected chemotherapeutic agents (176), which can be leveraged to increase the efficacy of ICIs (177).

Trabectedin, a DNA-binding agent that causes DNA damage and cell-cycle arrest in tumor cells, which the EMA approves for the treatment of soft-tissue sarcomas and ovarian cancer, and by the FDA for sarcoma therapy, has shown a complex mechanism aside from the conventional ones; it indeed affects the transcription of selected genes including some that encode for inflammatory cytokines and chemokines, as well as angiogenic factors (178). The secondary and relevant effect brings delayed and prolonged responses after trabectedin treatments; thus, that cannot be explained only by the effect on cancer cells (179, 180). It has been found to activate programmed cell death (through caspase 8) via cell-surface receptors selectively in monocytes, inducing their apoptosis (179). Furthermore, patients with sarcoma treated with trabectedin showed a reduced TAM infiltration and decreased angiogenesis, supporting the hypothesis that the reduction of macrophages abundance is a key component of the anti-tumor activity of this drug.

However, macrophages rarely have a positive effect on responsiveness to chemotherapy. TAMs, when polarized in M2 or M2-like, can limit the effectiveness of cytotoxic agents like platinum-containing compounds, paclitaxel, and doxorubicin (10, 115, 181–183). In mouse tumor-transplantation models, M2-like macrophages, orchestrating tissue repair, were found to accumulate in perivascular areas of the tumor after chemotherapy and promoted tumor revascularization and relapse (184); recruitment of these cells was found to be CXCR4–CXCL12 dependent (184). The discrepancy of the TAMs’ role in mediating the response to doxorubicin is probably a consequence of different mouse tumor models and their immunogenicity (10, 174, 181–183, 185). Patients with lymphomas treated with doxorubicin-containing regimens mirror preclinical data showing higher TAM infiltration associated with a favorable prognosis (174, 186). Similarly to these clinical associations, drugs like doxorubicin, oxaliplatin, and cyclophosphamide enhance the effect of chemotherapy through the induced immunogenic cell death (ICD), which implies the release of “eat me” signals from tumor cells promoting phagocytic and antigen-presenting capabilities (175, 176, 187, 188).

Additionally, chemotherapy can directly modulate the macrophage phenotype, reprogramming TAMs into M1-like immunostimulant cells, an effect observed with gemcitabine in pancreatic cancer (189), as well as 5-fluorouracil in colorectal cancer (190) and docetaxel in a preclinical model of breast cancer (191). Two general mechanisms seem to be responsible for the antagonistic effects of TAMs on chemotherapy outcomes. In mouse models, chemotherapy-induced tissue damage has been demonstrated to trigger the recruitment of immunosuppressive myeloid cells or elicit a pro-tumorigenic type 17 T−helper (Th17)-cell-skewed immune response promoted by IL−1 (182).

Alternatively, TAMs have been reported to protect mouse cancer stem cells (CSCs) from cytotoxicity (183, 185). Preclinical models, however, document primarily negative effects of macrophages on the responsiveness to chemotherapy; the several mechanisms identified include orchestration of an immunosuppressive response, tissue repair-related functions, nourishment of tumor cells, and pro-metastatic activity (4, 192). Accordingly, depletion of TAMs with anti-CSF1/CSF1R (CSF1 receptor) antibodies enhanced chemosensitivity to a combinatorial chemotherapeutic approach in human breast cancer xenografts (193) and a genetic mammary tumor model (194). Additionally, CSF1 expression correlates with accumulation of CD8+ T cells and CD163+ TAMs in melanoma, and anti−PD1 and anti−CSF1R combination therapy induced regression of melanoma in preclinical studies (195). Moreover, a mechanistic leap in our understanding of macrophage-specific targeting of the CSF1/CSF1R axis has been achieved in murine models of pancreatic ductal adenocarcinoma (137, 196); in fact, PD1 and CTLA4 antagonists showed limited efficacy as single agents to restrain tumor growth, but in combination with CSF1R blockade potently elicited tumor regressions, even in larger established tumors, providing a rationale to fuel the subsequent efforts to translate CSF1/1R-specific and other tumor-associated macrophage modulating therapies into the clinic (196).

Macrophage infiltration was found to be associated with chemoresistance to 5-fluorouracil in colon cancer cell lines (197), and macrophage depletion increased responsiveness to paclitaxel (PTX) treatment in breast cancer (10). Not to forget that TAMs foster chemoresistance releasing growth factors protecting tissues from chemotherapy-induced damage (183, 198). Of note, paclitaxel and doxorubicin increase the ability of perivascular macrophages to promote tumor cell metastasis.

The effect of radiotherapy on myeloid cells can also have dual implications for patient outcomes. In mouse models, the influx of monocytes into tumors following radiotherapy drives a profibrotic tissue response and might promote tumor recurrence (192, 199). Conversely, in patients, tumor regression at sites distant from the irradiated lesions — known as the ‘abscopal’ effect (200) — could plausibly be explained by activation of host anti-cancer immunity. In a mouse model, neoadjuvant low-dose γ−irradiation was found to set macrophage functions to an anti-tumor modality characterized by a lack of both immunosuppressive and proangiogenic activity and the production of T−cell−attracting chemokines (201). Instead, a fractionated cumulative radiation dose regimen, similar to those during cancer treatment, induced a pro-inflammatory phenotype in macrophages in vitro but did not alter their ability to promote cancer invasion and cancer angiogenesis (202).

Moreover, seeking to evaluate the applicability of radioimmunotherapy in experimental breast-to-brain metastasis models, it was reported that the induced immune modulation led to an increase in cytotoxic T-cell numbers and prevented the induction of lymphocyte-mediated immune suppression. Overall, radio-immunotherapy significantly improved tumor control with prolonged median survival, however recurrent brain metastases showed accumulation of blood-borne PD-L1+ myeloid cells, indicating the establishment of an immune suppressive environment to counteract re-activated T-cell responses (203). Therefore, TAMs can either reduce or amplify the magnitude of the anti-tumor effect of radiotherapy depending on context and TME; overall, data suggest that macrophage targeting in combination with radiotherapy could be a potential therapeutic strategy to modulate the stroma and allow better tumor killing, although it is not a well-explored field.

Another important determinant for the efficacy of chemotherapy and immunotherapy has emerged to be the host-microbiota (204–208). Mouse tumor models have been shown an essential role of microbial components in priming myeloid cells for the antineoplastic efficacy of platinum combined with adjuvant CpG oligonucleotides (204). Similarly, the antineoplastic activity of anthracyclines is compromised in mice with genetic inactivation of the formyl peptide receptor 1 (FPR1), a sensor of microbial components and tissue damage that is expressed in myeloid cells (209). The loss−of−function of the FPR1 allele has been associated with unfavorable survival in patients with breast carcinoma or colorectal cancer after adjuvant chemotherapy, as well as blocking the receptor function with cyclosporin H (CsH) was shown to reduce the efficacy of anti-cancer chemotherapy against carcinogen-induced breast cancer (209, 210). Once more, myeloid cells determine the role of immunity in the anti-tumor activity of selected chemotherapeutic agents (176), which can be exploited to increase the efficacy of ICIs (177). In mouse models, repolarization of macrophages has also been reported in the context of targeted therapy, such as treatment of KIT−positive gastrointestinal stromal tumors (GISTs) with imatinib (211) and treatment of hepatocellular carcinoma with sorafenib (212).

Strategies targeting VEGF signaling are part of the current therapeutic armamentarium in oncology.

VEGF is a potent attractant of monocytes, acting via VEGFR−1, and its expression is upregulated in metastasis-associated macrophages in mammary carcinoma models (213). Although VEGF is a well-known chemotactic for monocytes, it did not drive the accumulation of macrophages in this model.

Nonetheless, VEGF signaling activates the CSF-1 pathway in metastasis-associated macrophages, taking that they are a major source of angiogenic factors, including VEGF; their density is also correlated to increased vasculature (214). Interestingly, the resistance of tumors to current anti-VEGF therapies is frequently associated with high levels of myeloid-cell infiltration (215). For instance, a study with 24 enrolled patients showed that the use of bevacizumab (anti-VEGF therapy) resulted in a pronounced increase in the number of TAMs and M2 macrophages compared to paclitaxel–carboplatin alone (used as neoadjuvant chemotherapy) (216). Furthermore, macrophage infiltration into human glioblastomas, resistant to anti-VEGF therapy, is correlated with a poor prognosis, but a combinatorial therapy with anti-VEGF and anti-ANG2 (angiopoietin-2) was shown to reprogram TAMs from M2 into M1 phenotype with relevant anti-tumor activity (217). Similarly, a vascular-disrupting agent 5,6-dimethylxanthenone-4-acetic acid (DMXAA), initially developed for disrupting tumor vasculature, has also been shown to activate immunostimulatory functions of TAMs, which in turn orchestrate anti-tumor response of CD8+ T cells (218).

While conventional therapies primarily target cancer cells, more recent treatments, especially mAb-based targeted therapies and immunotherapies, rely more profoundly on myeloid cells’ engagement (5).

The immunotherapy field has had a rapid expansion, particularly with the discovery of ICIs. Myelomonocytic cells are a vital component of the immunosuppressive pathways targeted by ICIs and might, therefore, offer tools to predict or increase the activity of such treatments. They express PD-1 ligands PD−L1 and PD−L2, as well as the CTLA−4 ligands B7−1 (CD80) and B7−2 (CD86), and the related protein B7−H4. PD−L1 and PD−L2 are upregulated on the surface of macrophages in response to various stimuli, including cytokines and hypoxia (219, 220). TAMs present in a variety of human tumor types often expresses different levels of high levels of immune-checkpoint molecules (214). The presence of these molecules is a predictor of response to therapy, especially to ICIs (221, 222). In preclinical models, FcγR-expressing macrophages eliminated CTLA−4−positive, mAb-coated Treg cells from tumors via ADCC (223, 224), unleashing anti-tumor immunity. The ADCC mediated by TAMs was shown in a study where melanoma patients responders to ipilimumab (mAb anti-CTLA-4) had higher numbers of circulating CD16+ monocytes and macrophages at tumor sites and lower Treg cells (225). In general, macrophages contribute to the TME immunosuppression through several mechanisms; thus, targeting TAMs might support the efficacy of ICIs by removing inhibitory factors for T cells (5). Up to date, neutralizing antibodies are currently US FDA-approved for the treatment of several cancers, including melanoma, advanced renal carcinoma, gastric cancer, non-small-cell lung cancer, and colorectal cancer; currently, they are also studied in combinations with other therapies such as well as studied for the treatment of solid tumors (226).



4.4 Current Strategies to Target Tumor-Associated Macrophages

TAMs can influence cancer relapse following treatment with conventional therapies; thus that several approaches have been developed to therapeutically target TAMs, from blocking the recruitment and infiltration of MDMs into the TME to interfering with TAM differentiation into tumor-promoting phenotypes and inhibiting proinflammatory cytokines and other stimuli responsible for chronic inflammation within the TME (5). Those therapies not only aim to block the ability of TAMs to promote cancer cell survival directly but can also increase cross-presentation to CD8+ T cells and thereby enhance their anti-tumoral potency.

Although TAMs are subject to tissue-specific imprinting, common strategies broadly target these cells across different organs, and many have shown promising results in preclinical models.

A considering number of these agents have entered clinical evaluation for diverse tumor types, including (i) inhibitors of CSF1R to deplete TAMs and/or alter their functions within the TME; (ii) CCL2 or CCR2 inhibitors to prevent TAMs recruitment into the TME; (iii) CD47/SIRPα complex antagonists to enhance TAM-mediated phagocytosis of cancer cells; (iv) administration of costimulatory molecules such as CD40 to enhance T-cell activation; (v) inhibitors of PI3Kγ and the triggering receptor expressed on myeloid cells 2 (TREM2) protein to reprogram TAMs toward anti-tumoral phenotypes; (vi) TLRs agonists to switch M2 phenotype into M1.


4.4.1 CSF1 Inhibitors

CSF1R is a transmembrane tyrosine kinase class III receptor that has attracted interest primarily because it is exclusively expressed by cells of the monocytic lineage, and its specific ligand CSF1 (M-CSF) is required for macrophage differentiation and survival (227). Another known ligand is IL34, which role in cancer has been less explored partly due to its relatively recent identification as an alternative ligand (228). IL34 production by chemo-resistant lung cancer cells has been reported to enhance the immunosuppressive profile of TAMs and contribute to cancer cell survival (229). Also high levels of CSF1 circulating in the serum have been correlated with poor survival of patients, in particular those with ovarian and endometrial cancers (230) (Figure 1B).

Several drugs, from neutralizing antibodies to small-molecule inhibitors, directed against CSF1R have been used to deplete intratumoral TAMs or promote their re-education into a tumoricidal phenotype in a context-dependent manner (169, 231). In preclinical models of multiple primary tumors, including pancreatic cancer, breast cancer, and glioblastoma, this approach resulted in anti-tumor efficacy (186, 225) and reduced breast-to-lung metastasis (10).

For instance, the occurrence of melanoma brain metastasis was significantly hindered under microglia and macrophages elimination with PLX3397, a CSF-1R inhibitor; their depletion effectively inhibited the expression of matrix metalloproteinase 3 (MMP3) and the decrease of tight junction protein zonula occludens-1 (ZO-1), correlated with myeloid cells activation (171).

In contrast to previous findings from glioblastoma mouse models, where TAMs survived CSF1R inhibition and were instead re-educated (169, 170), a recent work demonstrated that targeting TAMs with the CSF1R inhibitor BLZ945 delayed brain metastatic onset and led to an initial tumor response with transient stasis of established metastases (232).CSF1R inhibitors have also been evaluated in combination treatments in preclinical studies. In breast cancer models, the efficacy of paclitaxel (Taxol) was enhanced by CSF1R inhibitor–mediated TAM depletion (10, 233). Similarly, the effectiveness of radiotherapy and tyrosine kinase inhibitors in preclinical glioblastoma models, when CSF1R is inhibited, seems to be mediated by TAMs re-education (13, 234). Preventing the entry of MDMs into the brain TME resulted in a comparatively modest effect in glioma models (13), indicating that TAMs reeducation more than their depletion may represent a more effective strategy (231).

Multiple drugs blocking CSF1R signaling (such as trastuzumab, ARRY-382, pexidartinib, PLX7486, and BLZ945) have been tested, including in combination with conventional therapies targeting cancer cells. Combinatorial strategies have also been explored in glioblastoma models where TAM populations where targeted with CSF1R inhibitor together with radiotherapy, enhancing survival of preclinical models (13). Others have also showed that CSF1R treatment prevent the accumulation of CD11b+Ly6C- monocytes, which recruitments is usually enhanced by radiation, limiting the pro-tumorigenic TAMs generation that supports tumor progression (235).

Several other clinical studies have been published and have reported different outcomes depending on the tumor type.



4.4.2 CCL2/CCR2 Inhibitors

Chemokines usually drive monocyte recruitment and macrophages accumulation within the tumor and the expansion of the tissue-resident macrophage pool (236). In particular, CCL2 release by cancer cells leads to the recruitment not only of tissue-resident macrophages but also of CCR2+ Ly6C hi monocytes from the bloodstream that extravasate into tumor sites and differentiate into TAMs (237). High levels of CCL2 in the serum and the TME have often been associated with poor prognosis no matter the type of cancer (238, 239). Using neutralizing antibodies against CCL2 hindered the accumulation of TAMs and potentiated the anti-tumor efficacy of CD8+ T cells in the TME as the Ly6Chi monocytes were sequestered in the BM; thereby, it was shown a reduction in tumor growth and metastasis (146, 239) (Figure 1B). Although concerns about the long-term monotherapy efficacy were raised when its suspension triggered monocytes’ recruitment to the TME inducing lung metastasis and decreasing animals’ survival (240). Carlumab/CNTO888 (a human recombinant mAb targeting CCL2) entered phase I and II trials for patients with solid tumors, including metastatic castrate-resistant prostate cancer (NCT00992186 and NCT01204996), but despite being well-tolerated, it failed to affect tumor growth significantly, and the drug was discontinued. On the other hand, several anti-CCR2 mAbs have been tested in phase I and II trials for patients with bone metastasis (NCT01015560) and with advanced pancreatic adenocarcinoma (NCT01413022). More evidence supports the need for a thoughtful rationale to bring in the clinic using such therapies as combinatorial instead of monotherapy. For instance, PF-04136309 together with chemotherapy (FOLFIRINOX) resulted in a tumor response in 49% of the patients and local tumor control in 96% (241). The lack of evident clinical efficacy and the unexpected side effects may be explained by the CCL2 boost induced by the body made to overcome the inhibition of the CCL2/CCR2 axis (242) through still-unidentified compensatory mechanisms. Moreover, angiogenesis and local proliferation of resident TAMs may also dampen the effect of CCL2/CCR2 immunotherapy (240). Thus, focusing on new targets that selectively dampen monocytes’ recruitment and differentiation into pro-tumoral macrophages would be crucial to offering secondary options for unresponsive patients.



4.4.3 CD47 Antagonists

Among many pro-tumoral functions exerted by TMAs can activate the immune response and even phagocyte cancer cells (4), for instance, the CD47-SIRPα interactions (243). CD47 is a “don’t eat me” immune checkpoint signaling receptor, which is constitutively expressed by normal cells and overexpressed on cancer cells (244), while CD47 binds signal regulatory protein α, expressed by TAMs, DCs and neutrophils (4). When SIRPα binds CD47, a cascade is initiated, inhibiting the phagocytic capacity of macrophages. Thus, it is believed to be important to block CD47–SIRPα interactions removes this inhibitory checkpoint signal augmenting the macrophage-mediated clearance of cancer cells (245), inducing DCs endocytosis and activation with the consequent T-cell mediated tumor clearance (243, 246, 247) (Figure 1B). In several preclinical models, this axis represents a promising innate immune checkpoint (243). Antibodies against CD47 are currently in the frontline of development, taken that magrolimab reduced mouse pediatric brain tumors (248), and a few others, like Hu5F9-G4, CC-90002, and ZL-1201, have started to be evaluated in patients. Along with those, several ongoing phases I studies for solid tumors and hematologic and B-cell malignancies (NCT03558139, NCT03248479, and NCT04599634), and a phase II trial (NCT02953782) for the treatment of solid tumors and advanced colorectal cancer has recently been completed but not shared yet.



4.4.4 CD40 Agonists

CD40, a TNF receptor superfamily member, is expressed on APCs and is critical for their activation and proliferation, as well as an important regulator of T cell-dependent anti-tumor immunity via the interaction with CD40 ligand (CD40L) mainly expressed by CD4+ T cells (249). The signaling of this axis leads to secondary and tertiary signals for proper T-cell priming, such as the upregulation of MHC molecules, costimulatory molecules (like CD80 and CD86), and the production of proinflammatory cytokines (250, 251). For these reasons, CD40 can turn upside down the immune suppression and drive anti-tumor as its blockade induce the secretion of IFNγ and a tumoricidal phenotype as demonstrated in preclinical models of pancreatic cancer and patients with cancer (252). When CD40 agonists were used in combination with CSF1R inhibition, TAMs resulted as reprogrammed, reinforcing an effective T cell response (253). Many are the monoclonal agonistic antibodies (rhuCD40L, CP-870,893, and RO7009789) that are being evaluated in several clinical trials, and few with opposite results (Figure 1B). While a phase I trial of CP-870,893 in patients with advanced cancer showed no clinical responses (254), an early trial of rhuCD40L in patients with advanced squamous cell cancer of the head and neck had a broad spectrum of efficacy, with some showing modest responses and only one with a long-term remission (254). More recently, the tolerability and efficacy of a CD40 antibody (APX005M) combined with chemotherapy (gemcitabine plus nab-paclitaxel), with or without nivolumab, was achieved for patients with metastatic pancreatic adenocarcinoma in a phase Ib study (255). Overall, the scattered successes in cancer therapy of different patients leave undiscovered the biological reasons that must be explored to exploit the CD40 agonist as monotherapy or in combination with other ICIs.



4.4.5 PI3K

The PI3Kγ is a myeloid-specific isoform of the PI3K family, which signaling pathway is important for regulating cell growth, survival, metabolism, angiogenesis, as its family members have important effects on the immune system. PI3Kγ acts as a key immunosuppressive pathway in myeloid cells, and its pharmacological inhibition has been studied in preclinical tumor models. Interestingly, PI3Kγ is a key regulator of TAM-mediated immunosuppression (256), and its selective inhibition increases MHC-II and IL12 expression and decreases IL10 in TAMs; as well as helping to overcome resistance to ICI, reshaping the TME and promoting CD8+ T cell recruitment and tumor regression (256, 257). Phase I and II clinical studies are now evaluating the inhibitor eganelisib (IPI-549) in diverse cancers, either as a monotherapy or in combination with ICI (NCT03719326, NCT02637531, NCT03795610, and NCT03980041). In 2020, the FDA granted eganelisib combined with ICI and chemotherapy for first-line treatment of patients with inoperable locally advanced or metastatic triple-negative breast cancer (NCT03961698). There are hundreds of ongoing clinical trials using pan-PI3K inhibitors, but only a few early-phase studies have employed specific inhibitors of the myeloid γ isoform in cancer patients (Figure 1B).



4.4.6 TREM

This receptor is a member of the Ig superfamily and a major signaling hub with several proteins and ligands (258). The deficiency of TREM resulted in the reeducation of tumoral TAMs to an anti-tumoral phenotype (259, 260). TREM2 seems to be expressed in TAMs in more than 200 human cancer cases, and high levels correlate with poor outcomes in colorectal and breast cancers (259). An Ab (PY314) has been designed to deplete TREM expressing TAMs, and it is currently evaluated as monotherapy or in combination with pembrolizumab (NCT04691375) in a phase I trial (Figure 1B).



4.4.7 TLRs

Toll-like receptors (TLRs), which are widely expressed by innate immune, are involved primarily in activating inflammatory immune responses. The first FDA-approved TLR agonist, subsequently used in combination with anti-PD1 therapy for bladder cancer, is Bacillus Calmette-Guerin (BCG), which triggers TLR2 and TLR4 (261, 262). Up to now, many are the pieces of evidence from in vitro and in vivo preclinical studies showing the potential activity of synthetic compounds specific for the endosomal TLR3, TLR7, TLR7, TLR8, and TLR9. Those ligands induce the secretion of immunostimulatory cytokines, like the type I IFN pathway, mostly in plasmacytoid DCs (pDCs) and macrophages (263), leading to an increased production of cytokines and infiltration of CD8+ T cells. To date, only imiquimod (TLR7 specific agonist) has been approved by the FDA for the topical treatment of squamous and basal cell carcinomas; others, like poly I: C (TLR3 agonist), resiquimod and NKTR-262 (TLR7/8 agonists), and CMP-001 and tilsotolimod (TLR9 agonist), have been developed and evaluated in early-phase clinical trials, either as adjuvants for cancer vaccines to boost anti-tumor responses or in combination with other treatments (264) (Figure 1B). Up to now, the topical application of TLR agonists in cutaneous neoplasms or intratumoral injection into accessible lesions has been thought safe.

The analog poly-ICLC is one of the most investigated compounds in more than 100 clinical trials and a few phases of I/II trials it has been exploited in combination with ICIs therapeutics in advanced diseases or as an anti-tumor vaccine adjuvant (265). An analog of imiquimod, resiquimod (TLR7/8 agonist), was shown to induce a strong anti-tumor response (266); either its topical administration or the local injection of loaded- nanoparticles induced tumor shrinkage and protective memory (267, 268). Intratumoral injection of MEDI9197 (3M-052) (specific for TLR7/TLR8) induced macrophage repolarization and tumor regression in a mouse model of subcutaneous melanoma; a mechanism mediated by macrophages induced direct tumor cell killing via NO production and synergized with checkpoint inhibitors anti-CTLA4 and anti-PD-1 antibodies to inhibit tumor growth (269, 270). Another one, SD-101 binds TLR9, has also been investigated in combination with immunotherapy (271, 272). Other TLR7/8 agonists are currently in phase III trial for skin neoplasia, anal carcinoma, and cervical intraepithelial lesions (264). For instance, TLR8 agonist motolimod, in combination with cetuximab, was shown to induce partial responses in a few patients with recurrent or metastatic head and neck cancer (273). Since most clinical trials have shown TLR agonists safe and promising in the clinic, such as tumor shrinkage after their injections, they would be probably more successful when used in combination with checkpoint inhibitors to treat those cold and non-responsive tumors.





5 New Relevant Targets

In recent years, an increasing number of studies have highlighted the important implications of metabolism on the biology and functional activities of immune cells. Despite the recent advances in this field, the metabolism of neutrophils is not fully understood and need further investigations, while it is already established that changes in metabolism generally shift macrophage polarization towards a tumor-promoting phenotype (274). Accordingly, metabolic modulation has been tested as a potential strategy to reprogram TAMs towards an anti-tumor state. Many tumor-derived metabolites have been discovered, such as adenosine, glutamine, and lactate, and have been mainly studied and tested in preclinical models to assess their effects on tumors. One of the most important findings has been the crucial role of glutamine. Thus, blocking its metabolism in a mouse breast cancer model reduced tumor growth and metastases, enhancing macrophage activation and inhibiting MDSC generation (275).

In parallel, an inhibitor of the enzyme glutamine synthase, named glufosinate, has been studied. In highly metastatic mouse models of melanoma and breast and lung cancer, it reduced metastasis formation, angiogenesis, and immunosuppression reprogramming TAMs into anti-tumor effectors (276). Furthermore, lactate is highly produced in hypoxic tumors and promotes M2 macrophage polarization (277) via activation of the ERK/STAT3 signaling pathway or the sensor protein Gpr81/Gpr132 expressed by macrophages. Pharmacological inhibition of the ERK/STAT3 axis with selumetinib or static or the Gpr132 protein hampered lactate-induced M2 macrophage polarization and showed significant anti-tumor effects in preclinical studies (278, 279) (Figure 1C).

A new study recently elucidated the modulating effects of lactic acid produced by tumor cells upon the macrophages within the TME. Transcriptomic and metabolic analyses have revealed two TAMs phenotypes with different metabolic features: the pro-inflammatory major histocompatibility complex (MHC)-II hi TAMs with a hampered tricarboxylic acid (TCA) cycle and the reparative MHC-II lo TAMs with higher oxidative and glycolytic metabolism. The latter population uses lactate as an additional carbon source besides glucose, supporting oxidative metabolism. This excess of carbon is partly compensated by the reduced uptake of glutamine and enhanced TCA cycle-mediated respiration. Additionally, it profoundly affects their transcriptome increases L-arginine-catabolizing enzymes, thus enhancing the T cell suppressive capacity of these TAMs (280).

Another tumor metabolite, adenosine, influences TAMs functions and, nonetheless, stimulation of adenosine receptors hinders the differentiation of monocytes to macrophages, probably through cAMP accumulation (281). Deletion of the adenosine receptor A2A in myeloid cells has been shown to prevent tumor progression and metastasis in melanoma tumor models (282), as well as its inhibition, enhances CD8+ T cells response in head and neck squamous cell carcinoma (283). This new field of research is appealing as well as challenging to explore as a therapeutic intervention in cancer patients as metabolic pathways are shared by all cells. Although metabolic macrophages rewiring could positively affect the combination with other treatments, the effects upon other cells of the TME need to be investigated, as well their long-term efficacy.

Other compounds have been tested, such as the histone deacetylase (HDAC) inhibitors. The selective class IIa inhibitor TMP195 has been proven to be successful in the epigenetic modulation of TAMs. In the MMTV-PyMT mammary tumor model, treatment with TMP195 stimulated macrophage-mediated phagocytosis of tumor cells and TAM reprogramming into proinflammatory immunostimulatory effectors (284). Combined treatment with TMP195 and chemotherapy or anti-PD-1 therapy resulted in increased anti-tumor effects. Additionally, a combination of low-dose adjuvant epigenetic compounds reduced metastatic spread in a preclinical metastasis model (after removing the primary tumor) (285), mainly mediated by the inhibition of myeloid cell recruitment in premetastatic niches.

Moreover, up to now, the only cell therapy approved by the FDA for hematological malignancies is the chimeric antigen receptor (CAR) T cells, genetically engineered to recognize the CD19 antigen (286). Still, the issues of the application to solid tumors are many. Classically, macrophages are more resistant to transduction procedures than lymphocytes and not many attempts to are being successful. Only one study has lightened hope, transducing an anti-HER2 CAR into primary human macrophages (CAR-Ms) (using a replication-incompetent adenovirus). They demonstrated in nude mice that the expression of the transgene reduces the volume of HER+ human tumors (287).



6 Concluding Remarks

A detailed understanding of the roles of myeloid cells in tumors has revealed their importance within the TME (5). Tumor-associated myeloid cells accumulate rapidly in tumors, where they constitute the largest population of leukocytes in tumors and, sometimes, outnumber tumor cells (256, 288). With a deeper understanding of cancer immunology, diverse strategies for the modulation of TAMs are being explored for therapeutic applications, while for neutrophils a specific strategy to modulate their phenotype has yet not been discovered; however, it is possible to affect their recruitment to ultimately avoid the detrimental effects usually observed upon their hijacking.

We must additionally look at the patient as a whole, considering the tumor as part of a circuit where microbiome, metabolism, obesity, lifestyle, and aging can alter the TME and affect treatment responsiveness.

Taken the diversity of the heterogeneity of myeloid cells within both primary tumors and their metastasis, and given the diverse targeting strategies currently used and underway, it is logical to think that characterization at the single-cell level should be included in the daily clinical practice to characterize and stratify each patient.

This approach would allow clinicians to find prognostic indicators and choose the most effective therapy based on the TME composition, lowering the cost of patient’s management for the healthcare sector, in the long run. This would not only support the development of personalized medicine but also exclude immune-related toxicity profiles of specific treatments.
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Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatments over the last 10 years, with even increasing indications in many neoplasms. Non-small cell lung cancer (NSCLC) is considered highly immunogenic, and ICIs have found a wide set of applications in this area, in both early and advanced lines of treatment, significantly changing the prognosis of these patients. Unfortunately, not all patients can benefit from the treatment, and resistance to ICIs can develop at any time. In addition to T lymphocytes, which are the major target, a variety of other cells present in the tumor microenvironment (TME) act in a complex cross-talk between tumor, stromal, and immune cells. An imbalance between activating and inhibitory signals can shift TME from an “anti-” to a “pro-tumorigenic” phenotype and vice versa. Natural killer cells (NKs) are able to recognize cancer cells, based on MHC I (self and non-self) and independently from antigen presentation. They represent an important link between innate and adaptive immune responses. Little data are available about the role of pro-inflammatory NKs in NSCLC and how they can influence the response to ICIs. NKs express several ligands of the checkpoint family, such as PD-1, TIGIT, TIM-3, LAG3, CD96, IL1R8, and NKG2A. We and others have shown that TME can also shape NKs, converting them into a pro-tumoral, pro-angiogenic “nurturing” phenotype through “decidualization.” The features of these NKs include expression of CD56, CD9, CD49a, and CXCR3; low CD16; and poor cytotoxicity. During ICI therapy, tumor-infiltrating or associated NKs can respond to the inhibitors or counteract the effect by acting as pro-inflammatory. There is a growing interest in NKs as a promising therapeutic target, as a basis for adoptive therapy and chimeric antigen receptor (CAR)-NK technology. In this review, we analyzed current evidence on NK function in NSCLC, focusing on their possible influence in response to ICI treatment and resistance development, addressing their prognostic and predictive roles and the rationale for exploiting NKs as a tool to overcome resistance in NSCLC, and envisaging a way to repolarize decidual NK (dNK)-like cells in lung cancer.
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1 Introduction

Immunotherapy has become a milestone in the treatment of almost all kinds of neoplasms, both solid and hematologic. While chemotherapy is aimed to kill cancer cells, immunotherapy stimulates the immune system to react against tumors (1). The concept of cancer immunotherapy is based on the finding that tumor cells, normally recognized and neutralized by T cells, can develop mechanisms to evade the host’s immune surveillance. Thus, inhibition of negative regulators of T-cell function may increase the activation of the immune system, inducing a subsequent enhancement of antitumor responses as well (1). Great progress has been made from the first attempts with cancer vaccines leading to the approval of the more recent immune checkpoint inhibitors (ICIs). Among these, the first therapeutic molecules to be developed and to have brought a clinical improvement are the anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4), also known as CD152, and the anti-programmed death receptor-1/programmed death ligand-1 (PD-1/PD-L1) antibodies. These agents, alone or in combination, are routinely used in clinical practice for the treatment of many solid tumors, such as lung cancer, urothelial and renal cell carcinoma, head and neck tumors, melanoma, and mismatch repair deficient colon cancer (2). ICIs act by blocking the activation of tumor-induced inhibitory pathways: the first one (anti-CTLA-4) mostly at the early stage of naïve T-cell activation, at the site of antigen presentation in lymph nodes, and the latter (anti-PD-1/PD-L1) at the advanced stage of a T-cell immune response, directly in the tumor microenvironment (TME) (3), as depicted in Figure 1. In addition to PD-1/PD-L1 and CTLA-4, other checkpoint molecules such as the T-cell immunoglobulin and mucin domain 3 (TIM-3), lymphocyte activation gene-3 (LAG3), T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif (ITIM) domain (TIGIT), and, more recently, V-domain immunoglobulin suppressor of T-cell activation (VISTA) have been explored as potential targets for the development of new agents for cancer immunotherapy (4). Non-small cell lung cancer (NSCLC), the most common cause of cancer-related death worldwide, is considered a highly immunogenic neoplasm. ICIs have found a wide range of applications in this oncologic field, in both early and advanced lines of treatment, dramatically changing the prognosis of these patients in many cases (5–12). Unfortunately, not all patients can benefit from this treatment, and resistance can occur even in individuals who were previously responsive (13, 14). Several explanations have been provided for the lack of efficacy of ICIs, one of which is related to the low presence of T lymphocytes to be reactivated by targeting the immune checkpoints. The fine balance between activating and suppressing signals of the immune system plays a pivotal role in promoting or, conversely, counteracting cancer onset and progression. Tumor-infiltrating T lymphocytes have emerged as important prognostic and predictive factors in many types of cancer. In particular, the percentage of CD8+ T lymphocytes as well as the CD4+/CD8+ ratio and the polarization toward an anti-cancer T-helper response (Th1 vs. Th2), seem to correlate with better prognosis and improved response to ICIs in melanoma, breast, and lung cancers (15–17). Another reason lies in the complex interaction existing between innate immunity, stromal, and tumor cells in TME, which is crucial in regulating tumor formation, growth, invasion, and metastasis. The importance of tumor-associated macrophages (TAMs) in tumor response has been recently understood. Some preliminary observations propose that polarization toward a pro-tumorigenic M2 phenotype correlates with worse prognosis and increased risk of recurrence after resection in different types of cancer, including lung tumors; more recent evidence also suggests a possible negative predictive role for response to ICIs (15, 18). We have been working for a long time on tumor-associated natural killer cells (NK) (TA-NKs). Despite their crucial role in immunity, limited data are evaluable about their role to modulate the response to immunotherapy. In this review, we want to summarize and discuss the data currently available on the behavior of NKs under ICI treatment, their role in resistance to treatment and possible strategies to exploit their function as a therapeutic target, and their potential re-polarization into killers, with a focus on NSCLC.




Figure 1 | Natural killer cell (NK) plasticity in cancer. Tumor cells and tumor microenvironment (TME) induce a pro-tumor CD56+CD16− decidual-like phenotype that expresses inhibitory receptors. The blockade of these receptors or the use of chimeric antigen receptor (CAR) or adaptive therapy can reverse this mechanism by switching NKs into antitumor cytotoxic CD56dimCD16+ cytotoxic phenotype that can release granzyme and perforin.





2 Natural Killer Cell Phenotype and Biology

NKs are lymphoid cells of the innate immune system, representing about 20% of total peripheral blood (PB) circulating lymphocytes. Since their discovery in the 1970s, they have aroused growing interest thanks to their potent cytolytic function against tumor cells or virus-infected cells without previous antigen sensitization or immunologic memory (19–21). T-cell immunity requires recognition of specific antigens presented through major histocompatibility complex (MHC) class I and class II proteins by CD8+ and CD4+ T cells (22, 23), respectively, while NKs recognize as “non-self”, tumor cells that have lost their MHC class I molecules (19, 20). Furthermore, they are primary producers of interferon-gamma (IFN-γ), the most potent stimulus for MHC expression and antigen presentation, acting as a cross-talk between innate and adaptive responses. Recently, NKs have been recategorized as type 1 in the larger family of innate lymphoid cells (ILCs) (24–26).

NKs exert both cytotoxic and regulatory activities. On the one hand, they induce apoptosis and cell death through the release of perforin and granzyme by their intracytoplasmic granules; on the other hand, they orchestrate innate response through the secretion of immunomodulatory soluble factors, such as cytokines and chemokine, which act on hematopoietic cell recruitment and activation (24–28).

Two major immunophenotypic subpopulations of NKs, which differ in morphology and function, have been identified in PB based on the relative expression of the CD56 and CD16 antigen surface markers. The first subset, the CD56dimCD16+, accounts for 95% of NKs in PB, and, when it comes into contact with virus-infected cells or tumor cells expressing low levels of MHC class I or other ligands, exhibits high cytotoxic activity through perforin and granzyme release. The other subset, the CD56brightCD16−, represents only 5% of NKs circulating in PB, but it is the majority of NKs in secondary lymphoid tissues and shows low cytotoxic potential and efficient production of cytokines, such as the tumor necrosis factor (TNF)-alpha and the granulocyte macrophage colony-stimulating factor (GM-CSF), both of which play a crucial role in the modulation of an immune response, particularly in chronic inflammation. These cells are considered as a less differentiated form than the “terminally differentiated” CD56dimCD16+, subtype (29). In fact, when exposed to interleukin (IL)-2, IL-12, and/or IL-15, they can differentiate into granules secreting CD56dimCD16+ NKs (30–32).

NKs dynamically circulate between organs and the bloodstream to exert their immunosurveillance activity (33, 34). Among organs, the lungs have the highest contents of NKs, mostly the CD56dimCD16+ subtype (34–37). An analysis performed on NKs isolated from bronchoalveolar lavage of normal lungs underlined that pulmonary NKs are mainly functionally inactive and show a weaker response to immune stimulation, as a consequence of local inhibitory influences (38). However, in response to proper stimuli, such as IL-2, lung NK activity is completely restored. This suggests that pulmonary alveolar macrophages can regulate lung NK activity for the maintenance of physiological homeostasis (38), as the lungs are continuously exposed to novel antigens (38, 39).

The third type of NKs showing a CD56brightCD16− phenotype and the expression of killer-cell immunoglobulin-like receptors (KIR) receptor, CD69, and CD49a on the cell surface has been recently described (35, 40, 41). About 15% of tissue-resident NKs in the lungs are CD56brightCD16−CD49a+, with a high ability to secrete IFN-γ (40). This can be considered a “decidual” phenotype (dNK), recapitulating an NK type first described in the decidua and which has a crucial role in the tolerance of the embryo and the spiral artery formation (42–45). The dNK was observed in many cancers, both infiltrating and in PB. In cancer patients, it acts in a “pro-tumorigenic” way, inducing tolerance and proving nurturing function, similar to what happens with the embryo (42).



3 Natural Killer Cells in Non-Small Cell Lung Cancer and Modulation by the Tumor Microenvironment

NKs were found to be an important part of the TME in various cancer types, able to modulate the immune response and affect prognosis, particularly in lung cancer (35–37, 40, 41, 46–48). Although these cells normally carry out immune surveillance and have the function of destroying tumor cells, they can also act as tumor-promoting inflammatory leukocytes. This is in large due to the modulation by both the tumor itself and the TME, which is constituted by various immune cells, fibroblasts, extracellular matrix, growth factors, and endothelial and vascular cells: an imbalance between activating and inhibitory signals can determine whether NKs will exert their cytotoxic activity or remain inactive or even become pro-tumor (46). Intratumorally, NKs have a prognostic significance in lung cancer: high NK infiltration was positively correlated with survival rate in patients who underwent surgery in early stages, and in particular, increased NK infiltration was found in squamous cell carcinoma (SCC), in non-smoking patients, and lower-stage tumors (T1–T2 and limited nodal involvement) (46).

In NSCLC patients, NKs were found at the invasive margin of tumor samples (35, 48). Tumor-infiltrating NKs (TI-NKs) in lung cancer are mostly of the CD56brightCD16− subset and exhibit low cytotoxic potential as well as high cytokine production capability. They are mainly present in the tumor stroma, particularly in the alveolar and peri-bronchovascular interstitium, without direct interaction with tumor cells, suggesting a major role in the orchestration of the immune response rather than killing effect (36, 48). In contrast, the percentage of cytotoxic CD56dimCD16+ NKs is lower in lung cancer compared to normal tissue, probably as a result of the modulation by TME, and it is related to MHC class I expression, as it is higher in MHC I-deficient tumors.

TME can directly contribute to the bloodstream recruitment and the accumulation of CD56brightCD16− NKs at the tumor site by promoting a switch in chemokine expression. In particular, the number of CD56bright NKs infiltrating NSCLC is correlated with a downregulation of C-X-C Motif Chemokine Ligand (CXCL)2, the chemokine specifically attracting CD56dim NKs, and overexpression of the chemokines preferentially attracting CD56bright NKs, CXCL9, CXCL10, and C-C Motif Chemokine Ligand (CCL)19. These chemokines, through the binding to C-X-C Motif Chemokine Receptor (CXCR)3, promote low-cytotoxic CD56bright NK recruitment, ultimately leading to tumor escape (34). TI-NKs show a deep alteration of their phenotype, with overexpression of CXCR3 receptor and downregulation of CD57 mature NK marker, and have profound defects in their ability to activate granzyme B degranulation and IFN-γ production (49).

Whether the presence of TI-NKs and their tumor-specific characterization affect prognosis and treatment sensitivity is largely unknown. A high proportion of TI-NKs have been associated with longer progression-free survival (PFS) in advanced and resected early-stage NSCLC, in both squamous and adenocarcinoma (50–52). Conversely, in a recent meta-analysis performed on NKs infiltrating solid tumors, including four studies on lung cancer, no correlation was found between the degree of NK infiltration and overall survival (OS) in patients from stage I to IV (53). However, the small sample size, the high variability in methods used for analysis, and the large differences in stages and histological profiles in all these studies make it difficult to draw definitive conclusions. Furthermore, such heterogeneous results might depend on the dual nature of the NKs themselves, since, against all the “dogmas” on terminal differentiation, they can switch from a cytotoxic antitumor activity to an exhausted pro-tumoral function under pressure and modulation of tumor and TME.

TME is composed of a multitude of immune cells, in addition to T and B cells, macrophages, granulocytes, mast cells, fibroblasts and extracellular matrix, secreting growth factors, activating or inhibitory cytokines, and chemokines and proteases, all of which are in dynamic spatial and temporal evolution. An imbalance in cellular and soluble inhibitory factors results in the establishment of a pro-tumoral microenvironment, which in turn supports tumor growth, progression, and resistance. NKs have pleiotropic functions, and given their dual nature between innate and adaptive immunity, TME may deeply affect their function to contrast or to support tumor growth and promote immune escape. As in other observed malignancies, TI-NKs derived from NSCLC displayed an impaired degranulation activity and INF-γ production when exposed to tumor cells than NKs present in normal lung tissue or circulating in the bloodstream (48, 54). Furthermore, T1-NKs produce placental-derived growth factor (PIGF), vascular endothelial growth factor (VEGF), and IL-8/CXCL8, particularly in SCC (37). We found that the CD56+CD16− NKs represented the predominant subset in samples from 31 surgically resected NSCLC and a minor subset in samples from adjacent normal lung tissue and PB (37). We also observed that NK supernatants derived from NSCLC samples induced endothelial cell chemotaxis and formation of capillary-like structures in vitro, particularly evident in SCC patients and absent in controls (37). Taken together, these data suggest that in NSCLC, and particularly in SCC, NKs act as proangiogenic cells with a mechanism at least in part mediated by transforming growth factor-beta (TGF-beta). TI-NKs infiltrating the tumors have been shown to have a phenotype characterized by CD56brightCD16−/low CD94/NK group 2 member A (NKG2A)+ perforin low (36, 37, 47) and decreased expression of CD337/NK protein (NKp)30, NKp80/KLRF1, CD226/DNAX accessory molecule (DNAM-1), CD16, and CD85j/Ig-like transcript (ILT2) inhibitory receptors. TI-NKs in NSCLC patients show uniformly poor cytotoxicity and acquire a pro-angiogenic dNK-like phenotype, described as VEGF+ CXCL8+ PlGF+ (37, 42, 47). This NK subtype was observed in many cancers, in both infiltrating tumoral tissues and the PB (37, 41, 42, 47). In cancer, these cells lack the ability to kill malignant cells and directly act in a “pro-tumorigenic” way, inducing immune tolerance and providing nurturing function (37, 42, 47), similar to what happens in the embryo.

The production of pro-angiogenic factors not only is limited to TI-NKs but also is observed in PB NKs (tumor-associated NKs (TA-NKs)) (37, 42, 47). TA-NKs present similar phenotypic characteristics compared to TI-NKs (37, 41, 42, 47, 55, 56). The presence of these NKs in PB results in a potent systemic pro-tumorigenic effect even in early-stage small-size carcinomas, especially for the SCC (37, 47). The TME interacts with the immune system and may impair NK activity through different strategies, including the production of inhibitory cytokines, such as TGF-beta and IL-10, the high infiltration of peritumoral monocytes/macrophages, which can induce the polarization of NK toward a pro-tumorigenic phenotype, and the inhibition of natural cytotoxicity receptor (NCR) expression, mainly NKp30, NKp44, and NKp46 (57–59). Here we describe the main mechanisms involved.


3.1 Decidual Natural Killer Cells

As reported above, dNK cells are a third NK subset that has recently been described and differs from the PB subset at both functional and phenotypical levels. They show a CD56brightCD16− phenotype, a characteristic expression profile of KIR receptors, various chemokine receptors, and tissue residency markers CD9 and CD49a on the cell surface (43–45). CD9 is a member of the tetraspanin family, which is associated with different integrin adhesion receptors and modulates cell migration, invasion, and adhesion. CD9 is upregulated by TGF-beta (60) and is also characteristic of exosomes (61) CD49a constitutes the alpha-subunit of the alpha1beta1 integrin receptor (VLA1), which binds collagen IV present in basement membranes and is involved in regulating cell cytotoxic activity, migration, and adhesion (43).

This NK subtype was first identified in the as decidual placenta and uterus and for this reason called dNKs (43, 62). dNKs are highly proangiogenic and have a fundamental function in decidual vascularization and spiral artery formation, through the secretion of proangiogenic cytokines like PlGF, angiogenin, CXCL8, VEGF, and angiopoietins 1 and 2 (44, 63–66). When added to tumor cell xenografts, dNK cells can stimulate neoangiogenesis and tumor growth (63). dNKs play also an important role in maintaining immune homeostasis: acting as an immunosuppressant and losing their killing ability, they create a microenvironment protected by the recognition of the immune system and capable of tolerating the growth of the embryo (43–45).

Similar mechanisms occur in tumors; cancer cells can shape the TME, converting immune cells from a cytolytic to a tolerant and nurturing phenotype (42). dNK cells with proangiogenic decidual features have been described in lung cancer and other tumors, such as colorectal and prostate cancers (42). The dNK cell decidual marker CD9 is expressed by TI-NKs of melanoma, colorectal cancer, breast cancer, and glioblastoma (41, 42, 55, 56, 67–70). The chemokine receptor CXCR3, another dNK marker, is expressed in TI-NKs of colorectal cancer, breast cancer, melanoma, and glioblastoma (42, 49, 67–69), while CXCR4 in NK is upregulated in neuroblastoma and prostate cancer (42, 71). TA-NKs express CD9 and CD49+ in NSCLC, prostate cancer, and melanoma (41, 42, 56, 69), and CXCR4 is present in TA-NKs of prostate cancer (56). TME induces accumulation of CD56brightCD16− poorly cytotoxic NKs, promotes their survivorship and NK decidualization, and reprograms them to resume embryonic activity finalized to tumor immune escape and growth (42). TME can exert this function through the release of a large number of proangiogenic factors, like adenosine (ADO), hypoxia, prostaglandin E2 (PGE-2), glycodelin-A (GdA), HLA-G, and galectin-1 (42). Among these molecules, TGF-beta seems to be the most potent cytokine inducing immune response downregulation and NK decidualization, and it is found to be upregulated in many tumor types (60, 72, 73).

CD56brightCD16− NKs represent the predominant subset in resected NSCLC and show proangiogenic features, such as VEGF, P1GF, and IL-8 secretion, particularly evident in SCC (37, 42, 47). In our previous publications, we showed that supernatants derived from TI-NKs and TA-NKs can induce endothelial cell chemotaxis and capillary formation in vitro (37). NKs expressing decidual-like markers, such as CD49a and CD9, have also been found in pleural effusion from primary and metastatic tumors, including lung cancer. These cells showed compromised degranulation activity and IFN-γ production and enhanced VEGF secretion, which was partially restored with the addition of IL-2 (37, 74).

Our data suggest that tissue inhibitors of metalloproteases (TIMPs) might counteract cancer-induced NK polarization, by restoring the expression of activation markers like NKG2D and reducing the expression of exhaustion markers such as CD9, CD49a, and the T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) (75). Taken together, these and many other results suggest an important role for NK polarization in tumor growth and invasion, including in NSCLC. Understanding these mechanisms is fundamental for the development of new therapeutic strategies. A blockade of decidualization could constitute a new therapeutic target, not only in lung cancer but also in other malignancies sharing this phenomenon.



3.2 Activating and Inhibitory Receptors

A mechanism by which TME may shape NKs into a non-cytotoxic phenotype is the reduction of activating NK receptors and the induction of inhibitory receptors on the cell surface. The tolerance toward self-healthy cells is mediated by HLA molecules that bind to inhibitory HLA NK receptors, mainly KIRs and CD94/NKG2A, mitigating NK cytotoxic ability (36, 48). NKG2A is an inhibitory member of the NKG2 family and is expressed on CD56high NKs (76, 77). The non-classical MHC class I molecule HLA-E is the major ligand of NKG2A−CD94 (76–78). High NKG2A expression on the cell surface is a marker of NK exhaustion and correlates with a worse prognosis (76–79). This goes in parallel with the downregulation of NCRs such as NKp30, NKp44, and NKp46, by a mechanism that is supposed to depend on cell-to-cell contact (76–79). Upregulation of inhibitory NK receptors occurs in cancer (76–78). As for “decidualization,” TGF-beta is the most potent stimulus to induce upregulation of inhibitory T-cell receptors (TCRs) and downregulation of the activating ones on NKs (60, 72, 73). Lung cancer produces a high amount of TGF-beta, and the circulating levels of this factor correlate with prognosis (48) and diagnostic effects for patients with early-stage NSCLC (80).

Inhibitory checkpoints have an important role in maintaining homeostasis and usually are not expressed by resting NKs, but in cancer and other pathological condition, their production is induced by the interaction of ligands released by tumor cells, to allow immune escape.

Among these, TIGIT is an important co-inhibitory receptor of the immunoglobulin superfamily expressed by NKs (81). Together with CD96, TIGIT binds to CD155 and CD112 resulting in NK and T-cell inhibition (82). Like TIGIT, TIM-3 has been investigated as a marker of T-cell exhaustion because it is frequently co-expressed with PD-1 and has recently been found overexpressed in circulating NKs of advanced lung cancer (83). Moreover, TIM-3 is overexpressed in CD3−CD56+ NKs, and it is higher in patients with advanced lung adenocarcinoma (nodal involvement or T3–T4); this overexpression is correlated with shorter OS. Interestingly, blocking TIM-3 alone or in combination with an anti-PD1 may reverse the NK exhaustion (84).

Beyond a well-established regulatory role in T-cell activation, overexpression of LAG3 was associated with decreased NK function in mouse models. However, this has not been confirmed in humans, so further studies might focus on T-cell regulation for LAG3 rather than NK function (85–87).

NK activation is partially controlled by KIRs upon binding with their ligands, primarily the HLA-C molecules. KIRs are a large family that comprehends several inhibitory receptors, which bind to different allotypes of MHC complexes. Through this binding, KIRs activate intracellular inhibitory signals that prevent NK activation (88). The importance of KIR inhibition has been demonstrated in acute myeloid leukemia (AML) patients in whom allogeneic transplantation of stem cells having a mismatch between KIRs on donor NKs and recipient MHC class I molecules was likely to reactivate NK antitumor function, leading to improved relapse-free survival and OS. The results suggest that blocking the interaction between KIRs and MHC class I results in NK activation and subsequent eradication of the residual leukemia clones (89).

PD-1 is one of the most important immune checkpoints, with relevant clinical applications. PD-1 was first described in T cells, but it is also expressed in NKs (90–92). Like other checkpoint regulators, its primary role is to maintain cell homeostasis. However, cancer cells can express their ligand (PD-L1) and, together with other inhibitory immune cells, like the regulatory T cells (Tregs), can release TGF-beta to induce PD-1 expression on NKs, thereby escaping the immune response (90–92). Furthermore, PD-L1 expressing circulating epithelial tumor cells CETCs have been detected in 82% of lung cancer patients. PD-L1 positive CETCs could be a potential biomarker to select patients for treatment with PD-1/PD-L1 inhibitors, and may be a direct target of anticancer treatment (93).

All these receptors are currently under investigation in clinical trials as targets.



3.3 Alterations of Natural Killer Cell Metabolism

NK metabolism might be impaired in TI-NKs, limiting NK cytotoxic activity. TME plays a major role even in this context, as it consumes a large number of nutrients, such as glucose and glutamine, and releases TGF-beta, which in turn reduces NK glycolysis and oxidative phosphorylation, decreasing NK activity (94). Inhibition of the TGF-beta pathway restores NK metabolism, underlying its importance in TME regulation (94). The enzyme fructose-1,6-biphosphates 1 (FBP1) is upregulated by TGF-beta during cancer progression, resulting in functional NK impairment (95). An FBP1 inhibitor has recently been developed and showed preclinical evidence of restoring NK function (95). In addition to low glucose concentrations, TME is characterized by other conditions that can decrease NK function, like hypoxia and acidic pH (96). Moreover, hypoxia can reduce NK surface expression of activating receptors such as NKG2D, and the resulting high level of hypoxia-inducible factor 1 alpha (HIF-1 alpha) is correlated with a worse prognosis in NSCLC (97). This is possibly due to adenosine and lactate accumulation that block NK activation and cytotoxicity, increasing the number of regulatory inhibitory cells like Tregs and myeloid-derived suppressor cells (MDSCs) (97). Natural Polyphenols can exerts antitumor activity and circumvent anti-PD-1 resistance (98). We have investigated the effects of a polyphenol rich olive mill wastewater derived polyphenols on the immune-microenvironment of lung cancer to overcome resistance (99).




4 Natural Killer Cells as a Potential Predictive Biomarker for Immunotherapy in Non-Small Cell Lung Cancer


4.1 Natural Killer Cells and Anti-PD-1/PD-L1

ICIs targeting the PD-1/PD-L1 axis are now a milestone in the treatment of NSCLC (Figures 2, 3), both as a single agent and in combination therapies (5, 6, 10–12, 100). In the lung, there are two main subtypes of NSCLC, namely, adenocarcinoma and SCC, for which immunotherapy may be a valuable strategy for the treatment of driver-negative metastatic patients (101). The WHO guidelines have emphasized the importance of the precise subclassification of NSCLC in both resection specimens and small-sized diagnostic material, the utility of immunohistochemical biomarkers in the accurate diagnosis and subclassification of NSCLC, and the critical role of molecular characterization for targeted therapy (102). The use of a marker of adenocarcinoma, such as thyroid transcription factor 1 (TTF1), and a marker of squamous cell differentiation, such as p40, is recommended as a two-hit, sparing-material minimalist antibody panel approach for reliably subtyping tumors (103). In clinical practice, after subtyping, the suitability for immune checkpoint axis-based immunotherapy is usually evaluated by means of the immunohistochemical detection of PD-L1 on tumor cells, which turned out to be a potential predictor of response to inhibitors especially when it is higher than 50% (104). The immunohistochemical reaction to PD-L1, which is quantified as the percentage of immunolabeled cells on the membrane independent of its completeness or intensity (realizing the so-called tumor proportion score) (104), is shown in Figure 2 for adenocarcinoma and Figure 3 for SCC. In clinical practice, it is usual to substitute the immune checkpoint axis by means of the immunohistochemical detection of PD-L1 on cancer cells, which is a potential predictor of response to inhibitors, especially when it is higher than 50 (104). PD-L1 expression is highly variable among different malignancies, and it can be very heterogeneous even in the same tumor, with different levels of expression depending on the area considered, as shown in Figures 2 and 3 (104). Recent studies demonstrated that NKs play a crucial role in tumoral response to ICIs. PD-1 is expressed by NKs in PB and TME in multiple cancers, including lung cancer (90–92). After binding to PD-L1, PD-1-positive NKs become unpaired in mouse and human models, suggesting that downregulation of this pathway plays an important role not only in T cells but also in other immune cells of the TME. By PD-1/PD-L1 blockade, ICIs partially restore the normal NK activity, highlighting the therapeutic and predictive potential of PD-1-positive NKs (105–107). Interestingly, PD-1/PD-L1 blockade may also influence NK activity by inducing a Treg downregulation, Treg inhibit NK function and survival through TGF-beta release (105, 106). Several mouse models showed that the therapeutic effect was NK-dependent in MHC-deficient tumors, while in MHC- expressing tumors (T-cell sensitive), NK depletion has the same effect as CD8+ T-cell depletion (105). Accordingly, mice lacking both T cells and NKs do not develop any response after PD-1 blockade (108). NKs can influence response to ICIs also triggering antibody-dependent cell-mediated cytotoxicity (ADCC) against cancer cells in in vitro models, as the Fc gamma receptor (Fcγ) on NKs is an integral part of the ADCC mechanism (109). Furthermore, NKs can stimulate the migration and survival of CD141+ dendritic cells (DCs) via chemokines and cytokine production (i.e., CCL5, XCL-1, or lymphotactin, FLT3-Ligand) (110). Finally, NKs release a great amount of IFN-γ, which can induce PD-L1 expression on tumor cells, increasing sensitiveness to ICI (110).




Figure 2 | Lung adenocarcinoma obtained with EBUS-TBNA procedure (A) and pleural effusion (cell block) (B). These two cases of metastatic adenocarcinoma to a mediastinal lymph node (A) and pleura cavity (B) featured solid-clumped patterns of growth, which turned out positive for TTF1 and negative for p40, thus confirming the correct subtyping as required by the current WHO guidelines (not shown). When tumors were made to react with antibodies to PD-L1 within companion kits, clusters of tumor cells unequivocally revealed membrane decoration in more than 50% of them, thus suggesting amenability of immunotherapy. Clone Agilent-Dako 22C3 was developed in Autostainer Link 48, with original magnification at ×400 (A), while Ventana-Roche clone SP263 was developed in BenchMark Ultra IHC at ×200 (B).






Figure 3 | PD-L1 immunostaining in a case of squamous cell carcinoma (SCC). Poorly differentiated squamous cell carcinoma (top left panel, H&E staining) was readily subtyped by means of immunoreactivity for p40 (p40+++) and negativity for TTF1 (TTF1−), according to the current WHO guidelines (top right panel). Diffuse and intense membrane immunostaining for PD-L1 was observed in tumor cells, already evident at lower magnification (×100, bottom left panel) and then confirmed at higher magnification (×200, bottom right panel) as membrane decoration in over 95% of tumor cells.



In conclusion, PD-1 is an important regulator of NK function, and its blockade was shown to enhance NK activity leading to increased tumor control. Moreover, NKs were shown to play a role in response to PD-1–PD-L1-based therapies against tumors both sensitive and resistant to T cell-mediated cytotoxicity.

Due to their central role in immune response, NKs may be involved in predicting tumor response to immunotherapy. An NK-related gene expression profile performed on NSCLC patients treated with nivolumab or pembrolizumab was found to be correlated to treatment response and PFS (111). In another prospective trial of nivolumab in NSCLC, patients who achieved clinical benefit showed higher baseline functionally active circulating NKs compared to non-responders. Circulating NK numbers progressively increased during PD-1 blockade in responders, counterbalanced by a reduction in circulating Tregs (112).

Furthermore, stratification of patients by quantification of NK receptors from blood samples could be a useful prognostic and predictive tool: low expression of Natural Cytotoxicity Triggering Receptor (NCR) 1 and 3 correlated with worse prognosis in NSCLC and PD-L1-positive (>5%) patients, and low NCR3 expression correlated with the worse outcome to anti-PD1 (113).

As it is well known that NKs are primary producers of IFN-γ, the best overall response rate (ORR) to nivolumab has been reported in advanced NSCLC patients with higher expression of the IFN-γ target gene (114).

An exploratory analysis of the phase II randomized POPLAR trial showed that NSCLC patients with high T-effector–IFN-γ-associated gene expression had improved OS with atezolizumab compared to docetaxel (115). Circulating levels of IFN-γ might reflect the activation of the IFN-γ signaling and could be an easy tool to monitor patients during treatment. In a prospective study on 26 NSCLC patients treated with pembrolizumab or nivolumab, increased blood levels of IFN-γ and in addition other cytokines (TNF-alpha, IL-1β, IL-2, IL-4, IL-6, and IL-8) at the time of diagnosis and 3 months after the start of the treatment were significantly correlated with improved response to immunotherapy and prolonged OS, while no correlation with PD-L1 expression was found (116). However, robust data on the specific contribution of NKs in response to anti-PD-1/PD-L1 drugs in NSCLC are limited. Further prospective studies are needed to assess the predictive role in this context, and no data are available on the modulation of NKs under concomitant chemotherapy and immunotherapy.



4.2 Natural Killer Cells and Anti-CTLA-4

The CTLA-4 is abundantly expressed by Tregs and, upon stimulation, by cytotoxic T cells (9, 100). While interest in the role of innate immunity in anti-PD-1/PD-L1 therapy is growing, little is known about NKs in CTLA-4-based therapies. Although under IL-2 stimulation murine NKs can exhibit CTLA-4 on their surface, this does not happen in humans (117, 118).

Anti-CTLA-4 seems to increase intratumor NK levels in melanoma murine models, positively affecting response, especially when treatment was combined with IL-2 (119). In melanoma patients, high levels of intratumor NKs in pretreatment tumor samples were correlated to improved outcomes of anti-CTLA-4 (120), and survival rate was correlated with low levels of IL-15 in the serum. In PB of patients with malignant pleural mesothelioma (MPM), a reduction of CD56dim effector NKs was observed as compared to healthy controls, but the levels of these cells increased after therapy with tremelimumab, an anti-CTLA-4 monoclonal antibody (mAb) (121). Similar results were reported in melanoma patients after treatment with ipilimumab (122).

Treg downregulation upon anti-CTLA-4 therapy can result in reduced Treg-mediated NK inhibition (123). Taken together, these data suggest a possible interplaying role between CTLA-4 blockade and NKs. These observations might be useful, as combination therapy of nivolumab, ipilimumab, and standard chemotherapy has recently been approved in clinical practice as a first-line option for metastatic NSCLC. A combination of multiple checkpoints might overcome NK resistance to a single agent and restore NK immunity. However, to date, no data are available in this field.




5 Natural Killer Cells as a Target of New Therapeutic Strategies

Resistance to anti-PD-1/PD-L1 and anti-CTLA-4 ICIs can occur during treatment, as a result of the exhaustion of immunological targets or the activation of alternative pathways, under pressure and dynamic changes of the TME. Thus, there is an urgent need for the development of new pharmacological agents able to block these evasion mechanisms. As for PD-1/PD-L1 and anti-CTLA 4, blocking other cancer-dependent inhibitory pathways, either through single agents or in combinations with other ICIs, is one of the most studied strategies to obtain disease control. Mobilization of NKs, which can coordinate the anticancer response together with T cells, may also be a promising therapeutic strategy. As reported above, NKs have a crucial role in tumor response and are also possibly implicated in response to immunotherapy. Many efforts have been made to target NKs as therapeutic agents. NK immunotherapy can be approached from two directions: the activation of endogenous NKs currently circulating or resident within normal or tumor tissues or the administration of activated autologous or allogeneic NKs. Tables 1 and 2 summarize ongoing clinical trials with ICIs and adoptive or chimeric antigen receptor (CAR)-NK therapy in NSCLC. Most of the targets that are being explored by new ICIs are expressed on NKs.


Table 1 | Current clinical trials with checkpoint inhibitors in NSCLC.




Table 2 | Current clinical trials on adoptive and CAR-NK therapy in NSCLC.




5.1 Inhibitors of Natural Killer Cell Receptors in Non-Small Cell Lung Cancer

As exhausted TI-NKs or TA-NKs express inhibitory receptors on their cell surface, one strategy to overcome resistance is to target in order to restore NKs to their antitumoral activity (Figure 4).




Figure 4 | Activating and inhibitory receptors on natural killer cells (NKs) and their ligands on tumor cells. Checkpoint inhibitors bind to inhibitory receptors on NKs, preventing the link with their ligands on tumor cells and vice versa. Here are reported the major pathways and monoclonal antibodies currently used in clinical practice or under evaluation in clinical trials.




5.1.1 Anti-KIR

Monoclonal antibodies targeting KIR inhibitory receptors KIR2DL1–3 have been developed. They mimic the “missing-self” response by blocking the interaction between KIR2DL and the natural ligand HLA-C. Lirilumab is a fully humanized IgG4 that binding with high affinity to KIR2DL1–3 receptors, expressed in about half of TI-NKs and TA-NKs, blocks the interaction with HLA-C. Lirilumab was first investigated on hematologic malignancies (124), but it showed initial efficacy and a favorable safety profile also in a phase I basket trials comprising various tumor types (breast, ovarian, pancreatic, and endometrial cancers) (125). A combination of lirilumab and nivolumab showed promising activity in the SCC of the head and neck (126). Lirilumab is under investigation in various solid tumors, including NSCLC, alone or in combination with nivolumab and epacadostat in a multicohort phase I–II study (NCT03347123).



5.1.2 Anti-NGK2A

NKG2A is another inhibitory receptor expressed on the NK surface (76, 77). After interaction with a non-classical MHC class I molecule, it forms heterodimers with CD94 leading to the activation of inhibitory intracellular signals. As reported above, NKG2A is overexpressed on NKs in many types of cancers and is related to worse prognosis and immunotherapy resistance. This has encouraged the development of a specific monoclonal antibody blocking this pathway, called monalizumab (76, 77). Furthermore, when combined with anti-PD-1, monalizumab can stimulate also CD8+ T-cell antitumor activity (76, 77). Monalizumab is currently under investigation in combination with durvalumab in solid tumors and in particular in NSCLC (NCT02671435, NCT03833440).



5.1.3 Anti-TIM-3

Preclinical evidence suggests that TIM-3 blockade alone or in combination with PD-1 inhibitors can reverse the functional impairment of TIM-3+ T cells (127, 128). An increase in TIM-3+ circulating NKs has been reported in lung cancer, associated with immune suppressive TME, NK killing activity inhibition, and the more aggressive disease form, suggesting that it could be a possible therapeutic target in NSCLC (84). Preclinical data demonstrated that TIM-3 blockade is effective not only in counter-modulating dysfunctional CD8+ T cells and Tregs but also in restoring NK cytotoxic activity and TNF-alpha and IFN-γ production in lung cancer (83). Therapeutic TIM-3 antibodies are currently being evaluated in phase I trials either as single-agent treatment or in combination therapy [NCT03744468, NCT03708328]. Furthermore, a bi-specific antibody targeting both PD-1 and TIM-3, AZD7789, has recently been developed and is currently under investigation in a phase I trial in patients with different solid tumors, including lung cancer [NCT03708328].



5.1.4 Anti-LAG3

Although the specific role of LAG-3 in human NKs is still unclear, the therapeutic blockade of this checkpoint receptor remains appealing due to its interaction with both NK and T cells, particularly in combination with PD-1 inhibitors. Certain clinical-grade inhibitors (IMP321, BMS-986016) are currently under investigation in ongoing phase I and II trials (129).



5.1.5 Anti-TIGIT

TIGIT is an inhibitory receptor expressed on CD8+ T cells, Tregs, and NKs and has gained increasing attention as a promising novel pharmacological target for cancer immunotherapy. Binding to its ligands CD155 and CD112 (or nectin-2) expressed by tumor cells and antigen-presenting cells in the TME, TIGIT induces anergy of T cells and NKs, immune suppression, and tumor escape (130). The combination of the anti-TIGIT antibody, tiragolumab, with atezolizumab showed encouraging results in NSCLC. In preclinical models, the combination of anti-TIGIT and anti-PD-L1 synergistically improved tumor control and survival (131). The randomized phase II CITYSCAPE compares the first-line treatment with tiragolumab plus atezolizumab with atezolizumab alone in metastatic NSCLC patients, stratified for histology and selected for PD-L1 expression (132). The combination of tiragolumab and atezolizumab significantly improved ORR (37% versus 21%) and PFS (median PFS (mPFS) 5.42 versus 3.58), independently from the histology, with a greater magnitude benefit in patients with PD-L1 > 50% (133). The blockade of TIGIT could be an interesting chemo-sparing strategy; however, longer follow-up and phase III trials are required.




5.2 BiKEs and TriKEs

Bi- and Tri-specific T-cell engagers (BiTEs and TriTEs) are bi- or tri-valent antibodies constituted by two or three single-chain Fc fragments, respectively, that create a link between T cells and tumor cells (134). T cells lack Fcγ receptors, so normal monoclonal antibodies are not able to directly recruit T cells (135). Thanks to their two or three chains, BiTEs and TriTEs can recognize both one or two tumor antigens and one CD3 molecule, associated with the TCR, at the same time resulting in T-cell activation (136). This is an intriguing strategy to re-activate exhausted T cells induced by long-term exposure to tumor antigens. More recently, the same mechanism has been designed for bi- or tri-specific killer−cell engagers (BiKEs and TriKEs) to recruit and activate NKs in the TME and to promote tumor lysis. These molecules are built up by two (BiKEs) or three (TriKEs) single-chain variable fragments (scFv) with different heavy and light antibody chains connected through short peptide linkers (137). These can be considered “NK cell adaptors”; they usually target an activating receptor, like NKp46 and CD16 on NKs and a tumor antigen, such as CD19, CD20, or endothelial growth factor receptor (EGFR) and Fc fragments (138). Compared to monoclonal antibodies, BiKEs and TriKEs present some important advantages, such as higher biodistribution, due to their small size, lower immunogenicity, and great flexibility (139). AFM24 is a bispecific EGFR/CD16A innate cell engager antibody that has shown preclinical activity in controlling tumor growth in in vitro and mouse models of EGFR-positive tumors, independently from the presence of EGFR mutation (140). TriKEs have the ulterior advantage of targeting two different molecules, preventing an eventual downregulation of one selected molecule on target tumor cells (137). A new generation of TriKEs and TetraKEs (with four functional domains) has been designed to incorporate an IL-15 moiety, with the aim of promoting NK activation, in vivo persistence, and proliferation. However, most of these agents are only in preclinical development, and further studies are needed before testing them in a clinical setting.



5.3 Adoptive Natural Killer Cell Therapy


5.3.1 Non-Genetically Modified

An alternative approach to the systemic activation of NKs is to directly introduce activated NKs into patients. This adaptive transfer of NKs is the most direct way to restore and improve the function of the immune system. NKs can be autologous or allogenic as derived from PB mononuclear cells (PBMCs) or stem cells (umbilical cord blood and embryonic stem cells) or NK lines. Following isolation, NKs can be activated by exposure to cytokines or other stimulating factors or by genetically engineered manipulation (141, 142). To assess the feasibility of autologous NK transfer, a study was designed in patients with advanced NSCLC and treated with a combination of docetaxel and ex vivo expanded autologous NK. However, it failed to demonstrate a real therapeutic benefit of the combination, probably due to poor NK activity in vivo (143). Even though autologous NKs can be efficiently expanded and activated in vitro, the unsuccessful result of this study suggests that this approach is probably not a feasible treatment modality (42, 143, 144). Compared to autologous NKs, allogeneic NKs have a longer persistence in vivo, which corresponds to an improved response to treatment but is burdened with a higher risk of graft-versus-host disease (145). Adaptive allogenic or alloreactive transfer results in MHC-I and KIR ligand mismatch and efficient immune response, as reported first in AML (146). Following AML, clinical studies testing the adaptive transfer of mismatched alloreactive NKs as a form of immunotherapy showed low toxicity and initial therapeutic efficacy also in solid tumors including NSCLC (147, 148). In advanced NSCLC, repetitive infusions of alloreactive donor NKs resulted in encouraging disease control in many patients, highlighting its potential use in this setting (149). Furthermore, the combination of allogenic adaptive NK therapy with pembrolizumab led to improved OS and PFS (median OS (mOS) 15.5 vs. 13.3 months; mPFS 6.5 vs. 4.3 months; p < 0.05) as compared to pembrolizumab alone in pretreated advanced NSCLC patients. The survival advantage was particularly evident in PD-L1-positive patients (>50%) (149).

To expand the therapeutic use of alloreactive NKs, human NK lines have been generated as a renewable source of NKs. The human NK line NK-92 (150) is highly cytotoxic against a variety of cancer types, and it is under investigation also in phase I trials in solid tumors, such as melanoma (151, 152). The NK-92 cell line has been used as a source of NKs for adaptive transfer and modified for improved efficacy and target specificity, with genetic manipulation or cytokine activation prior to adaptive transfer. In a phase I basket trial, infusion of NK-92 cells was particularly active in patients with lung cancer patients: three of four small cell lung cancer (SCLC) and NSCLC patients in the study have tumor response according to Response Evaluation Criteria in Solid Tumors (RECIST) criteria or long-lasting disease control with the adaptive transfer of IL-2 activated NK-92 cells (153). A hypothesis about this particular sensitivity in lung cancer patients is that NKs reside in the lung prior to circulating following intravenous administration (142). These could represent an intriguing strategy to develop in dedicated clinical trials.



5.3.2 Chimeric Antigen Receptor–Natural Killer Cells

Genetically modified NKs present enhanced specificity and activity against the target. One of these methods that are founding increasing interest is the construction of CARs based on NKs instead of T lymphocytes (154). CAR-T cells are now widely used in clinical practice, mostly in hematological malignancies, but this technology has also been applied to macrophages and NKs to enhance efficacy and limit possible toxicity (155). In fact, CAR-NK administration is not associated with the development of cytokine release syndrome, neurotoxicity or graft-versus-host response, and other side effects, which makes it a very attractive therapeutic option (156).

The sources of NKs usable for CAR-NK are the same as for adaptive therapy: PB or umbilical cord NKs or cell lines, such as NK-92. Recently, a CAR-NK was created using NK-92-derived cell lines carrying on the surface the immune checkpoint anti-B7-H3: in xenograft models, it showed significant inhibition of tumor growth and increased survival, providing a proof of concept for its development in the clinical setting (157). Another interesting new chimeric costimulatory converting receptor was built up by modified NK92 and constituted by the extracellular domain of PD-1, transmembrane and cytoplasmatic NKG2D domain, and cytoplasmic domain of the TNF receptor superfamily member 4−1BB (TNFRSF9/CD1377). It is able to counteract the immunosuppressive action of PD-1 and showed preclinical in vitro anti-humoral activity against human lung cancer H1299 cells (158). Delta-like ligand 3 (DLL3) is overexpressed in most SCLC and may be used as a target for CAR-NKs therapy. In a recent study, DLL3-positive SCLC cell lines have been cocultured with DLL3-CAR-NK-92, and the construct was proved to have a high cytolytic effect (158). This report explored the potential in the treatment of SCLC. Furthermore, the DLL3-CAR NK-92 showed improved cytotoxicity also against lung metastasis in tumor models with good tolerance and in subcutaneous tumor models of SCLC (158).





Conclusion

Cancer treatment with ICIs of PD-1/PD-L1 and CTLA-4 is widely used in clinical practice, but, unfortunately, it shows limited efficacy in a variety of patients due to secondary resistance or non-response. In physiological conditions, NKs play an important role in the immune response against the tumor. However, following neoplastic transformation, cancer cells and TME act by modulating NK functions inducing the switch toward a pro-tumor phenotype (42, 144). TME can influence the treatment response and effectiveness of ICIs, and a growing amount of evidence suggest that NKs can act as a predictor as well as a prognostic factor (42, 144). NKs have been shown to play a crucial role in metastatic tumor surveillance in both NSCLC and SCLC. In recent years, the application of NK and CAR-NK immunotherapy has brought significant progress in the field of cancer therapy, with the latest clinical trials showing tremendous potential (155). Although the clinical focus of NK therapy is largely hematopoietic malignancies, conceivable progression of NK immunotherapy in the treatment of lung cancer has also emerged.

The lung cancer cells and the TME can polarize NKs into pro-inflammatory, pro-angiogenic decidual-like subsets (42, 155). Therefore, although the application of NK therapy as a standalone agent or in combination with other therapeutic modalities is a rapidly evolving field that is producing promising results, the possibility of turning the tumor and TME into a non-lytic phenotype has to be taken into account. The findings summarized in this review have yet to be fully confirmed in more in-depth clinical settings, but they highlight a potential diagnostic and therapeutic modality in a field with limited therapeutic options and an invariably low survival rate.

Curbing NK pro-inflammatory switch in cancer is pivotal in the success of immunotherapy with ICI.
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Background

Previous studies reported the related role of RNA n6-methyladenosine (m6A) modification in tumorigenesis and development. However, it is not clear whether m6A modification also plays a potential role in the immune regulation of rectal cancer (RC) and the formation of tumor microenvironment.



Methods

In this study, we screened 23 m6A regulatory factors from 369 rectal cancer specimens, further determined the modification patterns of m6A in RC, and systematically linked these modification patterns with the characteristics of TME cell infiltration. The principal component analysis (PCA) algorithm was used to evaluate the m6A modification pattern of a single tumor related to immune response.



Results

Three different m6A modification patterns were found in the measurement results, which are related to different clinical results and biological pathways. TME identification results show that the identified m6A pattern is closely related to immune characteristics. According to the m6Ascore extracted from m6A-related signature genes, RC patients were divided into high and low score subgroups combined with tumor mutation burden. Patients with high tumor mutation burden and higher m6Ascore have a significant survival advantage and enhanced immune infiltration. Further analysis showed that patients with higher m6Ascore had higher PD-L1 expression levels and showed better immune response and lasting clinical benefits.



Conclusions

M6A modification plays a crucial role in the formation of TME diversity and complexity. The evaluation of the m6A modification mode will help us to enhance our understanding of the characteristics of TME infiltration and provide new insights for more effective immunotherapy strategies.
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Introduction

Rectal cancer is a malignant tumor that occurs in the lower part of the large intestine, accounting for 30-40% of colorectal cancer (CRC) (1, 2). There are approximately 700,000 confirmed cases of rectal cancer each year in the world, and the annual death toll is approximately 310,000 (3). Although the colon and rectum are anatomically related, there are significant differences in recurrence rates and treatment options between cancer types (4). Therefore, the determination of reliable prognostic biomarkers to improve the prognosis of rectal cancer has important clinical biological significance. The molecular mechanism of the occurrence and development of malignant tumors is one of the current research hotspots. RC is a major social health problem and occupies a special position in tumor diseases. The interaction network jointly established by immune cells, endothelial cells, mesenchymal fibroblasts and matrix-related molecules in the tumor and surrounding tissues constitutes the TME (5). Tumor cells in TME can directly or indirectly invade tissues through blood vessels and lymphatic vessels, and infiltrating cells can induce immune responses by releasing cytokines, cytokine receptors and other factors, and affect tumor progression (6–9). However, the role of TME and the specific biological mechanism of potential therapeutic response are still unclear (10).

In recent years, the study of post-transcriptional gene regulation in eukaryotes has opened up new fields. So far, more than 100 different chemical modifications have been discovered for post-transcriptional modification (11). The methylation of messenger RNA to form m6A is considered to be the most abundant internal modification in messenger RNA and has become a wide-ranging regulatory mechanism that controls gene expression in various physiological processes (12–16). m6A modification is a dynamic and reversible process in mammalian cells. It is installed by m6A methyltransferases, removed by m6A demethylases, and recognized by reader proteins. The process is regulated by methyltransferase, demethylase and binding protein, also known as “writer”, “erasers” and “reader” (17, 18). Post-transcriptional modification has become an important regulator of various physiological processes and disease progression, and has attracted increasing attention in biological science research. In addition, in terms of molecular mechanism, m6A participates in almost all steps of RNA metabolism, including translation, degradation, splicing, export and folding of mRNA (19, 20).

Recent literature has reported the interaction between TME infiltration of immune cells and m6A modification, which cannot be fully explained by the mechanism of RNA degradation. Studies have shown that m6A methylation of dendritic cells and YTHDF1 regulate anti-tumor immunity, further supporting the view that decreased YTHDF1 expression may be related to T cell inflammation and tumor microenvironment (21). Another study showed that m6A mRNA demethylase FTO regulates the tumorigenicity of melanoma and the response to PD-1 blockade, and plays an important role in the response to immunotherapy (22). In addition, it is reported that Mettl3-mediated m6A modification plays an important role in promoting the maturation and activation of dendritic cells, which may promote cancer immunotherapy (23). However, the above research is limited to one or two m6A modulators and cell types, and the anti-tumor effect requires the interaction of multiple tumor suppressor factors. Therefore, the systematic evaluation of the infiltration characteristics of TME cells mediated by multiple m6A regulatory factors will comprehensively strengthen our understanding of TME immune regulation.

In this study, we screened the genomic information of 369 rectal cancer samples from The Cancer Genome Atlas (TCGA) (167) and Gene-Expression Omnibus (GEO) databases (203), systematically evaluated m6A modification patterns, and deeply understood the potential connection between m6A modification patterns and TME cell infiltration characteristics. Three different m6A modification modes are summarized. What is interesting is that the TME characteristics of these three modes are highly consistent with the immune exclusion phenotype, the immune inflammation phenotype and the immune desert phenotype, respectively. This indicates that the role of m6A modification in shaping individual tumor microenvironmental characteristics is a promising method. To this end, we established a scoring system to quantify the m6A modification patterns of individual patients.



Materials and Methods


Collect and Organize of Expression Datasets Obtained From Public Databases

With the rapid development of precision medicine, researchers are increasingly using statistical algorithms to explore new diagnosis and treatment goals. We retrospectively collected gene expression data and related data of RC samples from the GEO database (https://www.ncbi.nlm.nih.gov/geo/), TCGA (https://cancergenome.nih.gov/) public data sets and clinical characteristics data. In short, the study collected TCGA and GSE87211 cohorts for further analysis. Through Protein-Protein Interaction (PPI) network analysis, the key nodes in the differentially expressed proteins were found and visualized by Cytoscape.



Consensus Molecular Cluster Analysis of Twenty-Three m6A Regulators

In the process of cluster analysis, the cohort with fewer m6A regulatory factors was not included. Twenty-three regulatory factors were extracted from the TCGA and GSE87211 cohorts to identify different m6A modification patterns mediated by m6A regulatory factors. 23 m6A regulators including 8 writers (METTL3, METL14, METL16, WTAP, VIRMA, ZC3H13, RBM15 and RBM15B), 2 erasers (FTOA and ALKBH5), 13 readers (YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC, FMR1, LRPPRC, HNRNPA2B1, IGFBP1, IGFBP2, IGFBP3 and RBMX). Subsequently, we applied an unsupervised cluster analysis method to determine different m6A modification patterns based on the expression of 23 m6A regulatory factors, and classified patients for further analysis. The number and stability of clustering are determined by the consensus clustering algorithm. We use the Consensus Cluster Plus package to repeat the above steps to ensure the stability of the classification results.



Gene Set Variation Analysis (GSVA) and Gene Ontology (GO) Kyoto Encyclopedia of Genes and Genomes (KEGG) Annotation

In order to study the biological process differences between the m6A modification modes, we used the “GSVA” R package to perform GSVA enrichment analysis. GSVA is a non-parametric, unsupervised method, usually used to estimate changes in pathways and biological process activity in expression data sets (24). The adjusted P value <0.05 indicates that the difference is statistically significant. We used cluster Profiler R package to annotate m6A-related genes with a cutoff value of FDR <0.05. And ggplot was used to visualize the enrichment analysis.



Estimation of m6A Modification Pattern in Immune Cell Infiltration

We used single sample gene set enrichment analysis (ssGSEA) to evaluate the relative abundance of each cell infiltration in RC TME. According to published research methods, the gene set of each TME infiltrating immune cell type is labeled (25, 26). Immune cell subtypes include activated CD4 T cells, activated B cells, mast cells, monocytes, etc (25). The enrichment score calculated by ssGSEA analysis represents the relative abundance of each TME infiltrated cell in each sample.



Screening of m6A Differentially Expressed Genes (DEGs)

In order to identify m6A-related genes, we divided patients into three different m6A modification modes based on the expression of 23 m6A regulatory factors. The empirical Bayesian method was used to quantitatively analyze the DEGs between different modification modes (27). The significance standard for determining DEG is the corrected P value <0.001.



Construction of the m6Ascore

We constructed a scoring system to evaluate the m6A modification pattern of individual patients with rectal cancer-m6A gene characteristics to quantify the m6A modification pattern of individual tumors, and named it m6Ascore. In simple terms, first normalize DEGs from different m6Aclustered samples in the sample, using unsupervised clustering method to analyze the extracted overlapping DEGs, then use consensus clustering algorithm to determine the number and stability of gene clusters, and use univariate Cox. The regression model performs prognostic analysis on each gene in the signature. Genes with significant prognosis were extracted for subsequent analysis. PCA analysis is performed on the final gene expression profile, and principal component 1 and principal component 2 are selected as the signature scores. The advantage of this method is that the score is concentrated on the set with the largest correlation (or irrelevant) gene block in the set, and the weight of the gene contribution that is not tracked with other set members is reduced. Then, we use a method similar to the previous study to define the m6Ascore (28, 29): m6Sig score=∑(PC1i+PC2i), where is the final expression of the m6A phenotype-related genes.



Statistical Analysis

For quantitative data, the statistical significance of normally distributed variables was estimated by Student’s t test, and the Wilcoxon rank sum test was used for non-normally distributed variables. For the comparison of more than two groups, the nonparametric method uses the Kruskal-Wallis test, the parametric method uses the one-way analysis of variance. The Kaplan-Meier survival analysis and the Cox proportional hazard model, and the R package “Survminer” are used to analyze the relationship between the m6A modification model and the prognosis Relationship. The measurement cut function in the “survival” software package was used to stratify the samples into high m6Sig score subgroups and low m6Ascore subgroups. P <0.05 is considered statistically significant.




Results


Genetic Variation of m6A Regulators in Rectal Cancer

In this study, we studied the role of 23 m6A RNA methylation regulation genes in RC (“writer”: METTL3, METTL14, METTL16, WTAP, VIRMA, ZC3H13, RBM15 and RBM15B; “reader”: YTHDC1 YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC, FMR1, LRPPRC, HNRNPA2B1, IGFBP1, IGFBP2, IGFBP3 and RBMX; there are also “ erasers”: FTO and ALKBH5). We first determined the incidence of somatic mutations in 23 m6A regulatory factors in RC. 15 of 137 samples (10.95%) experienced genetic changes in m6A regulatory factors, including missense mutations, nonsense mutations, and Multi -Hit and Splice-site. Among them, ZC3H13 has the highest mutation frequency, followed by RBM15 and YTHDC1. WTAP, ZC3H13, VIRMA, HNRNPA2B1, IGFBP1, IGFBP3 and ALKBH5 have no mutations (Figure 1A). Next, we conducted an in-depth analysis of the position of the copy variation (CNV) of the 23 m6A regulatory factors on the chromosome, as shown in (Figure 1B). In order to determine whether genetic variation affects the expression of m6A regulatory factors in RC patients, we studied the expression levels of regulatory factors in normal and RC samples and found that, compared with normal control samples, METTL14, METTL16, WTAP, YTHDC1, YTHDC2, YTHDF3, HNRNPC, FTO, and ALKBH5 were significantly down-regulated in tumor samples, while METTL13, RBM15, RBM15B, FMR1, LRPPRC, HNRNPA2B1, IGFBP1, IGFBP2, and IGFBP3 were significantly up-regulated in tumor samples (Figure 1C). In order to further study the role of 23 m6A regulatory factors in RC, we created PPI and visualized it with Cytoscape software, including 23 nodes and 104 edges (Figure 1D). These regulatory factors are abundant in the process of regulation of mRNA metabolism process and mRNA stability, RNA modification and mRNA transport are many important ways (Figure 1E).




Figure 1 | The genetic and expression variant landscape of m6A regulators in rectal cancer. (A) The mutation frequency of 23 m6A regulatory factors in 137 rectal cancer patients in the TCGA-RC cohort. Each column represents an .individual patient. The bar graph above shows TMB, and the numbers on the right indicate the mutation frequency of each regulatory factor. The bar graph on the right shows the proportion of each variant type and the four different colors indicates four variant types with legends showing in the bottom of the figure. The stacked bar graph below shows the proportion of different single nucleotide mutation in each sample, with annotation on the right showing six colors representing six different mutations. (B) Use the GSE87211 cohort to locate the changes of m6A regulatory factor CNV on 23 chromosomes. (C) The expression of 23 m6A regulatory factors in normal tissues and rectal tissues. Tumor, red; normal, blue. The upper and lower ends of the box represent a quarter of the value range. The line in the box represents the median value, and the black dots represent the outliers. (D) The protein protein interaction network(PPI) demonstrated the interaction between 23 m6A regulatory factors, including 23 nodes and 104edges. (E) The enrichment analysis of 23 m6A regulatory factors. These m6A regulatory factors have a rich regulatory role in the metabolism of mRNA, primarily involved in the mRNA metabolic process, mRNA processing and mRNA stability.



The above analysis shows that there are significant differences and connections in the genome and transcriptome landscape of m6A regulatory factors between normal and RC samples. Therefore, the expression changes and genetic variation of m6A regulatory factors play an important role in regulating the occurrence and development of RC. In view of the relatively high mutation frequency of the author’s gene ZC3H13, we analyzed the expression differences of 23 m6A regulatory factors in ZC3H13 wild-type (Supplementary Figures 1A–W).



The Relationship Between the High and Low Expression Groups of 23 m6A Regulators and the Overall Survival of Rectal Cancer

On the TCGA and GSE87211 data sets with OS data and clinical information, the Kaplan-Meier method was used to analyze the prognosis of the survival curves of 23 m6A regulatory factors. The results showed that the expression of 19 m6A regulatory factors was related to prognosis. In short, compared with the low expression group of corresponding regulatory factors, HNRNPC, RBM15, RBMX, FMR1, LRPPRC, YTHDF2, HNRNPA2B1, YTDC2, RBM15B, YTHDF1, IGFBP1 and The METTL16 high expression group showed a significant survival advantage. In contrast, FTO, IGFBP2, IGFBP3, YTHDF3, ZC3H13, WTAP and METTL13 showed significant survival advantages in their corresponding low expression groups (Figures 2A–S and Table 1).




Figure 2 | Kaplan-Meier curves of 19 m6A regulatory factors in patients with rectal cancer. (A–S) Each figure represents the comparison of the overall survival in patients with higher and low expression of a specific gene and the gene name is shown in the top of each figure. The ordinate shows the survival probability and the abscissa shows the years of survival of the patients. The number of patients in high- and low-expression groups are shown in the bottom of each figure. Log-rank test P<0.05 indicates that the difference is statistically significant.




Table 1 | Analysis of 23 m6A regulatory factors through univariate Cox regression.





m6A Methylation Modification Patterns Mediated by 23 Regulators

We are trying to further determine whether the connection between writers, erasers and readers plays a key role in the formation of different m6A modification patterns, and is related to the formation of TME cell infiltration characteristics and the incidence and progression of cancer. Based on these assumptions, we use the R package of Consensus Cluster Plus to classify patients with qualitatively different m6A modification patterns based on the expression of 23 m6A regulatory factors (Supplementary Figures 2A–L). In order to explore the interaction between the 23 m6A regulators in RC patients, the connection between the regulators and their prognostic value, we constructed a m6A regulator network (Figure 3A). As we expected, not only the expression of m6A regulatory factors of the same functional category showed a significant correlation, but also a significant correlation among writers, erasers and readers (Figure 3A). Among these m6A regulatory factors, the m6A binding protein IGFBP1 has attracted our attention because of its significant correlation with prognosis and immune infiltration (30). Our KaplanMeier survival analysis (p=0.041) showed that patients in the IGFBP1 high expression group had a good prognosis, and we also determined that IGFBP1 was significantly related to the prognosis (Figure 3B). We also analyzed the unsupervised aggregation of 23 m6A regulatory factors in the GSE87211 rectal cancer cohort and the TCGA cohort. The survival status, tumor stage, gender, age, project, and m6Acluster were used as patient annotations (Figure 3C). The results showed that most elderly male patients with advanced survival in ZC3H13, LRPPRC, HNRNPA2B1 and RBMX were highly expressed in m6Aclusters-A, and METTL14, YTHDC1, YTHDC2, YTHDF3 and in ALKBH5, most young male patients with late-stage survival are highly expressed in m6Aclusters-B, while most young male patients with late-stage survival in VIRMA, YTHDF1, FMR1, IGFBP1, IGFBP2, IGFBP3, and FTO are highly expressed in m6Aclusters-C (Figure 3C). The results show that there is an inseparable connection between m6A regulatory factors and clinical characteristics. In addition, the principal component analysis (PCA) of the transcriptome profiles of the three m6A modification patterns showed that the transcriptomes of different modification patterns are significantly different (Figure 3D).




Figure 3 | m6A methylation modification patterns and related clinical features. (A) The interaction of m6A regulatory factors in rectal cancer. The size of the circle represents the influence of each adjusting factor on the prognosis, and the range of the calculated value of the Log-rank test is p<0.0001, p<0.001, p<0.01, p<0.05, p<1. The purple dots in the circle indicate prognostic risk factors; the green dots in the circle indicate prognostic protective factors. The line connecting the regulators represents the interaction between them, and the thickness represents the relative strength between the regulators. Blue is a negative correlation, and pink is a positive correlation. The regulatory factors (“eraser”, “reader”, and “writer”) are marked in red, brown, and gray, respectively. (B) Kaplan-Meier curve of the patient group with high and low expression of IGFBP1. The number of high and low expression groups of patients were indicated in the bottom. Log-rank test, P = 0.041. (C) Unsupervised aggregation of 23 m6A regulatory factors in the GSE87211 rectal cancer cohort. Survival status, tumor stage, gender, age, project and m6Acluster are used as patient annotations. On the right, the bar with two colors indicates the level of gene expression and red color represents high expression while blue represents low expression. m6A cluster A–C were shown in blue, yellow and red, respectively. (D) Principal component analysis of the transcriptome profiles of the three m6A modification patterns. Blue dots represent m6A cluster A, yellow represent m6A cluster B and red represent m6A cluster C. (E, F) KEGG enrichment analysis shows the activation status of biological pathways with different m6A modification modes. Heat maps are used to visualize these biological processes. Red represents activated pathways and blue represents inhibited pathways. Take rectal cancer GSE87211 cohort as sample annotation. (E) m6Acluster A vs m6Acluster B; (F) m6Acluster A vs m6Acluster C.





Characteristics of m6A Modification Mode

In order to determine the biomolecule changes under the three different m6A modification modes, we performed GSVA enrichment analysis on the gene set, as shown in Figures 3E, F, 4A. The results showed that m6Acluster-A was significantly enriched in Nucleotide excision repair, RNA polymerase, degradation, Cell cycle, Base excision repair, One carbon pool by folate, DNA replication, and Homologous recombination (Figures 3E, F). m6Acluster-B is used in FC epsilon Ri, GNRH, calcium and neurotrophin signaling pathway, aldosterone regulated sodium reabsorption, long term potentiation and depression, proximal tubule bicarbonate reclamation, starch and sucrose, fatty acid, retinol, ascorbate and aldarate metabolism, vascular muscle contraction, and endocytosis and other processes are significantly enriched (Figures 3E, 4A). However, m6Acluster-C is significantly enriched in Toll like and Nod receptor signaling pathway, mismatch repair, DNA replication, cell cycle, nuclear excision repair, RNA polymerase and homologous recombination (Figures 3F, 4A).




Figure 4 | Construction of m6A differential gene expression and gene cluster. (A)The heat maps show the differences in KEGG enrichment analysis results between the m6Acluster B and m6Acluster C. (B) The abundance of each TME infiltrated cell in the three m6A modification modes. The upper and lower ends of the box represent a quarter of the value range. The line in the box represents the median value, and the dots outside the boxes and their vertical lines represent the outliers. The ordinate shows the immune infiltration while the abscissa represents various types of immune cells. Asterisks indicate statistical P values (*P < 0.05; **P < 0.01; ***P < 0.001). "ns" means "no significance". (C) 779 m6A-related differentially expressed genes (DEGs) are displayed in the intersection of Venn diagram among the three m6A clusters. The red circle represents the DEGs between patients of m6A cluster B and cluster A. The green circle represents the DEGs between patients of m6A cluster C and cluster A. The purple circle represents the DEGs between patients of m6A cluster B and cluster C. (D) Expression of 23 m6A regulatory factors in three gene clusters. The upper and lower ends of the box represent a quarter of the value range. The line in the box represents the median value, and the black dots represent the outliers. The ordinate represents the level of gene expression in a gene cluster while the abscissa represents the 23 m6A regulatory factors. Asterisks indicate statistical P values (*P < 0.05; **P < 0.01; ***P < 0.001). One-way ANOVA was used to test the statistical differences among the three gene clusters. (E) Unsupervised aggregation in the GSE87211 rectal cancer cohort, using survival status, tumor stage, gender, age, project, m6Acluster, and gene cluster as patient annotations. Red represents high expression of regulatory factors, and blue represents low expression.



In addition, we also analyzed the infiltration of TME cells (Figure 4B). We noticed that m6Aclusters-C has abundant innate immune cell infiltration, including natural killer cells, MDSC, regulatory T cells, neutrophils, and type 2 T cells. Helper cells, Immature dendritic cell, and CD56 bright and dim natural killer cell. We also noticed significant increases in Activated B cell, Eosinophils, Immature B cell, Macrophages, Mast cells and Monocytes in m6Aclusters-B. However, it is surprising that m6Aclusters-A is significantly higher than m6Aclusters-B and m6Aclusters-C. The degree of infiltration in immune cells is low.

Furthermore, in the above results, it is found that there is a strong positive correlation between IGFBP1 and YTHDF1 (Figure 3A). Previous studies have shown that the m6A regulatory factor YTHDF1 mediates the activation of dendritic cells (DC) and the mechanism of CD8+ T cell antigen cross-priming by enhancing the translation of cathepsin (lysosomal protease that degrades antigens in the phagosome) mRNA encoding. Interestingly, this study noticed that IGFBP1 was significantly increased in immune infiltration in Activated B cell, Eosinophils, Immature B cell, Macrophages, Mast cells and Monocytes (Figure 4B).

GSVA analysis showed that IGF2BP1 is involved in FC epsilon ri, GNRH, calcium and neurotrophin signaling pathway, aldosterone regulated sodium reabsorption, long term potentiation and depression, proximal tubule bicarbonate reclamation, starch and sucrose, fatty acid, retinol, ascorbate and aldarate metabolism, vascular muscle Significantly enriched during contraction, and endocytosis (Figures 3E, F, 4A). In summary, we speculate that IGFBP1 may cooperate with YTHDF1 to mediate methylation modification, thereby inhibiting the activation of DCs and cytotoxic T lymphocytes, hindering the anti-tumor immune response in tumors.



m6A Phenotype-Related DEGs in Rectal Cancer

The above study classified m6A-regulated gene expression consensus clustering algorithm into three m6A-modified phenotypes, but the potential genetic changes and expression perturbations in these phenotypes are still unclear. Therefore, it is necessary to further analyze the possible m6A-related transcriptional expression changes of the three m6A modification patterns in RC. We used the empirical Bayes method to determine the overlapping differentially expressed genes (DEGs) among the three m6A modification patterns. Expressed as a Venn diagram, the inclusion of 779 DEGs represents the key distinguishing index of the three m6A modification modes (Figure 4C). And we analyzed the expression of 23 m6A regulatory factors in 3 gene clusters (Figure 4D). The results show that compared with gene Cluster-B, the expression of ZC3H13, LRPPRC, HNRNPA2B1 and RBMX in gene Cluster C were significantly higher. YTHDC1, YTHDC2, YTHDF3 and ALKBH5 in gene Cluster-B was higher than the other two gene clusters. Compared with gene Cluster-A and gene Cluster-B, VIRMA, YTHDF1, FMR1, IGFBP1, IGFBP2, IGFBP3 and FTO were significantly increased in gene Cluster-C.

In addition, we also analyzed three clinicopathological characteristics, and we found that male patients with advanced clinical stages (N1-3, T3-T4) less than or equal to 65 years old are mainly concentrated in gene Cluster-C. Male patients over 65 years old are mainly concentrated in gene Cluster-B (Figure 4E). Next, we will conduct follow-up research and analysis on these characteristic genes, GO enrichment analysis shows: in extracellular matrix organization, extracellular structure organization, positive regulation of inflammatory response, collagen-containing extracellular matrix, complex of collagen trimers, extracellular matrix structural constituent conferring tensile strength, extracellular matrix structural constituent, growth factor binding and RAGE. The biological process of receptor binding is significantly more common (Figures 5A, B). KEGG enrichment analysis showed that: Fatty acid degradation and metabolism, Retinol and Sulfur metabolism and Protein digestion and absorption biological processes are significantly enriched (Figures 5C, D). Next, we use the R package to further analyze the pathway enrichment of 23 m6A regulatory factors, and visualize it with ggpolt, and get similar results (Figure 5E). The enrichment analysis of various cellular pathways was shown in circle plot (Figure 5F) and another circle plot indicated the enrichment analysis of metabolism (Figure 5G). The above further confirmed that the overlapping dimer has m6A modification and immune characteristics, similar to the characteristics of m6A-related genes. We noticed that there are significant differences in m6A regulatory gene expression among the three m6A gene signature subgroups, which is consistent with the expected results of m6A methylation modification patterns.




Figure 5 | KEGG and GO enrichment analysis of m6A related genes. (A, B) GO enrichment analysis for functional annotation of m6A-related genes. The color depth of the histogram represents the number of enriched genes. (C, D) KEGG enrichment analysis for the functional annotation of m6A-related genes. The color depth of the histogram represents the number of enriched genes. (E) The interaction of pathways of 23 m6A regulatory factors. The circles of different colors represent different types of pathways and the lines linking them represent their interaction. (F) Circle plot showing the enrichment analysis of various pathways. (G) Circle plot showing the enrichment analysis of different metabolic pathways.





Construction and Application of m6Ascore

The above results indicate that m6A methylation modification plays a crucial regulatory role in the TME landscape. However, these results are based on patient populations and are not suitable for evaluating the m6A methylation modification pattern of a single patient. In addition, considering that the research process may be interfered by individual heterogeneity and complexity, we have constructed a set of the scoring scheme for quantifying the m6A modification pattern of individual patients with rectal cancer was named m6Ascore. The alluvial map is used to illustrate the workflow of m6Ascore construction (Figure 6A). In order to better illustrate the characteristics of m6A signatures, we also tested the correlation between known signatures and m6Ascore (Figure 6B). These results indicate that gene Cluster-C has the highest m6Ascore, followed by gene Cluster-A and gene Cluster-B (Figure 6C). It is worth noting that m6Acluster-A, m6Acluster-B and m6Acluster-C obtained similar results (Figure 6D).




Figure 6 | Construction of m6A score and analysis of related modification patterns and clinical treatment effect of m6A score. (A) The alluvial map shows the changes of m6Aclusters, gene clusters, m6Ascore and survival status. (B) Using Spearman analysis, the correlation between m6score and known gene characteristics in the GSE87211 cohort. Blue is a negative correlation, and red is a positive correlation P values (*P <0.05; **P <0.01; ***P <0.001). (C) The difference of gene clusters among the three gene clusters in the GSE87211 cohort. The ordinate represents the m6A score while the abscissa shows the gene cluster A–C. Kruskal Wallis test was used to compare the statistical differences between the three gene clusters (P<0.001). (D) The difference of m6Acluster among the three gene clusters in the GSE87211 cohort. The ordinate indicates the m6A score while the abscissa shows the three m6A cluster A–C. Kruskal Wallis test was used to compare the statistical differences between the three gene clusters (P<0.001). (E) The difference of m6Ascore between different survival states in the GSE87211 cohort. (F) Kaplan-Meier curve of TMB high and low patients in the TCGA cohort, Log-rank test, P<0.001. The numbers of patients with high and low TMB were shown in the bottom. (G) Kaplan-Meier curve of patients with high and low TMB-m6Ascore in the TCGA cohort, Log-rank test, P=0.003. (H) Kaplan-Meier curve of patients with high and low m6Ascore in patients with T1-2 stage of rectal cancer. Log-rank test, P = 0.006. (I) Kaplan-Meier curve of patients with high and low m6Ascore in patients with rectal cancer T3-4 stage. Log-rank test, P<0.001. (J, K) PD-L1 expression difference in m6Ascore group.



In addition, we tried to explore the significance of m6Ascore in clinical work. We first analyzed the relationship between m6Ascore and patient survival status, and found that m6Ascore had no significant difference between survival and death groups (p=0.18) (Figure 6E). Previous studies have shown that there is a close relationship between tumor genome cell mutations and immunotherapy response. Therefore, we explored the distribution of tumor mutation burden in different m6Sig score groups and found that regardless of the status of m6A, the H-TMB group had a better prognosis (Figure 6F). Further analysis showed that in the H-TMB group, there was no significant difference in the prognosis of patients in the H-m6Ascore and L-m6Ascore, while in the L-TMB group, the H-m6Ascore group had a better prognosis than the L-m6Ascore group(p=0.003) (Figure 6G). This is consistent with the results of previous studies, that is, high mutation load is positive correlation with in immune evasion and tumor cell proliferation (31). Finally, we further evaluated the relationship of m6Ascore in tumor staging of T1-2 and T3-4 patients, and the results showed that the prognosis of patients with stage T1-2(p=0.006) and stage T3-4(p<0.001) is better under high m6Ascore (Figures 6H, I). The above results strongly suggest that m6Ascore can represent the change pattern of m6A and predict the prognosis of RC patients. These data allow us to more fully describe the impact of m6Ascore classification on genomic variation and reveal the possible complex interactions between individual cell mutations and m6A modifications.



The Role of m6Ascore in Predicting Immunotherapeutic Benefits

Next, consider that PD-L1 is a mature biomarker predicting response to anti-PD-1/L1 treatment, the emergence of immunotherapy represented by PD-L1 and PD-1 block is undoubtedly a major breakthrough in cancer treatment. We further compared the relationship between different m6Ascore and PD-L1 expression level and found that the higher the m6Ascore, the higher the PD-L1 expression level (Figures 6J, K). In summary, our research results show that there is a close relationship between m6Ascore and immune response, which can be used in clinical work to evaluate immune response and further predict the prognosis of patients.




Discussion

Many recent studies have shown that m6A modification interacts with m6A regulatory factors and plays a vital role in immune, inflammation and cancer treatment (22, 32, 33). So far, most published studies have focused on unilateral studies of TME cell types and regulatory factors, but the overall characterization of TME infiltration mediated by the combined action of multiple m6A regulatory factors is far from enough. Therefore, it is of great significance to further explore the role of different m6A modification modes in TME cell infiltration, which will help us to improve our understanding of the anti-tumor immune response of TME and open up a new path for the immunotherapy of malignant tumors.

In this study, we summarized three different m6A methylation modification patterns, which have their own unique characteristics of TME cell infiltration. m6Aclusters-C has a rich infiltration of innate immune cells, including natural killer cells, MDSC, regulatory T cells, neutrophils, type 2 T helper cells, Immature dendritic cells, and CD56 bright and dim natural killer cells. We also noticed significant increases in Activated B cell, Eosinophilna, Immature B cell, Macrophagena, Mast cellna and Monocytena in m6Aclusters-B. However, it is surprising that m6Aclusters-A is significantly higher than m6Aclusters-B and m6Aclusters-C. The degree of infiltration in immune cells is low. Previous studies have shown that the tumor microenvironment plays an essential role in tumor progression and the effect of immunotherapy. CD8+ T lymphocytes are triggered by specific dendritic cells in the tertiary lymphatic structure (TLS) located in the tumor. Other cell types (such as CD4+ T cells) may also contribute to immune surveillance, thereby enhancing the anti-cancer immune response ability (34). The baseline levels of tumor-infiltrating CD8+ T cells, CD4+ T cells, and NK cells are related to the likelihood of an immune response (35–37). The intratumoral immune landscape, including memory cells, cytotoxic cells [CD8+ T cells, natural killer (NK) cells and NK T (NKT) cells] and immunosuppressive cells [Tregs and myeloid-derived suppressor cells (MDSCs)], quantitative Immune core prognostic markers predict survival more accurately than standard TNM staging (25).

In addition, we also analyzed the enrichment of m6A modification patterns in immune-related biological pathways. m6Acluster-A is significantly enriched in Nucleotide excision repair, cell cycle regulation and Homologous recombination. The feature of m6Acluster-B is that it is significantly enriched in the process of calcium and neurotrophin signaling pathway, aldosterone regulated sodium reabsorption and endocytosis. And m6Acluster-C is significantly enriched in Toll like and Nod receptor signaling pathway, mismatch repair, and DNA replication. Combination studies have shown that mismatch repair defects and Toll like signaling pathway both lead to higher tumor mutation burden and immune response (38–41). The TME is also related to the response to immune checkpoint block (ICB) therapy. Our research is consistent with the above results. Considering the individual heterogeneity of m6A modification, it is necessary to quantify the m6A modification pattern of a single tumor. In view of that, we have established a scoring system to evaluate the m6A modification patterns of individual rectal cancer patients-m6A gene signature, in order to better guide the treatment strategies of individual rectal cancer patients. The results showed that m6Ascore of m6Acluster-C was the highest, followed by m6Acluster-A and m6Acluster-B. In addition, gene clusters constructed from differentially expressed genes (DEGs) identified from different m6A modification patterns have obtained similar results to m6A modification clusters. We also analyzed the prognosis of the m6Ascore high and low groups and found that the high m6Ascore group has a clear survival advantage. This further shows that m6Ascore is a promising tool, and m6Ascore is a prognostic biomarker for RC.

Tumor mutation burden correlates with immunotherapy response (42), in addition, it has been confirmed that programmed death receptor ligand 1 (PD-L1) interacts with the tumor microenvironment to mediate tumor immune escape. PD-L1 inhibitors are a hot spot in tumor immunotherapy in recent years. They can restore the activity of T cells and enhance the body’s immune response (43). Here we found that m6Ascore, the higher the expression of PD-L1, which means that m6Ascore can guide immunotherapy. It is worth noting that we also found that m6Ascore can be used to assess the clinicopathological characteristics of patients, including survival status, gender, age, and tumor stage. This research provides a new perspective for the development of new drugs and immunotherapy, and brings hope to the precise treatment of clinical malignant tumors, the identification of different tumor immunophenotypes, and the improvement of individualized tumor immunotherapy.

It must be admitted that our analysis also has potential limitations. First of all, our study is retrospective. Therefore, a prospective cohort of RC patients receiving immunotherapy is needed to verify our results. Secondly, the newly discovered regulatory factors need to be incorporated into the model in future research to optimize the accuracy of the m6A modification pattern. In addition, it is necessary to explore a suitable rectal cancer data set to verify the effect of m6Ascores from various clinical aspects, so as to further strengthen our conclusions. In summary, in this study, for the first time, we constructed 23 RNA methylation regulators with rectal cancer as the research object, analyzed the m6A modification patterns of 369 rectal cancer samples, and systematically compared these modification patterns with the characteristics of TME cell infiltration are related to clinicopathological characteristics. This research helps to enhance our understanding of the characteristics of TME infiltration and provides new insights for more effective individualized immunotherapy strategies.
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Supplementary Figure 1 | The expression of 23 m6A regulatory factors in ZC3H13 Wild. (A–W) The upper and lower ends of the box represent a quarter of the value range. The line in the box represents the median value, and the black dots represent the outliers.

Supplementary Figure 2 | Unsupervised cluster analysis of m6A regulatory factors. (A) Consensus matrix legend. (B–I) Consensus matrices of the TCGA and GSE87211 cohort for k = 2-9. (J) The consensus graph of CDF value K=2-9. (K) CDF curve with CDF value K=2-9. (L) CDF value K=2-9 in the tracking plot of the samples.
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Identifier Type of  Patient Phase Drugs Setting Current
NK number status
NCT04990063 Autologous 20 | Natural killer cells (NKs) and gamma delta T cells (T cells) + Advanced NSCLC Active,
chemotherapy recruiting
NCT02843204 Allogenic 109 7l Allogenic NK + pembrolizumab Advanced pretreated NSCLC Completed
NCT02118415 Autologous 90 Il Hsp70-peptide TKD/IL-2 activated, autologous NKs Maintenance therapy, unresectable Suspended
stage Il NSCLC after chemo-
radiotherapy
NCT04616209 Allogenic 24 I Allogeneic PB103 and standard cancer treatment Stage IIB-C/V Active,
recruiting
NCT04872634 Allogenic 24 7] SNKO1 + chemotherapy + cetuximab Advanced NSCLC, pretreated with Active,
TKI recruiting
NCT03656705 CAR-NK 5 | Chimeric costimulatory converting receptor (CCCR)-modified Advanced pretreated NSCLC Enroliing
NK92 cells in previously treated advanced non-small cell lung by
carcinoma invitation
NCT03841110 Allogenic 37 | FT500 (allogeneic, iPSC-derived NK) monotherapy or plus Advanced pretreated NSCLC Active,
pembrolizumab/nivolumab/atezolizumab recruiting
NCT04440735 BIKE 100 | DSP107(SIRPo-4-1BBL) + Atezolizumab Advanced refractory NSCLC Active,
recruiting
NCT04050709 CAR-NK 16 | PD-L1 t-haNK Pretreated solid tumors Active, not
recruiting

The table summarizes the ongoing trials on genetically modified and non-genetically modified adoptive cell therapy with NKs.

NK, natural killer cell: NSCLC, non-small cell lung cancer: TKI, tyrosine kinase inhibitor.
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Identifier

TIGIT
NCT04294810
SKYSCRAPER-
01
NCT03563716
CITYSCAPE-01
NCT04746924

NCT05102214
KIR
NCT01714739
NCT03347123
TIM-3
NCT03708328
NCT03744468

LAG-3
NCT02966548

NCT01968109

NCT03459222
NCT03625323

NCT04623775

NCT04205552

NKG2A
NCT03822351

NCT05061550

Drug

Tiragolumab

Tiragolumab
Ociperlimab
HLX301
Lirilumab
Lirilumab
RO7121661

BGB-A425

Relatlimab
Relatlimab
Relatlimab
IMP321
(eftilagimod alpha)
Relatiimab

Relatlimab

Monalizumab

Monalizumab

Phase

i

i
7

i

7
Il

Study design

Tiragolumab + atezolizumab vs. placebo + atezolizumab

Tiragolumab + atezolizumab vs. placebo + atezolizumab
Ociperlimab + tislelizumab vs. pembrolizumab in PD-L1 > 50%
HLX301 (bi-specific: TIGIT and PD-1) single-arm multicohort
Lirilumab + nivolumab or nivolumab and ipilimumab

Lirilumab + nivolumab + epacadostat

RO7121661 (Bi-specific: TIM-3 and PD-1) single arm dose escalation
phase + expansion cohort

BGB-A425+ tislelizumab multicohort

Relatlimab + nivolumab

Relatlimab + nivolumab

Relatlimab + nivolumab + ipiimumab
Eftilagimod alpha + pembrolizumab

Relatlimab + nivolumab + Chemotherapy vs. nivolumab +
chemotherapy
Relatlimab + nivolumab vs. nivolumab

Durvalumab/monalizumaby/oleclumab
Following chemo-radiotherapy
Durvalumab/monalizumab/oleclumab

Setting

Untreated advanced NSCLC
PD-L1 pos.

Untreated advanced

Untreated advanced PD-L1
pos.

Previously treated solid
tumors

Pretreated solid tumors
Pretreated solid tumors

Advanced solid tumors

Stage III-IV NSCLC PD-L1
positive

Pretreated, metastatic solid
tumors

Solid tumors (I or Il line
NSCLC)

Solid tumors

Ior Il line NSCLC

First-line stage IV NSCLC

Neoadjuvant stage IB-llIA
NSCLC

Stage Il NSCLC

Neo/adjuvant stage IB-llIA
NSCLC

Status

Active,
recruiting

Active, not
recruiting
Active,
recruiting
Active,
recruiting

Completed
Completed

Active,
recruiting
Active,
recruiting

Active, not
recruiting
Active, not
recruiting
Not recruiting
Active, not
recruiting
Active,
recruiting
Active,
recruiting

Active, not
recruiting
Active, not
recruiting

The table shows phase I-lll ongoing clinical trials on new checkpoint inhibitors acting on NK.
NK, natural killer cell: NSCLC, non-small cell lung cancer.
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Cancer

CRC

colon
CRC
CRC

Rectum

Colon

Colon

Stage

T1-2,N0-2MO

T1-T2
T

Tis-TINOMO

locally
advanced(T3/
T4, N+)

Treatment

Surgical resection and/or
chemotherapy

Surgical resection
Endoscopic resection

Mixed (surgery, endoscopy,
chemotherapy, radiotherapy)

Surgical resection with/without
neoadjuvant chemoradiotherapy

Surgical resection with/without
adjuvant chemoradiotherapy

Surgical resection with/without
adjuvant chemotherapy

Incidence
of
PNI(%)

23

34
38

243

38

18.8

significance

PNI is an independent high-risk factor of lymph node
metastasis(LNM); lymph node metastasis rate is
40.7% in PNI-positive patients compared to 19.0% in
PNI-negative patients

PNI negatively influences DFS together with LNM (HR
=3.641, p < 0.001)

PNI is among one of the predictors in the survival
nomogram to predict 1-year, 3-years and 5-years OS

3-years DFS rate is 76.8% in PNI-negative patients
compared to 26.2% in PNI-positive patient

3-years OS rate is 82.8% in PNi-negative patients
compared to 31.0%in PNI positive patients(o < 0.001)

PNI attributes to 32.1% increase of 5-years mortality

5-years DFS is 85.4% in PNI-negative patients
compared to 57.8% in PNI-positive patients(o < 0.001)
5-years OS rate is 76.6% in PNI-negative patients
compared to 53.2% in PNI positive patients(o < 0.001)
PNl is associated with higher risk of disease recurrence
and cancer death(p < 0.001)

08, overall survival: HR, hazard ratio; MMR, mismatched repair defects; DSS, disease-specific survival.

Ref

(Lee et al., 2020; Martinez

Vila et al., 2020; Mo et al.,

2020)

Liu et al. (2020)

Sun et al. (2019)

Skancke et al. (2019)

Leijssen et al. (2019)
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Extrinsic

intrinsic

Nerve Location
Innervation Ascending colon Descending colon Upper rectum Lower rectum
Sympathetic  Thoracic splanchnic nerve  Lumbar splanchric Lumbar spienchric Sacral spinchio
(superior mesenteric nervefinferior mesenteric nervefinferior mesenteric nervefinferior hypogastric:
plexus) plexus) plexus) plexus)
Sensory Pelvic splanchnic nerve:

Parasympathetic  Vagus nerve
Myenteric plexus

Submucosal plexus

Pehic splanchnic nerve.

Method of
denervation

Beta receptor
blockade;

/
MAR blockade

Chagasic megacolon,
BAC treatment;
/

Effect of denervation

Icancer cell profferation and suvival in
vitro; Probably improves CRC patients'
dinical outcome.

Undear

Leancer oell profferation, tumor number
and size n vitro and in vivo.
Ipreneoplastic and neoplastic lesions.
Lrisk of developing colon cancer
Undear
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Cancer type

Gastric cancer

Prostate cancer

Colorectal cancer

Breast cancer

Hepatocellular
carcinoma

Pancreatic cancer

Cutaneous squamous
cel carcinoma

Head and neck
squamous cell
carcinoma

Glioma

Glioblastoma
multiforme

Medulloblastoma

Cervical cancer

Malignant
mesotheiioma

Bladder cancer

Wilms tumor

Cholangiocarcinoma

Lung adenocarcinoma

Ovarian carcinoma

EphB2
expression

Upregulated

Downregulated

Downreguiate;
mutational
inactivation

Upregulated

Downreguiated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Downreguiated

Downregulated
Upreguiated

Upregulated

Upregulated

Related
proteins

DGAT1; ATGL

c-Rel

TGF-B3; p53

TCF1

MMP1;
MMP13

STAT3

miR-204;
miR-128

HIF-2a;
GircMELK;
miR-593;
paxilin

Erk; p38;
mTOR

miR-204

VEGF; MMP-2;

caspase-2;
caspase-8

FAK; paxilin

Involved
signaling
pathways

JAK-STAT
and TP53
signaling

TCF/p-
catenin
signaling

Wit/p-
catenin
signaling

R-Ras
signaling

Associated cellular
process

Promotes migration,
invasion, and inhibits
adhesion

Inhibits cell
prolferation, invasion,
and intracellular lipid
accumuiation
Promotes cell
prolferation,
migration, invasion

Inhibits migration,
invasion

Promotes migration,
invasion

Promotes cell
prolferation,
migration, invasion,
and angiogenesis

Promotes
angiogenesis

Promotes migration,
invasion, and inhibits
adhesion

Promotes cel
proliferation,
migration, invasion

Promotes migration,
invasion, and inhibits
adhesion

Promotes cell
prolferation,
migration, invasion

Promotes cell
proliferation,
migration, invasion,
and inhibits apoptosis

Inhibits cell
proliferation, invasion

Promotes migration

Clinicopathological
features

Poorer overall survival

Lymph node metastasis, advanced
T stage, poorer histological
differentiation, poorer overall
survival

Higher histological tumor grade,
poorer differentiation, poorer overall
sunvival and disease-free survival

Poorer overall survival and disease-
free survival

Poorer overall survival and disease-
free survival

Lymph node metastasis, higher
degree of pain, poorer overall
survival

Poorer overall survival

Higher tumor grade

Poorer overall survival

Metastasis

Advanced tumor stage, higher
tumor grade, metastasis

Metastasis

Poorer overall survival and disease-
free survival

Poorer overall survival

References

Kataoka et al. (2002);
Yin et al. (2020)

Yuetal. (2011)

Huusko et al. (2004);
Morales et al. (2021)

Liu et a. 2019)

Batlle et al. (2002);
Guo et al. (2006); Fu
etal. (2009); Senior
etal. (2010)

Wu et al. (2004); Lam
etal. (2014); Husa
etal. (2016)

Leung et al. (2021)

Lu et al. (2012); Chen
etal, (2019)

Farshchian et al.
(2015)

Sato et al. (2019)

Nakada et al. (2004);
Lin et al. (2013); Ying
etal. (2013)

Qiuet al, (2019); Zhou
etal, (2021)

Skkema et al. (2012);
Bhatia et al. (2017)

Geoetal. (2014); Duan
etal. (2018)

Goparaju et al. (2013)

Lietal. 2014); Lee
etal. (2021)

Cheteuti et al. (2011)

Khansaard et al.
(2014)

Zhao et al. 2017)

Wu et al. (2008)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		TUMOR MICROENVIRONMENT SIGNALING NETWORKS IN PATHOPHYSIOLOGY AND THERAPEUTICS



		Editorial: Tumor microenvironment signaling networks in pathophysiology and therapeutics



		Author contributions



		Conflict of interest



		References









		Characterizing Intercellular Communication of Pan-Cancer Reveals SPP1+ Tumor-Associated Macrophage Expanded in Hypoxia and Promoting Cancer Malignancy Through Single-Cell RNA-Seq Data



		INTRODUCTION



		MATERIALS AND METHODS



		Data Collection



		Single-Cell RNA-Seq Data Processing



		Cell Type and Subtype Annotation



		Evaluation of Developmental Trajectory of Myeloid Cells



		Definition of Gene Signature Scores Involved in Cell-Specific Function



		Gene Signatures of SPP1+ Tumor-Associated Macrophage Cluster



		Cell–Cell Interaction Analysis



		Survival Analysis



		Cell Culture, RNA Isolation, and qPCR



		Wound Healing Assay



		Cell Invasion Assay



		Cell Viability Assays



		Hypoxia Treatment of THP-1-Derived Macrophages



		Statistical Analysis









		RESULTS



		Global Cellular Landscape of Six Cancer Types Revealed by scRNA-Seq Analysis



		Hypoxia Score of Cell Subtypes in Stromal Cells, Myeloid Cells, and T Cells



		Transcriptional Heterogeneity of Malignant Cells and the Association With Hypoxia



		Crosstalk Between Stromal and Myeloid Cells and Cancer Cells



		Tumor-Associated Macrophages Potentially Promote Epithelial–Mesenchymal Transition of Cancer Cells



		SPP1 Is Upregulated in Hypoxia Tumor Microenvironment and Associated With Poor Prognosis



		Hypoxia Potentially Affecting the Biological Characteristics and Functions of Different Tumor-Infiltrating Cell Types









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Identification of a Five Autophagy Subtype-Related Gene Expression Pattern for Improving the Prognosis of Lung Adenocarcinoma



		Background



		Materials and Methods



		Data Collection and Validation of Differentially Expressed ARGs in LUAD



		Validation of 28 Significant ARGs Using Quantitative Reverse Transcription-Polymerase Chain Reaction



		Functional Enrichment Analysis



		Establishment of the Risk Model Based on Prognostic ARGs in LUAD



		Correlation Analysis Between ARGs and Clinicopathological Variables in LUAD



		Validation of Prognostic ARGs in LUAD



		Exploration of the Immune-Related Mechanism of Sphingosine Kinase 1



		Statistical Analysis









		Results



		Identification and Functional Enrichment Analysis of Differentially Expressed ARGs in Lung Adenocarcinoma From Cancer Genome Atlas Database



		Identification of 2 Clusters Using Consensus Clustering and the Differentially Expressed Genes Shared Between These 2 Clusters in Lung Adenocarcinoma



		Establishment of the Risk Model Based on the Autophagy-Related Genes and Differentially Expressed Genes Between Cluster 1 and Cluster 2 to Improve the Prognostic Prediction of Lung Adenocarcinoma



		Validation of the 28 Differentially Expressed Autophagy-Related Genes Expression Pattern and Prognostic Value of the Risk Model Using Quantitative Reverse Transcription-Polymerase Chain Reaction and an Independent Cohort



		Survival Analysis of the Autophagy-Related Genes Expression Pattern and Clinicopathological Variables in Lung Adenocarcinoma



		Correlation Analysis Between Autophagy-Related Genes and Clinicopathological Variables in Lung Adenocarcinoma



		Validation of Five Autophagy-Related Genes Expression Levels and Their Relationship With Overall Survival in Lung Adenocarcinoma



		SPHK1 Expression Level and its Associations With Overall Survival and Tumor Infiltrating Lymphocytes



		Associations Among Overall Survival, Somatic Copy Number Variation of SPHK1 and Tumor Infiltrating Lymphocytes Levels









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Chronic Stress: Impacts on Tumor Microenvironment and Implications for Anti-Cancer Treatments



		Introduction



		Features of TME Under Chronic Stress



		Immune Cells



		Cytokines



		Angiogenesis



		Epithelial-Mesenchymal Transition



		Extracellular Matrix



		Metabolism









		Mechanisms for TME Alterations Under Chronic Stress



		Chronic Stress Influents Anti-Cancer Therapy



		Chemotherapy



		Immunotherapy



		Molecule-Targeted Therapy









		Anti-Cancer Treatments and Interventions Targeting Chronic Stress



		β-Blocker



		α-Blocker



		Stress-Reducing Interventions



		Others









		Discussion



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		The Expression of Programmed Death Ligand 1 and Vimentin in Resected Non-Metastatic Non-Small-Cell Lung Cancer: Interplay and Prognostic Effects



		Introduction



		Materials and Methods



		Study Design



		Patients



		Immunohistochemistry



		Statistical Analysis









		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Publisher’s Note



		Acknowledgments



		Abbreviations



		References









		Osteoblasts Promote Prostate Cancer Cell Proliferation Through Androgen Receptor Independent Mechanisms



		Introduction



		Materials and Methods



		Prostate Cancer Cell Line



		Primary Human Osteoblasts



		OBs-C4-2B Cell Co-Cultures



		Real-Time PCR



		Microarray



		Western Blot



		AR Luciferase Activity Assay



		Cell Cycle Analysis



		Proteomic Assay



		Statistical Analysis









		Results



		Osteoblasts Modulate CRPC Cell Gene Profile



		Soluble Osteoblast Factors Inhibit AR and Promote CRPC Cell Proliferation



		Analysis of Osteoblast Secretome Identifies MMP-1 as a Key Mediator of CRPC Proliferation AR Independent









		Discussion



		Data Availability Statement



		Author Contributions



		Supplementary Material



		References









		Heterogeneous Pancreatic Stellate Cells Are Powerful Contributors to the Malignant Progression of Pancreatic Cancer



		1 Introduction



		Article Category: Review



		Differentiation Mechanism of Myofibroblastic and Inflammatory PSC



		How Do Cancer Cells Activate PSC?



		The Driving Mechanism of PSC Differentiation Into Myofibroblastic and Inflammatory Subtypes









		The Function of Myofibroblastic and Inflammatory PSC



		Myofibroblastic PSC Mediate Characteristic Desmoplasia in Pancreatic Cancer



		Interstitial Hypertension Dominated by Inflammatory PSC Is a Natural Protective Barrier for Pancreatic Cancer



		Inflammatory PSC Lead to Malignant Inflammation of Pancreatic Cancer









		Author Contributions



		Funding



		Publisher’s Note



		References



		Glossary









		An Overview of the Role of Mechanical Stretching in the Progression of Lung Cancer



		Introduction



		Physiological and Biomechanical Characteristics of the Lung



		Pathological Changes of Lung



		Association Between Mechanical Stretching of the Lung and Lung Cancer



		Studies on Cell Mechanics Involving Lung Tissue Cells



		Studies on Cell Mechanics on Lung Cancer Cells



		CAFs and Studies on Cell Mechanics









		Concluding Remarks and Outstanding Questions



		Author Contributions



		Funding



		Publisher’s Note



		Abbreviations



		References









		Identification and Comprehensive Prognostic Analysis of a Novel Chemokine-Related lncRNA Signature and Immune Landscape in Gastric Cancer



		Introduction



		Results



		Identification of Chemokine-Related lncRNAs



		Construction and Validation of the Risk Model



		Inner Validation of Risk Model



		Independent Prognostic Value of the Risk Model



		Association Between the Risk Model and Immune-Related Pathways



		Correlation Between the Risk Model and Immune Infiltration Cells



		Clinical Value of the Risk Model in Immunotherapy



		Correlation Between the Risk Model and Tumor Mutation Burden



		Expression Validation of Ten lncRNAs in Our Risk Model









		Discussion



		Materials and Methods



		Data Acquisition and Processing



		Acquiring of the Prognostic Chemokine-Related lncRNAs



		Establishment of the Risk Model



		Validation of the Risk Model



		Independent Prognostic Value of the Risk Model



		Correlation Between the Risk Model and Immune-Related Pathway



		Evaluation of Immune Cell Infiltration



		The Clinical Value of the Risk Model in Immunotherapy



		Correlation Between the Risk Model and Tumor Mutation Burden



		Human Tissue Samples Collection, RNA Isolation and Quantitative Real-Time PCR



		Statistical Analysis









		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		A Prognostic Risk Score Based on Hypoxia-, Immunity-, and Epithelialto-Mesenchymal Transition-Related Genes for the Prognosis and Immunotherapy Response of Lung Adenocarcinoma



		1 Introduction



		2 Materials and Methods



		2.1 Data Acquisition



		2.2 Screening of Differentially Expressed Hypoxia-, Immunity-, and EMT-Related Genes



		2.3 Functional Exploration of DEGs



		2.4 Construction and Verification of the Risk Model



		2.5 Selection of m6A, m5C, m1A and m7G Genes



		2.6 Differential Analysis of Immune Cell Infiltration, Immune Function, and Immune Checkpoint Function and the Validation of Immunotherapeutic Responses



		2.7 Predicting Anti-Cancer Drug Response



		2.8 Statistical Analysis









		3 Results



		3.1 Differentially Expressed Hypoxia-, Immune-, and EMT-Related Genes



		3.2 Functional Analysis of Hypoxia-, Immune-, and EMT-Related DEGs



		3.3 Predictive Ability of the Risk Score



		3.4 Stability of the Risk Score Formula Constructed Using Hypoxia-Related Genes



		3.5 Subgroup Analysis Using the Risk Score Formula



		3.6 Functional Analysis



		3.7 Tumor Stemness Analysis and Gene Mutation Landscape



		3.8 Expression of m6A, m5C, m1A and m7G Modification-Related Genes



		3.9 Analysis of Immune Status



		3.10 Analysis of Anti-Cancer Treatment Sensitivity









		4 Discussion



		5 Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		The Roles of EphB2 in Cancer



		Introduction



		The Biological Features of EPHB2



		Forward and Reverse Signaling



		EPHB2 in Various Human Tumors



		EphB2 in Gastric Cancer



		EphB2 in Prostate Cancer



		EphB2 in Colorectal Cancer



		EphB2 in Breast Cancer



		EphB2 in Hepatocellular Carcinoma



		EphB2 in Pancreatic Cancer



		EphB2 in Squamous Cell Carcinoma



		EphB2 in Gliomas



		EphB2 in Cervical Cancer



		EphB2 in Malignant Mesothelioma



		EphB2 in Bladder Cancer



		EphB2 in Other Tumors









		Prospects and Conclusion



		Author Contributions



		Publisher’s Note



		References









		Nerve Dependence in Colorectal Cancer



		Background



		Nerves in Colorectal Cancer



		Histopathological Changes of Nerves in CRC



		Denervation Studies









		Underlying Mechanisms of Perineural Invasion



		Neurotrophic Factors



		Neurotransmitters



		Adhesion Molecules









		Concluding Remarks



		Author Contributions



		Funding



		Publisher’s Note



		References









		Bioelectric Dysregulation in Cancer Initiation, Promotion, and Progression



		Introduction



		Bioelectricity and Endogenous Electric Fields – An Overview



		Bioelectricity in Cancer Processes



		Ion Channels and Cancer



		Calcium Channels



		Sodium Channels



		Potassium Channels



		Chloride Channels



		Piezo Channels









		Cancer Initiation and Promotion



		The Tumor Microenvironment



		Cell Migration and Metastasis









		Applications



		Current Devices, Materials and Technologies



		Detection of Bioelectric Properties



		Manipulation of Bioelectric Properties









		Extracellular Vesicles and Electricity









		Conclusions



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References









		Update in TIGIT Immune-Checkpoint Role in Cancer



		Introduction



		Overview Of TIGIT Structure and Ligands



		TIGIT Pathways and Immune Cells Involved



		TIGIT In Cancer Progression



		Therapeutic Strategies Targeting TIGIT Immune Checkpoint Expression



		Efficacy And Toxicity of Anti-TIGIT Immune Checkpoint Therapy



		Challenges and Conclusions



		Author Contributions



		Funding



		References



		Glossary









		Targeting the Tumor Microenvironment: A Close Up of Tumor-Associated Macrophages and Neutrophils



		1 Introduction



		2 Myeloid Cells in Tumors



		3 Neutrophils



		3.1 About Neutrophils



		3.2 The Controversial Role of Neutrophils in Cancer



		3.3 Neutrophils Interference With Anti-Cancer Therapies



		3.4 Current Strategies to Target Tumor-Associated Neutrophils









		4 Macrophages



		4.1 About Macrophages



		4.2 The Controversial Role of Macrophages in Cancer



		4.3 Macrophages Interference With Anti-Cancer Therapies



		4.4 Current Strategies to Target Tumor-Associated Macrophages



		4.4.1 CSF1 Inhibitors



		4.4.2 CCL2/CCR2 Inhibitors



		4.4.3 CD47 Antagonists



		4.4.4 CD40 Agonists



		4.4.5 PI3K



		4.4.6 TREM



		4.4.7 TLRs















		5 New Relevant Targets



		6 Concluding Remarks



		Author Contributions



		Acknowledgments



		References









		Overcoming Resistance to Checkpoint Inhibitors: Natural Killer Cells in Non-Small Cell Lung Cancer



		1 Introduction



		2 Natural Killer Cell Phenotype and Biology



		3 Natural Killer Cells in Non-Small Cell Lung Cancer and Modulation by the Tumor Microenvironment



		3.1 Decidual Natural Killer Cells



		3.2 Activating and Inhibitory Receptors



		3.3 Alterations of Natural Killer Cell Metabolism









		4 Natural Killer Cells as a Potential Predictive Biomarker for Immunotherapy in Non-Small Cell Lung Cancer



		4.1 Natural Killer Cells and Anti-PD-1/PD-L1



		4.2 Natural Killer Cells and Anti-CTLA-4









		5 Natural Killer Cells as a Target of New Therapeutic Strategies



		5.1 Inhibitors of Natural Killer Cell Receptors in Non-Small Cell Lung Cancer



		5.1.1 Anti-KIR



		5.1.2 Anti-NGK2A



		5.1.3 Anti-TIM-3



		5.1.4 Anti-LAG3



		5.1.5 Anti-TIGIT









		5.2 BiKEs and TriKEs



		5.3 Adoptive Natural Killer Cell Therapy



		5.3.1 Non-Genetically Modified



		5.3.2 Chimeric Antigen Receptor–Natural Killer Cells















		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References









		m6A Regulator-Based Methylation Modification Patterns Characterized by Distinct Tumor Microenvironment Immune Profiles in Rectal Cancer



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Collect and Organize of Expression Datasets Obtained From Public Databases



		Consensus Molecular Cluster Analysis of Twenty-Three m6A Regulators



		Gene Set Variation Analysis (GSVA) and Gene Ontology (GO) Kyoto Encyclopedia of Genes and Genomes (KEGG) Annotation



		Estimation of m6A Modification Pattern in Immune Cell Infiltration



		Screening of m6A Differentially Expressed Genes (DEGs)



		Construction of the m6Ascore



		Statistical Analysis









		Results



		Genetic Variation of m6A Regulators in Rectal Cancer



		The Relationship Between the High and Low Expression Groups of 23 m6A Regulators and the Overall Survival of Rectal Cancer



		m6A Methylation Modification Patterns Mediated by 23 Regulators



		Characteristics of m6A Modification Mode



		m6A Phenotype-Related DEGs in Rectal Cancer



		Construction and Application of m6Ascore



		The Role of m6Ascore in Predicting Immunotherapeutic Benefits









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References























OPS/images/fcell-09-749210/fcell-09-749210-g002.jpg
Il Hypoxia I BN W Hypoxia
A B -_—gcg IType -_-cg IType 9
S100A8 m S100A8  Hypoxia_score
S100A9 | S100A9 High
Interferon gamma response " ] I IL1A IL1A P
IL1B IL1B S
IL6 IL6 §
0.4 - 2 cxcLe CXCL9 Low £
CXCL10 CXCL10 =
0.0 - CXCL11 CXCL11 I
. TREM1 TREM1 z B
-04 - O ccL2 O CD163 )
= WicD183 ¢ SEPP1
SEPP1 ~ APOE 5
Inflammatory response .~ APOE MAF CellType )
N I MAF IL10 Antiinflammatory TAMs
0.4 1 IL10 SPP1 DC
U ! SPP1 MMP9 Proinflammatory TAMs
0.0 DANIFS CCDC50 TAMs
CCDC50 IRF7 ~ Unknown
IRF7 IRF8
_0.4 T T T IRFB CD1C
SV & FCER1A FCER1A
< < CLEC10A CLEC10A
I MRCH 16 02 453
3105 42 6 Hypoxia
— L o CellType
ETE = B Hypoxia . m Hypoxia S100A8
o mmio CeliType Hypoxia o oo cellType S100A9
= - S100A8 = CellType S100A8 IL1A
- 77. S100A9 S100A8 S100A9 |L1B
F L B IL1A .~ S100A9 .. N TRY L6
: I IL1B IL1A B L1B CXCL9
IL6 IL1B IL6 CXCL10
i . |CXCL9 . IL6 CXCL9 CXCL11
CXCL10 CXCL9 CXCL10 CcD163
CXCL11 CXCL10 O CXCL11 SEPP1
Q CCL2 a1 < B B CD163 3 APOE
= &
.-l CD163 B ccL c Ul SEPP1 n MAF
j SEPP1 CD163 APOE IL10
APOE SEPP1 ' MAF
MAF APOE - ||_10 =P
J. IL10 MAF m — MMP9
SPP1 IL10 CLEC4C
TS W sPP | B L CCDC50
CCDC50 B RF7
CLEC4C L MNES IRF7 IRF8
IRF7 1 II IRF7 IRF8 cD1C
] IRFE | IRF cD1C CD207
CD1C HEE FCER1A FCER1A " FCERI1A
FCER1A CLEC9A CLECO9A CD1A
1402 7232 58 183 024 T 3 231 60 45 620 541 3
C
BC CRC SCC
+ M-S1 * M-$1
b T ! : m:gi Pseudotime
+ M-S3
. * Mon-S7 max
min
D
BC CRC LC
Cytotoxicity Exhaustion Cytotoxicity Exhaustion Cytotoxicity Exhaustion

R= 011p 3e-14

R=0.34,p<2.2e-16

1R= 0067 p 24e—07

R=0.37,p<2.2e-16

w

R= 0 054 p,-r 8 1e—06

R=0.32,p<2.2e-16

04. qo——— 1w e 1
-04 00 04 08 -04 00 04 0.8
oV
Cytotoxicity Exhaustion Cytotoxicity Exhaustion Cytotoxicity Exhaustion
20{R =:°-°7'1, F.L.= _0-091 R=0.19,p=3.6e-06 |, ,/R= 0.071':.-?:; 0064, |[R=0.46 p<22e-16 | *]R=-0.088, P=0.055 |1 R=0.39, p<22e-16
: ' t&-fﬂﬁhﬁi’ 2
1.0 ‘ -:;5‘:’:#
0.5-""' —roteil " RTS8
| O 0.01... ,..:..,._.:...m _ 11 DA
-04 00 04 -04 00 04 -08 -04 00 04 08-08-04 00 04 08 -05 0.0 05 -05 00 0.5
Hypoxia Hypoxia Hypoxia






OPS/images/fcell-09-797341/fcell-09-797341-g007.gif





OPS/images/fcell-09-749210/fcell-09-749210-g003.jpg
1.5
Hypoxia I 1

Glycolysis 0.5
DNA repair |
G2M checkpoint 0
E2F targets 05
MYC targets v1 R
MYC targets v2 = _4
EMT 9 e

Angiogenesis
WNT B catenin signaling
Notch signaling
Hedgehog signaling
Inflammatory response
Interferon y response
TGF B signaling

TNFa signaling via NFkb

| ﬂ Ll
230514 102 23540617 0421

CRC LC oV PDAC SCC






OPS/images/fcell-09-797341/fcell-09-797341-g008.gif





OPS/images/fcell-09-749210/cross.jpg
3,

i





OPS/images/fcell-09-749210/fcell-09-749210-g001.jpg
BC

Average marker gene expression

B/plasma cells Endothelial cells Epithelial cells Fibroblasts Mast cells Myeloid cells T/NK cells Seurat clusters

-~ e g T R g" ;
&

CRC

e

LC

ov

PDAC

SCC






OPS/images/fcell-09-749210/fcell-09-749210-g006.jpg
SPP1 expression

CRC LC oV PDAC SCC
Fkdkk ek dedekk dede sk *RkK®
I 1 I 1
I 2
6 =
8 . -
2 & &
° [
4 - s o -
) ]
9 H I l
2- @
3 $
® @ ® L o
0=
Tissue Normal == Tumor
ACC CESC GBM LGG LIHC LUAD
100% —
75% p = 0.0011
= SPP1 High
Hiles = SPP1 Low
25%
- p=0.011 p=0.032 p < 0.0001 p =0.0025 p = 0.0064
0
50 100 150 0 50 100 150 200 0 10 20 30 40 50 0 50 100 150 200 O 30 60 90 120 0 50 100 150 200

Probability of survival

Survival in months

v O O b Q e | e
T FSISPIEE I TE LS E SR O F S
P IR e S R N S e S I R e S S P I
BC ov PDAC E
' *kkk I Fhkk I 8 . I Jedkkdk | 2 . 5 -
1 c
6' 6 6. '9 — 2.0 -
3 [
4 . ¢ 2
. " £ g
s 0
S 2. 2. 2' g %
m e
@ 0. 0. 0! ﬁ&
-3 CRC LC scc
) o o 8' i
3 | - e
& 6 6. R
4. 4] 2 i s
2 . 2 | > 46
(3]
c
0 - 0, = - 0. -“_ %
* & & R _ S 45
& & R & 2 5
Q°+ ot Qo"' AP Q°+ & S
D N J & N & B4
2
g 4.3+
X
(«}]
a
(o
N

06 03 0
.

SPP1 expression

SPP1+ TAM score

-0.3 -0.6
-

Spearman R

@ Normoxia
@ Hypoxia

Group ' Normoxia F3Hypoxia

GSE4630
*
*
=
Normoxia Hyp'oxia

Group





OPS/images/fcell-09-797341/fcell-09-797341-g003.gif





OPS/images/fcell-09-749210/fcell-09-749210-g007.jpg
Signaling by Interleukins .
Post-translational protein phosphorylation.
Neutrophil degranulation.

Interleukin-4 and Interleukin-13 signaling .
Interleukin-10 signaling -

Hemostasis .

GPCR ligand binding .

Degradation of the extracellular matrix .
Chemokine receptors bind chemokines .
Cellular responses to stress.

Cellular responses to external stimuli .

@ [¢] [E]

Glycolysis .

[e] [s] @] [¢] » (@] [e][9][<] [@]
AEEOH - -@EE O
HE O HEEE

e - HEEOEE]
Clcl@e] [@ - [¢ - [¢]
-[®] [e][®] [®] [¢]

LC oV PDAC

o)
O
O
m-
O
w
2]
O

-log10(QValue)

|:| QValue < 0.05

Interm percentage

15
10

B Cell Cycle:
Extracellular matrix organization
Keratinization ;

Hemostasis 1

Glycolysis 1

Signaling by Interleukins ;

Collagen formation

Interleukin-4 and Interleukin-13 signaling 1
Degradation of the extracellular matrix
Collagen degradation 1

Activation of Matrix Metalloproteinases:
Interleukin-10 signaling 1

RHO GTPase Effectors;

Cell surface interactions at the vascular wall ;
Integrin cell surface interactions 4
Transcriptional Regulation by TP53 1

O

o
(3]

10 15
-log10(QValue)

N
o

LC ov PDAC

SRS D ED S EA NGB 4 N0 YN

PN AONALNNY

Interleukin-10 signaling

Clinical stage
-Average hypoxia score

Hypoxia
Glycolysis 0.8

Angiogenesis

Myeloid cells Cancer cells

T cells

BV ARGV AP EREAE R PP PV}

Values

WNT B catenin signaling 0.5
NOTCH signaling 0.4
EMT . i 0.2
Hypoxia

Glycolysis 0

M2 Macrophage Polarization
Pro inflammatory

Anti inflammatory

ECM remodeling

SPP1 expression

Hypoxia Stage
Glycolysis I
Exhaustion Bl HI
Cytotoxicity Y

LAG3 expression





OPS/images/fcell-09-797341/fcell-09-797341-g004.gif





OPS/images/fcell-09-749210/fcell-09-749210-g004.jpg
LC

p

TR i a1l
e P e+ e & 2 e+ L] - S o —
- @ - ®® - |1SDOlos-uop mH - 9oTa® & om“o_hwwwm__.ma
- 9@ - - - - - - €SOlLS-IN = - °°° o Y ZN
-0@®- - - - - ® - [2SOlLSIN 0 O O
0@ - - - - @0 - |1SOlsI o - 0000000 - - 000 - - O9sOlSW o = 2 8 5
@@ - - - £solss-n - 0000 - - - ®:- - - - - - -lssolzsm ] S @ < &
T YT LY ® - lzsolss-n . ® ‘000 - - - - ®: - - - - -l¥solzsi QS =g o [ (<
.”. ..... 00 - mMWwM-ﬁ . 00 000 - - - - - ®® - - - -|lesolzsm ¥ g S P S o | o o,
- 0@ - - - - - - 3 .- 0000 - - - - - - - - c B o B K/
- 90 - - - .. @ - [zsolesn . @ - .“” ....... Q —_ i, £ 2 4 S 4 \v
LSOILS-IN — S © | o
.“‘ ++ - @@ - [1SOlESN e e 0000 - - 0060 - - - }9SOIYSIN g L ©
k.. Sl % €S0 Nw|_>_ i W N D ®: - - - -lssolvs-n o > o
& -+ - @ -2SOIZS-N SR ®: - - - - -}vsolvs-n »w Q °|© i
L] [ ] © & [ ] . . . e 0
.“.. MMWWM-& ¢ & % W .” £S9lvs-IN o R 2
. 5 S0 ¢ & &5 ® - lzsolrsw EEEEEEE R s & e« o« « }ZSOIYS-IN m 14
. e@- - - - @@ -l1solis .o .....’ ......... —.mva-S_ m M
..... ®: ¢ - - -}esolysd . - 900 - - @9SOIESN € &J@
..... A o 0000 @ - -+ - - -}5SOlESN N @
® - [ZSOl¥sd ® - -000 - o o
..... e« + + + @ -}LSOlPsd ® oo o o @ oo o < IPSOIESN =4 nw.
....... e - . . }besolesH -9 - 000 - - - - - 00O - - -}ESOIESN M -
......... ® - lzsolesH ® - 0000 - - - - - - ® - - - -|CSOIESN I M ™
e - @ - -@-F1SOlesH ®: - 000 - - - - - « ¢ + + + pISOIES-N e I~ -9
..... 00 - - -}esolzsd ‘@9 - 0000000 - - 000 - - O}9SIIISN S ™ =
...... ® - - -|lzsolzs3 ® 0000 - - - O - - - - - -|SSOlISW E -
...... ®: - - -}lisolzs4 ‘@ - 000 - - - - ©®: - - - - -}PSOlIS N %m
..... @@ - - -[£SOlisd - 00 - 000 - - - - - @@ - - - €SOSSN &2 o
...... ®: -0 -lzsolisH Q- 0000 - - - - - - @®- - - -|ZSOlSN = S
...... ®: -0 LsSoliLs4 ®:- - 000 - - - - - - - - - - - LISOlISN i
....... ® - - -}€SOlopuz N EN KN EECEEEEEEEEN I I I | EiSellsE)
....... ° . Z2solopu3z ... « + e s s« s« s s« « «}GSHISH
I ®® ®! Lsolopu3 c @ @ e e Lt¥8OISS O )
rIIINTETE IO 0 C @@ . - @@ - fesolsd
mmDmmmDmMHMﬁu % - 90 -®: - - -+ -+« -@-}zsols4
L_SC_C_MWMC_S_WW - - 9-®:- - - - i 3 e s 1S9ols4
mEe~g " Conwz - 9000 -0 -0 - @9sdlopu3 * g
LmN_WNHooAAT_A. ..'... & ... « o+ s+« s« o kGSO|OPUT e oo a . .
2_G WCAMH mNH__ . ..... c e s o e e s s o « «}PpSOlOpUT BTy A e 2\, . i i :
HL WF mD e s e ..o.o'o C— .. ooooo ﬂwoou—-—m < " - . . - .
e Y T XX I « « « « « «}zSOlOPUT S8 . Jd 9 il * -
W Y B e « « « « <« }1SO|Opuz Oﬂm..ll ._u_.. %M. &
= @ - 000000 - - 000 - - ©}9S0/9s-00 e .. 4 € o . .
ysuop |- © - 000O - - - - @ - - - - - §S2[9s-0a e~ = c 2
yjsuop |- @ - OO@ - - - - c@ . . ... ¥solas-oa Exe omocms e mM t &
SN |9 - 000 - - - @@ - - - -}€s2les-0a g4 © 5 AL
mm-ﬁ “.““” Y TR Nmo_wm-oo o> .m. 23
- " ® ‘000 - - - - - - .« « « < }b1SOlos-0a »wa .
LS-IN - @ - O- 00000 - 900 - - ®}9sOlss-oa ENNMNaO N @S YNOeNWE @ B @ Iy &
00 9@ - mmw“mmu - 0-00-@®- - - -@- - - - -}550I§5-00 RERER G REREREFEF ®H ¥ F &8 &
..... 6. - - -lzsolol "9 - @®: - -@- - -+ «l¥solss-oa sjabie) jz LA s)abue) a4 LVYZO1S
..... 88 s lLe--0-@- - - .- .00 - - -|tsOlss0a
..... o0 - 00 - - - 9-00-@®- - - - - - -@- - - -12S0lss-0a
¢Solesd @ @0 @ -+ - - lss- .
----- .. -.- - « kLSOIESH =+ 0o+ o+« 1SDISS-0d * wmellees o L
....... .“.“. - - }bzsolzs4 : “ : .““” r e .' 000 - O WMW MM-WM wX... )
........ - - - - FwONmm o . L] o - . - . . L] - . . L
....... ‘.... - tzsolis4 . . . . ... s s s s s s os e os s o = MPSOIZS DA O  © semmssecefe o d ™ 0 * .
........ ®@ @ -:-lisoisa |-@--000:- - - - -00 ¢solzs-oa o @~ ___ o3 S« -
- - @00 - ‘9O00Oizsooru |- © - 0000 - - - - - - - @® - - - -lzsolgs-oa m P 1 §« o2
---...Iﬂ---“- ISOlopu3 -9 000 - - - - - - - . .- 1LS9lzs-2a xg x g R%
- . - - — - n * @SS e @ L L
PP PR LT I I N PR NE Y 35 =i 58
rQuoQzZuouwla ORLLEOT-ploRogduagrp XA =N Eo Ew
OO -HOFEOXOI00EQ ONzZonLE N0OO0O0OSKFEZ0OREO < L &AL s L
Lidle'dn'© <5 T I 5 I L g o o T Z 2z a8 0
2ol X3P | bl - A o o M R < o > o> o >
voan O 7] I < Ira I I<T
ELPB | _FDFL99 PTF1BFPLP3 lgPoOoNs g 10 SDn omeessee o o o Spoo " a
HBAD|nF1ANGMGABS PLGPFNOHA19A.1SPM5AO = ™ -
Tohnl ’E~ oz DTWEOFSn $8-hIda EBO Ws B mB e 8 % e & = 8 %
i WM LGM >FFoa® FN_WBMM. M_M © © © @ @ © © © 9 @9
= -9 _&. % _mm_m_mLH = 1¥S3 Aj1e3 asuodsay uabouaysg aje] asuodsay uabouysy
LL L [TT]
= = m
= -

1.0 1.5 2.0
IGF1R

0.5

0.0





OPS/images/fcell-09-797341/fcell-09-797341-g005.gif
7774

i e






OPS/images/fcell-09-749210/fcell-09-749210-g005.jpg
Spearman R

Relative expression

Invasion cells per field

(Fold Change)

TNFRSF12A

Angiogenesis

Epithelial mesenchymal transition
Glycolysis

Angiogenesis

Epithelial mesenchymal transition
IL6 JAK STAT3 signaling

TGFB signaling

TNFA signaling via NFKB

300 - "
*kkk
200 -
100 -
0 T
&
&
P
4 -
—_ @ cnontrol
3 . . TNFSF12-treated

CS2

CRC LC
0.5 | Spearman R=0.372 Spearman R=0.761
pVal=2.544e02 o y pVal=2.830e-02 y
0.3
0.2
0.1
0.0 o 0 & [ ]
00 01 02 03 04 000 025 050 0.75
M-S3 M-S2
1000000 - -
(4]
Q
© 800000 -
c Fkdek
e
T 600000 -
.9 %%k ke
£
= 400000 -
-
©
S 200000 -
o
0 -
U
(;60 ‘.OQQ\ g é('\
P «Q

Relative expression
(Fold Change)

{1 Control
[ SPP1-treated





OPS/images/fcell-09-797341/fcell-09-797341-g006.gif





OPS/images/fcell-09-781828/fcell-09-781828-t002.jpg
Cell type

Human embryonic lung
fibroblast MRC-5

human lung fibroblasts

human lung fibroblasts

Mouse fetal lung fibroblasts:
wild-type and EGFR
knockout

Mouse fetal lung fibroblasts

Mechanical stretching

Flexcell FX-5000; mechanical tensile stimulation
continuously for 48 h (0.1Hz; Sine waves, stretching
amplitude of 5, 10, 15 and 20%)

Strex ST-140; uniaxial tension (strain 10-30%); 30
cycle/min for 10 min

Flexercell FX-4000; 0.2 HZ, maximum elongation
10%, 24 or 48 h of cyclic mechanical strain

Flexcell FX-4000; equibiaxial cycic strain of 2.5% or
20% was applied at 40 cycles per min intervals
for 48h

A 2.5% stretching scheme was selected to simulate
physiological stretching and 20% to simulate injury

Flexcell FX-4000 Strain Unit; 20% cydlic stretch, 40
cycles/min for 48 h

Results

Mechanical stimuation of 5% stretching increased cell
proliferation. However, it had no significant effect on
expression levels of TGF-p1 and collagen. Mechanical
stimulation with 10% tensile force inhibited cell
proliferation but increased expression levels of TGF-p1
andtypel collagen. 15 and 20%, with significantly larger
effects

Mechanical stretching induces calcium influx and
releases ATP independently of conventional stretch-
sensitive ion channels, known as actin cytoskeleton
The MRNA expressions of COL1A1, COL1A2,
COL3A1, COL5A2 and Tenascin C were decreased.
Cyclic mechanical loading on primary human lung
fioroblasts for 48 h reduced the expression of fibrosis-
related genes. Myofibrobiast differentiation is reduced
under these conditions. cyclic mechanical loading
decreased the expression of endogenous TGF-B1
Traumatic stretch (20% stretch) resuls in lactate
dehydrogenase release at the same level in wild-type
and knockout cells. EGFR does not alter the mechanical
properties and damage resistance of fetal fioroblasts
exposed to mechanical stretching

20% stretching increased lysed caspase-3 and
decreased proliferating nuclear antigen only in wild-type
cells. 20% stretching increased macrophage
inflammatory protein-2 and monocyte chemotactic
protein-1 in wild-type cels. In knockout cells, miP-2
was reduced by 50% and McP-1 increased by only
60% compared to physiological stretching

After 24 h, LDH levels had increased by 50%. After 48 h
mechanical stretching, fibroblast lysis increased

References

Xie et al. (2020)

Murata et al. (2014)

Blaauboer et al. (2011)

Giordani et al. (2013)

Hawwa et al. (2011a),
Hawwa, et al. (2011b)
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Characteristic

Gender
Male
Female

Age (Years)
>65
<65

Difierentiation grade
G1-G2
a3

Tumor size
TiT2

T3-T4

Metastasis
v
Mi

Lymph node
NO
N1-N3

Stages
I
n-v

Risk score

High (%) n = 127
75 (45.2)
52 (49.1)

63 (42.9)
64 (51.2)

45 (45.0)
82 (47.7)

33 (45.8)
94 (47.0)

115 (45.1)
12 (70.5)

37 (44.5)
90 (50.3)

57 (44.9)
70 (48.3)

Low (%) n = 145
91 (54.8)
54 (50.9)

84 (57.1)
6148.8)

55 (55.0)
0 (62.9)

39 (54.2)
106 (53.0)

140 (54.9)
5(20.5)

46 (54.5)
99 (49.7)

70 (54.1)
75 (51.7)

0.39

1.889

0.182

0.029

3.199

0.214

0313

p-value

p = 0532

P =0.169

p = 0.670

p = 0.865

p = 0074

p=0.643

p=0.576
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Cell type

Lung epithelial cancer
cells (A549)

Fibroblast (IMR-90)

AT Il cell-like AS49
serous glandular
epithelial cell-ike Calu-3
NCI-H322

NCI-H358

Lung epithelial cancer
cells (BEAS-28)

Lung epithelial cancer
cells (A549)

NCI-H358

Mechanical stretching

Short-term stretching (15, 30, and 60 min) and long-term
stretching (24 ), 10% cel surface area, 1 Hz, incubated
at37'c

16% surface elongation, 12 min™'

20% maximum strain and 15 cycles/minute

Results

Cell rearrangement, cytoskeleton reorganization, and
increased stretching time can prolong mitochondial length

Several kinds of human lung epithelial cell fines can adapt to
chronic cyciic strain

Decrease cell proiferation

References

Wang et al.
(2020)

Wang et al.
(2020)

Hendricks et al.
(2012)
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Cytokines

Transforming growth factor-a (Tahara et al., 2013)
platelet derived growth factor (Apte et al., 1999)
Galectin-1 (Masamune et al., 2006)

TNF-a (Mews et al., 2002)

Shh (Khan et al., 2020)

Plasminogen activator inhibitor-1 (Wang et al., 2019)
Hepatoma-derived growth factor (Chen et al., 2019)
Chemokine (Roy et al., 2017)

Fibrinogen (Masamune et al., 2009)

IL1p (Das et al., 2020)

IL-1a (Tjomsland et al., 2011)

TGF-p1 (Qian et al, 2010)

Angiotensin Il (Hama et al., 2006)

Galectin-3 (Zhao et al., 2018)

Pathway
Ras-ERK, PI3K/Akt
ERK, JNK, Activator protein-1, and NF-kappaB

HH
PAI-1/LRP-1

NF-kappaB, MAPK, and ERK

JAK-STAT

Smads

Protein kinase C pathway
Integrin subunit beta 1 (TGB1)

Main function

Induces MMP-1 expression

Increase prolferation and collagen synthesis
Induces chemokine production and proliferation
Increases prolferation

Promotes fibrosis

Promotes fiorosis

Promotes the antiapoptosis of PSCs

Recruits PSCs

Induces cytokine and collagen production
Promotes immunosuppression

Promotes the secretion of inflammatory factors
Promotes fibrosis

Promotes the proliferation

Produces inflammatory cytokines
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Drug Auxiliary materials Synthetic drug Mechanism

3,4-difiuorobenzylidene curcumin (CDF) Poly (amidoamine) (PAMAM) ~ HA-PAMAM-CDF Inhibits NF-xB signaling and reduces

(Kesharwani et ., 2015a) CD44 expression

CDF (Kesharwani et al., 2015b) styrene maleic acid (SMA) HA-SMA-CDF Inhibits NF-xB signaling and reduces

CD44 expression

Gemoitabine and quercetin (Seri etal, 2019)  nanoparticles Gemoitabine and quercetin encapsulated i Anti-inflammatory effect and metabolic
HA modified nanoparticles intervention of DNA

CulDDC), (Marengo et al., 2019) Liposome Encapsulation of Cu (DDC) 2 complex in HA  ROS-mediated anticancer activity
modified iposomes

Gemoitabine (Dalla Pozza et al., 2013) Liposome Gemcitabine complex encapsulated in HA  Interferes with DNA synthesis
modified liposomes

Drugs (Wei et al, 2013) nanogels The drug encapsulated in HA modified
nanogels

5-FU (Nigam Joshi et al., 2017) Ag-GQDs 5-FU encapsulated in HA modified Ag-GQDs  Anti-tumor proiferation

metformin (MET) (Farag et al., 2021) Metformin-Phospholipid HA-MPS-MET Corrects microenvironment hypoxia

Sonocomplex (MPS)
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ADCC antibody-dependent cellular cytotoxicity

AlF1 allograft inflammatory factor 1

CIK cytokine-induced killer

CLL chronic lymphocytic leukemia

CTLA4 cytotoxic T-Lymphocyte Antigen 4

DFS disease-free survival

DCs dendritic cells

DNMTs DNA methyltransferases

FeyR Fc-gamma receptors

GSEA Gene set enrichment analysis

HiNeo highly expressed neoantigens

IRs inhibitor receptors

iIrAES immune-related adverse events

IRF4 IFN regulatory factor 4

M immunoreceptor tyrosine-based inhibitor motif
T immunoglobulin tyrosine tail

LAM leukemia-associated macrophages
MALs malignant ascites lymphocytes

MHC-| major histocompatibility complex class |
MMR mismatch repair

MSI microsatellite instability

NECL nectin and nectin-like

NK natural killer

NSCLC non-small cell lung cancer

os overall survival

PBLs peripheral blood lymphocytes

PD-1 programmed cell death protein 1

PD-L1 programmed cell death protein 1 ligand
PFS progression-free survival

PVR Poliovirus receptor

RCC renal cell carcinoma

RFS recurrence-free survival

RMST restricted mean survival time

RORc retinoic acid-related orphan receptor ¢
SHIP-1 SH2-containing inositol phosphatase-1
TAMs tumor-associated macrophages

TANs tumor-associated neutrophils

TCGA The Cancer Genome Atlas

TIGIT T-cell immunoreceptor with immunoglobulin and ITIM domain
TiLs tumor-infiltrating lymphocytes

T™B tumor mutation burden

TME tumor microenvironment

TNF tumor necrosis factor

Tregs regulatory T-cells

UCEC uterine corpus endometrial carcinoma
VSIG9 V-set and immunoglobulin domain-containing protein 9

VSTM3 V-set and transmembrane domain-containing protein 3
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NCT Number

NCT05251948

NCT05253105

NCT05130177
NCT05120375
NCT05102214

NCT05073484

NCT05060432

NCT05061628

NCT05026606

NCT05023109

NCT05019677

NCT05014815

NCT05009069

NCT04995523

NCT04952597

NCT04933227

NCT04866017

NCT04791839

NCT04761198

NCT04746924

NCT04736173

NCT04732494

NCT04693234

NCT04672356

NCT04656535

Interventstions/Drug

Atezolizumab
Capecitabine
Oxaliplatin
Tiragolumab
TABOO6
Toripalimab
Zimberelimab Domvanalimab
BAT6021
HLX301

BAT6021
BAT1308
EOS-448
Anti-PD1
inupadenant

JS006 as Monotherapy
JS006 in combination with
Toripalimab
Etigiimab
Nivolumab

GP+PD-1+Tight
GP+PD-1+Tight

Ociperlimab
Tislelizumab
histology-based chemotherapy
Placebo
Radiotherapy
Capecitabine
Fluorouracil
Atezolizumab
Tiragolumab
AZD2936

Ociperlimab
Tislelizumab
Concurrent Chemoradiotherapy
Atezolizumab
Tiragolumab
Oxaliplatin
Capecitabine
Tislelizumab
Durvalumab
Chemotherapy
Ociperlimab
Zimberelimab
Domvanalimab
Etrumadenant
Etigilimab dosing
Nivolumab

Tislelizumab
Qciperlimab
Pembrolizumab
Placebo
Zimberelimab
Domvanalimab
Carboplatin
Pemetrexed
Paclitaxel
Tislelizumab
Ociperlimab
Placebo
Tislelizumab
Ociperlimab
1BI939
Sintilimab
AB122
AB154
Placebo

Conditions

Gastric and gastroesophageal junction carcinoma

Previously treated, advanced
malignancies
Melanoma
Solid tumor
Locally advanced or metastatic solid tumors
Non-small cell lung cancer
Advanced solid tumor

Advanced cancer
Lung cancer
Head and neck cancer
Melanoma
Advanced tumors

Recurrent fallopian tube clear cell adenocarcinoma
Recurrent ovarian clear cell adenocarcinoma
Recurrent platinum-resistant fallopian tube
carcinoma
Recurrent platinum-resistant ovarian carcinoma
Recurrent platinum-resistant primary peritoneal
carcinoma
Recurrent primary peritoneal clear cell
adenocarcinoma
Biliary tract carcinoma

Intrahepatic cholangiocarcinoma

Non-small cell lung cancer

Rectal neoplasms
Rectal Cancer

Non-small cell lung carcinoma

Limited stage small cell lung cancer

Stomach neoplasms
Gastric cancer
Gastroesophageal junction adenocarcinoma

Non-small cell lung cancer

Non-small cell lung cancer
Non-small cell carcinoma
Non-small cell lung cancer
Solid tumor, adult
Advanced solid tumor
Metastatic solid tumor
Non-small cell lung cancer

Non-small cell lung cancer
Nonsquamous non-small cell lung cancer
Squamous non-small cell lung cancer
Lung cancer

Esophageal squamous cell carcinoma

Cervical cancer
Advanced lung cancer

Glioblastoma

Status

Recruiting

Not yet recruiting

Not yet recruiting
Not yet recruiting
Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Not yet recruiting
Not yet recruiting

Recruiting

Not yet recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Active, not
recruiting
Recruiting

Recruiting

Phases
Phase 1
Phase 2
Phase 1
Phase 2
Phase 1
Phase 2
Phase 1
Phase 1
Phase 2

Phase 1

Phase 2

Phase 2
Phase 2

Phase 2

Phase 2

Phase 1
Phase 2
Phase 2

Phase 2

Phase 3

Phase 2

Phase 1
Phase 2

Phase 3

Phase 3

Phase 2

Phase 2
Phase 1

Early
Phase 1

Start Date

March 1, 2022

March 15, 2022
March 2022
Not avilable

January 2022
October 29, 2021
September 6,
2021

April 21, 2021

Qctober 1, 2021

September 1,
2021
September 1,
2021
November 16,
2021

April 30, 2022

September 14,

2021
July 15, 2021

August 6, 2021

June 17, 2021

August 4, 2021

March 23, 2021

June 8, 2021

February 1, 2021

March 31, 2021

March 3, 2021
January 25, 2021

April 21, 2021
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