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Editorial on the Research Topic 


Tumor-promoting immune cells: Cancer immune escape and beyond


Most cancers emerge and develop in a dedicated tumor-promoting environment. Compelling evidence has been provided that immune cells critically contribute to, and shape this tumor landscape. Efficient protective innate and adaptive anti-tumoral immune responses, primarily attributed to diverse immune effector subsets, such as cytotoxic CD8+ T lymphocytes (CTL), CD4+ helper T lymphocytes (Th), γδ T cells, Natural Killer cells (NK), NKT, dendritic cells or anti-tumoral macrophages, are profoundly altered in this context. Conversely, many different populations of immunosuppressive immune cells play a central role in the mechanisms of cancer escape from anti-tumor immunity. These tumor-induced, tumor-promoting immune subsets include cells of the lymphoid lineage (a large variety of immunosuppressive CD4+ and CD8+ “regulatory T lymphocytes”, Tregs), and of myeloid origin (primarily tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs), tolerogenic dendritic cells (tDC) and immature subsets of myeloid cells endowed with immunosuppressive properties that have collectively been termed “myeloid-derived suppressor cells” (MDSCs)). Induced by tumor-derived factors, these cells accumulate in the tumor microenvironment, but also at the sites of priming of anti-tumoral immune responses, in the bloodstream and in the metastatic niches. Increased frequency of these immune cell populations usually (but not always) correlates with a negative prognostic and relapse of many cancer patients. The modalities by which these cells impair the different steps of anti-tumoral immune responses have been extensively deciphered and involve very broad mechanisms, including the production of soluble and/or membrane-bound immunosuppressive factors such as Tumor Growth Factor (TGF)-β, and/or the expression of enzymes involved in amino acid metabolism such as indoleamine 2,3-dioxygénase (IDO) or arginase (Arg).

However, beyond their cardinal immunosuppressive properties, most of these immune lymphoid or myeloid subsets can also exhibit multiple “non-immunological” tumor-promoting functions. Some of these populations can indeed directly enhance tumor cell survival and proliferation, contribute to the epithelial-to-mesenchymal transition (EMT) and to cancer cell stemness, participate to local tissue invasion, foster blood or lymphatic vessel intravasation and extravasation of migrating cancer cells. Additionally, it has been reported that some subsets of myeloid cells can associate with circulating tumor cells, protecting them in the bloodstream and can prepare the pre-metastatic niches thus enhancing malignant cell metastasis. In addition, the contribution of these cells to cancer resistance to chemotherapeutic agents and to endocrine therapies has also been widely described.

As these immunosuppressive T lymphocytes and myeloid cells significantly participate to most key processes responsible for tumor development and dissemination, their therapeutic targeting (elimination, inactivation or reprogramming) has consistently been associated with successful anti-tumor responses. Unfortunately, the extreme phenotypic and functional heterogeneity and the high degree of plasticity of these cells in time and space has prevented their systematic use as reliable biomarkers and represents a current challenge in the development of therapeutic approaches to selectively inhibit their generation, development, and multiple tumor-promoting functions. In this Research Topic of Frontiers in Immunology, contributing authors focus on the limits related to current classifications of suppressive myeloid cells based on their phenotype, functions and metabolic characteristics in different cancer types, on the contribution of recent single-cell technics to the identification of these cells and on the role and mechanisms of action and regulation of regulatory T lymphocytes and suppressive myeloid cell subsets in the tumor environment. Therapeutic interventions to overcome the tumor-promoting effects of these immune cells in cancers are further assessed and discussed.

In a systematic review assessing the multifaced tumor-promoting functions of dedicated subpopulations of myeloid cells in breast cancers, Blaye et al. highlight the challenges related to the heterogeneous nature of these cells and the phenotypical and functional overlaps between subsets. Current pitfalls preventing the unequivocal discrimination of distinct subsets of suppressive myeloid cells are discussed. This problem is particularly striking in the case of Polymorphonuclear (PMN)-MDSC and immunosuppressive neutrophils, prompting the authors to propose to globally name these cells IMCGL (immunosuppressive myeloid cells of the granulocytic lineage). The value of individual subsets as biomarkers and potential therapeutic targets, and whether distinct subsets may be endowed with one unique or with multiple specialized tumor-promoting functions, concomitantly or acquired over time remain important issues to be addressed in the future. Along these lines, Larkin et al. address the complexity of the myeloid landscape, a predominant element of glioblastoma (GBM) microenvironment, and particularly emphasize the origins and heterogeneity of macrophage subsets in GBM. The authors extensively analyze and discuss the main breakthroughs made by recent single-cell technologies (specifically scRNA-seq and CyTOF) at the transcriptomic and proteomic levels, towards a deeper and more precise characterization of myeloid cells in GBM. The authors also assess the possibilities to further harness these technologies before and after patient therapy to explore mechanisms of resistance or response to therapies. The limits and future improvements of these approaches are further discussed. Similarly, Lin et al. review the main myeloid elements of the glioma environment including glioma-associated macrophages/microglia, neutrophils, dendritic cells and MDSCs, with a specific emphasis on the cross-talks between these cells and malignant cells, and on their ambivalent roles (pro- versus anti-tumoral) in cancer development. Specific targeting of these glioma-associated myeloid cells is considered. In a focused review, Chen et al. provide an extensive description of the characteristics (composition in proteins and RNAs) and impact of exosomes produced by MDSC associated with different tumors on cancer immunity, angiogenesis, metastasis and resistance to therapies. The underlying mechanisms of action of these extracellular vesicles and their potential prognostic and therapeutic values are detailed and discussed. In an effort to further comprehend the implications of MDSC in immune escape mechanisms in melanomas, Marguier et al. extensively studied the characteristic of a novel subset of monocytic MDSC that overexpress the receptor for the pro-angiogenic factor angiopoietin 2 (Tie-2). The authors specifically demonstrate that Tie-2-expressing MDSC exhibiting immunosuppressive features are increased in melanoma patients, and that, interestingly, stimulation of Tie-2 signaling enhances the immunosuppressive functions of these cells. These results thus suggest that targeting Tie-2/angiopoietin axis may offer a potential new therapeutic option to improve immunotherapies. Using melanoma and lung cancer mouse models, Papafragkos et al. highlight the implication of the NLRP3 inflammasome in MDSC function, particularly showing that monocytic and granulocytic MDSC suppressive activity is impaired in NLRP3 KO mice. The authors further provide data suggesting that inhibition of NLRP3 using pharmacologic agents also alter MDSC activities, resulting in reduced tumor development and advocating for a possible interest in NLRP3 targeting to augment the efficacy of immune-based therapies.

Analyzing the lung microenvironment of non-small cell lung cancer patients (NSCLC), Heim et al. detected IL-9 and IL-21 production by both tumor-infiltrating T lymphocytes (TIL) and by malignant cells and demonstrate the presence of FoxP3-expressing Treg producing IL-9 in the lung microenvironment. Assessing the relevance of these findings in mouse lung cancer models, the authors establish that IL-9 deletion or IL-9 blockade using antibodies leads to inhibition of tumor development. Furthermore, IL-9 receptor-expressing tumor cells, TIL and Treg were identified as target of IL-9. These results thus provide further evidence for the role (and thereby potential targeting interest) of IL-9/IL-9 producing cells in the mechanisms of immune escape in NSCLC. In an analysis by immunohistochemistry of tissue microarrays from rectal cancer patients, Schnellhardt et al. described data further supporting the notion that immunosuppressive FoxP3+ Treg are not always associated with negative prognostic but may conversely represent positive factors depending on the relative abundance of tumor-infiltrating CD8+ T lymphocytes.

In additional articles, Jia et al. review, in the context of primary hepatic carcinoma, the composition, origin, formation, distribution and the controversial prognostic value of tertiary lymphoid structures (TLS), which correspond to ectopic lymphatic edifices containing lymphocytes, myeloid cells, and interstitial cells and involved in tumor immunity, while Wang et al. summarizes the role and modulation of the tumor immune landscape, including suppressive myeloid cells and Treg, in the response or resistance to checkpoint inhibitor anti-PD1 therapies. Yu et al. focus on the possible role and relevance of CD47 in ovarian cancer immune microenvironment and Liu et al. assess the implication of the complement regulatory protein CD55 (DAF, decay acceleration factor) in colon malignancies. Li and Liu discuss the possible prognostic relevance of activator of HSP90 ATPase activity 1 in relation with the tumor immune landscape in different cancer types, and finally, Song et al. review and discuss the regulation and immunosuppressive modes of action of the enzyme IDO1, as one out of many mechanisms of tumor-induced immunosuppression and tumor immune escape.
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Background

It was reported that tumor heterogeneity and the surrounding tumor microenvironment (TME) in ovarian cancer affects immunotherapy efficacy and patient outcomes. And the TME of ovarian cancer is intrinsically heterogeneous. CD47 plays vital roles in cell functional behavior and immune homeostasis relating to cancer prognosis. But how it affects TME and its contribution to heterogeneity in ovarian cancer has not been fully illustrated. Therefore, we aimed to identify a prognostic biomarker which may help explain tumor immune microenvironment heterogeneity of ovarian cancer.



Methods

Cancer single-cell state atlas (CancerSEA) was used to evaluate functional role of CD47. Several bioinformatics database including Oncomine, Gene Expression Profiling Interaction Analysis (GEPIA), Tumor Immune Estimation Resource (TIMER), The Human Protein Atlas (HPA), Ualcan and Kaplan-Meier plotter (KM plotter) were applied to illustrate correlation of CD47 with ovarian cancer prognosis and immune infiltration. Tumor Immune Single-cell Hub (TISCH) single cell database was employed to evaluate correlation of CD47 with tumor microenvironment. GeneMANIA was implemented to identify regulation networks of CD47. Differentially expressed genes (DEGs) between CD47 high and low expression groups were analyzed with R package DESeq2. Kyoto encyclopedia of genes and genomes (KEGG) and Gene Set Enrichment Analysis (GSEA) were utilized to explore how CD47 affect the immune related cell signaling pathway.



Results

CD47 expression was upregulated and connected to worse OS and PFS in ovarian cancer. Close relation was found between CD47 expression level and immune infiltration in ovarian cancer, especially with Treg cells, Monocytes, Macrophages and T cell exhaustion (P<0.05). The CD47 expression level was relatively low in plasma cells, dendritic cells and Mono/Macro cells of OV_GSE115007, in myofibroblasts, fibroblasts and endothelial cells of OV_GSE118828, compared to malignant cells of OV_GSE118828 dataset. The cell components and distribution in primary and metastatic ovarian cancer are quite distinct, which may lead to TME heterogeneity of ovarian cancer.



Conclusion

Our results indicated that CD47 is closely correlated to ovarian cancer immune microenvironment and might induce ovarian cancer heterogeneity. Therefore, CD47 may be used as a candidate prognostic biomarker and provide us with new insights into potential immunotherapy in ovarian cancer patients.





Keywords: CD47, scRNA-seq, tumor microenvironment, heterogeneity, ovarian cancer



Introduction

Ovarian cancer is one of the most lethal malignancies among women worldwide. Even with bulk surgery and adjuvant chemotherapy, it shows a high fatality rate of 70% in late stage patients (1). Despite advances in maintenance therapy of bevacizumab or PARP inhibitors, most ovarian cancer patients have a high recurrence rate within 5 years of diagnosis (2). It was reported that immunotherapy efficacy and patient outcomes were closely related to the tumor heterogeneity and the surrounding tumor microenvironment (TME) in ovarian cancer (3, 4). Because TME of ovarian cancer patients is intrinsically heterogeneous, successful treatments towards ovarian cancer are challenging (4, 5). Therefore, we aimed to identify a prognostic biomarker which may help explain tumor immune microenvironment heterogeneity of ovarian cancer.

CD47 is a transmembrane protein which plays significant roles in cellular functions, such as proliferation, apoptosis, migration and immune homeostasis (6, 7). CD47 is a ligand for signal regulatory protein alpha (SIRPα) which exists on immune cells, for instance, macrophages and dendritic cells (8). SIRPα binds CD47 to initiate a signaling cascade and finally inhibit phagocytosis (9). Besides, CD47 is a receptor of secreted protein thrombospondin-1 (TSP-1). TSP-1 broadly regulates metabolism in TME and causes resistance to cancer treatment (10). Previous studies used CD47 antibody-B6H12 prevented interaction of TSP-1 and SIRPα with CD47 (10, 11). Blockade of CD47 signaling triggers the immune system, reactivates phagocytosis and promotes tumor eradication (12). Therefore, CD47 could be used as an immunologic protection for targeted therapies (6, 7). However, how CD47 might affect TME heterogeneity of ovarian cancer has not been fully investigated. Therefore, it is urgent to elucidate roles of CD47 in ovarian cancer and to illustrate its immune interactions in ovarian cancer microenvironment.

In this study, we investigated the function and heterogeneity expression pattern of CD47 in different immune cells at single-cell level using CancerSEA and TISCH (13, 14). Several other bioinformatics tools including Oncomine, GEPIA, TIMER were used for CD47 expression analysis. The relationship between CD47 and other parameters, for instance, tumor stage, tumor grade, patient’s race, patient’s age and TP53 mutation status were investigated using Ualcan. KM plotter was used to show how CD47 affect the prognosis of ovarian cancer patients. Moreover, we investigated the correlation of CD47 expression with immune-infiltrating cells in ovarian cancer using TIMER database. To better illustrate CD47 co-expression genes and its regulation networks, Genemania, KEGG and GSEA were further analyzed. This study aims to provide insights into prognosis and immune infiltration-related role of CD47 in ovarian cancer. This study might be a fresh perspective to disclose the reason of heterogeneity of ovarian cancer immune microenvironment.



Materials and Methods


Oncomine

Oncomine is a publicly available database (https://www.oncomine.org). It consists online cancer microarray data of 715 datasets, 86,733 cancer and normal tissue samples (15). The Oncomine database was used to illustrate the transcriptional level of CD47 in ovarian cancer. The thresholds were set as follow: P-value<1e-4, fold change >2, and gene rank in the top 10%.



GEPIA

The GEPIA database (http://gepia.cancer-pku.cn/) consists of RNA sequencing expression data of 9,736 tumors and 8,587 normal samples derived from the TCGA and GTEx database (16). CD47 expression level in different cancer types versus normal tissues were processed using GEPIA. P<0.05 was considered to be statistically significant.



CancerSEA

CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/home.jsp) is the first dedicated database to analyze distinct functional states of different cancer cells at single-cell level (13). It involves 14 functional states of 41900 cancer single cells in 25 types of different cancers. Cellular functional states include angiogenesis, apoptosis, cell cycle, differentiation, DNA damage, DNA repair, Epithelial-Mesenchymal Transition (EMT), hypoxia, inflammation, invasion, metastasis, proliferation, quiescence and stemness. The CancerSEA database was used to analyze CD47 function in 14 different states using cancer single cell data.



UALCAN

Ualcan (http://ualcan.path.uab.edu/) is a comprehensive web portal for analyzing cancer OMICS data (17). In this study, expression of CD47 in ovarian cancer was analyzed in Ualcan based on individual cancer stages, tumor grades, patient’s race, patient’s age and TP53 mutation status. The expression level of CD47 was normalized as transcript per million reads. P<0.05 was considered statistically significant.



The Human Protein Atlas

HPA (https://www.proteinatlas.org/) is an open access protein database (18). It is composed of proteomic data based on 26941 antibodies targeting 17165 unique proteins. CD47 protein expression level between ovarian cancer and normal ovary was verified using immunohistochemistry (IHC).



Kaplan-Meier Plotter

The KM plotter (http://kmplot.com) database evaluates survival of different genes in 21 cancer types including breast (n=6234), ovarian (n=2190), lung (n=3452) and gastric (n=1440) cancer (19). Prognostic values including PFS (progression-free survival) and OS (overall survival) of CD47 were evaluated in ovarian cancers. Four different probes were used to evaluate CD47 related PFS and OS in ovarian cancer. Hazard ratios (HRs) with 95% confidence intervals and logrank P-value were determined.



TISCH

TISCH collected data from Gene Expression Omnibus (GEO) (20) and ArrayExpress (21) to formulate its scRNA-seq atlas (14). TISCH includes 79 databases and 2045746 cells from both tumor patients and healthy donors. The datasets were uniformly processed to enable clarifying components of the TME at both single-cell and annotated cluster levels. In this work, we used datasets derived from TISCH to decipher the TME heterogeneity between primary and metastatic ovarian tumor sites at single cell level.



GeneMANIA

GeneMANIA (http://genemania.org/) is a flexible website for predicting protein-protein interactions based on gene functions (22). It indexes 2, 813 interactive functional association networks which includes 660, 443, 499 interactions derived from 9 organisms. In this work, we adopted GeneMANIA to construct the network of CD47 interactive proteins based on physical interactions, co-expression, predicted, co-localization, pathway, genetic interactions, and shared protein domains.



TIMER

TIMER (https://cistrome.shinyapps.io/timer/) is a database for comprehensive analysis of tumor-infiltrating immune cells (23). TIMER database consists of 10897 samples of 32 cancer types from the TCGA database to evaluate immune infiltrates abundance. CD47 expression correlation with six immune infiltrates (B cells, CD4+ T cells, CD8+ T cells, Neutrophils, Macrophages and Dendritic cells) were estimated using TIMER. The gene expression level was assessed using log2 TPM. CD47 was also evaluated with different gene markers of B cell, T cell, CD8+ T cell, Dendritic cell, macrophage type1 cells (M1), macrophage type2 cells (M2), Th1 cell, Th2 cell, regulatory T cells (Treg), monocyte, tumor-associated macrophages (TAM) and T cell exhaustion.



Pathway Analysis

We used TCGA OV RNA-Seq data to find DEGs between CD47 high and low expression groups with R package DESeq2. There are 376 patients in the TCGA OV RNA-Seq dataset. We used quartile method to divide patients into CD47 high and low group. We sorted descending CD47 TPM expression value in all patients, and chose top 94 patients as CD47 high group, and bottom 96 patients as CD47 low group. The genes with P value less than 0.05 and log fold change larger than 1 or lower than -1 were considered significant. They were showed in a volcano plot with R package ggplot2. These different up-expression genes were enrichment in KEGG pathways with KOBAS web tool (http://kobas.cbi.pku.edu.cn/), P value less than 0.05 was considered significant in statistic. Besides, we also analyzed pathways in GSEA software about CD47 high expression group.



Statistical Analysis

Results generated using CancerSEA was displayed with correlation and P-value. GEPIA and Ualcan results were calculated using P-value. KM plotter and log-rank tests were utilized to represent the survival curves. Results displayed using Oncomine was processed with P-values, fold changes and ranks. The correlation of CD47 with different immune infiltration levels was represented using P-value. The DEGs analyses were produced using R software (version 3.6.3). P<0.05 was considered statistically significant (*P<0.05 **P<0.01, ***P<0.001).




Results


CD47 Expression Levels in Different Types of Cancers

Oncomine database was used to probe into CD47 differential expression at pan-cancer level. The results showed high CD47 expression in head and neck cancer, kidney cancer, myeloma, ovarian cancer, pancreatic cancer and sarcoma (Figure 1A). Meanwhile, GEPIA database was used to further validate the results. CD47 was highly expressed in bladder urothelial carcinoma (BLCA), BRCA, CESC, cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD) and ovarian cancer (Figure 1B). The data was also evaluated using TIMER database, which showed significant difference (P<0.05) in BRCA (1093 tumor vs. 112 normal), CHOL, COAD (457 tumor vs. 41 normal), GBM, HNSC, LUAD (515 tumor vs. 59 normal), LUSC, PRAD, STAD, THCA and UCEC (545 tumor vs. 35 normal) (Figure 1C). The results showed that CD47 played different roles in distinct types of cancer. Although TIMER only investigated CD47 expression in 303 ovarian tumor samples but not in adjacent normal tissues, CD47 expression level in ovarian cancer was relatively high.




Figure 1 | CD47 expression at pan-cancer level. (A) CD47 expression level in datasets of distinct cancer types. (B) CD47 expression level in different cancers verified using GEPIA database. CD47 was highly expressed in several cancer types, for instance, BLCA, BRCA, CESC, CHOL, COAD and OV. (C) CD47 levels in different cancers from TCGA database was represented using TIMER. Significant difference was observed in BRCA, CHOL, COAD, GBM, HNSC, LUAD, LUSC, PRAD, STAD, THCA and UCEC (***p < 0.001, **p < 0.01, *p < 0.05).





CD47 Functional States in scRNA-seq Datasets

To explore how CD47 might affect different cancers, we used CancerSEA single-cell database to analyze the correlation of CD47 with 14 distinct functions in 14 types of cancer. As shown in Supplementary Figure 1, correlation of CD47 was analyzed using an interactive bubble chart. The upper bar represents the correlation of CD47 with 14 distinct functional states of all single-cell datasets. Expression of CD47 showed positive correlation with angiogenesis, apoptosis, cell cycle, differentiation, EMT, hypoxia, inflammation, metastasis, proliferation and quiescence. The data showed that CD47 might play a tumor activator role in several types of cancer.



Functional Characteristics of CD47 in Different Cancers

Functional relevance analysis showed that CD47 expression was positively correlated with metastasis in ovarian carcinoma (Figure 2A); with DNA repair in renal cell carcinoma (RCC) (Supplementary Figure 2A); with inflammation, cell cycle, DNA repair, and proliferation in breast cancer (BRCA) (Supplementary Figure 2B); with invasion, quiescence, proliferation, and angiogenesis in prostate cancer (PC) (Supplementary Figure 2C); with metastasis, invasion and EMT in head and neck cancer (Supplementary Figure 2D); with invasion, EMT, hypoxia and metastasis in glioblastoma (GBM) (Supplementary Figure 2E); with metastasis, cell cycle, proliferation and EMT in glioma (Supplementary Figure 2F); with inflammation, differentiation, quiescence and hypoxia in astrocytoma (AST) (Supplementary Figure 2G); with metastasis, EMT, inflammation and apoptosis in high-grade glioma (HGG) (Supplementary Figure 2H); with stemness, inflammation, differentiation and metastasis in Oligodendroglioma (ODG) (Supplementary Figure 2I); with no significant correlation in lung adenocarcinoma (LUAD) (Supplementary Figure 2J); with quiescence, inflammation, proliferation and differentiation in non-small cell lung cancer (NSCLC) (Supplementary Figure 2K); with metastasis, quiescence, apoptosis and inflammation in melanoma (MEL) (Supplementary Figure 2L).




Figure 2 | Functional relevance of CD47 in cancers. (A) Functional relevance of CD47 in OV. (B) Functional relevance of CD47 in CRC. (***p < 0.001, **p < 0.01, *p < 0.05).



However, CD47 is negatively correlated with invasion (R=-0.58; P<0.001) and DNA repair (R=-0.28; P<0.05) in ovarian cancer (Figure 2A); with differentiation (R=-0.19; P<0.01) in colorectal cancer (CRC) (Figure 2B). These data indicated that CD47 might play different functional roles in ovarian cancer and CRC. Therefore, in this study, we aimed to clarify functional role of CD47 in ovarian cancer.



CD47 Expression Level in Ovarian Cancer Patients

First, we used the HPA database to confirm CD47 expression in ovarian cancer and normal ovary tissue. CD47 expression level in ovarian cancer was significantly higher than that of normal ovary tissue (Figures 3A, B). CD47 expression level was notably higher in ovarian cancer compared to normal ovarian tissues (P<0.05; num (T)=426; num (N)=88) (Figure 3C). Two independent datasets derived from oncomine showed that CD47 was highly expressed in ovarian cancer in Yoshihara Ovarian (P=3.66e-7) and Lu Ovarian (P=3.09e-8) (Figures 3D, E). GEPIA and Oncomine results were consistent with the HPA database.




Figure 3 | CD47 transcription levels in ovarian cancer. (A) Protein levels of CD47 in ovarian cancer tissue. (B) Protein levels of CD47 in normal ovary. (C) Boxplot shows expression of CD47 in ovarian cancer using GEPIA. (D) Box plot shows CD47 mRNA levels in Yoshihara ovarian dataset. (E) Box plot shows CD47 mRNA levels in Lu ovarian dataset. (F) CD47 expression level has no correlation among different stages in OV. (G) Expression of CD47 based on individual cancer stages using Ualcan database. (H) Expression of CD47 based on tumor grades. (I) Expression of CD47 based on patient’s race. (J) Expression of CD47 based on patient’s age. (K) Expression of CD47 based on TP53 mutation status. For all the analysis, p<0.05 was considered statistically significant.



We next investigated CD47 expression based on cancer stages using GEPIA database. Expression level of CD47 in ovarian cancer showed no significant difference among different stages (Figure 3F). Ualcan database demonstrated no correlation of CD47 expression with cancer stages, tumor grade, patient’s race, patients’ age or TP53 mutation status (Figures 3G–K). These results suggest that CD47 may serve as a diagnostic tumor marker in ovarian cancer regardless of different pathological parameters.



Prognostic Value of CD47 in Ovarian Cancers

The KM plotter was used as an indicator for evaluating prognostic value of CD47 expression based on Affymetrix microarrays. CD47 mRNA level correlated with overall survival (OS) and progression-free survival (PFS) in ovarian cancer patients. We found that CD47 mRNA expression level was positively correlated with worse OS among all ovarian cancer patients based on four different arrays (HR=1.16 (1.02-1.33), logrank P=0.025 for 211075_s_at; HR=1.18 (1.01-1.37), logrank P=0.033 for 213857_s_at; HR=1.33 (1.09-1.63), logrank P=0.0058 for 226016_at and HR = 1.23 (1-1.51), logrank P = 0.048 for 227259_at (Figures 4A–D). We found CD47 mRNA expression level reversely correlated with PFS of ovarian cancer patients with HR=1.29 (1.11-1.49), logrank P=0.00059 for 211075_s_at; HR=1.29 (1.11-1.49), logrank P=0.00078 for 213857_s_at; HR=1.51 (1.25-1.83), logrank P=1.7e-05 for 226016_at and HR=1.36 (1.13-1.65), logrank P=0.0013 for 227259_at (Figures 4E–H). The data suggested CD47 to be a potential biomarker for predicting ovarian cancer prognosis.




Figure 4 | Prognostic values of CD47 in OV using different probes. CD47 OS in OV using probes of (A) 211075_s_at, (B) 213857_s_at, (C) 226016_at, (D) 227259_at. CD47 PFS in OV using probes of (E) 211075_s_at, (F) 213857_s_at, (G) 226016_at, (H) 227259_at.





Correlation Between CD47 and the Tumor Immune Microenvironment Heterogeneity

We used two datasets (OV_GSE115007 and OV_GSE118828) of the TISCH database to evaluate CD47 expression in TME-related immune cells. As to different immune cell types, for instance, plasma cells, dendritic cells and Mono/Macro cells of OV_GSE115007, myofibroblasts, fibroblasts and endothelial cells of OV_GSE118828, the CD47 expression level was relatively low compared to expression level in malignant cells of OV_GSE118828 dataset (Supplementary Figure 3A). In OV_GSE118828 dataset, CD47 expression level remains the highest in malignant cells, suggesting high CD47 expression in malignant ovarian cancer cells (Supplementary Figure 3A). As to other components of the TME, relatively higher CD47 expression level was observed in CD4 T conventional cells and mono/macro cells of OV_GSE118828 dataset. Violin plot showed the same trend of CD47 expression in the ovarian cancer cell microenvironment (Supplementary Figure 3B). In OV_GSE115007, only three cell types were found, including plasma cells, dendritic cells and Mono/Macro cells, while DC cells exhibited the most abundant cell counts (n=3415) (Figures 5A, B). And all of the three cell types exhibited CD47 expression at a lower level compared to malignant cells in OV_GSE118828 dataset. While in OV_GSE118828 dataset, six cell types were found, with the highest number of 793 to malignant cells (Figures 5C, D). Because it was reported that the OV_GSE115007 contains only tumor ascites from primary ovarian cancer patients and OV_GSE118828 dataset contains both primary and metastatic tumor sites (24, 25), we got the fact that the cell components and distribution in primary ovarian cancer ascites and metastatic ovarian cancers are quite distinct. Figures 5E, F represented the distribution of various immune cells related to Figures 5B, D. These results suggest that CD47 expression level was quite different in distinct cell types with the highest in malignant ovarian cancer cells and the cell components of primary and metastatic patients are different, which might be the source of ovarian cancer microenvironment heterogeneity.




Figure 5 | CD47-related cell type distribution using scRNA seq database. (A–D) The cell types and their distribution in OV_GSE115007 and OV_GSE118828 datasets. (E, F) Distribution of CD47 in different cells in OV_GSE115007 and OV_GSE118828 datasets.





CD47 Expression Is Correlated With Immune Infiltration in Ovarian Cancer

To further clarify ovarian cancer microenvironment and how CD47 might affect ovarian cancer heterogeneity and prognosis, we investigated whether CD47 was related to immune infiltration. TIMER database was used to estimate immune infiltration levels in ovarian cancer. CD47 expression was positively correlated with CD8+ T cell infiltration (r=0.102, p=2.48e-02), CD4+ T cell (r=0.107, p=1.90e-02), Neutrophil (r=0.246, p=4.50e-08) and dendritic cell (r=0.162, p=3.71e-04), negatively correlated with tumor purity (r=-0.17, p=1.73e-04). No correlation was observed with B cell (r=0.074, p=1.04e-01) and macrophage (r=0.076, p=9.81e-02) (Figure 6A). In addition, we evaluated CD47 expression with other immune cells markers. The results showed that CD47 was not correlated with B cell (Figure 6B), CD8+ T cell (Figure 6D), dendritic cell (Figure 6E) and Th2 cell (Figure 6I), but correlated with other immune cells of T cell (Figure 6C), M1 cell (Figure 6F), M2 cell (Figure 6G), Th1 cell (Figure 6H), Treg cell (Figure 6J).




Figure 6 | Expression of CD47 is related to a panel of gene markers of immune cells. (A) The relation of CD47 expression and immune cell infiltration in OV using TIMER. Relation of CD47 is analyzed with gene markers of (B) B cell, (C) T cell, (D) CD8+ T cell, (E) Dendritic cell, (F) M1 cell, (G) M2 cell, (H) Th1 cell, (I) Th2 cell, (J) Treg cell.



To illustrate whether CD47 is correlated with other immune infiltrating cells, we also analyzed its correlation with monocyte and TAM cells. CD47 expression was positively correlated with monocyte and TAM infiltration in ovarian cancer (Supplementary Figures 4A, B). We then evaluated correlation of T cell exhaustion biomarkers PD1 (PDCD1), CTLA4, LAG3 and HAVCR2 with the expression of CD47 in ovarian cancer (Supplementary Figure 4C). The results showed that CD47 was positively correlated with T cell exhaustion. In summary, the above results suggested that CD47 expression might affect the TME through regulating immune cell infiltration.



Interaction Networks Between CD47 and Its Interactive Genes

We analyzed the interactive networks of CD47 with its interactive genes using the GeneMANIA database (Supplementary Figure 5). The circle represented CD47 gene located at center of the interaction network. CD47 gene was surrounded by 20 circles representing genes showing close relation based on physical interactions, co-expression, predicted, co-localization, pathway, genetic interactions and shared protein domains. The top five genes included the signal regulatory protein gamma (SIRPG), SIRPα, src kinase associated phosphoprotein2 (SKAP2), protein tyrosine kinase 2 beta (PTK2B) and the thrombosondin1 (THBS1) gene. The five genes displayed greatest correlation with the CD47 gene. Further analysis showed that these 20 closely correlated genes were related with functions of cell adhesion mediator activity, leukocyte migration, cell-substrate adhesion, regulation of reactive oxygen species metabolic process, leukocyte cell-cell adhesion, cellular extravasation and sulfur compound binding.



Immune-Related Pathways Regulated by CD47 in Ovarian Cancer

To explore the association of CD47 high expression with immune regulation, we performed KEGG and GSEA analysis. First, we found CD47 high expression associated DEGs in ovarian cancer (Figure 7A). Then, KEGG pathway enrichment was performed to explore the biological processes related to CD47 high expression in ovarian cancer. Biological processes were mainly involved in cytokine-cytokine receptor interaction, IL-17 signaling pathway, TNF signaling pathway, chemokine signaling pathway, NF-kappa B signaling pathway, NOD-like receptor signaling pathway, PI3K-Akt signaling pathway and Toll-like receptor signaling pathway (Figure 7B). According to GSEA analysis, high CD47 expression was mainly involved in the process of toll-like receptor signaling pathway (NES=2.05, p-value=0.0), NOD-like receptor signaling pathway (NES=2.01, p-value=0.0), chemokine-signaling pathway (NES=1.90, p-value=0.0) and cytokine-cytokine receptor interaction pathways (NES=1.86, p-value=0.0) (Figure 7C). Accordingly, these above data suggest that CD47 high expression is closely linked to ovarian cancer cell immune cell infiltration and thus might affect TME and induce ovarian cancer heterogeneity.




Figure 7 | Immune-related pathways regulated by CD47 in ovarian cancer detected using KEGG and GSEA analysis. (A) CD47 high expression associated DEGs in ovarian cancer. (B) Biological processes related to CD47 high expression in ovarian cancer. (C) GSEA analysis revealed CD47 expression involved in the process of different pathways.






Discussion

CD47 was reported to be involved in various biological processes, including neutrophil migration, macrophage phagocytosis, immune system homeostasis and other immune-related cellular processes (26, 27). Increased CD47 impression has been reported in ovarian cancer (28, 29). Blockade of CD47 signaling reactivates phagocytosis and promotes tumor eradication (6, 7). However, how CD47 might be correlated with ovarian cancer immune microenvironment and lead to tumor heterogeneity has not been fully studied.

Firstly, we used oncomine, GEPIA and TIMER databases to investigate CD47 expression at pan-cancer level. We found CD47 highly expressed in many types of cancers, including ovarian cancer (Figure 1). To illustrate functional roles of CD47, scRNA-seq database-CancerSEA was further implemented. We found CD47 positively connected to various functions in most cancer types. However, in ovarian cancer, CD47 was positively correlated to metastasis, negatively correlated to invasion and DNA repair (Figure 2). The distinct functional roles of CD47 in ovarian cancer might be due to inherent heterogeneity in ovarian cancer or the small amount of single cells collected using scRNA-seq data.

To further explain correlation of CD47 with prognosis of ovarian cancer, we used several bioinformatics database including HPA, oncomine, GEPIA, Ualcan and KM plotter. The results showed that CD47 was highly expressed in ovarian cancer which was consistent with previous reports (12, 29). HPA database confirmed the result using immunohistochemistry. Ualcan concluded that CD47 expression level was independent of patients’ stages, grades, age, race, or TP53 mutation status. Higher CD47 expression was connected to poorer OS and PFS in ovarian cancer. Together we found strong evidence that CD47 might be used as a prognostic biomarker in ovarian cancer patients.

It is well known that the TME of ovarian cancer is highly heterogeneous (30, 31). To clarify how CD47 might affect TME, we used TISCH single cell database. We observed different immune cell distribution based on primary and primary to metastatic ovarian tumor sites. In OV_GSE115007 dataset, tumor ascites from primary ovarian cancer patients exhibited relatively low CD47 expression levels in plasma cells, dendritic cells and Mono/Macro cells compared to expression level in malignant cells of OV_GSE118828 dataset (Supplementary Figure 3A). In contrast, in primary to metastatic ovarian tumor sites, OV_GSE118828 exhibited more cell types, including CD4 T conventional cells, myofibroblasts, fibroblasts and endothelial cells. Higher CD47 expression was observed in mono/macro cells in OV_GSE118828 dataset compared to that of OV_GSE115007 dataset. And that CD47 expression was higher in malignant ovarian cells in OV_GSE118828 dataset. Therefore, the TME in primary and metastatic ovarian cancer might be different, leading to heterogeneity of ovarian cancer.

It was reported that tumor immune cell infiltration might be related to prognosis of cancers (32, 33). Presence of CD8+ T cells in ovarian cancer is associated with prolonged survival (34, 35). Zhou et al. reported the availability of considering immune cells in diagnosis and treatment of colon cancer (36). Burugu et al. suggested that both density and distribution of immune cells could affect prognosis of breast cancer (37). These researches highlight the role of immune infiltration in prognosis of cancers. However, there is limited research probing into the role of CD47 regarding immune infiltration in ovarian cancer. In our study, we used TIMER to investigate different tumor immune cell infiltration in ovarian cancer. The results showed that M2 and Tregs were increasingly infiltrated in high CD47 ovarian cancer microenvironment (Figure 6). M2 and Tregs were capable of making immunologic barriers against antitumor immune responses, indicating immune escape in CD47 high expression ovarian cancer (38).

Correlation between CD47 and biomarkers of PD1, CTLA4, LAG3, HAVCR2 showed that CD47 expression level was positively correlated with T cell exhaustion (Supplementary Figure 4). Because T cell exhaustion leads to immune escape, therefore, cancer cells get out of control from the immune system (39). In numerous models and clinical trials, CD47 has been blocked to promote phagocytosis. Blockade of CD47 reduced tumor burden both in vitro and in vivo (40, 41). Therefore, cancer therapies targeting CD47 might be used to treat ovarian cancer.

We next explored the gene networks correlated to CD47. We showed that CD47 expression interacted with SIRPG, SIRPA, SKAP2, PTK2B, TSP-1 and 15 other proteins. These proteins closely related with CD47 were mainly involved with functions of cell adhesion mediator activity, leukocyte migration and leukocyte cell-cell adhesion. These suggested that CD47 might affect ovarian cancer tumorigenesis and prognosis through regulating TME.

KEGG and GSEA analysis indicated that CD47 high expression in ovarian cancer was mainly involved in toll-like receptor signaling pathway, NOD-like receptor signaling pathway, chemokine-signaling pathway and cytokine-cytokine receptor interaction pathways. The results suggested that CD47 might be crucial in regulating tumorigenesis and progression. For instance, the Toll-like receptors (TLRs) are expressed in immune cells as well as tumor cells. Abnormal activation of TLRs can induce immune reaction in tumor cells and thereby modulate the TME (42). NOD-like receptors (NLRs) are reported to be capable of activating innate immune responses (43). NLRs play crucial roles in immune functions, metastasis and tumorigenesis (44, 45). As to chemokine-signaling pathway, chemokines are known to be involved with immune evasion and inflammatory reactions of many kinds of cancers. Chemokine-receptor interactions are reported to be connected to TME modification of cancers (46). Cytokine-cytokine receptor interaction is closely connected with immune reactions. And cytokines are intricately linked with prognosis of patients in various cancers (45, 47). The roles of CD47 might help clarify the mechanism and detailed processes of these pathways.

Accordingly, these above data suggest that CD47 high expression is closely linked to ovarian cancer cell immune infiltration and thus affect TME and might induce ovarian cancer heterogeneity. These findings underscore CD47 expression with different types of immune cell infiltration and T cell exhaustion. Therefore, CD47 high expression might contribute to immune escape, leading to worse prognosis of ovarian cancer.



Conclusions

In summary, our study showed that increased levels of CD47 could impact the ovarian cancer TME, indicating that CD47 might be used as a potential predictor of ovarian cancer heterogeneity. Moreover, our results demonstrated that CD47 expression level was correlated with ovarian cancer immune infiltration level. Therefore, CD47 might play vital roles in affecting immune infiltration in ovarian cancer microenvironment and be used as a potential target in reversing immune escape and provide insights into understanding the function of CD47 in ovarian cancer prognosis and tumor immunology.
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Tumorigenesis is a complex multifactorial and multistep process in which tumors can utilize a diverse repertoire of immunosuppressive mechanisms to evade host immune attacks. The degradation of tryptophan into immunosuppressive kynurenine is considered an important immunosuppressive mechanism in the tumor microenvironment. There are three enzymes, namely, tryptophan 2,3-dioxygenase (TDO), indoleamine 2,3-dioxygenase 1 (IDO1), and indoleamine 2,3-dioxygenase 2 (IDO2), involved in the metabolism of tryptophan. IDO1 has a wider distribution and higher activity in catalyzing tryptophan than the other two; therefore, it has been studied most extensively. IDO1 is a cytosolic monomeric, heme-containing enzyme, which is now considered an authentic immune regulator and represents one of the promising drug targets for tumor immunotherapy. Collectively, this review highlights the regulation of IDO1 gene expression and the ambivalent mechanisms of IDO1 on the antitumoral immune response. Further, new therapeutic targets via the regulation of IDO1 are discussed. A comprehensive analysis of the expression and biological function of IDO1 can help us to understand the therapeutic strategies of the inhibitors targeting IDO1 in malignant tumors.
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Introduction

Tryptophan (Trp) depletion and kynurenine (Kyn) production promote immunosuppression in different tumor types (1, 2). Indoleamine 2,3-dioxygenase 1 (IDO1) catalyzes the first and rate-limiting enzyme of the essential amino acid Trp catabolism and degrades Trp along a pathway known as the Kyn pathway. In this cascade of enzymatic reactions, several biologically active metabolites are produced, such as Kyn, an immunosuppressive metabolite. Finally, nicotinamide adenine dinucleotide (NAD+) and adenosine triphosphate (ATP) in this process are produced to fuel cellular metabolism (3, 4). The main theory about the function of IDO1 is that Trp availability is locally reduced while bioactive metabolites such as Kyn are increased, which mediate immune regulation and immune tolerance involved in the pathological mechanisms of tumor immune escape. In recent years, with the deepening research, the IDO1 function is more complex than initially assumed. IDO1 is not only an enzyme but also a mediator of a signaling pathway to sustain the regulatory phenotype of a specific set of immune cells (5), which may be associated with the protein conformations of IDO1 in the cells responding to the distinct context (6). Therefore, a full understanding of the expression of IDO1 and biological function may provide more effective immunotherapeutic approaches for a wide range of malignant tumors. Besides IDO1, it has been shown that the other two types of isoenzymes, tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase 2 (IDO2), catalyze the same biochemical reaction. However, TDO and IDO2 show higher tissue specificity and much lower enzyme activity than IDO1 that significantly restrict their function in immune regulation. The main role of TDO is involved in maintaining the homeostasis of Trp level and plays a key modulator in brain disease (4, 7, 8). IDO2 was identified as its high homology with IDO1, but the expression and precise activity of IDO2 have not been well elaborated in human tissue due to lower enzyme activity and complexity of human IDO2 transcription (9). Accordingly, this review mainly describes the immunosuppressive mechanisms of IDO1 in tumors.



Basic Features of Indoleamine 2,3-Dioxygenase 1

IDO1, also known as IDO in the literatures (5, 10), was first identified in rabbit small intestines in 1967. In 1998, IDO1 was described as a molecule associated with immunosuppression in maternal–fetal tolerance (11). It was not until 2006 that the crystal structure of human IDO1 (hIDO1) was first reported (12). In 2017, Lewis-Ballester et al. reported that the crystal structure of the hIDO1–Trp complex and revealed interaction sites of hIDO1 with Trp substrate (13). The resolution of the crystal structure of hIDO1 has shown that it is folded into two domains, including a catalytic large C-terminal domain and a non-catalytic small N-terminal domain, which was connected by a long loop. IDO1 protein contains 403 amino acids, which are intracellular heme-containing dioxygenases (also known as metalloproteins) and encoded by INDO (human chromosome 8p22). Its catalytic activity requires the prosthetic group heme. Along with inactive heme-Fe3+ being reduced into active heme-Fe2+, IDO1 catalyzes the oxidative cleavage of Trp to produce the intermediate product N-formylkynurenine, which is further hydrolyzed to Kyn. By using Trp depletion and Kyn production, IDO1 is considered as an immunomodulatory enzyme involved in anti-inflammation, tumor immune escape, and immunoregulation to promote maternal tolerance toward the allogeneic fetus, suppressing transplant rejection, regulating autoimmune disorders, and so on. In addition to its enzyme activity, a signaling function has recently been described for the phosphorylated form of immunoreceptor tyrosine-based inhibitory motifs (ITIM1 or ITIM2), located at sites in the small non-catalytic domain and the interconnecting loop of IDO1 protein. Albini et al. confirmed that ITIM-related phosphorylation could upregulate or downregulate IDO1 expression in interleukin-6 (IL-6) or transforming growth factor-β (TGF-β)-dominated environments, which suggest that the ITIMs in IDO1 not only control its own stability but also participate in a self-maintaining immunological modulation (14). Therefore, the appropriate regulation of the phosphorylation of ITIMs of IDO1, leading to either enhancing or terminating the expression of IDO1, may provide some innovative strategies in treating malignant tumors. Recently, a separate study confirmed that IDO1-dependent signaling events would activate class IA phosphoinositide 3-kinases (PI3Ks) to produce immunoregulatory phenotype in plasmacytoid dendritic cells (pDCs), accompanied by IDO1 shifting from the cytosol to early endosomes (15). In conclusion, the available evidences indicate that the IDO1 is not only an enzyme in the Kyn pathway but also a moonlighting protein that mediates non-catalytic functions through different mechanisms (16).



The Expression and Activity of Indoleamine 2,3-Dioxygenase 1


The Constitutive/Intrinsic Expression of Indoleamine 2,3-Dioxygenase 1

IDO1 is not or weakly expressed under physiological states. It is constitutively expressed in a restricted set of tissues, including the placenta, the mucosa, and lymphoid organs (https://www.proteinatlas.org/ENSG00000131203-IDO1/tissue). For example, IDO1 is mainly expressed in the endothelial cells of the placenta, epithelial cells of the fallopian tube, interstitial cells of the lymph node, and so on (17). Interestingly, some data confirmed that IDO1 expression was increased in select tissues with age (18).

Although IDO1 expression is often silent in normal tissues, the IDO1 expression/activity has been observed in malignant cells. The loss of Bridging Integrator 1 (BIN1; with the features of immunosuppression) or overexpression cyclooxygenase-2 (COX-2) in malignant cells is usually the reason for high constitutive/intrinsic expression of IDO1. The deletion or downregulation of BIN1 in malignant cells enhances IDO1 expression depending on signal transducer and activator of transcription 1 (STAT1) and nuclear factor-kappa B (NF-κB) (19). On the contrary, high BIN1 expression has a favorable prognosis in cancer (20). The up-expression of COX-2 increases its product prostaglandin E2 (PGE2) binding to the EP receptor through the autocrine signaling pathway, which activates IDO1 via the protein kinase C (PKC) and PI3K pathways (21). Indeed, genetic studies of IDO1 in the mouse suggested there was genetic overlap between COX-2 and IDO1 (22). Litzenburger et al. suggested that constitutive IDO1 expression in human tumor cells was sustained by an autocrine aryl hydrocarbon receptor (AhR)-IL-6-STAT3 signaling loop (23), although the clinical data revealed that the upregulated expression of IDO1 in various human tumor tissues, such as esophageal cancer, thyroid carcinoma, and leiomyosarcoma, was considered to be a worse prognostic factor and a more aggressive tumor phenotype (24–26). However, there was still controversy about the relationship between high expression of IDO1 in tumor-draining lymph nodes (TDLN) and poor clinical outcomes (17, 27).

In summary, there may be some discrepancies in IDO1 expression profiles in different tumor types. Nonetheless, constitutive IDO1 expression in tumor cells is still a key factor to mediate immune evasion, and thus exploring the mechanism of up-expression may guide and pre-evaluate the efficacy of therapeutic approaches by targeting IDO1.



The Induced/Extrinsic Expression of Indoleamine 2,3-Dioxygenase 1

As noted above, the IDO1 expression is constitutive in some tumor cells. However, it could be also induced to express in tumor cells and intratumoral cells, including DCs, macrophage, endothelial cells, cancer-associated fibroblasts (CAFs), and mesenchymal stem cells (MSCs) (28–34), by a variety of inflammatory stimuli, such as interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), IL-32, and IL-6 (33, 35–37). Among the multiple mediators of IDO1 induction, IFN-γ is considered the main inducer of IDO1. Interestingly, tumor-infiltrating lymphocytes (TILs) of the tumor microenvironment (TME) represent the major source of IFN-γ secretion (38–40). IFN-γ inducing IDO1 expression has been extensively studied. For instance, IFN-γ mediates STAT1 to form a homodimer and then binds to the gamma activation sequence (GAS) in IDO1 gene. Meanwhile, IFN-γ also mediates NF-κB and STAT-1-dependent synthesis of IFN-γ-regulated factor 1 (IRF1), which binds to the IFN-stimulated elements (ISREs) in IDO1 gene promoter to induce the transcription of IDO1 (41).

In addition to IFN-γ, there are other cytokines involved in the induction of IDO1. Multiple myeloma cell-derived IL-32γ significantly induced the production of the IDO1 in macrophages through proteinase 3 (PR3) and the downstream STAT3 and NF-κB pathways (33). However, the role of IL-6 in inducing the expression of IDO1 is controversial. It was reported that constitutive IDO1 expression in SKOV-3 and NSCLC human cancer cell lines was sustained by autocrine IL-6 (23). Hepatic CAF-derived IL-6 also differentiated DCs into a regulatory subtype through STAT3 activation (42). In contrast, IL-6 induced IDO1 proteasomal degradation by selectively inducing the interaction between SOCS3 and ITIM of IDO1 in DCs (14, 43). The conflicting results of the IL-6 effect on IDO1 expression suggest that there are different signals in different cells or the complicated environment involved in its expression, which need to be well illustrated in the future.

So far, there are other factors and signaling events involved in IDO1 expression/activity in DCs that have been extensively analyzed. It was reported that tumor cells promote tolerization of DCs through paracrine Wnt5a-mediated signaling. Melanoma-derived Wnt5a promotes the transcriptional expression of IDO1 in nearby DCs by Wnt5a-β-catenin signaling and activates peroxisome proliferator-activated receptor-γ (PPAR-γ) signaling pathway, culminating in enhanced IDO1 activity to establish an immunosuppressive microenvironment (44). Cytotoxic T lymphocyte-associated protein-4-immunoglobulin (CTLA-4-Ig) interacts with B7 molecules as receptors to induce IDO1 expression in DCs (45). TGF-β could trigger immunoregulatory signaling in IDO1, which did not require the catalyst function of IDO1 to induce pDCs for long-term tolerance (5, 14). Interestingly, spermidine, a main arginase 1 (Arg1) product, is required for IDO1 expression and activity by TGF-β in DCs (46).

In addition to the inducers described above, type I IFNs (IFN-α and IFN-β), IL-10, soluble CD83 (sCD83), and toll-like receptor (TLR) ligands such as bacterial lipopolysaccharides (LPSs) are still involved in the modulation of IDO1 expression/activity (47–52). When mitochondrial Lon is overexpressed in oral cancer cells OEC-M1, mitochondrial DNA (mtDNA) is damaged, and then oxidized mtDNA is released into the cytosol to induce IFN-β signaling via cytosolic DNA sensors, which upregulates the programmed death ligand-1 (PD-L1) and IDO1 expression (50). Aside from all this, miRNAs are also involved in the regulation of IDO1 expression. In vitro, cervical cancer cells secreted exosomal miR-142-5p, which induces IDO1 expression via targeting lymphatic AT-rich interactive domain-containing protein 2 (ARID2) to enhance IFN-γ transcription by suppressing promoter methylation (53). On the contrary, miR-153 expression in bladder cancer cells could exert antitumor activity by targeting IDO1 3′-UTR and inhibiting cancer cell Trp metabolism subsequently (54).

Collectively, a great variety of stimuli can affect either directly or indirectly IDO1 expression and activity in different cell types in TME. However, the proportion of these cell types may differ in different tumors and tissues, the exact mechanisms for the distinct expression patterns of IDO1 are only partially revealed, and the functions of overexpressed IDO1 in these cell types are far from completely understood. It is notable that the complex interaction between tumors cells and other cells, especially immunity cells in TME, contributes substantially to exploring the strong IDO1 expression and its particular function.



Indoleamine 2,3-Dioxygenase 1 and Tryptophan Metabolism

Trp is one of the eight essential amino acids that cannot be synthesized in the human body. In addition to being a building block for proteins synthesis, Trp undergoes complex metabolic pathways, resulting in the production of many active compounds. Less than 2% of Trp is hydroxylated to produce 5-hydroxytryptophan, which is then decarboxylated by an aromatic amino acid decarboxylase to produce 5-hydroxytryptamine (5-HT), an essential neurotransmitter. A very small percentage of Trp can be decarboxylated to produce tryptamine to control the balance between excitatory and inhibitory functions of 5-HT. About more than 95% of the Trp is catalyzed by IDO1 or the other two isoenzymes (IDO2 or TDO), which catalyzes the Trp via the Kyn pathway to produce Kyn (55). Kyn is a key component in the synthesis of a number of metabolites, which could convert into 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA), and quinolinic acid. Quinolinic acid finally undergoes a series of chemical reactions to produce NAD+, an important cofactor for redox reactions in mitochondria, while excess carbon skeletons from the Kyn pathway eventually participate in the citric acid cycle to produce ATP. The depletion of Trp and production of Kyn through the Kyn pathway affect the immune cell metabolism and tumor characteristics. It has been confirmed that the IDO1–Kyn–ligand-activated transcription factor (AhR) pathway in thyroid cancer cells would facilitate epithelial-to-mesenchymal transition (EMT) (56), while Kyn depletion in vivo would reverse IDO1-mediated cancer immune suppression in an animal model (57).

Although IDO1, IDO2, and TDO may catalyze the same biochemical reactions in the metabolism of Trp, they have different tissue distribution and physiological functions. Unlike IDO1, TDO is mainly found in the liver and neuronal cells and is regulated by glucocorticoid hormones and Trp levels. The main role of TDO is to maintain homeostasis of dietary Trp levels, and there is also evidence that TDO plays a role in immune-related diseases and central nervous system disorders (58, 59). Nevertheless, the recent studies revealed that TDO could be involved in modulating antitumor immune responses and the antitumor immunotherapy efficacy (60, 61), but it did not colocalize with IDO1, at least, in human glioblastoma (62). In most cancers, such as glioblastomas, melanomas, colon carcinomas, lung carcinomas, and endometrium carcinomas, TDO could be detected in pericytes that belonged to morphologically abnormal vessels in the intratumoral rather than tumor cells themselves (62), although the mechanism that triggers TDO expression in tumor pericytes and the relationship between TDO-expression pericytes and abnormal vessels are all unclear, which suggests that TDO may play a proangiogenic role depending on its expression site in certain cancer types. IDO2 is directly adjacent to IDO1 on the same chromosome, is more narrowly expressed, and has much less catalytic efficiency for Trp than IDO1 (63). Although IDO2 was also detected at high levels in some human tumors, the function of IDO2 in tumors is still far from being understood (64, 65). The available evidences support that IDO1, TDO, and IDO2 may be all involved in malignant tumor, but the three differ in the expression, regulatory mechanism, and the role in different TME.




Indoleamine 2,3-Dioxygenase 1 in Modulating the Immunosuppressive Tumor Microenvironment

Initially, the function of IDO1 was described as an innate mechanism of defense against microbial invasion (66, 67), because IDO1 could induce depletion of Trp, an essential amino acid for microbial and parasite proliferation (66–68). In 1998, Munn et al. performed a pioneering experiment showing that elevated IDO (namely, IDO1) expression at the maternal–fetal interface was crucial to prevent immune rejection of fetal allografts (11). Subsequently, extensive studies have demonstrated the immunological regulation role for IDO1 in physiological and pathological states including pregnancy, obesity, transplantation, infectious diseases, autoimmune diseases, neurological diseases, and neoplastic diseases (69–72). In clinical researches, the expression of IDO1 has been found in various tumors such as breast cancer, melanoma, and bladder cancer, which inactivates surrounding immune cells in TME primarily through abnormalities of Trp metabolism (54, 73, 74). Here, the mechanisms reported in the literatures are summarized about IDO1 in the establishment of tumor immune escape (Figure 1).




Figure 1 | The regulation of IDO1 overexpression and the establishment of immune escape in the tumor microenvironment. IDO1, indoleamine 2,3-dioxygenase 1; Trp, tryptophan; Kyn, kynurenine; TGF-β, transforming growth factor-β; CTLA-4-Ig, cytotoxic T lymphocyte-associated protein-4-immunoglobulin; TILs, tumor-infiltrating lymphocytes; COX-2, cyclooxygenase-2; BIN1, Bridging Integrator 1; AhR, aryl hydrocarbon receptor; IL-6, interleukin-6; CC cells, cervical cancer cells; MM cells, multiple myeloma cells; Teffs, effector T cells; Tregs, regulatory T cells; TolDCs, tolerogenic dendritic cells; MDSCs, myeloid-derived suppressor cells; NK cells, natural killer cells; M2, M2 macrophage.




Dysfunction and Apoptosis of Effector T Cells and Differentiation and Activation of Regulatory T Cells

The effect of IDO1 on T cells is based on the Trp “starvation” theory. 1) T cells are especially sensitive to low Trp concentrations, which arrest T cells in the mid-G1 phase of the cell progression cycle (75). 2) The Trp depletion can inhibit T-cell proliferation through the activation of kinase general control non-derepressible 2 (GCN2), a molecular sensor of Trp deprivation, and its downstream phosphorylated eukaryotic initiation factor 2 (eIFα) (76). Furthermore, activation of GCN2 also promotes Treg differentiation, enhances Treg activity, and collaborates with phosphatase and tensin homolog (PTEN) signaling to maintain the suppressive phenotype of Tregs (77). Paradoxically, GCN2 does not mediate suppression of antitumor T-cell responses by Trp catabolism in experimental melanomas (78), and GCN2 is required for normal cytotoxic T-cell function (79), which suggests that the immune regulatory role of GCN2 in subsets of T cells may depend on the complex context in different types of tumors. 3) The Trp shortage can also inhibit the mTOR signaling pathway, which leads to impairment of T-cell function (80). In addition to the depletion of Trp, accumulation of Trp catabolite, including Kyn and downstream derivative metabolites, would also inhibit T effector cell activation and induce Treg differentiation. For instance, Kyn could promote AhR nuclear translocation and then increase the transcription of Foxp3, a marker of Tregs (81). And the activation in Tregs could modulate M2-like macrophage activity, which contributes to the establishment of a myeloid-enriched immunosuppressive TME (82).



Tolerance of Dendritic Cells and Myeloid-Derived Suppressor Cells and Suppression of Natural Killer Cells Proliferation and Functions

In addition to suppressing the immune effects of T cells, it is generally considered that IDO1 also exerts immunosuppressive effects by regulating the function of innate immune cells, such as DCs, myeloid-derived suppressor cells (MDSCs), and natural killer (NK) cells. IDO1 normally has low basal expression in DCs but is rapidly induced such as by IFN-γ in inflamed tissues, especially in mature, immunogenic myeloid DCs, which are involved in the regulation of immune homeostasis (83, 84). However, in the tumor region, there is a set of DCs highly expressed IDO1 with a high capacity to support immune tolerance. Especially, under the presence of TGF-β in TME, the ITIM1 motif of IDO1 is phosphorylated, which reprograms DCs to the immune tolerance phenotype and leads to sustained IDO1 expression through a positive feedback loop (14). And IDO1-expressing DCs also induce Treg proliferation (85). MDSCs are composed of multiple myeloid cells that are arrested at different stages of lineage development, which would be recruited to the TME by IDO1 overexpressing tumor cells, and then MDSCs inhibit T-cell function and reduce tumor response to immunotherapy in an IDO1-dependent manner (86–89).

NK cells are known as one of the most important innate immune cells with potent antitumor activity. In TME, however, tumor cells would suppress NK cell cytotoxicity and inhibit the expression of activating receptors on the surface of NK cells, such as NKG2D and NKp46, by IDO-induced Kyn production (90). But against this, Nafia et al. demonstrated that the proliferation and granzyme B production of NK cells were inhibited by GDC-0919 (an innovative IDO1 inhibitor) through upregulation of inhba (encoding for the inhibin—a member of the Tgfbeta signaling) (91). Certain IDO1 inhibitors unexpectedly impair NK cell-mediated killing in tumors, which suggests that we consider the inhibitory mechanisms of different IDO1 inhibitors and their effects on others cells, especially immune cells.



Neovascularization of Tumor

Tumor growth depends on continuous and extensive angiogenesis, which is a major pathway for tumor metastasis. Among them, vascular endothelial growth factor (VEGF) plays an important role in tumor angiogenesis. It has been found that IDO1 could increase angiogenesis through IL-6/STAT3/VEGF signaling (54). The expression of IDO1 in MDSCs has been implicated in promoting neovascularization through GCN2, which shifts the balance between the inflammatory cytokines IFN-γ and IL-6 (92). In vivo experiments also showed that the blood vessel density in the tumor was significantly reduced, and the tumor growth and metastases were impeded in IDO1-deficient mice (93, 94).

Furthermore, IDO1 can be induced in endothelial cells, CAFs, and MSCs, which could participate in mediating an immunosuppressive TME, for instance, supporting cancer cells to evade tumor dormancy (95), impairing NK cell function (96), and inducing Treg expansion (28). However, accumulating evidences about the mechanism of IDO1 action in immunosuppression indicate that not all immunosuppressive effects of IDO1 can be explained through the Trp depletion/Kyn accumulation theory (97). Besides, contrary to what is generally hypothesized in suppressing the immune effects of T cells, IDO1 would supply the required energy for T-cell survival and proliferation by increasing free fatty acid oxidation (98).

In conclusion, IDO1 is a key mediator in the establishment of tumor immune escape. Nonetheless, a greater understanding is needed about the exact mechanisms in the immunosuppressive effects of Trp catabolism by IDO1 derived from different cells in the different TME. Besides, detailed information about the differences related to the catalytic and non-catalytic functions of IDO1 is needed to elucidate this.




The Significance of Targeting Indoleamine 2,3-Dioxygenase 1 in Tumor Therapy

Recently, wide use of immune checkpoint inhibitors (ICIs), which mainly target CTLA-4 and the programmed death receptor/ligand 1 (PD-1/PD-L1) in cancer immunotherapies, improved durable responses in some advanced cancer patients (99). Nevertheless, these existing checkpoint inhibitors have shown substantial benefit to only some of the patients, while the majority of patients do not respond to this approach, and even treatment-induced resistance would arise in the initial treatment responders, and life-threatening adverse effects would occur after ICI treatment (100–102). Therefore, it is very important to develop a reasonable immunotherapy strategy targeting different immunosuppressive points in TME. Several studies suggest there may be the non-T-cell-inflamed TME (so-called cold tumors) where checkpoint inhibitors are not effective in this group of patients (103). Brown et al. provided evidence of adaptive resistance to anti-CTLA-4 treatment due to upregulation of IDO1 in HCC (104). That is, ICIs in combination with inhibiting IDO1 may improve therapeutic benefit in tumors overexpressed IDO1, which could also drive inflammation in the TME and transform “cold” tumors to “hot” tumors.

So far, there are many small molecule compounds such as IDO1 inhibitors that have been reported to treat cancers alone or in combination with ICIs. 1-Methyl-d-tryptophan (d-1-MT), considered as a first-generation IDO1 enzyme inhibitor, is an analog of Trp. In addition to terminating immune tolerance, d-1-MT can also block the dormancy of tumor-repopulating cells (TRCs) and induce apoptosis through the IDO1-blocking/P53/reactive oxygen species (ROS)-mediated pathway (105). In a phase II trial, the combination of indoximod (d-1-MT) and pembrolizumab (PD-1 checkpoint inhibitor) showed encouraging safety and efficacy in patients with advanced melanoma (106). Controversially, in another independent phase III trial, the efficacy of epacadostat (direct inhibitor of IDO1 enzyme activity) in combination with pembrolizumab was not superior to pembrolizumab monotherapy in patients with unresectable or metastatic melanoma (107). In addition, a series of studies by Zhai et al. showed that in tumor cells, IDO1 suppressed the antitumor immune response by increasing the expression of complement factor H (CFH) and factor H-like protein 1 (FHL-1) instead of its association with Trp metabolism in human glioblastoma, and there was a survival advantage mediated by ICIs requiring non-tumor cell IDO1 enzyme activity in mouse glioblastoma. Oppositely, the combination of radiation and PD-1 antibody treatment efficacy required to inhibit IDO1 enzyme activity in non-tumor cells from another study of mouse glioblastoma model (97, 108, 109). The reason for the controversial conclusion may be that the immunosuppressive effects of IDO1 in the organism are not isolated, and there are multiple factors involved, such as the differentiation degree, the invasion degree, lymph node metastasis, clinical stage of the tumor, the different combinations of inhibitors, the infiltration of T effector cells in the tumor lesion, the host cell IDO1 origin, the enzyme activity versus non-enzyme effects of IDO1 in tumor lesion or TDLN, and age of the subject, all of which need to be considered comprehensively in order to better apply and develop IDO1-targeted drug and new combined therapeutic strategies in the clinical setting.

In addition to targeting IDO1 inhibiting, blocking the AhR pathway would overcome the limitation of single IDO1 targeting agents, particularly in combination with ICIs (82). Therefore, the targeted blockade of IDO1 or IDO1-driven metabolism pathway represents a promising therapeutic pathway. Meanwhile, IDO1 inhibitors combined with other therapies should be considered as an effective strategy in tumor immunotherapy, such as effectively suppressing tumor growth by synergizing photothermal therapy (PTT), radiotherapy, or chemotherapy (110–112). With the discovery of cancer tissue expression IDO1 or TDO or both, IDO1/TDO combined inhibitors have become a study focus (113–115). However, at odds with IDO1 inhibitors, TDO inhibitors are effective in synergistic immunotherapy with ICIs even though there is little or no TDO expression in cancers, which may be because the inhibitor of TDO could block hepatic TDO to increase systemic Trp levels (60, 113). More surprisingly, in viral hepatitis, the inhibition of TDO or IDO (both IDO1 and IDO2) separately leads to dichotomous outcomes. TDO could participate in the Kyn pathway as IDO1 does, but both also differ in mediating inflammation (116, 117). In regard to TDO in the tumor, although the mechanisms to regulate the TDO expression and its separate role in maintaining Trp homeostasis are all unclear as yet, TDO could be regarded as a candidate after resistance to IDO1 inhibitors, as well as the circulating level of Trp may be an indicator to evaluate the efficacy of inhibitors of TDO in tumor immunotherapy. Anyway, one thing should be confirmed that the mechanism of their expression and activation in the different cell types needs to be understood first, which could guide the development and applications of IDO1 inhibitors and IDO1/TDO combined inhibitors.

Due to the short half-life of small molecule inhibitors, the lack of patient stratification based on IDO1 expression, the option of combination with therapy ICIs, and inhibitors targeting IDO1 have so far failed to show therapeutic benefit in the animal model research or even in clinical trials (118–120). For instance, IDO1 inhibitor combination with PD-L1 blockade did not cause a synergistic effect in sarcoma (91). Therefore, more and more new strategies of inhibiting the expression of IDO1 have been explored. Phan et al. found that attenuated Salmonella typhimurium (ST) delivering an shRNA plasmid targeting IDO1 can reduce intratumoral IDO1 levels more effectively than epacadostat (121), while locked nucleic acid (LNA)-modified antisense oligonucleotides (ASOs) could inhibit IDO1 expression in cancer cells, exhibiting longer exposure times and more engaged targets than epacadostat (122). Besides, there may be other Trp metabolizing enzymes involved in tumor immune escape, such as interleukin-4-induced-1 (IL4i1), but at this point, the biology and expression of IL4i1 are still poorly understood (123).

In addition to being a target of antitumor therapy, targeted IDO1 can be considered as an independent prognostic value and predictive biomarker. High proportions of PD-L1+ and IDO1+ TAMs are associated with unfavorable outcomes in classical Hodgkin’s lymphoma patients treated with standard chemotherapy (34). Moreover, there is clinical evidence that IDO1 gene expression in the urine of men indicates a high risk of prostate cancer development (36, 124). And in non-small cell lung cancer, the high serum Kyn/Trp levels are also associated with early progression and a low prognosis (125). Even though, as mentioned above, the up-expression IDO1 has been described in various human tumor tissues not only in tumor cells but also in other components of the TME, and the IDO1 expression status in patients has also been explored in some clinical trials to assess its relevance with poor prognosis (126), not all tumor progression or poor prognosis has a positive correlation with high IDO1 expression (127, 128). Also, the current clinical trial data of IDO1 activity assessment are mainly derived from serum Kyn or Trp levels. In fact, the consumption of Trp and the accumulation of Kyn do not always happen simultaneously in human cancers, and the immunosuppression effects of IDO1 in TME do not just depend on its enzyme activity. On the contrary, its enzyme activity may also contribute to the response to ICI therapy (97, 108, 129, 130). Therefore, the high IDO1 expression is not a single indicator to decide whether to choose IDO1 inhibitors, and the IDO1 activity assessment may also need multiple factors, including the concentrations of Trp and Kyn as well as the Kyn/Trp ratio in human cancers.



Conclusion

Overall, the important role of IDO1 in tumoral immune escape renders the IDO1 pathway a potential target for adjuvant treatment. IDO1 inhibitors are widely studied in various cancers as monotherapy or in combination with other therapies in preclinical and clinical trials. It is remarkable, however, that the complex mechanism of regulating IDO1 expression and its different biological effects depending on the context or cell types may render its clinical development complicated. So more researches are needed to elucidate the mechanisms of immunotherapy against IDO1 and how IDO1 works in combination therapy. And further understanding of the immunobiological properties of IDO1, individual IDO1 expression levels, the optimal drugs targeting IDO1, and combination therapy strategies would lead to favorable treatment for patients with malignant tumors. Besides, it is important to explore the exact role of other Trp metabolizing enzymes, Kyn, and its downstream metabolites in tumoral immune escape.
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The fruitful results of tumor immunotherapy establish its indispensable status in the regulation of the tumorous immune context. It seems that the treatment of programmed cell death receptor 1 (PD-1) blockade is one of the most promising approaches for cancer control. The significant efficacy of PD-1 inhibitor therapy has been made in several cancer types, such as breast cancer, lung cancer, and multiple myeloma. Even so, the mechanisms of how anti-PD-1 therapy takes effect by impacting the immune microenvironment and how partial patients acquire the resistance to PD-1 blockade have yet to be studied. In this review, we discuss the cross talk between immune cells and how they promote PD-1 blockade efficacy. In addition, we also depict factors that may underlie tumor resistance to PD-1 blockade and feasible solutions in combination with it.
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Background

Immune surveillance functions of innate and adaptive immune cells can be suppressed by multiple mechanisms in the tumor microenvironment (TME); the most noted one is the programmed cell death receptor 1 (PD-1)/programmed cell death ligand 1 (PD-L1) pathway. For example, PD-L1, as the ligand of PD-1, could overexpress on tumor cells to evade the antitumor immune response by repressing the activation and function of CD8+T cells (1). Anti-PD-1 is one of the most promising attractive anticancer immune checkpoint blockers (ICB). Growing evidence shows that not only T cells but also other immune cells can be promoted by anti-PD-1 directly or indirectly, to suppress the progression of tumors (2–5). However, despite PD-1 blockade therapies having durable responses for a minority of patients in clinical trials, there is still an unmet clinical need for the majority of patients who do not respond to anti-PD-1 (6). Thus, we firstly summarize the cross talk between immune cells and their possible transformation in the TME after PD-1 blockade therapy. In the second part, we discuss the primary impact factors of resistance to PD-1 inhibitors, such as tumor immune recognition, oncogenic signal pathways, interferon (IFN), immune contexture, angiogenesis, immunometabolism, intestinal microbiota, and new immune checkpoints. We also highlight feasible combined therapy strategies to re-sensitize tumors to PD-1 blockade.



The Role of PD-1 and PD-1 Inhibitors in Immune Response


PD-1

PD-1, a member of the B7-CD28 receptor family, is a transmembrane protein and widely expressed in B cells, T cells, natural killer (NK) cells, and myeloid cells (7). As the ligand of PD-1, programmed cell death ligand 1 (PD-L1) can be expressed in dendritic cells (DCs), macrophages, T cells, NK cells (8, 9), and tumor cells (10). Generally, when PD-L1 binds to PD-1 in the presence of the T cell receptor (TCR) signaling complex, PD-1 delivers a co-inhibitory signal, leading to the termination of TCR signaling and inhibition of T cell proliferation (11). PD-1 often uses mono-tyrosine signaling motifs which present in its cytoplasmic tail, such as immunoreceptor tyrosine-based inhibitory motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM) (12), to end the CD28/TCR signal by PD-1 phosphorylation and the recruitment of SHP-2 and SHP-1 (13–15). In the tumor immune context, antigen-presenting cells (APCs) and tumor cells highly express PD-L1, and they can interact with PD-1-overexpressed T cells, leading to T-cell anergy or exhaustion (16, 17). Programmed cell death ligand 2 (PD-L2) is the second ligand for the PD-1 molecule, which is expressed predominantly by DCs, macrophages, B cells, and cancer cell populations, depending on microenvironmental stimulation (18, 19). Similar to PD-L1, PD-L2 plays a crucial role in evading antitumor immunity. The engagement of PD-1 and PD-L2 can lead to the downregulation of T cell responses, which inhibits TCR-mediated proliferation and cytokine production by CD4+ T cells by blocking cell cycle progression (18). Although PD-1/PD-L2 blockade must be considered for optimal immunotherapy in antitumor immunity (20), since most of the research results are focused on the PD-1/PD-L1 pathway, we mainly discuss the PD-1/PD-L1 axis in this article.



PD-1 Inhibitors

As surface molecules, the activity of PD-1 and PD-L1 can be easily inhibited by blocking antibodies. Anti-PD-1 therapy is one of the most successful immune checkpoint blockade therapies that have been approved to treat a wide variety of cancer types (Table 1). PD-1 inhibitors competitively bind to PD-1 and block PD-1/PD-L1 interactions, which subsequently regulate negative signals on the T cell surface to enhance the functions of effector T cells and promote the proliferation of T cells (54). Nivolumab and pembrolizumab are the primary clinically approved PD-1 inhibitors. They are humanized IgG4 antibodies targeting PD-1 with high affinity (55). To ensure that they elicit their inhibitory effects of PD-1/PD-L1 interactions primarily by direct occupancy and steric blockade of the PD-L1-binding site of PD-1 (56), they minimize the function of effector cells engaging other antibodies.


Table 1 | Summary of FDA-approved PD-1 inhibitors in advanced/metastatic cancers.



Pembrolizumab was initially approved for refractory unresectable melanoma in 2014 (57), known as the first PD-1-targeted therapy to gain Food and Drug Administration (FDA) approval. Not long, in 2015, it becomes the first immune checkpoint inhibitor to be approved as a first-line treatment, also in melanoma therapy (21). Pembrolizumab is thus approved to treat a wide variety of cancer types. To date, pembrolizumab therapy has been licensed in many cancers (27, 30, 58, 59) and was often conducted primarily in patients with PD-L1-positive disease (31, 34). In general, a higher level of PD-L1 expression is associated with a more effective clinic outcome of pembrolizumab. However, in some cancer types, such as non-small cell lung cancer (NSCLC) (60), classical Hodgkin’s lymphoma (cHL) (25), and urothelial carcinoma (UC) (61), PD-L1 expression did not explicitly correlate with response to pembrolizumab.

Nivolumab also displays a good response and favorable safety profile, particularly in melanoma and NSCLC. Nivolumab was approved by FDA following its showing a clear advantage in response over chemotherapy in refractory unresectable melanoma (62). Soon after, the FDA approved nivolumab for the treatment of NSCLC after progression on a platinum-based chemotherapy regimen (41, 63). Also, nivolumab has been demonstrated durable effects in other cancers (47, 64, 65), and it appears that combination therapy may further improve them (50, 66). Nevertheless, research has demonstrated a low response rate in some hematological tumors, such as follicular lymphoma (FL) (67) and diffuse large B cell lymphoma (DLBCL) (68). It may appear to correlate positively with 9p24.1 translocation and increased PD-L1 expression (69). In addition to nivolumab and pembrolizumab, cemiplimab is also approved by FDA for the treatment of advanced cutaneous squamous cell carcinoma (70) and first-line NSCLC (53). Up till now, more than 1,500 clinical trials involving PD-1 inhibition are currently supported by the National Cancer Institute (NCI).




Immune Microenvironment

Immunotherapies based on PD-L1/PD-1 blockade have revolutionized the treatment paradigm for several cancer types. Their interaction regulates the activation of immune responses and specifically of T cell responses in physiological conditions. In the last years, increasing evidence has demonstrated that the elimination of tumor cells is mainly mediated by cytotoxic T lymphocytes (CTLs) (71). Several types of immune cells in the TME, such as tumor-associated macrophages (TAMs), DCs, NK cells, and immunosuppressive cells, can also interact with each other to promote or repress tumor progression in direct and indirect mechanisms by secreting cytokines and chemokines (71). Indeed, there is a complex picture of the relationship between checkpoint blockade and immune context. The precise molecular mechanisms of how PD-1 inhibitors function by stimulation/inhibition of immune-related cells remain to be fully understood. Here, we will attempt to discuss in detail the cross talk between immune cells and the critical role of some immune cells in the efficacy of PD-1 inhibitors therapy (Figure 1).




Figure 1 | The cross talk between immune cells in TME and the role of immune cells in the efficacy of PD-1 inhibitor therapy. CD8+T cells recognize antigens requiring a corroboration work between CD4+T cells with NK cells and DCs, and M1 TAM can exert antitumoral effects due to the stimulation of IFN-γ produced by CD8+ T cells. In addition to these immunostimulatory cells, the immunoinhibitory cells including CAFs, Tregs, M2 TAMs, and MDSCs can construct an immunosuppressive microenvironment to restrict the antitumor effect. Anti-PD-1 binds to PD-1 on immune cells which can block PD-1/PD-L1 interactions and recover the antitumor function of those cells. PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PD-L2, programmed death-ligand 2; IFN-γ, interferon gamma; TNF, tumor necrosis factor; CTL, cytotoxic T lymphocyte; DC, dendritic cell; NK, natural killer cell; MDSC, myeloid-derived suppressor cell; Treg, regulatory T cell; CAF, cancer-associated fibroblast; TAM, tumor-associated macrophage; M1, type 1 macrophage cell; M2, type 2 macrophage cell; MHC, major histocompatibility complex; TCR, T cell receptor; TME, tumor microenvironment.




T Cells


CD8+T Cells

CD8+T cells are a subset of lymphocytes developing in the thymus. They recognize antigen-presented cells expressing major histocompatibility complex (MHC) class I molecules and in turn exert antitumor function (3, 71). Initiation of a response from CD8+T cells against an antigen requires corroboration work between CD4+T cells with NK cells and DCs (3, 72). Activated, antigen-loaded DCs can launch the differentiation of CD8+T cells into CTLs by cross-presenting MHC class I molecules to cells (73). CD4+T cells can secrete cytokines following the interaction with antigens to simulate the optimal proliferation and activation of CD8+ T cells (74). On the other hand, NK cells and CD4+T cells can produce chemokines which indirectly induce the activation of CD8+ T cells by promoting the differentiation and maturation of DC cells (72, 75). Due to such cross talk, CTLs can initiate the antitumor effect through releasing IFN-γ and tumor necrosis factor α (TNF-α) to induce cytotoxicity in the cancer cells (76).

However, PD-1, as a coinhibitory receptor, could overexpress on activated CD8+ T cells (77). Once this happens, signals downstream of TCR may be attenuated and may cause the exhaustion of CD8+ T cells and ultimately contribute to the restriction of T cell activation and cytokine production (78). PD-1 blockade therapy seems to counteract tumor-induced T cell dysfunctionality by interfering with PD-1/PD-L1 signals; it releases the negative regulation of T cells and promotes T cells which produced higher levels of IFN-γ to activate antitumor immune response (79–81). Besides, PD-1 inhibitors reinvigorate preexisting CD8+T cells within the tumor and promote systemic T cell immunity priming. Nevertheless, the study revealed that preexisting tumor-specific T cells may have limited reinvigoration capacity and that the T cell response to checkpoint blockade derives from a distinct repertoire of T cell clones that may have just recently entered the tumor (82). The priming of antitumor T-cell immunity in lymphatic drainage might explain such consequence, which is further explained in another study. This study showed that tumor-draining lymph nodes (TDLNs) are enriched for tumor-specific PD-1+T cells which are closely associated with PD-L1+DCs (83). Suppression of DCs, accompanied by excess PD-L1 surface expression, may lead to restrained T cell priming and deviated CD8+ T cell differentiation in the TDLN. Therefore, it suggests that progenitor-exhausted T cells can be rescued by immune checkpoint blockade and then home to the tumor and populate the TME, to improve tumor control (83). However, the exact contribution of TDLN versus TME during PD-1/PD-L1 checkpoint blockade therapy remains to be elucidated.

On the other hand, the report found that PD-L1 can also be upregulated on T cells (84). PD-L1-expressing T cells can suppress immunity on neighboring T cells and polarize macrophages toward a tolerogenic phenotype via the PD-L1–PD-1 axis in the TME, which in turn both suppresses T cell activation and promotes tumor growth (84). It is still not clear whether PD-1 inhibitors also play a role based on this theory. Accordingly, the precise molecular mechanisms of T cell function stimulated by PD-1 inhibitors remain to be clarified.



CD4+T Cells (T Helper Cells)

CD4+T cells participate in the activation and expansion of CD8+T effectors; they induce an antitumor response by providing regulatory signals (85–87). In the tumor context, MHC class II molecules can present antigenic peptides recognized by CD4+T cells (88, 89). MHC-class II+ tumors can be directly killed by CD4+ CTLs. For the MHC-class II-negative tumor cells, CD4+ T cells can produce a vast range of cytokines that mediate inflammatory and effector immune responses (90, 91); TNF and IFN-γ are the most important cytokines that are mainly produced by T helper (Th) 1 cells. Additionally, CD4 Th1 cells also display antitumor responses by activating NK cells (90) and M1 TAM (92, 93), inhibition of angiogenesis (94), and/or induction of tumor senescence (95).

To date, the specific contribution of CD4 immunity to PD-1 blockade therapy efficacy is still unknown. In NSCLC, proliferation and low PD-1/LAG-3 co-expression of CD4 at baseline were responsive to PD-1 blockade ex vivo and in vivo (96). In cHL, PD-1 blockade therapy has strong antitumor effects on MHC-II-expressing tumors mediated by cytotoxic CD4+ T cells in murine models (97). These provide strong evidence that CD4 immunity might be an entry point to achieve efficacious clinical responses under PD-1 blockade therapies. Further research is needed to reveal the specific contribution of CD4+ T cells.




NK Cells

NK cells can spontaneously kill cells and thus are presumed to be key innate immune effectors in cancer immunosurveillance; it belongs to the family of innate lymphoid cells (ILCs) (98). IFN-γ produced by NK cells during early-phase immune responses can directly kill tumor cells and promote the differentiation of naive CD4+ T cells toward Th1 cells to facilitate cell-mediated immunity (99). Thus, NK cells are critical components both in humoral immunity and in cellular immunity.

As an inhibitory receptor, PD-1 can express on NK cells (100, 101) and prevent the activation of NK cell function when engaging with its ligand which is expressed on the surface of target tumor cells or APC (102). PD-1+ NK cells may be inhibited in killing tumor cells instead of being anergic in PD-L1+ tumors, which means that PD-1 is an important checkpoint for NK activation and PD-1 blockade might elicit an antitumor NK cell response (102). In high PD-L1 expression head and neck cancer (HNC) patients, the study observed that PD-1 blockade increased cetuximab-mediated NK cell activation and cytotoxicity (103). Besides, tumors might drive the development of PD-L1-expressing NK cells that acquire immunoregulatory functions; such cell population can directly inhibit CD8+ T cell proliferation in a PD-L1-dependent manner (104). These results show the importance of the PD-1/PD-L1 axis in inhibiting NK cell responses in vivo, and future research is needed to determine the specific mechanism of the PD-1 pathway in the antitumor response of NK cells.



DCs

DCs, known as specialized APC, transport tumor antigens to draining lymph nodes and cross-present antigens via MHC I and II to activate cytotoxic T lymphocytes (105). DC maturation is necessary to T cell proliferation and differentiation; the final antitumor immunity is also associated with co-stimulatory molecules and cytokines which are expressed as the mature markers on DCs, such as CD80/CD86 and IL-12 (106).

DCs are necessary for anti-PD-1 efficacy. Anti-PD-1-activated T cells secrete IFN-γ, which in turn primes a transcriptomic shift in DC phenotype; DCs produce IL-12 upon sensing IFN-γ to stimulate effector T cell responses (107–109). The activation of the non-canonical nuclear factor kappa-light-chain enhancer of the activated B cell (NF-κB) pathway is also required for checkpoint efficacy, for it can enrich IL-12-producing DCs (107). Additionally, evidence of direct regulation is still emerging. PD-1 expression has recently been identified on DCs in the specific tumor context (110, 111). The result of an ovarian study demonstrated that PD-1 expressed on the tumor-associated DC can suppress NF-κB activation and the release of immune regulatory cytokines and restrict the upregulation of co-stimulatory molecules (111), which mediate immune suppression. PD-1 inhibition seems to increase the co-stimulatory molecule expression of DCs (112). In addition, the specific ablation of PD-1 on intratumoral DCs resulted in enhanced priming of tumor-specific CD8+ T cells to secrete IL-2 and IFN-γ (110). While DCs are the major antigen-presenting cells for cross-presenting tumor antigens to T cells and promoting antitumor response, PD-L1 expression on DCs can be upregulated by inflammatory cytokines, especially IFNs. Such upregulation is likely to prevent the overexpansion of tumor-infiltrating lymphocytes and eventually dampen the antitumor responses (113, 114). These results might provide additional insights into the role PD-1/PD-L1 plays on DCs to facilitate antitumor response and the mechanisms of immune checkpoint blockade therapy efficacy.




TAMs

TAMs are major components of infiltrated leukocytes in tumors, which dominantly orchestrate cancer-related inflammation (115). They can be divided into two subtypes: M1 and M2. Anti-tumorigenic M1 macrophages express high levels of TNFα, inducible nitric oxide synthase (iNOS), and MHC class II molecules. They exert antitumoral effects due to the stimulation of IFN-γ produced by CD8+ T cells and CD4+T cells (71). Inversely, pro-tumorigenic M2 macrophages are marked with a high level of arginase 1 (ARG1) and CD206 expression (116). M2 cells can secrete STAT3 to the TME for impairing responses from CTLs when their number increases in the stroma (117). Besides, M2 cells can express inhibitory ligands PD-L1, which bind to inhibitory receptor PD-1 constitutively expressed in T cells to activate them, directly inhibiting TCR signals to restrain the antitumor function of T cells (118).

Primary macrophages transform into the M1 or M2 phenotype which can be induced by PD-1 signaling pathways (119). TAMs display detectable PD-1 levels in the tumor microenvironment; PD-1 blockade therapy contributed to both a direct and an indirect impact on TAMs. Indirectly, checkpoint blockade-activated T cells can accumulate TAMs by secrete factors (such as IFN-γ) to remodel the TME toward a tumor hostile environment rich in iNOS+ TAMs (119). In direct regulation, PD-1 deficiency in TAMs shifts their phenotype toward an antitumor profile, with higher levels of TNF-α, iNOS, and MHC II (120). Myeloid-specific PD-1 deletion was as effective at limiting tumor growth as global PD-1 deletion and more effective than selective ablation of PD-1 in T cells (121). TAM PD-1 expression negatively correlates with phagocytic potency against tumor cells; TAM infiltration is skewed toward high CD206 and ARG1 macrophages dampening antitumor immune responses (122, 123). Anti-PD-1 therapy can surprisingly reverse this trend, increasing the expression of iNOS, TNF-α, and IL-6, which may augment antitumor immunity (124). Accordingly, the inhibition of PD-1 expressed on TAMs can shift them to the M1 phenotype and form an antitumor TME.


Immunosuppressive Cells

Immunosuppressive cells, unlike immune cells, have a positive effect on antitumoral immunity. There are some immunoinhibitory cells that display negative cross talking in TME, including cancer-associated fibroblasts (CAFs), regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and M2 TAMs (mentioned above). Tregs repress the proliferation of both CD8+ and CD4+T cells through releasing transforming growth factor β (TGF-β) (125). CAFs promote the rate of glycolytic metabolism and further constitute a glucose-deficient TME. CTLs tend to decrease their number when encountered with such conditions (126). It is not yet known whether these have a role in promoting the efficacy of PD-1, but studies have shown that they are crucial in immune resistance, which will be discussed in detail in a subsequent paragraph.




Drug Resistance and Combined Therapy

Anti-PD-1 therapy has shown significant efficacy in clinical trials and has been approved for treating several cancers in clinic therapy. However, the occurrence of primary or acquired drug resistance will cause the patient to be ineffective to PD-1 blockade therapy or eventually the recurrence of malignant tumors (127). There are internal and external causes of tumor resistance to PD-1 blockade. The internal causes focus on the inherent characteristics of tumor cells; these include defective tumor immunorecognition, epigenetic regulation, abnormal oncogenic signaling, and IFN-γ signal pathway, while the external causes are mainly emanated from the tumor microenvironment, such as exhaustion of T cells, immunosuppressive cells and cytokines, tumor metabolites, new immune checkpoints, and intestinal microflora (128). Here, we summarize the primary resistant mechanisms to anti-PD-1 (Figure 2). In addition, we highlight emerging combined treatment strategies that might prolong the efficacy of PD-1 blockade or enable immunotherapy to impinge on previously intractable cancer types.




Figure 2 | Key mechanisms of resistance to anti-PD-1 inhibitors. The mechanisms of resistance including internal and external causes. The internal causes focus on the inherent characteristics of tumor cells, it includes defective tumor immunorecognition, epigenetic regulation, abnormal oncogenic signaling, and IFN-γ signal pathway. The external causes are mainly emanated from the tumor microenvironment, such as exhaustion of T cells, immunosuppressive cells and cytokines, tumor metabolites, new immune checkpoints, and intestinal microflora. B2M, B2-microglobulin; LAG3, lymphocyte-activation gene 3; TIM3, T cell immunoglobulin and mucin domain-containing molecule 3; VEGF, vascular endothelial growth factor; JAK, Janus kinase.




Defective Tumor Immunorecognition

Some studies have shown that carcinomas with robust T cell immunosurveillance can evade recognition through diverse genetic and immune-related mechanisms, including loss of tumor neoantigens and defect in antigen presentation.


Loss of Tumor Neoantigens

Despite that cancer immunoediting can suppress tumor growth, it can establish favorable conditions within the tumor microenvironment to facilitate tumor outgrowth of the immune system which no longer recognizes the tumor (129). A neoantigen is an antigen encoded by the mutant gene of tumor cells. It is cross-presented via DCs and recognized by mature activated T cells. Emerging research supports the critical role of neoantigens in response to PD-1 blockade therapy. For instance, it highlights that neoantigen-specific CD8+T-cell responses were parallel to tumor regression in a responder of NSCLC patients treated with pembrolizumab (130), indicating that anti-PD-1 therapy enhances tumor neoantigen-specific T cell responses. In addition, in NSCLC patients who developed acquired drug resistance after single anti-PD-1 or anti-PD-1 combined with anti-CTLA-4 therapy, the loss of neoantigens has been found based on complete exome sequencing of tumor cells (131). It means that the PD-1-blocking therapy may be less effective if the tumor does not contain a mutation that can be a target. Despite the underlying mechanism being still unclear, evidence highlights that the combination of radiotherapy (RT) and anti-PD-1 is considered a promising strategy (132). Most likely, it is dependent on RT-induced cell damage that may express somatic mutations that generate neo-antigens, which have the potential to serve as targets for a more robust immune response (133). In preclinical triple-negative breast tumor models, data show that radiotherapy can enrich tumors of functionally active. Curative capacity has been enhanced when radiotherapy is combined with immunostimulatory and α-PD-1 monoclonal antibodies (mAbs) (134). Similarly, cancer cell death induced by chemotherapy is thought to promote tumor antigen release and antigen presentation and stimulate immune effectors. Combining checkpoint inhibitors with standard-of-care chemotherapy has been successful in non-small cell lung carcinoma (135, 136) and triple-negative breast cancer (137). Besides, individualized mutanome vaccines, an RNA-based poly-neo-epitope approach to mobilize immunity against a spectrum of cancer mutations, were applied to patients in melanoma and obtained a complete response to vaccination in combination with PD-1 blockade therapy (138). These results mean that the combination of PD-1 blockade with an agent that can facilitate tumor cells to generate neo-antigen may increase antitumor immunity.



Defective Antigen Presentation

Effective tumor antigen presentation to CD8+T cells relies on class I MHC (139, 140). Loss of heterozygosity and genetic deficiencies of β2-microglobulin (B2M) are both crucial ways that lead to the loss of MHC molecules (140–142), which promote resistance to PD-1 blockade due to the inability of CD8+T cells to recognize tumor antigens and specifically kill tumor cells (143). Thus, to recover the ability of antigen presentation may represent potential avenues that can be combined with immunotherapy.

The impairment of antigen presentation can be induced by epigenetic regulation. DNA methylation is thought to regulate the expression of tumor-associated antigens by downregulating the level of MHC class I. Studies have shown that the capability of DNA methyltransferase inhibitors (DNMTi) to upregulate MHC class I and MHC class II has appeared in many cancers (144, 145). Enhancer of zeste homolog 2 (EZH2), a catalytic component in the polycomb repressive complex 2 (PRC2), plays a crucial role in the mediation of histone h3 lysine 27 tri-methylation (H3K27me3) (146). Research revealed a negative correlation between the expression levels of EZH2 and MHC I antigen presentation molecules (147). The study also found that tumor progression of an anti-PD-1-resistant head and neck squamous cell carcinoma (HNSCC) model can be suppressed by combinatorial treatment of an EZH2 inhibitor and anti-PD-1. Paradoxically, in ovarian cancer models, EZH2 inhibition has nothing to do with the alteration of the class I antigen presentation of ovarian cancer cells (148), indicating that the regulation of EZH2 on antigen presentation may be cancer-type specific. Therefore, the impairment of antigen presentation may promote tumor immune escape while providing a potential strategy to overcome resistance to PD-1 inhibitor therapy.




Oncogenic Signal Pathways

Cancer is a genetic disease that can be induced by multiple genetic alterations, which are commonly caused by abnormalities of several key oncogenic pathways (149), like the phosphatase and tensin homolog (PTEN) signal pathway and mitogen-activated protein kinase (MAPK) signal pathway. Here, we mainly describe the two most common pathways, which have been proven to be closely related to PD-1 inhibitor resistance.

Research found that loss of PTEN in tumor cells in clinical patients of melanoma correlates with decreased T-cell infiltration, expansion, and inferior outcomes with PD-1 inhibitor therapy (150). PTEN loss-of-function mutations in tumors were significantly increased in non-responders who were treated with anti-PD-1 antibodies (151). Additionally, one of the most common pathways activated by loss of expression of the tumor suppressor PTEN is the phosphatidylinositol 3-kinase (PI3K) pathway, which plays a critical role in cancer by regulating several critical cellular processes. Thus, the PI3Kβ inhibitor, which is thought to regulate AKT activity in tumors with PTEN loss, has been applied to PTEN-deficient melanoma mouse models and demonstrated to enhance the efficacy of both PD-1 and CTLA-4 inhibitors (150). Accordingly, the regime that anti-PD-1 combined with PI3K-AKT pathway inhibitors may benefit cancer patients in the future.

The RAF/MEK/ERK pathway which is the classic routine in the MAPK pathway is also critical for human cancer; the pathway can be primed by activated RAS interacting with RAF kinase (152–154). Furthermore, RAS, RAF, and MEK are also frequently amplified or mutated in various cancers, accompanied by the activated MEK-ERK signaling pathway (155). KRAS, the component of RAS, is one of the most frequently mutated oncogenes in human cancers and participates in the mechanism of PD-1 inhibitor resistance (156). Similarly, BRAF, another mutated oncogene, has the vast majority in number harboring an activating point mutation (V600E) (157). This oncogenic mutation leads to constitutive activation of the MAPK signaling pathway and increased oncogenic potential through a variety of mechanisms, including reduced apoptosis, increased invasiveness, and increased metastatic behavior (158). Recent in vitro data suggest that BRAF V600E could also contribute to immune escape (157, 159). Based on these, selective inhibition of BRAF has been shown to induce an activated CD8+ T cell infiltrate, as well as increase melanoma MHC expression and melanoma antigen presentation early during treatment both in preclinical models and in human melanoma tissue samples (159–161). The study also suggested that combined BRAF and MEK inhibition with PD-1 blockade immunotherapy in BRAF-mutant melanoma can increase the frequency of long-lasting antitumor responses (162). Thus, the inhibition of the RAF/MEK/ERK signaling pathway may be a promising therapeutic strategy for cancer dysregulated in this pathway.



IFNs

IFN-γ, effector cytokines of T cells, can directly exert an effective antitumor immune response by recognizing the corresponding receptors on tumor cells or indirectly promote the cross-activation of CD8+ T cells by upregulating antigen-presenting machinery to attack tumor cells (163). Classically, IFN-γ inhibits the proliferation of tumor cells and promotes their apoptosis, as it can activate signal transducer and activator of transcription 1 (STAT1) through using the Janus kinase (JAK) signal transducer and activator of the transcription pathway (127). Recent studies have implicated that defects in such pathways involved in IFN-receptor signaling and antigen presentation are associated with primary and acquired resistance to PD-1 blockades, such as inactivating mutations in JAK1 and JAK2 (143, 164). It may result in PD-L1 not being able to be reactively expressed and failing to attract T cell infiltration due to lack of chemokine production which is controlled by the IFN-γ pathway downstream of JAK1/2 (165). Considering that preexisting T cells in the tumor are a requisite for response to anti-PD-1 therapy (166), the absence of reactive PD-L1 expression may implicate a poor response to PD-1 blockade therapy, because of the impairment of tumor-infiltrating T cells (164).

IFN-β, belonging to type I IFN that is associated with innate immune responses (167), was proved to be suppressed by lysine-specific histone demethylase 1 (LSD1) (168). Ablation of LSD1 in cancer cells increases repetitive element expression; this leads to dsRNA stress and activation of type 1 IFN, which promotes antitumor T cell immunity and sensitizes refractory tumors to PD-1 blockade in a melanoma mouse model (168). The remarkable ability of LSD1 inhibition to convert a tumor resistant to PD-1 blockade to a tumor responsive to PD-1 blockade provides a means to increase the efficacy of anti-PD-1 cancer therapy and potentially turn “cold” tumors “hot” (169). It may suggest LSD1 inhibition combined with PD-1 blockade as a novel cancer treatment strategy. In addition, long-term IFN-β transcription can also promote the occurrence of resistance to anti-PD-1 therapy by inducing intratumoral augment of Tregs and myeloid cells, which cause T cell depletion and immunosuppression (170). Thus, IFNs display the consequence of resulting in T cell depletion and immunosuppression, although they can also promote the effect of tumor-specific CD8+T cells.



Immune Contexture

As noted, research of immune checkpoint blockade therapy was concentrated on reversing tumor-specific T cell dysfunction. CD8+T cells play an essential role in the scope of T cell-directed immunotherapy. Thus, the exhaustion of CD8+T cells induced by several factors can also be a crucial reason for PD-1 blockade resistance (143).

Epigenomic modifications might underlie CD8+T cell exhaustion. These long-lasting, exhaustion-associated epigenetic programs limit the rejuvenation of antigen-specific CD8 T cells during PD-1 blockade therapy. A study displayed that initial DNA-methylation programs could restrict T-cell expansion and clonal diversity during PD-1 blockade treatment (171). The administration of DNA-demethylating agents before ICB therapy reversed these programs and enhanced the reinvigoration of antitumor CD8 T cells. Moreover, the latest clinic trials concerning epigenetic therapies also suggest that histone deacetylase inhibitors may synergize with PD-1 blockade to overcome resistance (172, 173). What they found highlights epigenetic programs among exhausted T-cells as a potential mechanism to explain PD-1 blockade therapeutic failures. Besides, research found that co-stimulatory molecules like CD28 can also suppress the function of effector T cells and reduce the response to anti-PD-1 therapy by blocking the CD28-B7 co-stimulatory pathway (13). In addition to the regulation of epigenetic change and co-stimulatory pathway over CD8+T cells, other immune-suppressive cells also have more or less indirect effects on it, impacting drug resistance of anti-PD-1 therapy.

MDSCs are defined as immature myeloid cells, which can be induced to expand by tumor progression and play an immunosuppressive role in multiple cancers (174, 175). The recruitment of immunosuppressive MDSCs has shown complex protumorigenic outcomes following anti-PD-1 therapy (176). One mechanism of this recruitment may be driven by anti-PD-1-activated T cells, which partially trigger a tumor-intrinsic NLRP3 inflammasome signaling cascade (176, 177). This signaling cascade constitutes an adaptive resistance pathway, the genetic and pharmacological inhibition of which can enhance the efficacy of anti-PD-1 immunotherapy by inhibiting the tumor infiltration of MDSCs (176). On the other hand, checkpoint-activated CD8+ T cells can induce the differentiation and survival of protumorigenic TAMs and MDSCs by stimulating tumor production of CSF1 by secreting more TNF-α (178). These prompt us to hypothesize that neutralizing MDSCs and preserving T cell function may elicit robust immunotherapy responses by the combined actions of ICB agents together with targeted agents (179). Paradoxically, in HNSCC, it demonstrates reduced granulocytic MDSC infiltration post-PD-1 blockade (180). Thus, it is still unclear whether this model involves different mechanisms of MDSC recruitment or whether blockade of PD-1 inhibits MDSC proliferation directly.

TAM is another type of myeloid cells. It can impact the response to immunotherapy by activating triggering receptors expressed on myeloid cells 2 (TREM2) (181). TREM2 deficiency was associated with the transformation of macrophage subsets and an increase of intratumoral CD8+ T cells, some of which expressed PD-1. The observation found that tumor macrophage infiltrates enhanced T-cell-mediated control of tumor growth after the anti-TREM2 therapy; the anti-TREM2 mAb to tumor-bearing mice blunted tumor growth and strongly enhanced the efficacy of anti-PD-1 immunotherapy (181). Efforts are currently ongoing to complement checkpoint blockade with treatment targeting myeloid cells (115), including depletion of myeloid cells from tumors, blocking their pro-tumoral functions, or restoring their immunostimulatory properties (182, 183). These results may be applied as a theoretical basis to clinical trials.

Tregs can inhibit TCR-mediated activation and proliferation of CD4+/CD8+T cells to promote tumor immune evasion. Simultaneously, EZH2 has a critical role in maintaining the identity and function of Tregs; it has been proved that Ezh2 deficiency in Tregs stimulates antitumor immunity with enhanced T cell infiltration and elevated effector function (147). Mechanistically, Ezh2 functioned in regulating the stability of Foxp3 protein which is specifically expressed by Tregs. Based on these, the synergistic impact of the combination of EZH2 inhibition and anti-PD-1 has been found in an anti-PD-1-resistant model of HNSCC. It is explained that EZH2 inhibition can enhance tumor cell Class I MHC expression in vivo including in highly resistant models (147). Thus, it is promising that try to improve the efficacy of anti-PD-1 therapy by combining it with Ezh2 inhibitors.

CAFs are activated fibroblast cells during cancer development, contributing to the establishment of an immunosuppressive TME (184). Despite T cells being recovered from the capability against tumor cells following anti-PD-1 therapy, CAFs can act as a formidable barrier to T cells by secreting-related factors, resulting in T cell exclusion from tumor nests (185). TGF-β, a factor released by CAFs, promotes T-cell exclusion and blocks Th1 effector phenotype acquisition, which eventually results in resistance to PD-1 blockade therapy (186, 187). Inhibition of TGF-β unleashed a potent, enduring cytotoxic T-cell against tumor cells to prevent refractory. In mice with progressive liver metastatic disease, blockade of TGF-β signaling improves the susceptibility to anti-PD-1 therapy and suggests that TGF-β inhibition could prevent, but not reverse, CAF differentiation (186). NOX 4 is a specific downstream target of TGF-β. Inhibition of NOX 4 can “normalize” CAF to a quiescent phenotype and promote intratumoral CD8+ T-cell infiltration, overcoming the exclusion effect (185). These trials show that the regulation of CAFs through repressing the related downstream pathway or factors may have a synergistic effect on the anti-PD-1 therapy.

As mentioned above, one of the major obstacles that remain to be overcome is the restriction of T cells’ function in the immunosuppressive microenvironment formed by Tregs, MDSCs, and TAMs. The adoptive cell therapy (ACT) with chimeric antigen receptor (CAR)-redirected T cells is an attractive anticancer strategy. The breakthrough with CAR-T cell therapy was achieved, targeting B-cell hematologic tumors (188–191), while there is less efficacy in solid tumors. Research shows that TGF-β can be produced in most human tumors and markedly inhibits tumor antigen-specific cellular immunity. CAR-T lymphocytes have generated the resistance to TGF-β suppression, which expresses dominant-negative TGF-β receptors, to counteract these immunomodulatory activities (192). Such a result demonstrates their superior antitumor activity in animal models. Thus, combining engineered CAR-T cells with PD-1 antagonists makes a great deal of sense. There are promising results in both the pre-clinic model and case report (193, 194), presenting a large opportunity for the field of cellular engineering and immune checkpoint therapy.

Accordingly, the abovementioned studies indicate that the resistance to PD-1 inhibitors is directly related to the dysfunction of T cells caused by its epigenetic change, while other immune-related cells can also indirectly result in immune evasion via impacting the antitumor immunity progression of T cells.



Angiogenesis

The angiogenic tumor vasculature plays a vital role in regulating the response to cancer immunotherapy. Vascular abnormalities restrict T cell trafficking into the intratumor via upregulating vascular endothelial growth factor (VEGF) and gene-related to proangiogenic (195). Study has suggested that the VEGF signal induces the expression of the factor-related apoptosis antigen ligand (FasL)-mediated cell death on vascular endothelial cells, which in turn poses a formidable physical barrier to vascular material exchange (195). Additionally, the tumor neovasculature also decreases immature DCs and expands Treg cells and MDSC populations (195, 196). The modulation of tumor vasculature includes anti-angiogenesis and vascular normalization, which can induce the depletion of Tregs and regulatory B cells, enhancement of M1 TAMs, and activation of T cells, to reduce immunosuppression. The modulation can make favorable conditions for the infiltration of CD8+ cells and allow the effectiveness of immune checkpoint blockade (197). Immune checkpoint inhibitors have also shown promise in combination with anti-angiogenic in solid tumors (198), such as NSCLC and colorectal cancer (199). Thus, anti-angiogenesis and immunotherapy are documented to work synergistically together, showing promise for the resistance of PD-1 inhibitors.



Deregulation of Immunometabolism

Immune cells undergo complex shifts in metabolic states; immunosuppressive metabolites in TME can inhibit antitumor immunity by inhibiting immune cell infiltration (200–203).

Aerobic glycolysis is indispensable to CD8+T effector cells. It can be restricted by tumor cells that outcompete T cells for glucose uptake (81). In pretreatment of melanoma tumors, hypoxia-associated genes are highly expressed in the tumors that are subsequently resistant to PD-1 blockade compared with those from responding tumors (204). A high concentration of lactic acid can also blunt aerobic glycolysis of CD8+T cells and correlate with primary resistance on PD-1 blockade (205). A database analysis of patients with melanoma revealed strong negative associations between tumor lactate dehydrogenase expression and markers of CTL activation (201). Separately, indoleamine 2,3-dioxygenase (IDO), generated by tumors and immune cells, can enhance Treg and MDSC production and activity and inhibit the effect on T-cell immunity (206). IDO is the initial and rate-limiting enzyme in the degradation of tryptophan through the kynurenine pathway. A report found a significantly higher kynurenine/tryptophan ratio in NSCLC patients with early progression on nivolumab, suggesting that IDO might contribute to primary resistance to anti-PD-1 monoclonal antibodies (207). Despite that, the following clinical studies have shown that the efficacy of the IDO1 selective inhibitor plus PD-1 inhibitor is not as good as that of PD-1 blockade treatment alone (208). The combination therapy of IDO inhibitors and PD-1 antibodies may become a study direction for overcoming immunotherapy resistance. In addition, adenosine also is an immunosuppressive molecule that can suppress effector T cells and NK cells and increase Treg numbers (209, 210). Accordingly, metabolic disorders can encumber proper T cell activation and effector functions, which is a potential mechanism of resistance to PD-1 blockade. It is believed that the combined strategy based on this can bring gratifying results.



Disorder of Intestinal Microbiota

The gastrointestinal microbiome has been demonstrated to play an essential role in regulating the immune response function during cancer therapy (211–214). There is a group of active microorganisms that live in symbiosis with the host in the human intestinal tract and may cause tumor resistance to anti-PD-1 when it gets disordered (215, 216). Concordantly, a result has displayed that the responders to PD-1 blockade had a differential composition of gut bacteria (217). It has shown an “unfavorable” gut microbiome with low diversity and high relative abundance. Such a population may impair systemic and antitumor immune responses mediated by the limited intratumoral T cells, myeloid infiltration, and weakened antigen presentation capacity (211). Enhanced responses of anti-PD-1 therapy have been observed in mice that accepted fecal microbiome transplantation of the responder to PD-1 blockade. On the other hand, the efficacy of anti-PD-1 in mice receiving a non-responder could be restored by administration of specific genera enriched in responding patients in these mice. In addition, these specific genera were associated with increased intratumoral immune infiltrates mediated by the recruitment of CD4+T cells into the tumor bed and increased ratio of CD4+T cells to Tregs in response to PD-1 blockade (217). Besides, fecal microbiota transplant also overcomes resistance to anti-PD-1 therapy in melanoma patients (218). This suggests that regulating the gut microbiota may potentially enhance antitumor immune responses as well as response to immune checkpoint blockade.



New Immune Checkpoints

During checkpoint blockade with anti-PD-1 inhibitors, other inhibitory checkpoints might become coordinately upregulated and in turn lead to therapeutic failure (219). T-cell immunoglobulin mucin 3 (TIM-3), a member of the TIM family of immunomodulatory proteins, has been identified as a critical regulator of CTL exhaustion with co-expression of PD-1 (220). Such co-expression means that the most dysfunctional subgroup of T cells does not produce IL-2 and IFN-γ and eventually causes adaptive resistance. The mechanism has demonstrated that the increased Tim-3-mediated escape of exhausted TIL from PD-1 inhibition was mediated by PI3K/Akt complex downstream of TCR signaling in HNSCC (219). In vitro, the anti-Tim-3-blocking antibody reverses resistance to anti-PD-1 in PBMC from lung cancer patients (221). On the other hand, significant antitumor activity was observed after sequential addition of anti-Tim-3 mAb to overcome adaptive resistance to anti-PD-1 mAb in a murine HNSCC model (219). Thus, combination therapy targeting TIM-3 and PD-1 signaling pathways might be effective against the resistance of mono-immunotherapy.

Lymphocyte activation gene 3 (LAG-3) can selectively be expressed on activated T cells, NK cells, DCs and may get compensatory upregulation. The regulatory function of LAG-3 on T cells is similar to that of PD-1, which delivers suppressive signaling to hinder antitumor response (222). LAG-3 also competes for binding to MHC class II, which leads to decreased efficacy of MHC class II-mediated antigen presentation (223). The upregulation of LAG-3 in tumors of melanoma and lung cancer patients with acquired resistance to anti-PD-1 therapy has been demonstrated (223). There appeared to be a synergistic benefit of anti-LAG-3/anti-PD-1 combinatorial immunotherapy compared with anti-PD-1 monotherapy. In addition, a higher proportion of effector T cells were observed in mice treated with anti-LAG-3/anti-PD-1 than in PD-1 monotherapy groups. These suggest that anti-LAG-3/anti-PD-1 combinatorial immunotherapy may act synergistically (224). The roles of other checkpoints are still unconfirmed in anti-PD-1 resistance, such as TIGIT. Thus, a more particular knowledge of these new immune checkpoints may provide a rationale for designing combination treatments in the future.




Conclusions

In this review, we primarily describe a complex story of the relationship between anti-PD-1 and TME. The initiation of the antitumor effect depends on the cross talk between immune cells (Figure 1). Besides T cells, other immune-activating cells, like NK cells, DCs, and M1 TAMs, also contribute to anti-PD-1 efficacy through direct or indirect mechanisms. Furthermore, PD-1 blockade can target PD-1 expressed on these cells directly or reactivate CD8+ T cells to induce these immune-activating cell responses indirectly within the TME. Also, the review briefly displays the mechanisms that possibly contribute to primary or acquired resistance to PD-1 blockade, including the internal and external causes; the former focuses on the inherent characteristics of tumor cells while the other is mainly emanated from the tumor microenvironment (Figure 2). Due to the different reasons for drug resistance, the appropriate combination immunotherapy is also different, which is also discussed in detail in this article. It means that using a combination of such strategies is more suitable than using one approach alone for stimulating an antitumor immune response in some situations. A future challenge for researchers and clinicians is to achieve the satisfactory efficacy of immunotherapy. It means that the mechanisms of tumor immune evasion and immune drug resistance should be clarified as much as possible. It also plays a crucial role in the exploration of predictive markers, which are associated with the response rate of immunotherapy and improved clinical outcomes.



Author Contributions

QW wrote the manuscript; all authors were involved in the amendments and improvements in the text. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China [82072594 (YT), 82073097 (SL), 82073136 (DX), 81874139 (SL), and 81872285 (YS)], Shenzhen Science and Technology Program [KQTD20170810160226082 (YT)], Shenzhen Municipal Government of China [JCYJ20180507184647104 (YT)], and the Hunan Provincial Key Area R&D Program [2019SK2253 (YT)].



Acknowledgments

The authors want to give the sincerest thanks to the other lab members of YT and DX for their helpful comments and suggestions.



References

1. Baumeister, SH, Freeman, GJ, Dranoff, G, and Sharpe, AH. Coinhibitory Pathways in Immunotherapy for Cancer. Annu Rev Immunol (2016) 34(February):539–73. doi: 10.1146/annurev-immunol-032414-112049

2. Liu, X, Hogg, GD, and DeNardo, DG. Rethinking Immune Checkpoint Blockade: “Beyond the T Cell”. J Immunother Cancer (2021) 9(1):e001460. doi: 10.1136/jitc-2020-001460

3. Borst, J, Ahrends, T, Bąbała, N, Melief, CJM, and Kastenmüller, W. CD4(+) T Cell Help in Cancer Immunology and Immunotherapy. Nat Rev Immunol (2018) 18(10):635–47. doi: 10.1038/s41577-018-0044-0

4. Wculek, SK, Cueto, FJ, Mujal, AM, Melero, I, Krummel, MF, and Sancho, D. Dendritic Cells in Cancer Immunology and Immunotherapy. Nat Rev Immunol (2020) 20(1):7–24. doi: 10.1038/s41577-019-0210-z

5. Peterson, EE, and Barry, KC. The Natural Killer–Dendritic Cell Immune Axis in Anti-Cancer Immunity and Immunotherapy. Front Immunol (2021) 11:621254. doi: 10.3389/fimmu.2020.621254

6. Yan, Y, Zhang, L, Zuo, Y, Qian, H, and Liu, C. Immune Checkpoint Blockade in Cancer Immunotherapy: Mechanisms, Clinical Outcomes, and Safety Profiles of PD-1/PD-L1 Inhibitors. Archivum Immunologiae Therapiae Experimentalis (2020) 68(6):1–15. doi: 10.1007/s00005-020-00601-6

7. Quezada, SA, and Peggs, KS. Exploiting CTLA-4, PD-1 and PD-L1 to Reactivate the Host Immune Response Against Cancer. Br J Cancer (2013) 108(8):1560–5. doi: 10.1038/bjc.2013.117

8. Herbst, RS, Soria, JC, Kowanetz, M, Fine, GD, Hamid, O, Gordon, MS, et al. Predictive Correlates of Response to the Anti-PD-L1 Antibody MPDL3280A in Cancer Patients. Nature (2014) 515(7528):563–7. doi: 10.1038/nature14011

9. Alvarez, M, Simonetta, F, Baker, J, Morrison, AR, Wenokur, AS, Pierini, A, et al. Indirect Impact of PD-1/PD-L1 Blockade on a Murine Model of NK Cell Exhaustion. Front Immunol (2020) 11:7. doi: 10.3389/fimmu.2020.00007

10. Juneja, VR, McGuire, KA, Manguso, RT, LaFleur, MW, Collins, N, Nicholas Haining, W, et al. PD-L1 on Tumor Cells Is Sufficient for Immune Evasion in Immunogenic Tumors and Inhibits CD8 T Cell Cytotoxicity. J Exp Med (2017) 214(4):895–904. doi: 10.1084/jem.20160801

11. Okazaki, T, Maeda, A, Nishimura, H, Kurosaki, T, and Honjo, T. PD-1 Immunoreceptor Inhibits B Cell Receptor-Mediated Signaling by Recruiting Src Homology 2-Domain-Containing Tyrosine Phosphatase 2 to Phosphotyrosine. Proc Natl Acad Sci USA (2001) 98(24):13866–71. doi: 10.1073/pnas.231486598

12. He, X, and Xu, C. Immune Checkpoint Signaling and Cancer Immunotherapy. Cell Res (2020) 30(8):660–9. doi: 10.1038/s41422-020-0343-4

13. Hui, E, Cheung, J, Zhu, J, Su, X, Taylor, MJ, Wallweber, HA, et al. T Cell Costimulatory Receptor CD28 Is a Primary Target for PD-1-Mediated Inhibition. Sci (New York NY) (2017) 355(6332):1428–33. doi: 10.1126/science.aaf1292

14. Yokosuka, T, Takamatsu, M, Kobayashi-Imanishi, W, Hashimoto-Tane, A, Azuma, M, and Saito, T. Programmed Cell Death 1 Forms Negative Costimulatory Microclusters That Directly Inhibit T Cell Receptor Signaling by Recruiting Phosphatase SHP2. J Exp Med (2012) 209(6):1201–17. doi: 10.1084/jem.20112741

15. Chemnitz, JM, Parry, RV, Nichols, KE, June, CH, and Riley, JL. SHP-1 and SHP-2 Associate With Immunoreceptor Tyrosine-Based Switch Motif of Programmed Death 1 Upon Primary Human T Cell Stimulation, But Only Receptor Ligation Prevents T Cell Activation. J Immunol (2004) 173(2):945–54. doi: 10.4049/jimmunol.173.2.945

16. Zhao, Y, Harrison, DL, Song, Y, Ji, J, Huang, J, and Hui, E. Antigen-Presenting Cell-Intrinsic PD-1 Neutralizes PD-L1 in Cis to Attenuate PD-1 Signaling in T Cells. Cell Rep (2018) 24(2):379–90.e6. doi: 10.1016/j.celrep.2018.06.054

17. Patsoukis, N, Brown, J, Petkova, V, Liu, F, Li, L, and Boussiotis, VA. Selective Effects of PD-1 on Akt and Ras Pathways Regulate Molecular Components of The Cell Cycle and Inhibit T Cell Proliferation. Sci Signaling (2012) 5(230):ra46. doi: 10.1126/scisignal.2002796

18. Latchman, Y, Wood, CR, Chernova, T, Chaudhary, D, Borde, M, Chernova, I, et al. PD-L2 Is a Second Ligand for PD-1 and Inhibits T Cell Activation. Nat Immunol (2001) 2(3):261–8. doi: 10.1038/85330

19. Sharpe, AH, and Pauken, KE. The Diverse Functions of the PD1 Inhibitory Pathway. Nat Rev Immunol (2018) 18(3):153–67. doi: 10.1038/nri.2017.108

20. Tanegashima, T, Togashi, Y, Azuma, K, Kawahara, A, Ideguchi, K, Sugiyama, D, et al. Immune Suppression by PD-L2 Against Spontaneous and Treatment-Related Antitumor Immunity. Clin Cancer Res (2019) 25(15):4808–19. doi: 10.1158/1078-0432.CCR-18-3991

21. Robert, C, Schachter, J, Long, GV, Arance, A, Grob, JJ, Mortier, L, et al. Pembrolizumab Versus Ipilimumab in Advanced Melanoma. N Engl J Med (2015) 372(26):2521–32. doi: 10.1056/NEJMoa1503093

22. Ribas, A, Puzanov, I, Dummer, R, Schadendorf, D, Hamid, O, Robert, C, et al. Pembrolizumab Versus Investigator-Choice Chemotherapy for Ipilimumab-Refractory Melanoma (KEYNOTE-002): A Randomised, Controlled, Phase 2 Trial. Lancet Oncol (2015) 16(8):908–18. doi: 10.1016/S1470-2045(15)00083-2

23. Mok, TSK, Wu, YL, Kudaba, I, Kowalski, DM, Cho, BC, Turna, HZ, et al. Pembrolizumab Versus Chemotherapy for Previously Untreated, PD-L1-Expressing, Locally Advanced or Metastatic Non-Small-Cell Lung Cancer (KEYNOTE-042): A Randomised, Open-Label, Controlled, Phase 3 Trial. Lancet (London England) (2019) 393(10183):1819–30. doi: 10.1016/S0140-6736(18)32409-7

24. Herbst, RS, Baas, P, Kim, DW, Felip, E, Pérez-Gracia, JL, Han, J-Y, et al. Pembrolizumab Versus Docetaxel for Previously Treated, PD-L1-Positive, Advanced Non-Small-Cell Lung Cancer (KEYNOTE-010): A Randomised Controlled Trial. Lancet (London England) (2016) 387(10027):1540–50. doi: 10.1016/S0140-6736(15)01281-7

25. Chen, R, Zinzani, PL, Fanale, MA, Armand, P, Johnson, NA, Brice, P, et al. Phase II Study of the Efficacy and Safety of Pembrolizumab for Relapsed/Refractory Classic Hodgkin Lymphoma. J Clin Oncol: Off J Am Soc Clin Oncol (2017) 35(19):2125–32. doi: 10.1200/JCO.2016.72.1316

26. Armand, P, Rodig, S, Melnichenko, V, Thieblemont, C, Bouabdallah, K, Tumyan, G, et al. Pembrolizumab in Relapsed or Refractory Primary Mediastinal Large B-Cell Lymphoma. J Clin Oncol: Off J Am Soc Clin Oncol (2019) 37(34):3291–9. doi: 10.1200/JCO.19.01389

27. Nghiem, P, Bhatia, S, Lipson, EJ, Sharfman, WH, Kudchadkar, RR, Brohl, AS, et al. Durable Tumor Regression and Overall Survival in Patients With Advanced Merkel Cell Carcinoma Receiving Pembrolizumab as First-Line Therapy. J Clin Oncology: Off J Am Soc Clin Oncol (2019) 37(9):693–702. doi: 10.1200/JCO.18.01896

28. Balar, AV, Castellano, D, O’Donnell, PH, Grivas, P, Vuky, J, Powles, T, et al. First-Line Pembrolizumab in Cisplatin-Ineligible Patients With Locally Advanced and Unresectable or Metastatic Urothelial Cancer (KEYNOTE-052): A Multicentre, Single-Arm, Phase 2 Study. Lancet Oncol (2017) 18(11):1483–92. doi: 10.1016/S1470-2045(17)30616-2

29. Fradet, Y, Bellmunt, J, Vaughn, DJ, Lee, JL, Fong, L, Vogelzang, NJ, et al. Randomized Phase III KEYNOTE-045 Trial of Pembrolizumab Versus Paclitaxel, Docetaxel, or Vinflunine in Recurrent Advanced Urothelial Cancer: Results of >2 Years of Follow-Up. Ann Oncol: Off J Eur Soc Med Oncol (2019) 30(6):970–6. doi: 10.1093/annonc/mdz127

30. Zhu, AX, Finn, RS, Edeline, J, Cattan, S, Ogasawara, S, Palmer, D, et al. Pembrolizumab in Patients With Advanced Hepatocellular Carcinoma Previously Treated With Sorafenib (KEYNOTE-224): A Non-Randomised, Open-Label Phase 2 Trial. Lancet Oncol (2018) 19(7):940–52. doi: 10.1016/S1470-2045(18)30351-6

31. Fuchs, CS, Doi, T, Jang, RW, Muro, K, Satoh, T, Machado, M, et al. Safety and Efficacy of Pembrolizumab Monotherapy in Patients With Previously Treated Advanced Gastric and Gastroesophageal Junction Cancer: Phase 2 Clinical KEYNOTE-059 Trial. JAMA Oncol (2018) 4(5):e180013. doi: 10.1001/jamaoncol.2018.0013

32. Marabelle, A, Le, DT, Ascierto, PA, Di Giacomo, AM, De Jesus-Acosta, A, Delord, J-P, et al. Efficacy of Pembrolizumab in Patients With Noncolorectal High Microsatellite Instability/Mismatch Repair-Deficient Cancer: Results From the Phase II KEYNOTE-158 Study. J Clin Oncol: Off J Am Soc Clin Oncol (2020) 38(1):1–10. doi: 10.1200/JCO.19.02105

33. Burtness, B, Harrington, KJ, Greil, R, Souliéres, D, Tahara, M, de Castro, GJ, et al. Pembrolizumab Alone or With Chemotherapy Versus Cetuximab With Chemotherapy for Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck (KEYNOTE-048): A Randomised, Open-Label, Phase 3 Study. Lancet (London England) (2019) 394(10212):1915–28. doi: 10.1016/S0140-6736(19)32591-7

34. Chung, HC, Ros, W, Delord, JP, Perets, R, Italiano, A, Shapira-Frommer, R, et al. Efficacy and Safety of Pembrolizumab in Previously Treated Advanced Cervical Cancer: Results From the Phase II KEYNOTE-158 Study. J Clin Oncology: Off J Am Soc Clin Oncol (2019) 37(17):1470–8. doi: 10.1200/JCO.18.01265

35. Kojima, T, Shah, MA, Muro, K, Francois, E, Adenis, A, Hsu, C-H, et al. Randomized Phase III KEYNOTE-181 Study of Pembrolizumab Versus Chemotherapy in Advanced Esophageal Cancer. J Clin Oncology: Off J Am Soc Clin Oncol (2020) 38(35):4138–48. doi: 10.1200/JCO.20.01888

36. Langer, CJ, Gadgeel, SM, Borghaei, H, Papadimitrakopoulou, VA, Patnaik, A, Powell, SF, et al. Carboplatin and Pemetrexed With or Without Pembrolizumab for Advanced, Non-Squamous Non-Small-Cell Lung Cancer: A Randomised, Phase 2 Cohort of the Open-Label KEYNOTE-021 Study. Lancet Oncol (2016) 17(11):1497–508. doi: 10.1016/S1470-2045(16)30498-3

37. Paz-Ares, L, Luft, A, Vicente, D, Tafreshi, A, Gümüş, M, Mazières, J, et al. Pembrolizumab Plus Chemotherapy for Squamous Non-Small-Cell Lung Cancer. N Engl J Med (2018) 379(21):2040–51. doi: 10.1056/NEJMoa1810865

38. Kato, K, Shah, MA, Enzinger, P, Bennouna, J, Shen, L, Adenis, A, et al. KEYNOTE-590: Phase III Study of First-Line Chemotherapy With or Without Pembrolizumab for Advanced Esophageal Cancer. Future Oncol (London England) (2019) 15(10):1057–66. doi: 10.2217/fon-2018-0609

39. Weber, JS, D’Angelo, SP, Minor, D, Hodi, FS, Gutzmer, R, Neyns, B, et al. Nivolumab Versus Chemotherapy in Patients With Advanced Melanoma Who Progressed After Anti-CTLA-4 Treatment (CheckMate 037): A Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet Oncol (2015) 16(4):375–84. doi: 10.1016/S1470-2045(15)70076-8

40. Larkin, J, Minor, D, D’Angelo, S, Neyns, B, Smylie, M, Miller, WHJ, et al. Overall Survival in Patients With Advanced Melanoma Who Received Nivolumab Versus Investigator’s Choice Chemotherapy in CheckMate 037: A Randomized, Controlled, Open-Label Phase III Trial. J Clin Oncol: Off J Am Soc Clin Oncol (2018) 36(4):383–90. doi: 10.1200/JCO.2016.71.8023

41. Brahmer, J, Reckamp, KL, Baas, P, Crinò, L, Eberhardt, WEE, Poddubskaya, E, et al. Nivolumab Versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N Engl J Med (2015) 373(2):123–35. doi: 10.1056/NEJMoa1504627

42. Borghaei, H, Paz-Ares, L, Horn, L, Spigel, DR, Steins, M, Ready, NE, et al. Nivolumab Versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer. N Engl J Med (2015) 373(17):1627–39. doi: 10.1056/NEJMoa1507643

43. Younes, A, Santoro, A, Shipp, M, Zinzani, PL, Timmerman, JM, Ansell, S, et al. Nivolumab for Classical Hodgkin’s Lymphoma After Failure of Both Autologous Stem-Cell Transplantation and Brentuximab Vedotin: A Multicentre, Multicohort, Single-Arm Phase 2 Trial. Lancet Oncol (2016) 17(9):1283–94. doi: 10.1016/S1470-2045(16)30167-X

44. Sharma, P, Retz, M, Siefker-Radtke, A, Baron, A, Necchi, A, Bedke, J, et al. Nivolumab in Metastatic Urothelial Carcinoma After Platinum Therapy (CheckMate 275): A Multicentre, Single-Arm, Phase 2 Trial. Lancet Oncol (2017) 18(3):312–22. doi: 10.1016/S1470-2045(17)30065-7

45. El-Khoueiry, AB, Sangro, B, Yau, T, Crocenzi, TS, Kudo, M, Hsu, C, et al. Nivolumab in Patients With Advanced Hepatocellular Carcinoma (CheckMate 040): An Open-Label, Non-Comparative, Phase 1/2 Dose Escalation and Expansion Trial. Lancet (London England) (2017) 389(10088):2492–502. doi: 10.1016/S0140-6736(17)31046-2

46. Overman, MJ, McDermott, R, Leach, JL, Lonardi, S, Lenz, H-J, Morse, MA, et al. Nivolumab in Patients With Metastatic DNA Mismatch Repair-Deficient or Microsatellite Instability-High Colorectal Cancer (CheckMate 142): An Open-Label, Multicentre, Phase 2 Study. Lancet Oncol (2017) 18(9):1182–91. doi: 10.1016/S1470-2045(17)30422-9

47. Ferris, RL, Blumenschein, GJ, Fayette, J, Guigay, J, Colevas, AD, Licitra, L, et al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck. N Engl J Med (2016) 375(19):1856–67. doi: 10.1056/NEJMoa1602252

48. Antonia, SJ, López-Martin, JA, Bendell, J, Ott, PA, Taylor, M, Eder, JP, et al. Nivolumab Alone and Nivolumab Plus Ipilimumab in Recurrent Small-Cell Lung Cancer (CheckMate 032): A Multicentre, Open-Label, Phase 1/2 Trial. Lancet Oncol (2016) 17(7):883–95. doi: 10.1016/S1470-2045(16)30098-5

49. Overman, MJ, Lonardi, S, Wong, KYM, Lenz, H-J, Gelsomino, F, Aglietta, M, et al. Durable Clinical Benefit With Nivolumab Plus Ipilimumab in DNA Mismatch Repair-Deficient/Microsatellite Instability-High Metastatic Colorectal Cancer. J Clin Oncol: Off J Am Soc Clin Oncol (2018) 36(8):773–9. doi: 10.1200/JCO.2017.76.9901

50. Motzer, RJ, Tannir, NM, McDermott, DF, Arén Frontera, O, Melichar, B, Choueiri, TK, et al. Nivolumab Plus Ipilimumab Versus Sunitinib in Advanced Renal-Cell Carcinoma. N Engl J Med (2018) 378(14):1277–90. doi: 10.1056/NEJMoa1712126

51. Hellmann, MD, Paz-Ares, L, Bernabe Caro, R, Zurawski, B, Kim, S-W, Carcereny Costa, E, et al. Nivolumab Plus Ipilimumab in Advanced Non-Small-Cell Lung Cancer. N Engl J Med (2019) 381(21):2020–31. doi: 10.1056/NEJMoa1910231

52. Rischin, D, Migden, MR, Lim, AM, Schmults, CD, Khushalani, NI, Hughes, BGM, et al. Phase 2 Study of Cemiplimab in Patients With Metastatic Cutaneous Squamous Cell Carcinoma: Primary Analysis of Fixed-Dosing, Long-Term Outcome of Weight-Based Dosing. J Immunother cancer (2020) 8(1):e000775. doi: 10.1136/jitc-2020-000775

53. Sezer, A, Kilickap, S, Gümüş, M, Bondarenko, I, Özgüroğlu, M, Gogishvili, M, et al. Cemiplimab Monotherapy for First-Line Treatment of Advanced Non-Small-Cell Lung Cancer With PD-L1 of at Least 50%: A Multicentre, Open-Label, Global, Phase 3, Randomised, Controlled Trial. Lancet (London England) (2021) 397(10274):592–604. doi: 10.1016/S0140-6736(21)00228-2

54. Wong, RM, Scotland, RR, Lau, RL, Wang, C, Korman, AJ, Kast, WM, et al. Programmed Death-1 Blockade Enhances Expansion and Functional Capacity of Human Melanoma Antigen-Specific CTLs. Int Immunol (2007) 19(10):1223–34. doi: 10.1093/intimm/dxm091

55. Fessas, P, Lee, H, Ikemizu, S, and Janowitz, T. A Molecular and Preclinical Comparison of the PD-1–Targeted T-Cell Checkpoint Inhibitors Nivolumab and Pembrolizumab. Semin Oncol (2017) 44(2):136–40. doi: 10.1053/j.seminoncol.2017.06.002

56. Lee, JY, Lee, HT, Shin, W, Chae, J, Choi, J, Kim, SH, et al. Structural Basis of Checkpoint Blockade by Monoclonal Antibodies in Cancer Immunotherapy. Nat Commun (2016) 7:1–10. doi: 10.1038/ncomms13354

57. Robert, C, Ribas, A, Wolchok, JD, Hodi, FS, Hamid, O, Kefford, R, et al. Anti-Programmed-Death-Receptor-1 Treatment With Pembrolizumab in Ipilimumab-Refractory Advanced Melanoma: A Randomised Dose-Comparison Cohort of a Phase 1 Trial. Lancet (London England) (2014) 384(9948):1109–17. doi: 10.1016/S0140-6736(14)60958-2

58. Robert, C, Ribas, A, Schachter, J, Arance, A, Grob, J-J, Mortier, L, et al. Pembrolizumab Versus Ipilimumab in Advanced Melanoma (KEYNOTE-006): Post-Hoc 5-Year Results From an Open-Label, Multicentre, Randomised, Controlled, Phase 3 Study. Lancet Oncol (2019) 20(9):1239–51. doi: 10.1016/S1470-2045(19)30388-2

59. Rini, BI, Plimack, ER, Stus, V, Gafanov, R, Hawkins, R, Nosov, D, et al. Pembrolizumab Plus Axitinib Versus Sunitinib for Advanced Renal-Cell Carcinoma. N Engl J Med (2019) 380(12):1116–27. doi: 10.1056/NEJMoa1816714

60. Gandhi, L, Rodríguez-Abreu, D, Gadgeel, S, Esteban, E, Felip, E, De Angelis, F, et al. Pembrolizumab Plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N Engl J Med (2018) 378(22):2078–92. doi: 10.1056/NEJMoa1801005

61. Bellmunt, J, de Wit, R, Vaughn, DJ, Fradet, Y, Lee, J-L, Fong, L, et al. Pembrolizumab as Second-Line Therapy for Advanced Urothelial Carcinoma. N Engl J Med (2017) 376(11):1015–26. doi: 10.1056/NEJMoa1613683

62. Wolchok, JD, Chiarion-Sileni, V, Gonzalez, R, Rutkowski, P, Grob, J-J, Cowey, CL, et al. Overall Survival With Combined Nivolumab and Ipilimumab in Advanced Melanoma. N Engl J Med (2017) 377(14):1345–56. doi: 10.1056/NEJMoa1709684

63. Vokes, EE, Ready, N, Felip, E, Horn, L, Burgio, MA, Antonia, SJ, et al. Nivolumab Versus Docetaxel in Previously Treated Advanced Non-Small-Cell Lung Cancer (CheckMate 017 and CheckMate 057): 3-Year Update and Outcomes in Patients With Liver Metastases. Ann oncology: Off J Eur Soc Med Oncol (2018) 29(4):959–65. doi: 10.1093/annonc/mdy041

64. Antonia, SJ, Lopez-Martin, JA, Bendell, JC, Ott, PA, Taylor, MH, Eder, JP, et al. Checkmate 032: Nivolumab (N) Alone or in Combination With Ipilimumab (I) for the Treatment of Recurrent Small Cell Lung Cancer (SCLC). J Clin Oncol (2016) 34(15_suppl):100. doi: 10.1200/JCO.2016.34.15_suppl.100

65. Siefker-Radtke, A, Baron, A, Necchi, A, Plimack, E, Pal, S, Bedke, J, et al. Nivolumab Monotherapy in Patients With Advanced Platinum-Resistant Urothelial Carcinoma: Efficacy and Safety Update From CheckMate 275. J Clin Oncol (2019) 37:4524. doi: 10.1200/JCO.2019.37.15_suppl.4524

66. Overman, MJ, Kopetz, S, Lonardi, S, McDermott, R, Leone, F, Leach, J, et al. Nivolumab ± Ipilimumab Treatment (Tx) Efficacy, Safety, and Biomarkers in Patients (Pts) With Metastatic Colorectal Cancer (mCRC) With and Without High Microsatellite Instability (MSI-H): Results From the CheckMate-142 Study. Ann Oncol (2016) 27:vi158. doi: 10.1093/annonc/mdw370.27

67. Herrera, AF, Goy, A, Mehta, A, Ramchandren, R, Pagel, JM, Svoboda, J, et al. Safety and Activity of Ibrutinib in Combination With Durvalumab in Patients With Relapsed or Refractory Follicular Lymphoma or Diffuse Large B-Cell Lymphoma. Am J Hematology (2020) 95(1):18–27. doi: 10.1002/ajh.25659

68. Ansell, SM, Minnema, MC, Johnson, P, Timmerman, JM, Armand, P, Shipp, MA, et al. Nivolumab for Relapsed/Refractory Diffuse Large B-Cell Lymphoma in Patients Ineligible for or Having Failed Autologous Transplantation: A Single-Arm, Phase II Study. J Clin Oncol: Off J Am Soc Clin Oncol (2019) 37(6):481–9. doi: 10.1200/JCO.18.00766

69. Roemer, MGM, Redd, RA, Cader, FZ, Pak, CJ, Abdelrahman, S, Ouyang, J, et al. Major Histocompatibility Complex Class II and Programmed Death Ligand 1 Expression Predict Outcome After Programmed Death 1 Blockade in Classic Hodgkin Lymphoma. J Clin Oncol (2018) 36(10):942–50. doi: 10.1200/JCO.2017.77.3994

70. Migden, MR, Rischin, D, Schmults, CD, Guminski, A, Hauschild, A, Lewis, KD, et al. PD-1 Blockade With Cemiplimab in Advanced Cutaneous Squamous-Cell Carcinoma. N Engl J Med (2018) 379(4):341–51. doi: 10.1056/NEJMoa1805131

71. Farhood, B, Najafi, M, and Mortezaee, K. CD8+ Cytotoxic T Lymphocytes in Cancer Immunotherapy: A Review. J Cell Physiol (2019) 234(6):8509–21. doi: 10.1002/jcp.27782

72. Böttcher, JP, Bonavita, E, Chakravarty, P, Blees, H, Cabeza-Cabrerizo, M, Sammicheli, S, et al. NK Cells Stimulate Recruitment of Cdc1 Into the Tumor Microenvironment Promoting Cancer Immune Control. Cell (2018) 172(5):1022–37.e14. doi: 10.1016/j.cell.2018.01.004

73. Palucka, K, and Banchereau, J. Cancer Immunotherapy via Dendritic Cells. Nat Rev Cancer (2012) 12(4):265–77. doi: 10.1038/nrc3258

74. Topalian, SL, Taube, JM, Anders, RA, and Pardoll, DM. Mechanism-Driven Biomarkers to Guide Immune Checkpoint Blockade in Cancer Therapy. Nat Rev Cancer (2016) 16(5):275–87. doi: 10.1038/nrc.2016.36

75. Peng, X, He, Y, Huang, J, Tao, Y, and Liu, S. Metabolism of Dendritic Cells in Tumor Microenvironment: For Immunotherapy. Front Immunol (2021) 12:613492. doi: 10.3389/fimmu.2021.613492

76. Thomas, DA, and Massagué, J. TGF-Beta Directly Targets Cytotoxic T Cell Functions During Tumor Evasion of Immune Surveillance. Cancer Cell (2005) 8(5):369–80. doi: 10.1016/j.ccr.2005.10.012

77. Ahmadzadeh, M, Johnson, LA, Heemskerk, B, Wunderlich, JR, Dudley, ME, White, DE, et al. Tumor Antigen-Specific CD8 T Cells Infiltrating the Tumor Express High Levels of PD-1 and Are Functionally Impaired. Blood (2009) 114(8):1537–44. doi: 10.1182/blood-2008-12-195792

78. Sfanos, KS, Bruno, TC, Meeker, AK, De Marzo, AM, Isaacs, WB, and Drake, CG. Human Prostate-Infiltrating CD8+ T Lymphocytes Are Oligoclonal and PD-1+. Prostate (2009) 69(15):1694–703. doi: 10.1002/pros.21020

79. Pardoll, DM. The Blockade of Immune Checkpoints in Cancer Immunotherapy. Nat Rev Cancer (2012) 12(4):252–64. doi: 10.1038/nrc3239

80. Topalian, SL, Drake, CG, and Pardoll, DM. Immune Checkpoint Blockade: A Common Denominator Approach to Cancer Therapy. Cancer Cell (2015) 27(4):450–61. doi: 10.1016/j.ccell.2015.03.001

81. Chang, CH, Qiu, J, O’Sullivan, D, Buck, MD, Noguchi, T, Curtis, JD, et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell (2015) 162(6):1229–41. doi: 10.1016/j.cell.2015.08.016

82. Yost, KE, Satpathy, AT, Wells, DK, Qi, Y, Wang, C, Kageyama, R, et al. Clonal Replacement of Tumor-Specific T Cells Following PD-1 Blockade. Nat Med (2019) 25(8):1251–9. doi: 10.1038/s41591-019-0522-3

83. Dammeijer, F, van Gulijk, M, Mulder, EE, Lukkes, M, Klaase, L, van den Bosch, T, et al. The PD-1/PD-L1-Checkpoint Restrains T Cell Immunity in Tumor-Draining Lymph Nodes. Cancer Cell (2020) 38(5):685–700.e8. doi: 10.1016/j.ccell.2020.09.001

84. Diskin, B, Adam, S, Cassini, MF, Sanchez, G, Liria, M, Aykut, B, et al. PD-L1 Engagement on T Cells Promotes Self-Tolerance and Suppression of Neighboring Macrophages and Effector T Cells in Cancer. Nat Immunol (2020) 21(4):442–54. doi: 10.1038/s41590-020-0620-x

85. Zuazo, M, Arasanz, H, Bocanegra, A, Fernandez, G, Chocarro, L, Vera, R, et al. Systemic CD4 Immunity as a Key Contributor to PD-L1/PD-1 Blockade Immunotherapy Efficacy. Front Immunol (2020) 11:586907. doi: 10.3389/fimmu.2020.586907

86. Marzo, AL, Kinnear, BF, Lake, RA, Frelinger, JJ, Collins, EJ, Robinson, BW, et al. Tumor-Specific CD4+ T Cells Have a Major “Post-Licensing” Role in CTL Mediated Anti-Tumor Immunity. J Immunol (Baltimore Md: 1950) (2000) 165(11):6047–55. doi: 10.4049/jimmunol.165.11.6047

87. Hung, K, Hayashi, R, Lafond-Walker, A, Lowenstein, C, Pardoll, D, and Levitsky, H. The Central Role of CD4(+) T Cells in the Antitumor Immune Response. J Exp Med (1998) 188(12):2357–68. doi: 10.1084/jem.188.12.2357

88. Oh, DY, Kwek, SS, Raju, SS, Li, T, McCarthy, E, Chow, E, et al. Intratumoral CD4+ T Cells Mediate Anti-Tumor Cytotoxicity in Human Bladder Cancer. Cell (2020) 181(7):1612–25.e13. doi: 10.1016/j.cell.2020.05.017

89. Quezada, SA, Simpson, TR, Peggs, KS, Merghoub, T, Vider, J, Fan, X, et al. Tumor-Reactive CD4(+) T Cells Develop Cytotoxic Activity and Eradicate Large Established Melanoma After Transfer Into Lymphopenic Hosts. J Exp Med (2010) 207(3):637–50. doi: 10.1084/jem.20091918

90. Perez-Diez, A, Joncker, NT, Choi, K, Chan, WFN, Anderson, CC, Lantz, O, et al. CD4 Cells can be More Efficient at Tumor Rejection Than CD8 Cells. Blood (2007) 109(12):5346–54. doi: 10.1182/blood-2006-10-051318

91. Mumberg, D, Monach, PA, Wanderling, S, Philip, M, Toledano, AY, Schreiber, RD, et al. CD4(+) T Cells Eliminate MHC Class II-Negative Cancer Cells In Vivo by Indirect Effects of IFN-Gamma. Proc Natl Acad Sci USA (1999) 96(15):8633–8. doi: 10.1073/pnas.96.15.8633

92. Eisel, D, Das, K, Dickes, E, König, R, Osen, W, and Eichmüller, SB. Cognate Interaction With CD4(+) T Cells Instructs Tumor-Associated Macrophages to Acquire M1-Like Phenotype. Front Immunol (2019) 10:219. doi: 10.3389/fimmu.2019.00219

93. Fauskanger, M, Haabeth, OAW, Skjeldal, FM, Bogen, B, and Tveita, AA. Tumor Killing by CD4(+) T Cells Is Mediated via Induction of Inducible Nitric Oxide Synthase-Dependent Macrophage Cytotoxicity. Front Immunol (2018) 9:1684. doi: 10.3389/fimmu.2018.01684

94. Qin, Z, and Blankenstein, T. CD4+ T Cell–Mediated Tumor Rejection Involves Inhibition of Angiogenesis That Is Dependent on IFN Gamma Receptor Expression by Nonhematopoietic Cells. Immunity (2000) 12(6):677–86. doi: 10.1016/s1074-7613(00)80218-6

95. Braumüller, H, Wieder, T, Brenner, E, Aßmann, S, Hahn, M, Alkhaled, M, et al. T-Helper-1-Cell Cytokines Drive Cancer Into Senescence. Nature (2013) 494(7437):361–5. doi: 10.1038/nature11824

96. Zuazo, M, Arasanz, H, Fernández-Hinojal, G, García-Granda, MJ, Gato, M, Bocanegra, A, et al. Functional Systemic CD4 Immunity Is Required for Clinical Responses to PD-L1/PD-1 Blockade Therapy. EMBO Mol Med (2019) 11(7):e10293. doi: 10.15252/emmm.201910293

97. Nagasaki, J, Togashi, Y, Sugawara, T, Itami, M, Yamauchi, N, Yuda, J, et al. The Critical Role of CD4+ T Cells in PD-1 Blockade Against MHC-II-Expressing Tumors Such as Classic Hodgkin Lymphoma. Blood advances (2020) 4(17):4069–82. doi: 10.1182/bloodadvances.2020002098

98. Diefenbach, A, Colonna, M, and Romagnani, C. The ILC World Revisited. In: Immunity. Cell Press (2017) 46:327–32. doi: 10.1016/j.immuni.2017.03.008

99. Castro, F, Cardoso, AP, Gonçalves, RM, Serre, K, and Oliveira, MJ. Interferon-Gamma at the Crossroads of Tumor Immune Surveillance or Evasion. Front Immunol (2018) 9:847. doi: 10.3389/fimmu.2018.00847

100. Pesce, S, Greppi, M, Tabellini, G, Rampinelli, F, Parolini, S, Olive, D, et al. Identification of a Subset of Human Natural Killer Cells Expressing High Levels of Programmed Death 1: A Phenotypic and Functional Characterization. J Allergy Clin Immunol (2017) 139(1):335–46.e3. doi: 10.1016/j.jaci.2016.04.025

101. Vari, F, Arpon, D, Keane, C, Hertzberg, MS, Talaulikar, D, Jain, S, et al. Immune Evasion via PD-1/PD-L1 on NK Cells and Monocyte/Macrophages Is More Prominent in Hodgkin Lymphoma Than DLBCL. Blood (2018) 131(16):1809–19. doi: 10.1182/blood-2017-07-796342

102. Hsu, J, Hodgins, JJ, Marathe, M, Nicolai, CJ, Bourgeois-Daigneault, M-C, Trevino, TN, et al. Contribution of NK Cells to Immunotherapy Mediated by PD-1/PD-L1 Blockade. J Clin Invest (2018) 128(10):4654–68. doi: 10.1172/JCI99317

103. Concha-Benavente, F, Kansy, B, Moskovitz, J, Moy, J, Chandran, U, and Ferris, RL. PD-L1 Mediates Dysfunction in Activated PD-1 Þ NK Cells in Head and Neck Cancer Patients. Cancer Immunol Res (2018) 6(12):1548–60. doi: 10.1158/2326-6066.CIR-18-0062

104. Sierra, JM, Secchiari, F, Nuñez, SY, Iraolagoitia, XLR, Ziblat, A, Friedrich, AD, et al. Tumor-Experienced Human NK Cells Express High Levels of PD-L1 and Inhibit CD8+ T Cell Proliferation. Front Immunol (2021) 12:745939. doi: 10.3389/fimmu.2021.745939

105. Gardner, A, and Ruffell, B. Dendritic Cells and Cancer Immunity. Trends Immunol (2016) 37(12):855–65. doi: 10.1016/j.it.2016.09.006

106. Mellman, I, and Steinman, RM. Dendritic Cells: Specialized and Regulated Antigen Processing Machines. Cell (2001) 106(3):255–8. doi: 10.1016/S0092-8674(01)00449-4

107. Garris, CS, Arlauckas, SP, Kohler, RH, Trefny, MP, Garren, S, Piot, C, et al. Successful Anti-PD-1 Cancer Immunotherapy Requires T Cell-Dendritic Cell Crosstalk Involving the Cytokines IFN-γ and IL-12. Immunity (2018) 49(6):1148–61.e7. doi: 10.1016/j.immuni.2018.09.024

108. Frasca, L, Nasso, M, Spensieri, F, Fedele, G, Palazzo, R, Malavasi, F, et al. IFN-Gamma Arms Human Dendritic Cells to Perform Multiple Effector Functions. J Immunol (Baltimore Md: 1950) (2008) 180(3):1471–81. doi: 10.4049/jimmunol.180.3.1471

109. He, T, Tang, C, Xu, S, Moyana, T, and Xiang, J. Interferon Gamma Stimulates Cellular Maturation of Dendritic Cell Line DC2.4 Leading To Induction of Efficient Cytotoxic T Cell Responses and Antitumor Immunity. Cell Mol Immunol (2007) 4(2):105–11. doi: 10.1016/j.cellimm.2007.07.001

110. Lim, TS, Chew, V, Sieow, JL, Goh, S, Yeong, JP-S, Soon, AL, et al. PD-1 Expression on Dendritic Cells Suppresses CD8(+) T Cell Function and Antitumor Immunity. Oncoimmunology (2016) 5(3):e1085146. doi: 10.1080/2162402X.2015.1085146

111. Krempski, J, Karyampudi, L, Behrens, MD, Erskine, CL, Hartmann, L, Dong, H, et al. Tumor-Infiltrating Programmed Death Receptor-1+ Dendritic Cells Mediate Immune Suppression in Ovarian Cancer. J Immunol (Baltimore Md: 1950) (2011) 186(12):6905–13. doi: 10.4049/jimmunol.1100274

112. Karyampudi, L, Lamichhane, P, Krempski, J, Kalli, KR, Behrens, MD, Vargas, DM, et al. PD-1 Blunts the Function of Ovarian Tumor-Infiltrating Dendritic Cells by Inactivating NF-κb. Cancer Res (2016) 76(2):239–50. doi: 10.1158/0008-5472.CAN-15-0748

113. Chen, L, Azuma, T, Yu, W, Zheng, X, Luo, L, and Chen, L. B7-H1 Maintains the Polyclonal T Cell Response by Protecting Dendritic Cells From Cytotoxic T Lymphocyte Destruction. Proc Natl Acad Sci USA (2018) 115(12):3126–31. doi: 10.1073/pnas.1722043115

114. Peng, Q, Qiu, X, Zhang, Z, Zhang, S, Zhang, Y, Liang, Y, et al. PD-L1 on Dendritic Cells Attenuates T Cell Activation and Regulates Response to Immune Checkpoint Blockade. Nat Commun (2020) 11(1):4835. doi: 10.1038/s41467-020-18570-x

115. Mantovani, A, Marchesi, F, Malesci, A, Laghi, L, and Allavena, P. Tumour-Associated Macrophages as Treatment Targets in Oncology. Nat Rev Clin Oncol (2017) 14(7):399–416. doi: 10.1038/nrclinonc.2016.217

116. Waqas, SFH, Ampem, G, and Röszer, T. Analysis of IL-4/STAT6 Signaling in Macrophages. Methods Mol Biol (Clifton NJ) (2019) 1966:211–24. doi: 10.1007/978-1-4939-9195-2_17

117. Tan, B, Shi, X, Zhang, J, Qin, J, Zhang, N, Ren, H, et al. Inhibition of Rspo-Lgr4 Facilitates Checkpoint Blockade Therapy by Switching Macrophage Polarization. Cancer Res (2018) 78(17):4929–42. doi: 10.1158/0008-5472.CAN-18-0152

118. Bloch, O, Crane, CA, Kaur, R, Safaee, M, Rutkowski, MJ, and Parsa, AT. Gliomas Promote Immunosuppression Through Induction of B7-H1 Expression in Tumor-Associated Macrophages. Clin Cancer Res (2013) 19(12):3165–75. doi: 10.1158/1078-0432.CCR-12-3314

119. Gubin, MM, Esaulova, E, Ward, JP, Malkova, ON, Runci, D, Wong, P, et al. High-Dimensional Analysis Delineates Myeloid and Lymphoid Compartment Remodeling During Successful Immune-Checkpoint Cancer Therapy. Cell (2018) 175(4):1014–30.e19. doi: 10.1016/j.cell.2018.09.030

120. Yao, A, Liu, F, Chen, K, Tang, L, Liu, L, Zhang, K, et al. Programmed Death 1 Deficiency Induces the Polarization of Macrophages/Microglia to The M1 Phenotype After Spinal Cord Injury in Mice. Neurotherapeutics: J Am Soc Exp NeuroTherapeutics (2014) 11(3):636–50. doi: 10.1007/s13311-013-0254-x

121. Strauss, L, Mahmoud, MAA, Weaver, JD, Tijaro-Ovalle, NM, Christofides, A, Wang, Q, et al. Targeted Deletion of PD-1 in Myeloid Cells Induces Antitumor Immunity. Sci Immunol (2020) 5(43):eaay1863. doi: 10.1126/sciimmunol.aay1863

122. Gordon, SR, Maute, RL, Dulken, BW, Hutter, G, George, BM, McCracken, MN, et al. PD-1 Expression by Tumour-Associated Macrophages Inhibits Phagocytosis and Tumour Immunity. Nature (2017) 545(7655):495–9. doi: 10.1038/nature22396

123. Rashidian, M, LaFleur, MW, Verschoor, VL, Dongre, A, Zhang, Y, Nguyen, TH, et al. Immuno-PET Identifies the Myeloid Compartment as a Key Contributor to the Outcome of The Antitumor Response Under PD-1 Blockade. Proc Natl Acad Sci USA (2019) 116(34):16971–80. doi: 10.1073/pnas.1905005116

124. Dhupkar, P, Gordon, N, Stewart, J, and Kleinerman, ES. Anti-PD-1 Therapy Redirects Macrophages From an M2 to an M1 Phenotype Inducing Regression of OS Lung Metastases. Cancer Med (2018) 7(6):2654–64. doi: 10.1002/cam4.1518

125. Maj, T, Wang, W, Crespo, J, Zhang, H, Wang, W, Wei, S, et al. Oxidative Stress Controls Regulatory T Cell Apoptosis and Suppressor Activity and PD-L1-Blockade Resistance in Tumor. Nat Immunol (2017) 18(12):1332–41. doi: 10.1038/ni.3868

126. Kato, T, Noma, K, Ohara, T, Kashima, H, Katsura, Y, Sato, H, et al. Cancer-Associated Fibroblasts Affect Intratumoral CD8(+) and FoxP3(+) T Cells Via IL6 in the Tumor Microenvironment. Clin Cancer Research: An Off J Am Assoc Cancer Res (2018) 24(19):4820–33. doi: 10.1158/1078-0432.CCR-18-0205

127. Syn, NL, Teng, MWL, Mok, TSK, and Soo, RA. De-Novo and Acquired Resistance to Immune Checkpoint Targeting. Lancet Oncol (2017) 18(12):e731–41. doi: 10.1016/S1470-2045(17)30607-1

128. Huang, Q, Lei, Y, Li, X, Guo, F, and Liu, M. A Highlight of the Mechanisms of Immune Checkpoint Blocker Resistance. Front Cell Dev Biol (2020) 8:580140. doi: 10.3389/fcell.2020.580140

129. Matsushita, H, Vesely, MD, Koboldt, DC, Rickert, CG, Uppaluri, R, Magrini, VJ, et al. Cancer Exome Analysis Reveals a T-Cell-Dependent Mechanism of Cancer Immunoediting. Nature (2012) 482(7385):400–4. doi: 10.1038/nature10755

130. Rizvi, NA, Hellmann, MD, Snyder, A, Kvistborg, P, Makarov, V, Havel, JJ, et al. Cancer Immunology. Mutational Landscape Determines Sensitivity to PD-1 Blockade in Non-Small Cell Lung Cancer. Sci (New York NY) (2015) 348(6230):124–8. doi: 10.1126/science.aaa1348

131. Anagnostou, V, Smith, KN, Forde, PM, Niknafs, N, Bhattacharya, R, White, J, et al. Evolution of Neoantigen Landscape During Immune Checkpoint Blockade in Non-Small Cell Lung Cancer. Cancer Discov (2017) 7(3):264–76. doi: 10.1158/2159-8290.CD-16-0828

132. Trommer, M, Yeo, SY, Persigehl, T, Bunck, A, Grüll, H, Schlaak, M, et al. Abscopal Effects in Radio-Immunotherapy-Response Analysis of Metastatic Cancer Patients With Progressive Disease Under Anti-PD-1 Immune Checkpoint Inhibition. Front Pharmacol (2019) 10:511. doi: 10.3389/fphar.2019.00511

133. Formenti, SC, and Demaria, S. Combining Radiotherapy and Cancer Immunotherapy: A Paradigm Shift. J Natl Cancer Institute (2013) 105(4):256–65. doi: 10.1093/jnci/djs629

134. Verbrugge, I, Hagekyriakou, J, Sharp, LL, Galli, M, West, A, McLaughlin, NM, et al. Radiotherapy Increases the Permissiveness of Established Mammary Tumors to Rejection by Immunomodulatory Antibodies. Cancer Res (2012) 72(13):3163–74. doi: 10.1158/0008-5472.CAN-12-0210

135. Gadgeel, SM, Garassino, MC, Esteban, E, Speranza, G, Felip, E, Hochmair, MJ, et al. KEYNOTE-189: Updated OS and Progression After the Next Line of Therapy (PFS2) With Pembrolizumab (Pembro) Plus Chemo With Pemetrexed and Platinum vs Placebo Plus Chemo for Metastatic Nonsquamous NSCLC. J Clin Oncol (2019) 37(15_suppl):9013. doi: 10.1200/JCO.2019.37.15_suppl.9013

136. Paz-Ares, L, Luft, A, Vicente, D, Tafreshi, A, Gümüş, M, Mazières, J, et al. Pembrolizumab Plus Chemotherapy for Squamous Non–Small-Cell Lung Cancer. N Engl J Med (2018) 379(21):2040–51. doi: 10.1056/nejmoa1810865

137. Cortes, J, Cescon, DW, Rugo, HS, Nowecki, Z, Im, SA, Yusof, MM, et al. Pembrolizumab Plus Chemotherapy Versus Placebo Plus Chemotherapy for Previously Untreated Locally Recurrent Inoperable or Metastatic Triple-Negative Breast Cancer (KEYNOTE-355): A Randomised, Placebo-Controlled, Double-Blind, Phase 3 Clinical Trial. Lancet (2020) 396(10265):1817–28. doi: 10.1016/S0140-6736(20)32531-9

138. Sahin, U, Derhovanessian, E, Miller, M, Kloke, B-P, Simon, P, Löwer, M, et al. Personalized RNA Mutanome Vaccines Mobilize Poly-Specific Therapeutic Immunity Against Cancer. Nature (2017) 547(7662):222–6. doi: 10.1038/nature23003

139. Schumacher, TN, and Schreiber, RD. Neoantigens in Cancer Immunotherapy. Science (2015) 348(6230):69–74. doi: 10.1126/science.aaa4971

140. Gettinger, S, Choi, J, Hastings, K, Truini, A, Datar, I, Sowell, R, et al. Impaired HLA Class I Antigen Processing and Presentation as a Mechanism of Acquired Resistance to Immune Checkpoint Inhibitors in Lung Cancer. Cancer Discov (2017) 7(12):1420–35. doi: 10.1158/2159-8290.CD-17-0593

141. McGranahan, N, Rosenthal, R, Hiley, CT, Rowan, AJ, Watkins, TBK, Wilson, GA, et al. Allele-Specific HLA Loss and Immune Escape in Lung Cancer Evolution. Cell (2017) 171(6):1259–71.e11. doi: 10.1016/j.cell.2017.10.001

142. Pereira, C, Gimenez-Xavier, P, Pros, E, Pajares, MJ, Moro, M, Gomez, A, et al. Genomic Profiling of Patient-Derived Xenografts for Lung Cancer Identifies B2M Inactivation Impairing Immunorecognition. Clin Cancer research: an Off J Am Assoc Cancer Res (2017) 23(12):3203–13. doi: 10.1158/1078-0432.CCR-16-1946

143. Zaretsky, JM, Garcia-Diaz, A, Shin, DS, Escuin-Ordinas, H, Hugo, W, Hu-Lieskovan, S, et al. Mutations Associated With Acquired Resistance to PD-1 Blockade in Melanoma. N Engl J Med (2016) 375(9):819–29. doi: 10.1056/nejmoa1604958

144. Dubovsky, JA, McNeel, DG, Powers, JJ, Gordon, J, Sotomayor, EM, and Pinilla-Ibarz, JA. Treatment of Chronic Lymphocytic Leukemia With a Hypomethylating Agent Induces Expression of NXF2, an Immunogenic Cancer Testis Antigen. Clin Cancer Res: An Off J Am Assoc Cancer Res (2009) 15(10):3406–15. doi: 10.1158/1078-0432.CCR-08-2099

145. Fonsatti, E, Nicolay, HJM, Sigalotti, L, Calabrò, L, Pezzani, L, Colizzi, F, et al. Functional Up-Regulation of Human Leukocyte Antigen Class I Antigens Expression by 5-Aza-2’-Deoxycytidine in Cutaneous Melanoma: Immunotherapeutic Implications. Clin Cancer Res: An Off J Am Assoc Cancer Res (2007) 13(11):3333–8. doi: 10.1158/1078-0432.CCR-06-3091

146. Zhou, L, Xu, N, Shibata, H, Saloura, V, and Uppaluri, R. Epigenetic Modulation of Immunotherapy and Implications in Head and Neck Cancer. Cancer Metastasis Rev (2021) 40(1):141–52. doi: 10.1007/s10555-020-09944-0

147. Zhou, L, Mudianto, T, Ma, X, Riley, R, and Uppaluri, R. Targeting EZH2 Enhances Antigen Presentation, Antitumor Immunity, and Circumvents Anti-PD-1 Resistance in Head and Neck Cancer. Clin Cancer research: an Off J Am Assoc Cancer Res (2020) 26(1):290–300. doi: 10.1158/1078-0432.CCR-19-1351

148. Peng, D, Kryczek, I, Nagarsheth, N, Zhao, L, Wei, S, Wang, W, et al. Epigenetic Silencing of TH1-Type Chemokines Shapes Tumour Immunity and Immunotherapy. Nature (2015) 527(7577):249–53. doi: 10.1038/nature15520

149. Kobayashi, Y, Lim, SO, and Yamaguchi, H. Oncogenic Signaling Pathways Associated With Immune Evasion and Resistance to Immune Checkpoint Inhibitors in Cancer. Semin Cancer Biol (2020) 65:51–64. doi: 10.1016/j.semcancer.2019.11.011

150. Peng, W, Chen, JQ, Liu, C, Malu, S, Creasy, C, Tetzlaff, MT, et al. Loss of PTEN Promotes Resistance to T Cell-Mediated Immunotherapy. Cancer Discov (2016) 6(2):202–16. doi: 10.1158/2159-8290.CD-15-0283

151. Zhao, J, Chen, AX, Gartrell, RD, Silverman, AM, Aparicio, L, Chu, T, et al. Immune and Genomic Correlates of Response to Anti-PD-1 Immunotherapy in Glioblastoma. Nat Med (2019) 25(3):462–9. doi: 10.1038/s41591-019-0349-y

152. Roberts, PJ, and Der, CJ. Targeting the Raf-MEK-ERK Mitogen-Activated Protein Kinase Cascade for the Treatment Of Cancer. Oncogene (2007) 26(22):3291–310. doi: 10.1038/sj.onc.1210422

153. Katz, M, Amit, I, and Yarden, Y. Regulation of MAPKs by Growth Factors and Receptor Tyrosine Kinases. Biochim Biophys Acta (2007) 1773(8):1161–76. doi: 10.1016/j.bbamcr.2007.01.002

154. Dhillon, AS, Hagan, S, Rath, O, and Kolch, W. MAP Kinase Signalling Pathways in Cancer. Oncogene (2007) 26(22):3279–90. doi: 10.1038/sj.onc.1210421

155. Simanshu, DK, Nissley, DV, and McCormick, F. RAS Proteins and Their Regulators in Human Disease. Cell (2017) 170(1):17–33. doi: 10.1016/j.cell.2017.06.009

156. Liao, W, Overman, MJ, Boutin, AT, Shang, X, Zhao, D, Dey, P, et al. KRAS-IRF2 Axis Drives Immune Suppression and Immune Therapy Resistance in Colorectal Cancer. Cancer Cell (2019) 35(4):559–72.e7. doi: 10.1016/j.ccell.2019.02.008

157. Sosman, JA, Kim, KB, Schuchter, L, Gonzalez, R, Pavlick, AC, Weber, JS, et al. Survival in BRAF V600–Mutant Advanced Melanoma Treated With Vemurafenib. N Engl J Med (2012) 366(8):707–14. doi: 10.1056/nejmoa1112302

158. Singh, M, Lin, J, Hocker, TL, and Tsao, H. Genetics of Melanoma Tumorigenesis. Br J Dermatol (2008) 158(1):15–21. doi: 10.1111/j.1365-2133.2007.08316.x

159. Boni, A, Cogdill, AP, Dang, P, Udayakumar, D, Njauw, CNJ, Sloss, CM, et al. Selective BRAFV600E Inhibition Enhances T-Cell Recognition of Melanoma Without Affecting Lymphocyte Function. Cancer Res (2010) 70(13):5213–9. doi: 10.1158/0008-5472.CAN-10-0118

160. Frederick, DT, Piris, A, Cogdill, AP, Cooper, ZA, Lezcano, C, Ferrone, CR, et al. BRAF Inhibition Is Associated With Enhanced Melanoma Antigen Expression and a More Favorable Tumor Microenvironment in Patients With Metastatic Melanoma. Clin Cancer Res (2013) 19(5):1225–31. doi: 10.1158/1078-0432.CCR-12-1630

161. Hirata, E, Girotti, MR, Viros, A, Hooper, S, Spencer-Dene, B, Matsuda, M, et al. Intravital Imaging Reveals How BRAF Inhibition Generates Drug-Tolerant Microenvironments With High Integrin β1/FAK Signaling. Cancer Cell (2015) 27(4):574–88. doi: 10.1016/j.ccell.2015.03.008

162. Ribas, A, Lawrence, D, Atkinson, V, Agarwal, S, Miller, WHJ, Carlino, MS, et al. Combined BRAF and MEK Inhibition With PD-1 Blockade Immunotherapy in BRAF-Mutant Melanoma. Nat Med (2019) 25(6):936–40. doi: 10.1038/s41591-019-0476-5

163. Kammertoens, T, Friese, C, Arina, A, Idel, C, Briesemeister, D, Rothe, M, et al. Tumour Ischaemia by Interferon-γ Resembles Physiological Blood Vessel Regression. Nature (2017) 545(7652):98–102. doi: 10.1038/nature22311

164. Shin, DS, Zaretsky, JM, Escuin-Ordinas, H, Garcia-Diaz, A, Hu-Lieskovan, S, Kalbasi, A, et al. Primary Resistance to PD-1 Blockade Mediated by JAK1/2 Mutations. Cancer Discov (2017) 7(2):188–201. doi: 10.1158/2159-8290.CD-16-1223

165. Fish, EN, and Platanias, LC. Interferon Receptor Signaling in Malignancy: A Network of Cellular Pathways Defining Biological Outcomes. Mol Cancer Res (2014) 12(12):1691–703. doi: 10.1158/1541-7786.MCR-14-0450

166. Tumeh, PC, Harview, CL, Yearley, JH, Shintaku, IP, Taylor, EJM, Robert, L, et al. PD-1 Blockade Induces Responses by Inhibiting Adaptive Immune Resistance. Nature (2014) 515(7528):568–71. doi: 10.1038/nature13954

167. Parker, BS, Rautela, J, and Hertzog, PJ. Antitumour Actions of Interferons: Implications for Cancer Therapy. Nat Rev Cancer (2016) 16(3):131–44. doi: 10.1038/nrc.2016.14

168. Sheng, W, LaFleur, MW, Nguyen, TH, Chen, S, Chakravarthy, A, Conway, JR, et al. LSD1 Ablation Stimulates Anti-Tumor Immunity and Enables Checkpoint Blockade. Cell (2018) 174(3):549–63.e19. doi: 10.1016/j.cell.2018.05.052

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

170. Jacquelot, N, Yamazaki, T, Roberti, MP, Duong, CPM, Andrews, MC, Verlingue, L, et al. Sustained Type I Interferon Signaling as a Mechanism of Resistance to PD-1 Blockade. Cell Res (2019) 29(10):846–61. doi: 10.1038/s41422-019-0224-x

171. Ghoneim, HE, Fan, Y, Moustaki, A, Abdelsamed, HA, Dash, P, Dogra, P, et al. De Novo Epigenetic Programs Inhibit PD-1 Blockade-Mediated T Cell Rejuvenation. Cell (2017) 170(1):142–57.e19. doi: 10.1016/j.cell.2017.06.007

172. Sheng, W, Liu, Y, Chakraborty, D, Debo, B, and Shi, Y. Simultaneous Inhibition of LSD1 and TGF-B Enables Eradication of Poorly Immunogenic Tumors With Anti-PD-1 Treatment. Cancer Discov (2021) 11(8):1970–81. doi: 10.1158/2159-8290.CD-20-0017

173. Hellmann, MD, Jänne, PA, Opyrchal, M, Hafez, N, Raez, LE, Gabrilovich, DI, et al. Entinostat Plus Pembrolizumab in Patients With Metastatic NSCLC Previously Treated With Anti-PD-(L)1 Therapy. Clin Cancer Res: An Off J Am Assoc Cancer Res (2021) 27(4):1019–28. doi: 10.1158/1078-0432.CCR-20-3305

174. Gabrilovich, DI, Ostrand-Rosenberg, S, and Bronte, V. Coordinated Regulation of Myeloid Cells by Tumours. Nat Rev Immunol (2012) 12(4):253–68. doi: 10.1038/nri3175

175. Weber, J, Gibney, G, Kudchadkar, R, Yu, B, Cheng, P, Martinez, AJ, et al. Phase I/II Study of Metastatic Melanoma Patients Treated With Nivolumab Who Had Progressed After Ipilimumab. Cancer Immunol Res (2016) 4(4):345–53. doi: 10.1158/2326-6066.CIR-15-0193

176. Theivanthiran, B, Evans, KS, DeVito, NC, Plebanek, M, Sturdivant, M, Wachsmuth, LP, et al. A Tumor-Intrinsic PD-L1/NLRP3 Inflammasome Signaling Pathway Drives Resistance to Anti-PD-1 Immunotherapy. J Clin Invest (2020) 130(5):2570–86. doi: 10.1172/JCI133055

177. van Deventer, HW, Burgents, JE, Wu, QP, Woodford, RMT, Brickey, WJ, Allen, IC, et al. The Inflammasome Component Nlrp3 Impairs Antitumor Vaccine by Enhancing the Accumulation of Tumor-Associated Myeloid-Derived Suppressor Cells. Cancer Res (2010) 70(24):10161–9. doi: 10.1158/0008-5472.CAN-10-1921

178. Neubert, NJ, Schmittnaegel, M, Bordry, N, Nassiri, S, Wald, N, Martignier, C, et al. T Cell-Induced CSF1 Promotes Melanoma Resistance to PD1 Blockade. Sci Trans Med (2018) 10(436):eaan3311. doi: 10.1126/scitranslmed.aan3311

179. Lu, X, Horner, JW, Paul, E, Shang, X, Troncoso, P, Deng, P, et al. Effective Combinatorial Immunotherapy for Castration-Resistant Prostate Cancer. Nature (2017) 543(7647):728–32. doi: 10.1038/nature21676

180. Yu, GT, Bu, LL, Huang, CF, Zhang, W-F, Chen, W-J, Gutkind, JS, et al. PD-1 Blockade Attenuates Immunosuppressive Myeloid Cells Due to Inhibition of CD47/Sirpα Axis in HPV Negative Head and Neck Squamous Cell Carcinoma. Oncotarget (2015) 6(39):42067–80. doi: 10.18632/oncotarget.5955

181. Molgora, M, Esaulova, E, Vermi, W, Hou, J, Chen, Y, Luo, J, et al. TREM2 Modulation Remodels the Tumor Myeloid Landscape Enhancing Anti-PD-1 Immunotherapy. Cell (2020) 182(4):886–900.e17. doi: 10.1016/j.cell.2020.07.013

182. Hughes, R, Qian, BZ, Rowan, C, Muthana, M, Keklikoglou, I, Olson, OC, et al. Perivascular M2 Macrophages Stimulate Tumor Relapse After Chemotherapy. Cancer Res (2015) 75(17):3479–91. doi: 10.1158/0008-5472.CAN-14-3587

183. Barkal, AA, Brewer, RE, Markovic, M, Kowarsky, M, Barkal, SA, Zaro, BW, et al. CD24 Signalling Through Macrophage Siglec-10 Is a Target for Cancer Immunotherapy. Nature (2019) 572(7769):392–6. doi: 10.1038/s41586-019-1456-0

184. Ziani, L, Chouaib, S, and Thiery, J. Alteration of the Antitumor Immune Response by Cancer-Associated Fibroblasts. Front Immunol (2018) 9:414. doi: 10.3389/fimmu.2018.00414

185. Ford, K, Hanley, CJ, Mellone, M, Szyndralewiez, C, Heitz, F, Wiesel, P, et al. NOX4 Inhibition Potentiates Immunotherapy by Overcoming Cancer-Associated Fibroblast-Mediated CD8 T-Cell Exclusion From Tumors. Cancer Res (2020) 80(9):1846–60. doi: 10.1158/0008-5472.CAN-19-3158

186. Tauriello, DVF, Palomo-Ponce, S, Stork, D, Berenguer-Llergo, A, Badia-Ramentol, J, Iglesias, M, et al. Tgfβ Drives Immune Evasion in Genetically Reconstituted Colon Cancer Metastasis. Nature (2018) 554(7693):538–43. doi: 10.1038/nature25492

187. Li, MO, and Flavell, RA. TGF-β: A Master of All T Cell Trades. Cell (2008) 134(3):392–404. doi: 10.1016/j.cell.2008.07.025

188. Lee, DW, Kochenderfer, JN, Stetler-Stevenson, M, Cui, YK, Delbrook, C, Feldman, SA, et al. T Cells Expressing CD19 Chimeric Antigen Receptors for Acute Lymphoblastic Leukaemia In Children and Young Adults: A Phase 1 Dose-Escalation Trial. Lancet (London England) (2015) 385(9967):517–28. doi: 10.1016/S0140-6736(14)61403-3

189. Turtle, CJ, Hanafi, LA, Berger, C, Gooley, TA, Cherian, S, Hudecek, M, et al. CD19 CAR-T Cells of Defined CD4+:CD8+ Composition in Adult B Cell ALL Patients. J Clin Invest (2016) 126(6):2123–38. doi: 10.1172/JCI85309

190. Maude, SL, Frey, N, Shaw, PA, Aplenc, R, Barrett, DM, Bunin, NJ, et al. Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia. N Engl J Med (2014) 371(16):1507–17. doi: 10.1056/NEJMoa1407222

191. Davila, ML, Riviere, I, Wang, X, Bartido, S, Park, J, Curran, K, et al. Efficacy and Toxicity Management of 19-28z CAR T Cell Therapy in B Cell Acute Lymphoblastic Leukemia. Sci Trans Med (2014) 6(224):224ra25. doi: 10.1126/scitranslmed.3008226

192. Foster, AE, Dotti, G, Lu, A, Khalil, M, Brenner, MK, Heslop, HE, et al. Antitumor Activity of EBV-Specific T Lymphocytes Transduced With a Dominant Negative TGF-β Receptor. J Immunother (2008) 31(5):500–5. doi: 10.1097/CJI.0b013e318177092b

193. John, LB, Devaud, C, Duong, CPM, Yong, CS, Beavis, PA, Haynes, NM, et al. Anti-PD-1 Antibody Therapy Potently Enhances the Eradication of Established Tumors by Gene-Modified T Cells. Clin Cancer Res: An Off J Am Assoc Cancer Res (2013) 19(20):5636–46. doi: 10.1158/1078-0432.CCR-13-0458

194. Chong, EA, Melenhorst, JJ, Lacey, SF, Ambrose, DE, Gonzalez, V, Levine, BL, et al. PD-1 Blockade Modulates Chimeric Antigen Receptor (CAR)-Modified T Cells: Refueling The CAR. Blood (2017) 129(8):1039–41. doi: 10.1182/blood-2016-09-738245

195. Motz, GT, Santoro, SP, Wang, LP, Garrabrant, T, Lastra, RR, Hagemann, IS, et al. Tumor Endothelium FasL Establishes a Selective Immune Barrier Promoting Tolerance in Tumors. Nat Med (2014) 20(6):607–15. doi: 10.1038/nm.3541

196. Gabrilovich, D, Ishida, T, Oyama, T, Ran, S, Kravtsov, V, Nadaf, S, et al. Vascular Endothelial Growth Factor Inhibits the Development of Dendritic Cells and Dramatically Affects the Differentiation of Multiple Hematopoietic Lineages. vivo Blood (1998) 92(11):4150–66. doi: 10.1016/S0950-3536(98)80044-9

197. Newport, EL, Pedrosa, AR, Njegic, A, Hodivala-Dilke, KM, and Muñoz-Félix, JM. Improved Immunotherapy Efficacy by Vascular Modulation. Cancers (2021) 13(20):5207. doi: 10.3390/cancers13205207

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

199. Ren, S, Xiong, X, You, H, Shen, J, and Zhou, P. The Combination of Immune Checkpoint Blockade and Angiogenesis Inhibitors in the Treatment of Advanced Non-Small Cell Lung Cancer. Front Immunol (2021) 12:689132. doi: 10.3389/fimmu.2021.689132

200. Delgoffe, GM. Filling the Tank: Keeping Antitumor T Cells Metabolically Fit for the Long Haul. Cancer Immunol Res (2016) 4(12):1001–6. doi: 10.1158/2326-6066.CIR-16-0244

201. Brand, A, Singer, K, Koehl, GE, Kolitzus, M, Schoenhammer, G, Thiel, A, et al. LDHA-Associated Lactic Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab (2016) 24(5):657–71. doi: 10.1016/j.cmet.2016.08.011

202. Young, A, Mittal, D, Stagg, J, and Smyth, MJ. Targeting Cancer-Derived Adenosine: New Therapeutic Approaches. Cancer Discov (2014) 4(8):879–88. doi: 10.1158/2159-8290.CD-14-0341

203. Li, T, Mao, C, Wang, X, Shi, Y, and Tao, Y. Epigenetic Crosstalk Between Hypoxia and Tumor Driven by HIF Regulation. J Exp Clin Cancer Res: CR (2020) 39(1):224. doi: 10.1186/s13046-020-01733-5

204. Gide, TN, Quek, C, Menzies, AM, Tasker, AT, Shang, P, Holst, J, et al. Distinct Immune Cell Populations Define Response to Anti-PD-1 Monotherapy and Anti-PD-1/Anti-CTLA-4 Combined Therapy. Cancer Cell (2019) 35(2):238–55.e6. doi: 10.1016/j.ccell.2019.01.003

205. Fischer, K, Hoffmann, P, Voelkl, S, Meidenbauer, N, Ammer, J, Edinger, M, et al. Inhibitory Effect of Tumor Cell-Derived Lactic Acid on Human T Cells. Blood (2007) 109(9):3812–9. doi: 10.1182/blood-2006-07-035972

206. Puccetti, P, and Grohmann, U. IDO and Regulatory T Cells: A Role for Reverse Signalling and Non-Canonical NF-kappaB Activation. Nat Rev Immunol (2007) 7(10):817–23. doi: 10.1038/nri2163

207. Botticelli, A, Cerbelli, B, Lionetto, L, Zizzari, I, Salati, M, Pisano, A, et al. Can IDO Activity Predict Primary Resistance to Anti-PD-1 Treatment in NSCLC? J Trans Med (2018) 16(1):219. doi: 10.1186/s12967-018-1595-3

208. Long, G v, Dummer, R, Hamid, O, Gajewski, TF, Caglevic, C, Dalle, S, et al. Epacadostat Plus Pembrolizumab Versus Placebo Plus Pembrolizumab in Patients With Unresectable or Metastatic Melanoma (ECHO-301/KEYNOTE-252): A Phase 3, Randomised, Double-Blind Study. Lancet Oncol (2019) 20(8):1083–97. doi: 10.1016/S1470-2045(19)30274-8

209. Liu, H, Kuang, X, Zhang, Y, Ye, Y, Li, J, Liang, L, et al. ADORA1 Inhibition Promotes Tumor Immune Evasion by Regulating the ATF3-PD-L1 Axis. Cancer Cell (2020) 37(3):324–339.e8. doi: 10.1016/j.ccell.2020.02.006

210. Sun, X, Wu, Y, Gao, W, Enjyoji, K, Csizmadia, E, Müller, CE, et al. CD39/ENTPD1 Expression by CD4+Foxp3+ Regulatory T Cells Promotes Hepatic Metastatic Tumor Growth in Mice. Gastroenterology (2010) 139(3):1030–40. doi: 10.1053/j.gastro.2010.05.007

211. Gopalakrishnan, V, Spencer, CN, Nezi, L, Reuben, A, Andrews, MC, Karpinets, T v, et al. Gut Microbiome Modulates Response to Anti-PD-1 Immunotherapy in Melanoma Patients. Science (2018) 359(6371):97–103. doi: 10.1126/science.aan4236

212. Gopalakrishnan, V, Helmink, BA, Spencer, CN, Reuben, A, and Wargo, JA. The Influence of the Gut Microbiome on Cancer, Immunity, and Cancer Immunotherapy. Cancer Cell (2018) 33(4):570–80. doi: 10.1016/j.ccell.2018.03.015

213. Si, W, Liang, H, Bugno, J, Xu, Q, Ding, X, Yang, K, et al. Lactobacillus Rhamnosus GG Induces cGAS / STING- Dependent Type I Interferon and Improves Response to Immune Checkpoint Blockade. Gut (2021) (2021):gutjnl-2020-323426. doi: 10.1136/gutjnl-2020-323426

214. Zhang, Z, Tang, H, Chen, P, Xie, H, and Tao, Y. Demystifying the Manipulation of Host Immunity, Metabolism, and Extraintestinal Tumors by the Gut Microbiome. Signal Transduction Targeted Ther (2019) 4:41. doi: 10.1038/s41392-019-0074-5

215. Derosa, L, Routy, B, Enot, D, Baciarello, G, Massard, C, Loriot, Y, et al. Impact of Antibiotics on Outcome in Patients With Metastatic Renal Cell Carcinoma Treated With Immune Checkpoint Inhibitors. J Clin Oncol (2017) 35:462. doi: 10.1200/JCO.2017.35.6_suppl.462

216. Gopalakrishnan, V, Spencer, CN, Reuben, A, Karpinets, T, Hutchinson, D, Hoffman, K, et al. Association of Diversity and Composition of the Gut Microbiome With Differential Responses to PD-1 Based Therapy in Patients With Metastatic Melanoma. J Clin Oncol (2017) 35:2. doi: 10.1200/JCO.2017.35.7_suppl.2

217. Routy, B, le Chatelier, E, Derosa, L, Duong, CPM, Alou, MT, Daillère, R, et al. Gut Microbiome Influences Efficacy of PD-1-Based Immunotherapy Against Epithelial Tumors. Science (2018) 359(6371):91–7. doi: 10.1126/science.aan3706

218. Davar, D, Dzutsev, AK, McCulloch, JA, Rodrigues, RR, Chauvin, J-M, Morrison, RM, et al. Fecal Microbiota Transplant Overcomes Resistance to Anti-PD-1 Therapy in Melanoma Patients. Sci (New York NY) (2021) 371(6529):595–602. doi: 10.1126/science.abf3363

219. Shayan, G, Srivastava, R, Li, J, Schmitt, N, Kane, LP, and Ferris, RL. Adaptive Resistance to Anti-PD1 Therapy by Tim-3 Upregulation Is Mediated by the PI3K-Akt Pathway in Head and Neck Cancer. Oncoimmunology (2017) 6(1):e1261779. doi: 10.1080/2162402X.2016.1261779

220. Koyama, S, Akbay, EA, Li, YY, Herter-Sprie, GS, Buczkowski, KA, Richards, WG, et al. Adaptive Resistance to Therapeutic PD-1 Blockade Iis Associated With Upregulation of Alternative Immune Checkpoints. Nat Commun (2016) 7:10501. doi: 10.1038/ncomms10501

221. Limagne, E, Richard, C, Thibaudin, M, Fumet, JD, Truntzer, C, Lagrange, A, et al. Tim-3/Galectin-9 Pathway and mMDSC Control Primary and Secondary Resistances to PD-1 Blockade in Lung Cancer Patients. OncoImmunology (2019) 8(4):e1564505. doi: 10.1080/2162402X.2018.1564505

222. Lui, Y, and Davis, SJ. LAG-3: A Very Singular Immune Checkpoint. Nat Immunol (2018) 19(12):1278–9. doi: 10.1038/s41590-018-0257-1

223. Johnson, DB, Nixon, MJ, Wang, Y, Wang, DY, Castellanos, E, Estrada, M v, et al. Tumor-Specific MHC-II Expression Drives a Unique Pattern of Resistance to Immunotherapy via LAG-3/FCRL6 Engagement. JCI Insight (2018) 3(24):e120360. doi: 10.1172/jci.insight.120360

224. Woo, SR, Turnis, ME, Goldberg, M v, Bankoti, J, Selby, M, Nirschl, CJ, et al. Immune Inhibitory Molecules LAG-3 and PD-1 Synergistically Regulate T-Cell Function To Promote Tumoral Immune Escape. Cancer Res (2012) 72(4):917–27. doi: 10.1158/0008-5472.CAN-11-1620





Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


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

Copyright © 2021 Wang, Xie, Liu, Shi, Tao, Xiao and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




Glossary


 






ORIGINAL RESEARCH

published: 24 January 2022

doi: 10.3389/fimmu.2022.781222

[image: image2]
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Tumour-infiltrating FoxP3+ regulatory T cells have been identified as both positive and negative prognostic factors in colorectal cancer (CRC) and rectal cancer (RC). In this study we investigated whether immune phenotypes, defined by CD8+ cytotoxic T cell density, may influence the prognostic association of FoxP3+ T cell densities in RC. Tissue microarrays from 154 rectal cancer resections were immunohistochemically double stained for CD8 and FoxP3. CD8+ and FoxP3+ cell densities were measured in the stromal and intraepithelial compartment. Stromal FoxP3+ cell densities were not associated with 10-year overall survival (OS). In the “immune-desert” phenotype, defined by very low stromal CD8+ cell density, a high density of stromal FoxP3+ T cells displayed a tendency towards an association with decreased 10-year OS (p = 0.179). In “inflamed” tumours, defined by high intraepithelial CD8+ T cell infiltration, the opposite was the case and high stromal FoxP3+ T cell densities were a positive prognostic factor (p = 0.048). Additionally, patients with an increased FoxP3/CD8 cell density ratio demonstrated a strong trend towards decreased 10-year OS (p = 0.066). These contrasting findings suggest functional heterogeneity within the group of FoxP3+ T cells. They are consistent with experimental studies which reported suppressive and non-suppressive populations of FoxP3+ T cells in CRC. Furthermore, our study demonstrates that CD8 immunohistochemistry may act as an instrument to identify tumours infiltrated by possibly functionally differing FoxP3+ T cell subtypes.




Keywords: Foxp3, CD8, regulatory T cells, rectal cancer, tumour-infiltrating lymphocytes, TILs, immune phenotypes, prognosis



Introduction

The relevant relationship of immune cell infiltration in colorectal and rectal carcinomas (CRC) and patient prognosis has been established in numerous studies (1–4). Yet, our understanding of the complex causal links between immune response and disease progression remains limited. Various molecular subtypes have been identified and their immunological importance is becoming more apparent (5–7). A crucial role in influencing and controlling the local immune response is attributed to tumour-infiltrating FoxP3+ regulatory T cells (Treg) (8). Treg are an important element of immunological tolerance, both for self-tolerance in healthy tissue and locally in tumours (9, 10). Targeting this cell type is regarded as a promising approach for improving the response rate of current immunotherapies (11). However, in order not to cross the fine line between the induction of immunity in tumours and fatal systemic autoimmunity, a profound understanding of the role of Treg in cancer is necessary (12). But even the fundamental question of whether increased Treg infiltration in CRC is a favourable or unfavourable prognostic factor is still undecided and several studies have reported conflicting results (13, 14). In this immunohistochemical study we investigated the prognostic relevance of FoxP3+ T cell density in the context of different degrees of intratumoural inflammation as signified by CD8+ T cell infiltration. Our results offer a possible explanation for inconsistent findings on the role of Treg in previous studies and give insights into the intricacies of Treg functionality in cancers.



Materials and Methods


Patients and Samples

Between 2006 and 2013, a total of 154 patients with advanced rectal cancer were treated at Universitätsklinikum Erlangen (University Hospital Erlangen) (Table 1). Tissue samples were obtained from surgical resection specimens after neoadjuvant treatment (Figure 1). The prognostic relevance of FoxP3+ and CD8+ T cell densities in general, cell-to-cell distances and distances to the epithelial-stromal interface have previously been reported in this cohort (15, 16).


Table 1 | Clinical characteristics of the studied patient cohort.






Figure 1 | Flow diagram of the patient and tissue sample selection process.



The use of formalin-fixed paraffin-embedded material from the Archive of the Institute of Pathology was approved by the Ethics Committee of the Friedrich-Alexander-University of Erlangen-Nuremberg on 24 January 2005 (21_ 19 B), waiving the need for consent for using the existing archived material. Written informed consent was obtained “front door” from all patients allowing the collection of their tissue and clinical data.



Treatment Protocol

All patients underwent neoadjuvant radiochemotherapy (RCT). A total radiation dose of 50.4 Gy was applied in 28 fractions of 1.8 Gy and 5-fluorouracil based chemotherapy as described earlier (17). After a period of 8 weeks treatment response was assessed and total mesorectal excision was performed to surgically remove the residual tumour. Additionally, 5-FU based adjuvant chemotherapy was administered.



Tissue Microarray Construction and Immunohistochemistry

Two formalin-fixed, paraffin-embedded tissue cores of 2 mm diameter from the tumour centre of resection specimens of each patient were arranged in tissue microarrays (TMA). The tumour centre was identified and marked by a pathologist on a section of the whole tissue block prior to extraction of the cores. Samples of patients with pathologic complete response after neoadjuvant RCT were not included in this study.

An immunohistochemical double-staining with anti-FoxP3- and anti-CD8-specific antibodies was performed on the sections of the TMA to identify CD8+ and FoxP3+ T cells. As described previously, sections were deparaffinised and rehydrated and antigen retrieval was performed in a steam cooker for 5 minutes (16). The FoxP3-specific antibody (1:100, Ab20034, abcam, Cambridge, United Kingdom) was applied overnight and detected with a Polymer-Kit (Fa Zytomed POLAP-100) and Fast Red as a chromogen. Then, the CD8-specific antibody (1:50, M7103, Agilent, Santa Clara, CA United States) was added for 60 minutes and detection was performed with the Polymer-Kit and Fast Blue as a chromogen.



Quantification of Cell Densities

Following immunohistochemical double-staining a high throughput scanner was used to scan sections at a magnification of 1:200 (Zeiss, Mirax MIDI Scan, Göttingen, Germany). Digital images of each tissue core were analysed using an image analysis software (Biomas, Erlangen, Germany). Stained cells were counted in a two-step process of automatic detection and manual correction by the examiner. Colour, shape, localization (nuclear for FoxP3 and membranous for CD8) and size were criteria for inclusion of stained cells. Cell densities (cells/mm²) were then calculated after measurement of the area of the stromal and intraepithelial compartment, respectively. For each patient the average cell density was determined by calculating the arithmetic mean of cell densities measured in the two cores.



Statistical Analysis

Kaplan-Meier plots and the log-rank test were used to describe and compare overall survival rates (OS) and no-evidence-of-disease survival rates (NED) of different groups. Optimized cut-off values for prognostic groups were determined through receiver operating characteristic curve analysis and X-tile software (Version 3.6.1, Yale University, New Haven, Connecticut, USA) (18). Student’s t-Test and one-way analysis of variance (ANOVA) were used to compare means of two or more groups, respectively. Frequency distributions of categorical variables in contingency tables were compared with chi-squared test and Fisher’s exact test. SPSS (Version 26, IBM, Chicago, Illinois, USA) and Microsoft Excel (Version 16, Microsoft, Redmond, Washington, USA) were used to perform statistical analyses.




Results

Among 154 patients suffering from rectal cancer, the respective OS and NED were 45% and 60% at 10 years (Figure 2A). Overall stromal FoxP3+ cell densities were not associated with 10-year OS (Figure 2B). In the intraepithelial compartment high densities of FoxP3+ cells were associated with improved 10-year OS (p = 0.018) (Figure 2C).




Figure 2 | (A) Overall survival and no-evidence-of-disease survival rate of the studied patient cohort analysed with the Kaplan-Meier method and log-rank test. (B, C) Overall survival analysed with the Kaplan-Meier method and log-rank test according to FoxP3+ tumour-infiltrating T cell densities in the stromal (B) and intraepithelial (C) compartment.



Three groups defined by different “immune phenotype” were established based on stromal and intraepithelial CD8+ cell densities (Figure 3A). Cut-off values of these groups were defined by serial comparison of different CD8+ cell density thresholds for their impact on the prognostic significance of stromal FoxP3+ cell densities on OS and NED. Accordingly, “immune-desert” tumours were defined by stromal CD8+ cell densities of less than 40 cells/mm², which was accompanied by very low levels of intraepithelial CD8+ cell densities (Figure 3B). In this subgroup stromal FoxP3+ cell density displayed a tendency towards an association with decreased 10-year OS (52% vs 40% 10-year OS, p = 0.179) (Figure 3C). Tumours with stromal CD8+ cell densities of equal to or more than 40 cells/mm² in combination with intraepithelial CD8+ cell densities of less than 170 cells/mm² were assigned to the “immune-excluded” group, indicating a phenotype characterized by stromal accumulations of cytotoxic T cells with a simultaneous lack of intraepithelial infiltration (Figure 3D). 10-year OS was not associated with FoxP3+ cell densities in this group (Figure 3E). “Inflamed” tumours were defined by intraepithelial CD8+ cell densities of ≥170 cells/mm². With stromal and intraepithelial median values of CD8+ cell densities of 237 and 415 cells/mm², respectively, this group was characterized by high levels of cytotoxic T cell infiltration (Figure 3F). Here, increased stromal FoxP3+ cell densities were associated with significantly improved 10-year OS (33% vs. 74% 10-year OS, p = 0.048 (Figure 3G).




Figure 3 | (A) Boxplots of stromal and intraepithelial CD8+ cell density distributions in different immune phenotypes. Outliers are marked with an asterisk (*). Horizontal black bars signify p < 0.05 in Student’s t-test. The “immune-desert” group was defined by stromal CD8+ cell densities < 40 cells/mm² (dotted blue line), “inflamed” tumours had intraepithelial CD8+ cell densities ≥ 170 cells/mm² (dotted red line). (B, D, F) Representative images of tissue microarray core sections from “immune-desert” (B), “immune-excluded” (D) and “inflamed” (F) tumours double stained for FoxP3 (red)/CD8 (blue) (200x magnification). (C, E, G) Overall survival analysed with the Kaplan-Meier method and log-rank test according to stromal FoxP3+ tumour-infiltrating T cell densities in “immune-desert” (C), “immune-excluded” (E) and “inflamed” (G) tumours. (H) Boxplots of stromal and intraepithelial FoxP3+ cell density distributions in different immune phenotypes.



The prognostic value of intraepithelial FoxP3+ T cell densities also changed from negative to positive comparing “immune-desert” and “inflamed” tumours, but this relationship was less pronounced than in stromal FoxP3+ T cells (Supplementary Figure 1). FoxP3+ cell density levels correlated with those of CD8+ cells and were distinctly higher in “inflamed” tumours than in those classified as “immune-desert” (Figure 3H).

Stromal FoxP3+ and CD8+ cell densities were moderately positively correlated in both “immune-desert” (Spearman correlation coefficient = 0.59, p = 0.001, n = 43) and “inflamed” tumours (Spearman correlation coefficient = 0.407, p = 0.014, n = 36).

There were no significant differences concerning the type of chemotherapy used between immune phenotype groups (p = 0.067, Supplementary Table 1).

Comparing patients with different immune phenotypes, the 10-year OS was identical (Figure 4A). NED status on the other hand was significantly longer in the “inflamed” group compared to “immune-desert” (52% vs. 41% 10-year NED, p = 0.049) (Figure 4B). The only clinicopathological categories with significant differences between the analysed groups were age at diagnosis and nodal status: Patients with an “inflamed” tumour phenotype were older than those with “immune-excluded” and “immune-desert” tumours (median age at diagnosis: 69 vs. 67 vs. 60 years, respectively) and were more often lymph node positive at diagnosis (N+: 86% vs. 65% vs. 59%, respectively). The phenotype with the highest ratio of FoxP3+ to CD8+ cell densities was “immune-desert” (Figure 4C). An increased FoxP3/CD8 ratio was moderately associated with decreased 10-year OS (p = 0.066) (Figure 4D).




Figure 4 | (A) Overall survival analysed with the Kaplan-Meier method and log-rank test according to immune phenotypes. (B) No evidence of disease status analysed with the Kaplan-Meier method and log-rank test according to immune phenotypes. (C) Boxplots of stromal FoxP3+/CD8+ cell density ratio distributions in different immune phenotypes. Horizontal black bars signify p < 0.05 in Student’s t-test. (D) Overall survival analysed with the Kaplan-Meier method and log-rank test according to the FoxP3+/CD8+ cell density ratio.





Discussion

One of the most commonly used markers for self-tolerance promoting regulatory T cells (Treg) is the transcription factor forkhead box protein P3 (FoxP3) (19). The prognostic relevance of FoxP3+ tumour-infiltrating Treg in colorectal cancer (CRC) and rectal cancer (RC) has been a frequently studied albeit controversial subject. While Treg are generally assumed to have an immunosuppressive and thus adverse prognostic effect, there is ample evidence that high densities of intratumoural FoxP3+ T cells can be indicative of improved prognosis in CRC and other types of cancer (14, 20–22). There are, however, also numerous studies that reported the opposite, linking increased FoxP3+ T cell densities with an unfavourable prognosis (23–25). Some of these inconsistencies were most likely the result of variations in measurement methods and treatment modalities. But the apparent prognostic ambivalence is also indicative of the possibility that there may be multiple subpopulations of FoxP3+ T cells in CRC, or that Treg may have different and at times opposing functions depending on other environmental factors (10).

In the present study, we investigated the prognostic relevance of FoxP3+ T cell density in RC depending on the degree of inflammation within the tumour. To this end we established immune phenotypes defined by the density of tumour infiltrating CD8+ T cells. The phenotypes “immune-desert”, “immune-excluded” and “inflamed” have previously been described as archetypical immune constellations in tumours (26). Chen et al. explained tumoural immunological tolerance for each of these constellations with different underlying causes. “Immune-desert” tumours were defined as immunologically cold tumours attracting only very few inflammatory cells. Here, an immunosuppressive environment as well as a lack of antigens or antigen presentation were assumed to be main factors promoting immunological tolerance. One of several possible immunosuppressive elements in this context were FoxP3+ Tregs, which were thus regarded as an unfavourable prognostic factor in “immune-desert” tumours. In the “immune-excluded” phenotype, the cellular immune response was limited to surrounding stromal tissue only. Infiltration of the intraepithelial compartment by inflammatory cells did not occur. Consequently, lack of T cell migration into the tumour was presumed to be the tolerance promoting factor in this setting. Lastly, tumours with ubiquitous high densities of immune cells were designated to the “inflamed” group: Inflammatory cells were numerous but rendered ineffective by local factors like, for example, the PD-1/PD-L1 pathway. As suppression of a cellular immune response obviously failed in this setting, a different and possibly prognostically favourable function was assumed for FoxP3+ T cells.

In head and neck squamous cell carcinoma (HNSCC) we were able to use stromal and intraepithelial CD8+ T cell densities as surrogate markers for the above-defined phenotypes and could demonstrate that the prognostic relevance of FoxP3+ T cell density depended on the degree of intratumoural inflammation (27). The results of the present work confirm that this phenomenon can also be observed in RC. High overall stromal FoxP3+ T cell densities had no prognostic impact, whereas in the “immune-desert” and “inflamed” subgroups they correlated with decreased and improved survival, respectively. Similar observations were also made in other types of cancer: A large immunohistochemical study reported that high densities of FoxP3+ TIL were only indicative of improved survival in HER2+/estrogen receptor negative (ER-) breast cancer if they coincided with accumulations of CD8+ TIL. Simultaneously, the negative prognostic significance of FoxP3+ TIL densities in ER+ breast cancer depended on the absence of CD8+ T cells (28). Another parameter that underlines this relationship is the ratio of FoxP3+ and CD8+ cell density, which was significantly increased in “immune-desert” tumours compared to the remaining two phenotypes. An increased FoxP3/CD8 ratio was a predictor of reduced survival in this study as well as in cervical cancer, esophageal cancer and lung cancer (29–31). Although the calculation of a ratio is less complicated than the proposed classification into immune phenotypes, it does not adequately express the prognostic ambivalence of FoxP3+ TILs observed here. Nonetheless, all the previous reports suggest functional and prognostic heterogeneity within the group of FoxP3+ TILs, which could be an innate feature of this cell type not limited to specific cancer entities (11, 32).

Conclusions drawn from our cohort regarding the functional heterogeneity of FoxP3+ T cells in RC are limited by the size of the cohort and methodology as an immunohistochemical association study. One possible rationale for the observed results could be a suppressive function of FoxP3+ TILs in “immune-desert” tumours and a lack of function in “inflamed” tumours. Correlations between FoxP3+ and CD8+ TIL densities in the inflammatory phenotype could mean that the former are simply a concomitant phenomenon of cytotoxic T cell infiltration. An extensive work by Saito et al., however, provided a different and very reasonable explanation to distinguish FoxP3+ T cells in “immune-desert” tumours from those in “inflamed” tumours. They postulated that two types of activated FoxP3+CD4+ cells exist in CRC: suppression-competent Fraction II effector Tregs (Fr-II eTregs) and non-suppressive, pro-inflammatory Fr-III non-Treg FoxP3+ T cells (33). Based on the frequency of non-suppressive Fr-III FoxP3+ T cells, they subdivided CRC into type A and B tumours. Type A CRC were characterized by low numbers of Fr-III non-Treg FoxP3+ T cells and increased numbers of immunosuppressive genes expressed. Increased levels of FoxP3 transcripts in quantitative real-time PCR were associated with poor prognosis in this CRC subtype. This is consistent with our “immune-desert” phenotype, in which immunosuppression was reflected by very low densities of cytotoxic T cells and in which high FoxP3+ T cell densities were a negative prognostic factor. In type B CRC on the other hand, high FoxP3 expression was associated with an improved prognosis, an inflammatory environment prevailed and overall FoxP3 expression levels were described as significantly higher than in type A. The authors hypothesised that this could also be associated with an increased density of CD8+ cytotoxic T cells. Again, all this applies to our “inflamed” subtype: FoxP3+ T cell densities were significantly higher than in “immune-desert/type A-like” tumours and they were positively associated with survival. Additionally, highly increased densities of CD8+ cytotoxic T cells indicated a state of intratumoural inflammation. The lack of prognostic relevance of FoxP3+ T cells in the “immune-excluded” phenotype in our study can be explained in several ways. FoxP3+ T cells could be without prognostic relevance since, as stated earlier, lack of T cell migration into the tumour was assumed to be the main immune tolerance promoting factor in this phenotype. Alternatively, “immune-excluded” could also be an intermediate “type A/B” subtype in which neither Fr-II eTregs nor Fr-III non-Treg FoxP3+ cells predominate.

With regard to the prognostic relevance of the three immune phenotypes, the “inflamed/type B-like” group exhibited a significantly improved NED status in contrast to “immune-desert/type A-like”, which is again consistent with the results of Saito et al. The fact that this benefit does not translate to overall survival can be attributed to the fact that patients of the former group were considerably older and had a higher proportion of lymph node involvement.

Going forward we are planning to further characterise not only FoxP3+ Treg, but also CD8+ cytotoxic T cells, by evaluating the simultaneous expression of other important immunomodulatory factors in the phenotypes described here. The prognostically favourable “inflamed” phenotype with high Treg density could, for example, very likely contain a high percentage of CCR7+CD8+ T cells, which were described as a positive prognostic factor in CRC by Correale et al., especially in combination with increased Treg infiltration (34, 35).

In summary, our findings suggest that the prognostic relevance of FoxP3+ T cell density in RC depends on immune phenotypes defined by CD8+ cytotoxic T cell infiltration. In the context of our immunohistochemical study we can only speculate what distinguished FoxP3+ T cells in these individual subgroups. However, our findings are consistent with phenomena described by Saito et al. supporting the conclusion that there are suppressive and non-suppressive subpopulations of FoxP3+ T cells in CRC. The fact that it was possible to achieve very similar results with a completely different experimental approach underlines the possible role of two FoxP3+ T cell subtypes. These findings imply that the immunohistochemical detection of CD8+ T cells could serve as an inexpensive and widely available surrogate marker for identifying RC, which are predominated by either suppressive or non-suppressive FoxP3+ T cells. Clinically, this could become relevant for deciding whether a patient would benefit from a strategy of Treg depletion. Furthermore, other types of cancer like HNSCC or breast cancer should also be investigated more closely for functionally heterogenous FoxP3+ T cell subpopulations, as this feature and its prognostic relevance might not be limited to RC.
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Tumor immunity is involved in malignant tumor progression. Myeloid-derived suppressor cells (MDSCs) play an irreplaceable role in tumor immunity. MDSCs are composed of immature myeloid cells and exhibit obvious immunomodulatory functions. Exosomes released by MDSCs (MDSCs-Exos) have similar effects to parental MDSCs in regulating tumor immunity. In this review, we provided a comprehensive description of the characteristics, functions and mechanisms of exosomes. We analyzed the immunosuppressive, angiogenesis and metastatic effects of MDSCs-Exos in different tumors through multiple perspectives. Immunotherapy targeting MDSCs-Exos has demonstrated great potential in cancers and non-cancerous diseases.
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Introduction

Malignant tumors are considered a major threat to human health (1). Studying the contribution of tumor immunity in tumor progression may improve the extremely narrow therapeutic strategy regarding cancer. Myeloid-derived suppressor cells (MDSCs) are immature cells consisting of myeloid progenitor cells, immature macrophages, immature granulocytes and immature dendritic cells. They are closely related to patients’ poor prognosis due to its powerful effects on tumor immune suppression, tumor angiogenesis, drug resistance, and tumor metastases (2–4). For example, The interaction between MDSCs and macrophages can reduce the production of IL-12 by macrophages and increase the production of IL-10 by MDSCs, which promotes tumor progression (5).

Exosomes are 40- to 100-nm small vesicles that are released by the vast majority of cells and distributed in all body fluids (6, 7). Exosomes derived from different cells perform variable functions. Exosomes carry proteins, DNA, messenger RNAs(mRNAs), noncoding RNAs(ncRNAs), and lipids (8). Exosomes exert cancer-inhibiting or cancer-promoting effects. For example, exosomal miR-19a is delivered to osteoblasts to promote bone metastasis in breast cancer (9). While human umbilical cord mesenchymal stem cell -derived exosomal miR-320a inhibits lung cancer cell growth via SOX4/Wnt/β-catenin axis (10). In addition, emerging studies have shown that exosomes have potential clinical applications as biomarkers for disease diagnosis and prognosis (11–14).

The exosomes derived from MDSCs (MDSCs-Exos) are involved in the function of immunosuppression, promoting tumor angiogenesis, tumor metastasis, drug resistance of malignant tumors (15–17). Here, we summarized linkages and differences between MDSCs-Exos and parental cells, as well as regulatory roles and possible diagnostic and prognostic values in tumor immunity.



MDSCs in Tumor Immunity

MDSCs are a special kind of cells that have important tumor immunomodulatory effects, composed of several immature heterogeneous cells originating from myeloid cells (18). Normally, immature myeloid cells differentiate into mature immediately after entering the peripheral organs (19). Under a variety of pathological conditions, MDSCs expand and can be detected in blood, cancer tissue, inflammatory sites, lymph nodes and spleen (20). In the tumor microenvironment (TME), the differentiation and amplification of MDSCs is mediated by a variety of molecules, such as: granulocyte-macrophage colony–stimulating factor, granulocyte colony–stimulating factor (G-CSF), macrophage colony–stimulating factor, stem cell factor, vascular endothelial growth factor (VEGF), and polyunsaturated fatty acids (21–23). Activation of MDSCs is dependent on the following cytokines: IFN-γ, IL-1β, TNF, IL-4, IL-6, IL-13 and high mobility group box protein 1 which function through NF-κB, STAT1 and STAT6 pathways (24). According to different surface markers, MDSCs are divided into two subtypes: granulocytic MDSCs (G-MDSCs, CD11b+Ly6G+Ly6Clow), termed polymorphonuclear MDSCs (PMN-MDSCs) simultaneously, and monocytic MDSCs (M-MDSCs, CD11b+Ly6G-Ly6Chi) (23, 25, 26). The number of G-MDSCs is far outweighed by that of M-MDSCs, and a majority of current studies have focused on investigating the capabilities of G-MDSCs, while the role of M-MDSCs remains to be further investigated (27). Their immunosuppressive abilities and mechanisms also differ (23, 28). G-MDSCs inhibit T-cell responses mainly through the production of reactive oxygen species (ROS) by antigen-specific methods. M-MDSCs produce large amounts of NO, arginase 1 (Arg-1) and immunosuppressive cytokines, such as IL-10, which inhibit both antigen-specific and non-specific T-cell responses. M-MDSCs have a higher inhibitory activity than G-MDSCs (29–33).

MDSCs exert their immunosuppressive effect by promoting the expansion of regulatory T cells (Tregs) (34–36), promoting the production of helper T cell 17 (Th17) (35), inducing macrophage differentiation into the M2 phenotype (2, 37, 38) and inhibiting of immune response of NK cells (39) and B cells (40). In addition to suppressing the immune response, MDSCs also accelerate tumor progression by remodeling tumor microenvironment (22). MDSCs promote tumor angiogenesis through up-regulating VEGF, matrix metallopeptidase 9 (MMP9) and bombina variegata peptide 8 (Bv8) (41). MDSCs also promote tumor metastases by infiltrating primary tumors and facilitating the formation of premetastatic niches (42).

In conclusion, MDSCs exhibit great prospect in the treatment of cancer by blocking T cells, B cells and NK cells activity and bolstering Tregs expansion and mobilization.



Exosome

Extracellular vesicles (EVs) were initially considered to be “platelet dust” by Peter Wolf in 1967 (43). EVs transport proteins, nucleic acids, lipids, cytokines, metabolites, and enable intercellular information communication (44). Depending on their origin, markers, properties and functions, EVs are classified into two main groups: ectosomes and exosomes (45). Ectosomes are vesicles formed by outward budding of the plasma membrane, whereas exosomes are intraluminal vesicles formed by plasma membrane invagination, the release of the latter involves the fusion of multivesicular bodies with the plasma membrane (46–48). Recent studies suggest that CD63 is the signature exosome-specific protein, while CD9 and CD81 are not specific (49). Statistically, the cargoes that have been identified in exosomes include 9769 proteins, 3408 mRNAs, 2838 miRNAs and 1116 lipids [data from http://www.exocarta.org (a database collecting many studies)]. These components are involved in cellular signaling pathways, regulation of lipid metabolism, tumor progression, recurrence and metastasis (50–53).

After exosomes are released outside the cell, they participate in information transmission with the target cells through membrane fusion, endocytosis and binding to the receptors on the surface of the target cells (54). Currently, it is becoming increasingly evident that exosomes play an essential role in disease, especially in tumors by promoting the reprogramming of receptor cells (55–57). In non-small cell lung cancer(NSCLC), tumor-derived exosomes(TDEs) polarize macrophages to an immunosuppressive phenotype that increases programmed death ligand-1 expression through NF-kB-dependent, glycolysis-dominated metabolic reprogramming, triggering the formation of pre-metastatic niche (58). Exosomal lncARSR propagates sunitinib resistance through competitive binding of miR-34/miR-449 in renal cell carcinoma (59).

In briefly, exosomes participate in the physiopathological processes of coagulation, inflammation, angiogenesis and immune response (12). Exosomes are widely distributed and easy to modulate, can be used as a promising minimally invasive tool for diagnosis and treatment (7, 60–62).



Characterization of Exosomes Derived From MDSCs

It is now known that exosomes carry proteins, DNA, messenger RNAs(mRNAs), noncoding RNAs(ncRNAs), and lipids. MDSCs-Exos exert a unique function due to the specificity of the cargoes carried. MDSCs-Exos are also rich in proteins, RNA and DNA. We next discuss the properties of exosomes in five dimensions.


Protein Differences Between MDSCs and Their Exosomes

It is well known that protein is the material basis of life activities (63). The same protein exists in different structures and performs different biological functions due to post-translational modifications (64). Current studies have shown that the cargoes carried by MDSCs-Exos are mainly involved in the immunosuppressive effect of MDSCs (65). S100A8/A9 (calcium binding protein, with chemotactic activity) is present in both MDCSs and MDSC-EXO. Chronic inflammation increased S100A8/A9 content in MDSCs (66), with insignificant changes in exosomes (65). At present, numerous studies on exosomes in tumor-bearing mice are mainly focused on the differences of cargoes (especially ubiquitination protein (67), glycoprotein (68, 69) and RNA (70, 71) carried by exosomes and parental cells.

A study identified 1726 proteins in MDSCs and their exosomes, of which 58% were identified in MDSCs and their exosomes simultaneously. Regardless of inflammation, 30% of the proteins in MDSCs are enriched in their exosomes, especially those involved in exosome formation and protein sorting as well as proteins that load miRNAs into exosomes. Through this selective sorting mechanism, MDSCs-Exos may mediate some functions different from those of MDSCs (15). Similar to other exosomes, MDSCs-Exos enrich many characteristic components, such as tetraspanins (including CD9, CD177), Hsp70, Hsp90α, Hsp90β, Alix, and the ESCRT complex, which are involved in exosome formation and protein sorting. Compared with parental cells, the abundance of CD9 was 89-fold increased regardless of inflammatory status (15, 65). MDSCs-Exos also contain many other protein cargoes, including many nucleic acid binding proteins, numerous histone variants and several elongation factors. It has been reported that these proteins can bind to nucleic acids and induce changes in nucleic acids expression and the protein spectrum of receptor cells (72). Some chemotactic proteins are enriched in MDSCs-Exos, such as the pro-inflammatory proteins S100A8/9, CD47 and thrombospondin-1. These proteins mediate the aggregation of MDSCs and enhance the immunosuppressive function of MDSCs. The relative abundance of the pro-inflammatory proteins S100A8/9, which are secreted by MDSCs and mediate >90% of the chemotactic effect on MDSCs, are not affected by inflammatory conditions. The cytokine macrophage migration inhibition factor and the chemokine platelet factor-4 are also enriched in exosomes, and these proteins exhibit chemotactic activity on leukocytes (15). Regardless of inflammatory conditions, transforming growth factor-β1(TGF-β1) is 4.3-fold more abundant in the exosomes compared with parental cells (15). TGF-β1 participates in the expansion of T cells and the inhibition of NK cells (73, 74). Immunoglobulins, complement regulatory factor H and C4B-binding proteins(C4B-bp) are enriched in exosomes. They may also be involved in the regulation of immune system by MDSCs and their exosomes (15).

The above results indicated that the cancer-promoting effects of MDCSs are partially achieved by exosomes. Targeting MDSCs-Exos holds a bright future for cancer treatment.



Differences Roles of the Exosomes Released by G-MDSCs and M-MDSCs in Tumor

As we mentioned earlier, MDSCs are distinguished into two subtypes. Interestingly, the exosomes derived from different subtypes of MDSCs also differ in their impacts on tumor. Rab27a controls exosomes biogenesis (75). The expression of Rab27a was significantly reduced by transfecting siRNA. In a tumor sphere formation assay, after inhibiting of exosome derived from G-MDSCs, the tumor sphere numbers, CD44+ cell percentages and CD133+ cell percentages were decreased. But the CD44+ cell percentages was not decreased when exosomes were inhibited in M-MDSCs (76). This indicated that G-MDSCs-Exos and M-MDSCs-Exos have different effects on cancer cell stemness.

Currently, researchers have mainly focused on investigating the role of G-MDSCs-Exos on tumor progression, and studies on M-MDSCs-Exos are very rare. Although there is an evidence that M-MDSCs-Exos affects tumor immunity. However, researchers have mainly focused on investigating the role of G-MDSCs-Exos on tumor progression, and studies on M-MDSCs-Exos are very rare. To some extent, an insight into the role of M-MDSCs-Exos may lead to new immunotherapeutic approaches. Distinguishing the role differences between M-MDSCs-Exos and G-MDSCs-Exos may be a new research hotspot.



Differences in Proteins Carried by MDSCs-Exos Under Different Inflammatory Conditions

As inflammation increases, an increasing number of MDSCs were identified, and stronger immunosuppressive effect was observed (77). MDSCs play a key role in the control of experimental necrotizing small intestinal colitis in neonatal mice by suppressing T-cell function (78). Immunosuppressive proteins and miRNAs are increased in EVs during chronic inflammation and aging (79). In one study, the researchers identified 412 proteins, of which the abundance of 63 proteins changed greater than 2-fold in an inflammatory environment. It is worth noting that there was no obvious difference in quantity of exosomes shed per MDSC isolated from low-inflammation or high-inflammation environments. Compared with conventional conditions, inflammatory conditions reduced the abundance of 33 proteins, such as C4B-bp, complement C3 and ficolin-1, which participate in the innate immune response. Several cytoskeletal proteins and chemotactic proteins are found to be reduced in an inflammatory environment, which are related to the migration of exosomes. In addition, a highly inflammatory environment increased the abundance of 30 proteins, including Leukocyte elastase inhibitor A, DBF4-type zinc finger-containing protein 2 homologue and Cathepsin G, etc (65).

Reducing inflammation may expand new horizons for cancer treatment by weakening MDCSs in TME. In the future, the majority of cancer patients may be able to benefit from this.



Ubiquitin Proteins and Glycoproteins Carried by MDSCs-Exos

Ubiquitin is a common post-translational modification (80), which affects protein function by influencing protein stability, turnover, cellular localization, and regulating cellular signaling cascade responses (81). The imbalance between ubiquitination and deubiquitination is closely related to the occurrence of human immune diseases, cancer, infection and neuropathy (82). In NSCLC, deubiquitination of PDL-1 promotes immune escape by suppressing CD8+T cell responses (83). NLRC3, a member of the innate immune receptor, impaired CD4+ T cell signaling and metabolism by limiting NF-κB activation, reducing glycolysis and oxidative phosphorylation via decreased K63-linked ubiquitination of TNF-receptor-associated factor 6 (84). Therefore, it is urgently needed to investigate whether MDCSs and MDSCs-Exos carry ubiquitin protein, which will help to develop new treatment strategies based on exosomes. Protein blot analysis demonstrated that the parental cells and their exosomes contained different ubiquitinated protein profiles (85). Initially, 10 ubiquitinated proteins in MDSCs-Exos were identified (65). With the application of mass spectrometry-based bottom-up proteomics technology, scholars isolated and identified 50 ubiquitinated proteins from MDSCs-Exos (86). Specifically, the ubiquitinated nuclear proteins include several histones, ribosomal proteins and nucleic acid binding proteins. The ubiquitinated histones in these exosomes may possess active pro-inflammatory properties (87, 88). Interestingly, the pro-inflammatory high mobility group box protein 1 is ubiquitinated, promotes the accumulation of MDSCs, and enhances the immunosuppressive effect of MDSCs (89). Sorting nexin 13 has been identified to be involved in endosomal transport of ubiquitinated proteins (90). Two ubiquitinated keratins were revealed to play an active role in plasma membrane invagination during the initial phase of EVs formation (91, 92). Other ubiquitinated proteins leucine zipper EF hand-containing transmembrane protein 1 and endoplasmin, which participate in the formation of endosomes and exosomes (65).

Similarly, glycosylation is an important protein modification that determines protein folding and transport and is crucial for mammalian survival (93, 94). Until 2018, 21 N-glycoproteins on the surface of MDCS-Exos exosomes were identified using proteomic methods, including CD44, CD47, CD321, CD157, CD11b, CD97, thrombospondin1 (Tsp1), fibronectin, cytoskeletal krt, fibrinogen, etc (95). Of special interest is CD47, donor CD47 plays an important role in the control of T cell allogeneic response and tolerance induction after hepatocyte transplantation (96, 97). It mediates the chemotaxis and migration of MDSCs by combining with Tsp1 on MDSCs. When CD47 on tumor cells binds to CD172a (signal regulatory protein α or SIRP α), it can prevent macrophages from phagocytosing tumors (98) and maintain acquired immune tolerance (97). Therefore, CD47 is a potential drug target (99). In addition, it is worth noting that MDSCs-Exos may transport immunosuppressive cargoes to T cells through the binding of CD321 to TLFA-1 of T cells (95).

Both ubiquitinated and glycosylated proteins are present in MDSC and its derived exosomes, respectively, which supports the idea that exosomes have an analog to parental cells.



mRNAs and miRNAs Carried by MDSCs-Exos

In addition to carrying protein cargo, MDSCs-Exos also carry a large number of RNAs, including mRNAs and miRNAs (15), similar to the results of previous studies, almost no ribosomal RNA was found (100–102). The mRNAs carried by exosomes is also transferred to recipient cells and translated into functionally active proteins, which produces more lasting effects than proteins. Compared with parental cells, 45% of mRNA transcripts in exosomes exhibited statistically differences in abundance regardless of the inflammatory conditions. The transcripts of these mRNAs took part in several signaling pathways including “calcium signaling pathway”, “cAMP signaling pathway” and “hippo signaling pathway”. In addition, only approximately 3.5% of the mRNA transcripts differ in abundance under inflammatory conditions compared with parental cells. These mRNA transcripts played role in the signaling pathway associated with TGF-β and VEGF. Compared with conventional exosomes, several biological processes were identified enriched in inflammatory exosomes, including “cell-cell signaling”, “macrophage differentiation” (15).

Simultaneously, the study identified approximately 1500 differentially expressed miRNAs in MDSCs-Exos, and approximately half of them exhibited increased abundance in inflammatory exosomes. According to the prediction of these miRNA targets, if these miRNAs are transferred to the target cells and bind to mRNA targets, they will affect the proliferation, differentiation and apoptosis of target cells. These miRNAs can regulate the immune system and tumor microenvironment and thus affect tumor progression and metastasis.

The miRNAs enriched in inflammatory exosomes include miRNA-704, miRNA-5134, miRNA-7022 and miRNA-7062, which bind to the target mRNA taking part in the apoptosis pathway, including Fas. Compared to parental cells, miRNA-690 and miRNA-155 are enriched in exosomes and may be delivered to MDSCs. MiRNA-690 promotes MDSCs expansion through regulating the cell cycle of myeloid cells. MiRNA-155 increases the production of IL-10. IL-10 induces the proliferation of regulatory T cells and causes the transformation of macrophages to tumor growth-promoting M2-Mϕ. Interestingly, miR-146a negatively regulates the activation of the NF-κB pathway and subsequently controls inflammation by targeting the IL-1 receptor-associated kinase 1 and TNF receptor-associated factor 6 mRNAs (15, 103). In contrast to miRNA-690 and miRNA-155, miR-146a suppresses the development of malignant tumors (15).

We have realized that MDSCs-Exos regulate the signaling pathways and biological processes of target cells through the carried proteins and RNAs. At present, it is necessary to further clarify the type and abundance of cargoes contained in MDSCs and their exosomes, and compare the similarities and differences of cargoes carried by MDSCs and exosomes under different conditions. It is helpful to predict the function of MDSCs-Exos according to the existing research on the composition and function of MDSCs.




Effects of MDSCs-Exos on Tumor Immunity in Various Cancers

Tumor immunosuppression is a feature of malignant tumors (104). MDSCs-Exos play an irreplaceable role in tumor immunity, similar to parental MDSCs. Here, we summarized the role of MDSCs-Exos in cancer immunity.


Immune Suppression Induced by MDSCs-Exos in Cancers

MDSCs are one of the components of TME and are involved in tumor progression mainly by suppressing the function of T cells (26). MDSCs-Exos, as the immunosuppressive factor in the TME, carry many bioactive substances from MDCSs. In tumor-bearing mice, MDSCs-Exos were significantly higher in tumor tissue than at the spleen and bone marrow. MDSCs-Exos activate CD8+ T cells and drive them to produce more IFN-γ, but MDSCs-Exos increase ROS production, activate the Fas/FasL pathway in T cells, and trigger so-called activation-induced cell death (AICD) (105, 106). In tumor patients, this process is induced by the high expression of S100A8/9 (20). TDEs-provided membrane-associated Hsp72 triggers the activation of TLR2/MyD88-dependent STAT3 pathway in MDSCs through autocrine IL-6, which triggers significant immunosuppressive activity (107). The miRNAs carried by TDEs are also involved in enhancing the expansion and immunosuppression of MDSCs. For example, hypoxia-inducible miRNA-21 in TDEs enhances MDSC expansion and activation by targeting RORα and PTEN (108).

MDSCs-Exos regulate tumor immunity by carrying differential bioactive contents that mainly act on MDSCs and other target cells in the immune system. The pro-inflammatory S100A8/9 heterodimer carried by MDSCs-Exos is chemotactic for MDSCs and plays the primary role in promoting the aggregation of MDSCs to the tumor tissue and pre-metastatic niche (109). Other chemotactic proteins enriched in MDSCs-Exos include CD47 and TSP1, which mediate the immunosuppressive function of MDSCs together with S100A8/9 (65). Similar to MDSCs, MDSCs-Exos can also transform macrophages into tumor growth-promoting M2 macrophages by reducing the production of IL12 from macrophages (65). TGF-β1 enriched in MDSCs-Exos induces Tregs or Th17 cells and impair the cytotoxicity of natural killer (NK) cells, which enhances the immunosuppressive effect of MDSCs-Exos (15).



Contribution of MDSCs-Exos to Tumor Progression and Metastasis

MDSCs and their exosomes participate in the entire process of tumor progression through immunosuppression, angiogenesis, invasion and metastasis, the formation of a premetastatic niche and the stemness of tumor cells. G-MDSCs gathered in lung cancer tissue secreted a large amount of miRNA-143-3p. MiRNA-143-3p promotes tumor cell proliferation by inhibiting integral membrane protein 2B and activating PI3K/Akt pathway (110).

Angiogenesis is fundamental for the growth and metastasis of solid tumors (111). Tumors can induce the upregulation of growth factors, including VEGF, ANG, PDGF, TGF and EGF, which disrupt the balance between proangiogenic and antiangiogenic signals. Growth factors also induce the ‘‘angiogenic switch’’ and subsequently promote the proliferation of vascular endothelial cells and the formation of capillaries (112). In addition, hypoxia in the tumor microenvironment aggravates this process by increasing the expression of proangiogenic factors (113). Several recent studies demonstrated that MDSCs and their exosomes also participate in tumor angiogenesis by recruiting MDSCs to the tumor site with several chemokines. MDSCs can secrete proangiogenic factors, including BV8 (bombina variegata peptide 8), VEGF, and basic fibroblast growth factor, by activating the STAT3 signaling pathway (41). MDSCs can also produce MMP-9, a protease that degrades extracellular matrix, which triggers the release of VEGF deposited in the matrix and increases its bioavailability (114). Moreover, the production of CCL2 in the TME is another important mechanism by which MDSCs promote tumor angiogenesis (115). Notably, splenic MDSCs can differentiate into endothelial progenitor cells that directly participate in tumor angiogenesis (116). It has been reported that miR-126a+MDSCs induced by doxorubicin (DOX) treatment in breast tumor-bearing mice interact with IL-13+Th2 cells in a positive feedback loop manner, increasing the production of Th2 cells and miR-126a+MDSC-Exo. Consequently, the increased level of miR-126a+MDSC-Exo lead to lung metastasis by promoting tumor angiogenesis (17).

One of the negative features of malignant tumors is their unlimited proliferation ability, and cancer stem cells (CSCs) endow them with this ability (117). CSCs have been considered a significant supporter of tumor progression and chemoresistance, and emerging evidence suggests that MDSCs and their exosomes exert crucial influence on the stemness of tumor cells. In patients with ovarian cancer, MDSCs induce ovarian cancer cells to express microRNA101. MicroRNA101 increases the expression of stem cell genes, including OCT3/4, SOX2, and NANOG, via inhibiting the expression of C-terminal binding protein-2 in ovarian cancer cells. As a result, MDSCs promote the stemness of ovarian cancer cells (118). In breast cancer patients, MDSCs promote cancer cell stemness by activating the NO/NOTCH and IL-6/STAT3 signaling pathways (119). New evidence in cervical cancer patients indicates that MDSCs induced by tumor-derived G-CSF enhance the stemness of cancer cells via producing Prostaglandin E2(PGE2) (120). MDSCs infiltrate into PTEN null prostate cancer cells and induce the stemness of prostate cancer cells via producing IL-1Ra and blocking the IL-1α/IL-1R axis (121). In addition, MDSCs promote the stemness and induce mesenchymal characteristics of pancreatic cancer cells by upregulating the levels of p-STAT3 (122). In A549 transplantation tumors treated with endostatin, MDSCs and MDSC-derived TGF-β1 and hypoxia enhanced the stemness of A549 cells and their resistance to endostatin (123). A new study of colorectal cancer revealed that hypoxia can promote G-MDSCs to generate more MDSCs-Exos by up-regulating HIF-1α. MDSCs-Exos aggravate the stemness of colorectal cancer cells through exosomal S100A9. Blocking S100A9 expression in MDSCs-Exos can inhibit the stemness of colorectal cancer cells and prevent the occurrence of colon cancer in mice with colitis (76) (Figure 1).




Figure 1 | Immunoregulator effects of MDSCs-Exos in cancers.





The Role of MDSCs in Tumor Chemoresistance

Chemotherapy is one of the most important treatments for malignant tumors, but chemoresistance is a crucial obstacle impeding clinical treatment (124). At present, the mechanism underlying chemoresistance has not been well elucidated, but several emerging lines of evidence suggest that MDSCs induce reduced tumor cell sensitivity to chemotherapy. In mice with colorectal cancer, oxaliplatin leads to chemoresistance by restraining the polarization of MDSCs into M1-like macrophages. In addition, MDSCs and their differentiated M2-like macrophages promote immunosuppression, angiogenesis and chemoresistance by producing protumorigenic cytokines (IL-10, TGF-β, VEGF and proteases) and suppressping the function of CD8+ T cells (125).

Tumor-derived G-CSF increases the production of MDSCs and attenuates the spontaneous apoptosis of MDSCs by activating the STAT3 pathway. Then, the increased G-MDSCs induce angiogenesis through Bv8, which leads to chemoresistance in cervical cancer. The study also showed that treating mice with depleting MDSCs enhances the effect of chemotherapy for cervical cancer (126). It has been reported that IL-6 released by drug-resistant hepatocellular cancer promotes the expansion and activity of MDSCs, and the interactions between IL-6 and MDSCs promote the chemoresistance of hepatocellular cancer. The sensitivity to chemotherapy can be enhanced via depleting MDSCs or blocking IL-6 (127). Similarly, PMN-MDSCs promote multiple myeloma survival in response to chemotherapies, such as doxorubicin and melphalan, and the process is mediated by soluble factors, including IL-6 (128). Benzyl butyl phthalate exposure aggravates the resistance of breast cancer to doxorubicin. Mechanically, it promotes MDSCs to infiltrate into tumors and increases the secretion of S100A8/A9 by MDSCs (129). A study shows that MDSCs promote Tregs infiltrate into lung tumors and trigger CD8T cells depletion, which strongly induces immunosuppression and chemoresistance (130).

In numerous studies, MDSCs-Exos exhibit a highly similar role to MDSCs, but whether they play a role in tumor drug resistance has not been explored. In-depth studies on the role of MDSCs-Exos in drug resistance may provide new perspectives for anti-cancer treatment strategies.




Effects of MDSCs-Exo in Non-Oncologic Diseases

Except in tumors, the massive expansion of MDSCs is always accompanied by non-oncologic diseases, especially in autoimmune diseases. Unlike their role in tumors, MDSCs and MDSCs-Exos can alleviate autoimmune diseases (131). Exosomes derived from MDSCs carry a variety of bioactive contents, including proteins and RNAs, which play a similar role as MDSCs. MDSCs play an irreplaceable role in maternal-fetal tolerance in normal pregnancy. The isolation and identification of exosomes from maternal peripheral blood G-MDSCs revealed that G-MDSCs-Exos inhibited CD4+T cells and CD8+T cells, induced Tregs production, Th2 cell differentiation, and this effect was preserved under frozen conditions (132). (Figure 2B). This is very beneficial for application in clinical treatment. G-MDSCs-Exos attenuated the damage of inflammatory cell infiltration and reduced the activity index of DSS-induced colitis in mice, thus significantly alleviating the severity of the disease. This effect was mainly achieved via repressing the proliferation of Th1 cells, promoting the expansion of Tregs, and reducing the levels of serum IFN-γ and TNF-α in mice (133) (Figure 2A). In the mouse model of autoimmune alopecia areata (AA), MDSCs-Exos reversed the progression of the disease and promoted hair regeneration. MDSCs-Exos accumulated in the draining lymph nodes and cells near residual hair follicles. They are absorbed by T cells, macrophages and NK cells, especially Tregs. As a result, MDSCs-Exos significantly alleviated the disease by amplifying Tregs, weakening the cytotoxic activity of T cells, reducing the proliferation of T helper cells and increasing lymphocyte apoptosis (134) (Figure 2C). In mice with collagen-induced arthritis, G-MDSC-derived exosomes attenuated joint destruction efficiently by reducing the number of Th1 and Th17 cells. Mechanistically, miR-29a-3p carried by G-MDSCs-Exos targets T-bet to suppress the differentiation of Th1 cells, and miR-93-5p carried by G-MDSCs-Exos targets STAT3 to suppress the differentiation of Th17 cells (16). There is no such ability in M-MDSCs exosomes. Under hypoxic conditions, the higher levels of miR-29a-3p and miR-93-5p in G-MDSCs-Exos more effectively inhibited the proliferation of CD4+T cells and thus more effectively attenuate arthropathy (135). In addition, PGE2 in MDSCs-Exos upregulated the phosphorylation levels of GSK-3β and CREB to promote IL-10+ Breg cell production to attenuate CIA in mice. This effect was blocked by celecoxib (136). (Figure 2D)




Figure 2 | (A) In DSS-induced colitis, G-MDSCs-Exos inhibited the proliferation of Th1 cells, promoted the proliferation of Treg cells, and decreased serum IFN-g and TNF-AIN levels in mice. (B) Maternal peripheral blood G-MDSCs-Exos regulated different subtypes of T cell differentiation and function. (C) MDSCs-Exos inhibited AA progression and promoted hair regrowth. (D) G-MDSCs-Exos attenuated CIA in mice by regulating Th1, Th17 and Breg cells.



Although the understanding of the relationship between MDSCs and autoimmune diseases has become increasingly clear, research on the role of MDSCs-Exos in autoimmune diseases remains limited. Because abundant bioactive molecules overlap in MDSCs and MDSCs-Exos, the function of MDSCs-Exos can be predicted and verified according to known research on MDSCs. Related researches will provide fresh insight into the diagnosis and treatment of autoimmune diseases.



Clinical Applications of MDSCs-Exos

Given the crucial role of MDSC-mediated immunosuppression in tumor progression, several studies have explored a number of therapeutic strategies by targeting MDSCs. These treatments mainly include two aspects. On one hand, the number of MDSCs are reduced by using chemotherapeutic drugs (137), inhibiting the expansion of MDSCs (138) and promoting the differentiation of myeloid cells (139). On the other hand, the functions of MDSCs are suppressed. For example, nitroaspirin is used as an ROS inhibitor (140), and cyclooxygenase 2 inhibitors are used to restrain the production of arginase 1 (141). In addition, phosphodiesterase 5 inhibitors are used to suppress the production of iNOS (142).

In recent years, research on the clinical application of exosomes has become a hot topic. In terms of diagnosis, proteins and ncRNAs expressed in exosomes can be used as markers for early diagnosis, drug sensitivity and prognosis of many cancers (143). In terms of treatment, exosomes are used in tumor immunotherapy and as a new carrier for loading drugs, proteins and ncRNAs (144). When exosomes contact with the extracellular matrix or membrane of the target cells, the exosome contents will be directly transported into the target cells. According to these phenomena, drugs can be loaded into exosomes to target specific areas to treat the disease. At present, there are only a few attempts on the clinical application of MDSCs-Exos. The level of plasma S100A9 expressed in exosomes in patients with colorectal cancer is significantly increased compared with that in normal controls, and the serum level in patients with recurrent tumors is increased compared with that in patients with successful resection of colorectal cancer. Consequently, MDSC-Exo S100A9 can be used as a marker to predict the occurrence and development of colorectal cancer (76). In addition, respiratory hyperoxia inhibits the stemness of colorectal cancer cells by reducing the production of G-MDSCs-Exos, which may be used to assist in the treatment of colorectal cancer. Similarly, breast cancer patients who are resistant to DOX chemotherapy exhibit high levels of circulating miR-126a+MDSCs-Exos in their serum. Therefore, miR-126a+MDSC-Exo can be used as a potential biomarker of chemotherapy resistance to DOX in breast cancer and to guide the use of DOX in the treatment of breast cancer patients. Moreover, the systematic application of miR-126a inhibitor can improve the chemotherapeutic efficiency of DOX against lung metastasis by inhibiting tumor angiogenesis, which provides a basis for targeting MDSCs-Exos (17).

Non-steroidal anti-inflammatory drugs, glucocorticoids, and immunosuppressants have always been the main treatments of autoimmune diseases, and now MDSCs-Exos may be used as a new treatment strategy. Exosomes derived from G-MDSCs relieved collagen-induced arthritis by inhibiting the proliferation of Th1 and Th17 cells (16) and inducing IL10+Breg cells (136). Furthermore, high expression of miR-29a-3p and miR-93-5p induced by hypoxia in exosomes improved the condition (135). In addition, the application of G-MDSC-derived exosomes attenuated DSS-induced colitis by decreasing the percentages of Th1 cells and promoting the expansion of Tregs (133). MDSCs-Exos were also used in the treatment of autoimmune alopecia areata, which reversed the progression of the disease and promoted hair regeneration (134). Relay transfer of MDSCs protected pregnant mice from miscarriage, and exosomes exhibited similar effects, making MDSCs-Exos a possible target for the treatment of immune pregnancy complications. However, its safety as well as reliability still need to be further explored in depth (132).

There are still many blank areas in related research, and it is a demanding task to gain insight. However, future research on the characteristics, mechanism and clinical application of MDSCs-Exos will offer promising information.



Conclusion

In summary, MDSCs-Exos play multiple roles in the tumor immunity. MDSCs-Exos exhibit tumor immunosuppressive, angiogenic and metastatic effects similar to parental cells due to similar substances to parental cells. However, research on functions, mechanisms, and contribution rates of MDSCs-Exos in tumor immunity is limited. Thus, the scientific questions that require urgent exploration include: 1. What other specific substances in MDSCs-Exos are highly effective in affecting tumor immunity? 2. Whether these substances regulate each other and subsequently affect tumor immunity? 3. How to apply MDSCs-Exos to advanced cancer patients as soon as possible?4. How to ensure the safety of MDSCs-Exos in clinical applications?

To conclude, MDSCs-Exos play an essential role in the tumor immunity. Further investigation of MDSCs-Exos in tumor immunity will be beneficial for overcoming tumor progression, recurrence, metastasis and drug resistance, providing potential biomarkers and targets for immunotherapy of cancers. Therefore, people no longer turn pale at the mention of a “cancer” in the future.
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Breast cancers are commonly associated with an immunosuppressive microenvironment responsible for tumor escape from anti-cancer immunity. Cells of the myeloid lineage account for a major part of this tumor-promoting landscape. These myeloid cells are composed of heterogeneous subsets at different stages of differentiation and have traditionally been described by their cardinal ability to suppress innate and adaptive anticancer immunity. However, evidence has accumulated that, beyond their immunosuppressive properties, breast cancer-induced myeloid cells are also equipped with a broad array of “non-immunological” tumor-promoting functions. They therefore represent major impediments for anticancer therapies, particularly for immune-based interventions. We herein analyze and discuss current literature related to the versatile properties of the different myeloid cell subsets engaged in breast cancer development. We critically assess persisting difficulties and challenges in unequivocally discriminate dedicated subsets, which has so far prevented both the selective targeting of these immunosuppressive cells and their use as potential biomarkers. In this context, we propose the concept of IMCGL, “pro-tumoral immunosuppressive myeloid cells of the granulocytic lineage”, to more accurately reflect the contentious nature and origin of granulocytic cells in the breast tumor microenvironment. Future research prospects related to the role of this myeloid landscape in breast cancer are further considered.
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Highlights

Beyond their cardinal immunosuppressive properties, many subsets of myeloid cells are equipped with multiple tumor-promoting functions impacting most steps of cancer development.



Introduction

Centered for years on the intrinsic characteristics of tumor cells, the field of cancer research has evolved toward the notion that cancers emerge and develop in a dedicated tumor-promoting environment. The cross-talks between malignant cells and components of this tumor-specific landscape dictate the fate of cancer (persistence or elimination) and further shape the nature of this microenvironment (1, 2). In this context, the influence of the immune system on cancer development has been widely evidenced, and many strategies have been developed to induce, restore and enhance anti-cancer immunity. Successes of these immune-based approaches in inducing efficient anti-tumor responses and improving cancer patient survival have brought some of them to the forefront of cancer therapeutics in recent years (3). However, it has also become clear that cancers can escape from immune detection and destruction by many mechanisms resulting in the establishment of an immunosuppressive tumor environment, which represents a major obstacle for efficient immunotherapies. Compelling evidences have indicated that inhibition of these immunosuppressive networks is an important prerequisite to uncover the full potential of immune-based interventions. It is noteworthy that, although several immunotherapies provide clinical benefits in melanoma, lung, bladder and colon cancers, breast cancer patients have yet to fully experience these breakthroughs. Indeed, except for triple-negative cancers which are more immunogenic and have obtained FDA approval of immunotherapies in the neo-adjuvant (4) and metastatic (5) settings, most immune-based therapeutic attempts in breast cancers have ended in failure.

For many years, the environment of breast tumors has been described as “immunologically cold”, as defined by the sparsity or absence of tumor-infiltrating lymphocytes (TILs) (6). This description is somewhat inaccurate insofar as it usually does not take into account cells of myeloid origin, despite their many diverse roles in the environment of mammary cancers. The lack of anti-tumoral immune response in breast cancers has indeed been associated with a hostile immuno-inhibitory microenvironment, the major components of which being cells of myeloid origin (7). Tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs), tolerogenic dendritic cells (tDC) and immature subsets of myeloid cells endowed with immunosuppressive properties termed “myeloid-derived suppressor cells” (MDSCs) have been identified as such myeloid subpopulations, present not only within the tumor environment, but also at the sites of priming of antitumoral immune responses (secondary lymphoid organs), in the bloodstream and in the pre-metastatic and metastatic sites.

Besides their ability to impair anti-tumor immunity at different steps of immune responses (initiation, priming, effector stages), these myeloid cells are also endowed with a large array of “non-immunologic” tumor-promoting functions. They can indeed contribute to the epithelial-to-mesenchymal transition (EMT), participate to local tissue invasion at the primary tumor site, foster blood or lymphatic vessel intravasation and extravasation of migrating cancer cells, associate with circulating tumor cells protecting them in the bloodstream, and prepare the pre-metastatic niches thus enhancing metastatic processes. Furthermore, these myeloid cells can also directly promote primary tumor cell survival and proliferation and foster tumor neoangiogenesis and cancer cell stemness (Figure 1). The role of breast cancer-induced myeloid cells in resistance to chemotherapy as well as endocrine therapy has also been described, making them potential targets for the development of new immunotherapies.




Figure 1 | Tumor-promoting myeloid cells critically affect multiple and distinct steps of cancer development. Besides impairing anti-tumor immunity. (A), dedicated subpopulations of myeloid cells differentially impact primary tumor survival and growth (B), tumor vascularization (C), local tissue invasion (D) cancer stemness (E), tumor cell intra- (F) and extravasation (G) in and from blood vessels, associate with circulation tumor as beneficial clusters (H), and participate to metastatic site preparation and development (I). The relative contribution of each myeloid cell subset to a specific process (each illustrated in a separate box) is depicted by the differential size of the cells. CSC, cancer stem cells; CTC, circulating tumor cells; ECM, extra-cellular matrix; EMT, epithelial-to-mesenchymal transition; IMCGL, immunosuppressive myeloid cells from granulocytic lineage; Mo-MDSCs, monocyctic myeloid-derived suppressor cells.



Recently, major advances in the characterization of the phenotypes, functions and origins of myeloid cell subpopulations in breast cancers have been made, particularly by single cell RNA sequencing approaches. In this review, we discuss the equivocal identify of some subsets, particularly “polymorphonuclear-MDSCs” (“PMN-MDSCs”) and “immunosuppressive neutrophils”, and examine and discuss the polyvalent tumor-promoting functions of these myeloid cells in the breast cancer environment in light of recent literature, with a specific emphasis on the “non-immunologic” pro-tumoral properties of these multitasking cells.



Macrophages in Breast Cancers: A Multifunctional Impact on Tumor Promotion


Macrophage Phenotype and Function in the Context of Breast Cancer

Macrophages have been one of the most widely studied population of myeloid cells in cancer, specifically in the context of breast malignancies. In breast cancer patients, tumor-associated macrophages (TAM) have been associated with aggressive features (size ≥ 2 cm, higher tumor grade, higher Ki67) and estrogen receptor (ER) negative breast cancers (8). However, the prognostic value of these cells remains controversial and depends on the cancer subtype, the macrophage subset (M1 vs M2, see below) and their localization (9). Indeed, some authors have described an improved survival of ER- or triple-negative breast cancer (TNBC) patients with a CD163+CD68+ macrophage infiltrate (10), while others correlated the presence of tumor-infiltrating CD163+ macrophages with a worse prognosis of TNBC patients (11). In a gene-expression based study using a CIBERSORT deconvolution method, macrophages have been associated with a significant poorer outcome in both ER+ and ER- BC patients, and were predictive of a worse response to chemotherapy in ER- patients (12). Independently of BC subtype, immune population clustering identified 2 clusters enriched in pro-tumorigenic macrophages, which have been associated with significantly worse outcome in BC patients (12).

The polyvalent functions and the high degree of plasticity of macrophages are partly responsible for these conflicting results. Macrophages have originally been broadly discriminated in two different types with opposite roles. “M1” macrophages have been described as classically activated, pro-inflammatory, anti-tumoral effectors, whereas “M2” macrophages correspond to alternatively activated cells endowed with “wound-healing” and tumor-promoting functions. M1 and M2 represent in fact two extreme polarization states of a highly plastic differentiation program controlled by environmental cues (13). M1 macrophages can be induced by TLRs ligands such as LPS, and/or IFNγ. Their differentiation is driven by STAT1, IRF5, NF-kB (14). M2 macrophages are primarily induced by IL-4 and/or IL-13 (+/- IL-10) via the IL-4Rα receptor and their differentiation depend mainly on STAT3, STAT6, IRF4 activation. Different markers have been used to distinguish between M1 and M2 macrophages, but most of these molecules are expressed by both types, although at different levels (14). In immunohistochemical studies, CD68 is often used as a “pan-macrophages” marker. M1 are described as iNOS-expressing cells, with high expression of MHC class II and detectable co-stimulatory molecules CD80 and CD86. M2 macrophages conventional markers include CD163, the scavenger receptor CD204 and mannose receptors CD206, as well as a high expression of Arg1 (9). However, this M1/M2 dichotomy has been challenged and it may not be fully relevant in the context of chronic, non resolutive inflammation such as cancer (14). In fact, recent transcriptomic data, RNA sequencing and mass-cytometry analyses argue for a more complex and heterogeneous phenotypic identity of breast cancer-associated macrophages. A single-cell RNA-seq analysis of 8 tumors (matched to healthy tissues from the same patients) uncovered numerous clusters of immune cells. Among them, three different clusters of TAMs were described (15). Whether TAM may originate from bone-marrow-derived monocytes or from tissue-resident macrophages, which derive from embryonic macrophages that colonize developing organs during the process of embryogenesis and that persist in mature developed adult organs, has been debated. The abovementioned study indicated that the three identified distinct TAM clusters originate either from monocytes or from resident macrophages. Interestingly, among these TAMs, the M1 gene signature correlated with that of M2, advocating for a simultaneous activation of these different genes (15). Along these lines, a mass-cytometry analysis of 144 breast tumors (compared with 46 matched juxta-tumoral tissue and four mammoplasties from cancer-free individuals) defined 19 clusters of myeloid cells and highlighted a frequent co-expression (although at different levels) of phenotypic markers of both M1 and M2 by TAMs such as CD169, CD86, CD204, CD206 and CD163 (16). Consistent with these studies, a RNA-seq analysis indicated that TAMs from breast and endometrial cancers did not exhibit typical M2 gene signatures (17). In this study, TAMs from these two different types of cancers revealed very small similarities, emphasizing the crucial role of the TME in differentially shaping macrophage phenotype and function (17). These data thus indicate that TAMs in breast cancers exhibit complex overlapping phenotypic and functional characteristics and cannot be simplistically categorized as conventional M1 vs M2. With regard to the origin of TAMs in breast cancers, the aforementioned single-cell RNA-seq analysis indicated that these cells can originate either from resident macrophages or from monocyte differentiation (15).



TAMs at the Primary Tumor Site

At the primary tumor site, crosstalks between macrophages and cancer cells contribute to the recruitment and activation of TAMs, which in turn foster tumor progression through many mechanisms. Particularly, the immunosuppressive activity of these cells has been extensively described. Indeed, macrophages can suppress anti-tumoral T lymphocytes responses via their catabolism of L-arginine and/or tryptophan (expression of iNOS, IDO, arginase), production of immunosuppressive cytokines such as IL-10, IL-4, IL-17, CXCL1, or the expression of ligands for immune checkpoint inhibitory receptors such as PD-L1. They also produce chemoattractant chemokines that further recruit immunosuppressive cells such as neutrophils, immature DCs and/or Tregs [reviewed in (18)]. Along these lines, IL-1ß production by TAM has been shown to participate to the recruitment of immunosuppressive cells and thus to overall suppression of adaptive immune responses (19, 20). In mice, specific targeting of these immunosuppressive macrophages or inhibition of their immunoinhibitory functions can restore anti-tumor immune responses (21).

However, tumor-associated macrophages can also display pro-angiogenic functions and can promote cancer cell stemness. For instance, the transcription factor POU class 1 homeobox 1 (POU1F1, also known as Pit-1), a protein expressed by breast cancer cells, has been reported to increase macrophage recruitment and to promote their polarization towards VEGFA-expressing tumor-promoting macrophages. In turn, these macrophages foster tumor growth, angiogenesis and extravasation of breast cancer cells in a CXCL12-dependent manner in vitro (22). Likewise, the expression by breast cancer cells of the ID4 protein (a member of inhibitors of differentiation family of proteins), which is associated with a basal, stem-like phenotype and poor prognosis in TNBC, induces the activation of a pro-angiogenic program in macrophages with upregulation of angiogenesis-related transcripts (23). It is noteworthy that pro-tumorigenic TAM infiltration is more prominent in inflammatory breast cancer (IBC), a disease with a very poor prognosis, compared to other breast cancer subtypes. These macrophages are recruited and polarized into a pro-tumoral phenotype (upregulation of CD206, CD163 and CD209) by CSF-1, CXCL2, VEGFA and CCL18 produced by cancer cells (24). In hypoxic zones, breast cancer cells produce Oncostatin M (OSM) that induces macrophage polarization toward a tumor-promoting phenotype (higher expression of CD163, CD206, Arg1 and Cox-2) (25). Hypoxia enhances TAM expression of galectin-3, a ß-galactoside binding protein modulating TAM apoptosis, migratory and adhesive properties. These macrophages have been shown to promote the proliferation, invasion and migration of MDA-MB-231 breast cancer cells and angiogenesis in vitro. Furthermore, in vivo experiments in Balb/c mice exposed to hypoxia indicate that targeting Galectin-3 decreases lung metastasis burden and reduces endothelial cell in the primary tumor (26). The presence of sexual steroids in the TME, particularly the presence of estrogens, is a specificity of breast malignancies as breasts are made of adipose tissues producing sexual steroids in the environment. ER+ breast cancers arising in this environment are uniquely capable of responding to these signals and grow. Interestingly, it has been reported that in BC patients, estrogens induce the production of CCL2 and CCL5 within the tumor beds, leading to the recruitment and polarization of macrophages towards a pro-tumorigenic phenotype (27). The reversal of estrogen effects using Tamoxifen led to a reduced infiltration of these pro-tumoral macrophages in the primary tumor, a finding further confirmed in murine models (28).

Macrophages recruited and accumulating at the tumor site also contribute to tumor development through the promotion of cancer cell stemness via secretion of IL-8 and CXCL1, 2 and 3 (24). Cancer stem cells (CSCs) are described as “tumor-initiating cells” with the capability of self-renewal and asymmetric proliferation, and are characterized by a reduced sensitivity to drugs and irradiation compared to non-CSCs. These CSCs are critical for cancer dissemination and metastasis (29). The acquisition of stemness properties by cancer cells has been associated with the induction of the EMT (epithelial-to-mesenchymal transition) program. EMT is controlled by transcription factors such as TWIST, ZEB1, SNAIL, or SLUG, and is characterized by specific phenotypic changes whereby epithelial cancer cells acquire a mesenchymal-like phenotype, which increases their invasive and migratory potency (29). CCL2 and CXCL12 produced by breast cancer-associated fibroblasts and tumor cells promote the recruitment and differentiation of monocytes into immunosuppressive TAMs. In turn, these TAMs upregulate the expression of Vimentin, decrease the expression of E-cadherin, and induce Twists, Snail and Slug expression by breast cancer cells, thereby promoting the acquisition of mesenchymal and stemness properties by the latter (30). In a xenograft mouse model, CD68+ TAMs have been demonstrated to promote breast cancer cell stemness through expression of the transmembrane protein LSECtin, which engaged BTN3A3 (B7 family member) on breast tumor cells (31). In the same study, the authors have found a co-localization between LSECtin-expressing macrophages and breast cancer cells expressing CD90 – a stemness marker in breast cancer (31). The role of CD90 in the anchorage of monocytes/macrophages to cancer cells had previously been highlighted in a previous study (32). This CD90-dependent bound leads to the production of cytokines such as IL-6, IL-8, GM-CSF by cancer stem cells which further support cancer stemness (32). Finally, in the inflammatory context of obesity, mammary adipose tissue macrophages can be reprogrammed into a pro-inflammatory metabolically activated phenotype (MMe), which can promote tumor initiation and triple negative breast cancer stem-like properties through an IL-6/GP130-dependent mechanism (33).



TAMs in the Metastatic Process

TAMs also play an essential role at most steps of breast cancer metastasis. As outlined above, these myeloid cells contribute to breast cancer EMT and stemness, two essential initial steps required for tumor systemic dissemination (24, 30–32). TAMs located in the tumor beds or at their vicinity have also been reported to promote intravasation of migrating cancer cells from the primary tumor in blood vessels, while TAMs at the metastatic sites may contribute to the preparation of the pre-metastatic niches before colonization by cancer cells, and enhance breast cancer cell extravasation from blood capillaries in distal metastatic tissues (9).

Many reports have described the influence of TAMs in breast cancer cells intravasation, but the underlying mechanisms in vivo have not been extensively studied. A real-time imaging analysis in the MMTV-PyMT mouse model has indicated that VEGF-A produced by Tie2-expressing macrophages induced the loss of vascular junctions and transient vascular permeability, allowing for breast tumor cell intravasation (34). More recent studies have identified proteins involved in pro-tumoral macrophage promotion of cancer cell invasion in vitro assays. Chitinase 3-like protein 1 (CHI3L1, a glycoprotein highly expressed in solid tumors) secreted by macrophages has been shown to enhance breast cancer cell invasion, migration and adhesion. CHI3L1 has been detected in the sera of patients with breast carcinomas but not in healthy individuals. Analysis of GEO databases has indicated that CHI3L1 is associated with a worse prognosis in breast cancer patients (35). Use of 2D, 3D and Transwell migration assays have also underlined the role of pro-tumorigenic macrophage-secreted CCL-18 in promoting breast cancer cell migration (36). TAMs can also indirectly foster tumor dissemination by promoting the expansion of pro-metastatic neutrophils by an IL-1ß-dependent mechanism (see neutrophil section below) (37). Even in early and non-invasive breast cancers (in situ carcinomas) in mice, CCL2-recruited tumor-infiltrating macrophages with pro-tumorigenic features (CD206+/Tie2+), downregulate expression of E-cadherin by malignant cells, thus destabilizing cell-cell junctions, which leads to cancer dissemination and metastasis. These data advocate further for a decisive role of these cells in the establishment of metastatic disease (38).

Macrophages can also contribute to the preparation of the pre-metastatic niches and the promotion of breast cancer cell extravasation from blood vessels in distant sites. Indeed, monocytes, recruited to pre-metastatic niches by the CCL2, have been reported to quickly differentiate into pro-metastatic macrophages, which contribute to metastatic disease (9, 18). More recently, the presence of CYP4A-expressing TAMs in uninvolved tumor draining lymph nodes has significantly been correlated with the expression of markers associated with pre-metastatic niche formation (VEGFR1, S100A8 and fibronectin), and with a reduced overall and relapse-free survival of patients. In the same study, the specific targeting of CYP4A using pharmacological approaches in 4T1 breast tumor-bearing mice reprogrammed tumor-infiltrated TAMs with a F4/80+CD206+ phenotype into TAM with a F4/80+iNOS+ “anti-tumor” phenotype, and reduced lung metastatic burden by impairing the preparation of the pre-metastatic niches (39). At the metastatic sites, macrophages further promote metastatic disease development by fostering vessel formation and directly enhancing cancer cell growth and survival, through the expression of VEGFA and downstream upregulation of MMP-9 (40).

TAMs have been recently described to promote lymphangiogenesis by two different mechanisms. First, expression of podoplanin, a transmembrane glycoprotein implicated in cell motility and adhesion, has been detected on TAMs at the vicinity of lymphatic vessels in the breast TME. The binding of podoplanin to the galectin 8 protein, a secreted glycan-binding protein expressed by lymphatic endothelial cells, promotes the secretion of the pro-migratory integrin ß1 by macrophages, which in turn fosters their migration and binding to lymphatics vessels where they induce matrix remodeling and promote vessel growth and lymphoinvasion. In the same study, podoplanin-expressing TAMs were associated with lymph node invasion and organ metastasis in a small cohort of breast cancer patients (41). Second, signaling through the sphingolipid sphingosine-1-phosphate receptor 1 (S1PR1) expressed on TAMs induced macrophage NLRP3 inflammasome expression, leading to the production of IL-1ß, which in turn directly acted on lymphatic endothelial cells to promote lymphangiogenesis. In mice deficient in S1PR1 in macrophages, lymphangiogenesis and metastatic growth are impaired. In human, NLRP3 expression in macrophages correlated with lymph nodes invasion and distant metastasis (42). Consistent with the aforementioned observations, in vitro experiments confirmed the role of macrophage-derived IL-1ß in the promotion of breast cancer cell adhesion to human lymphatic endothelial cells (43).




Breast Cancer Promotion by “Myeloid-Derived Suppressor Cells (MDSCs)”: beyond the Suppression of Anti-Tumor Immunity


“MDSCs”: A Functional Definition Rather Than a True Biological Subtype

The term “myeloid-derived suppressor cells (MDSCs)” was initially proposed by Gabrilovich et al. in 2007 in an effort to globally describe a heterogeneous population of myeloid cells exhibiting an immature phenotype and endowed with immunosuppressive functions (ability to suppress T lymphocytes), which accumulate in large numbers in the context of cancer (44). These cells have drawn intense scrutiny over the last 20 years and a considerable amount of data has been provided related to their participation to the complex immunoregulatory networks responsible for tumor immune escape. It has also become clear that they contribute to tumor development and dissemination through many different “immune-unrelated” mechanisms. “MDSCs”, in the context of cancer, derive from bone marrow hematopoietic precursors through aberrant myelopoiesis induced by tumor-derived factors (45). Many chemokines have been involved in MDSCs generation and recruitment to primary tumor sites or pre-metastatic niches, such as CXCL1, CXCL2, CXCL5, CXCL12, GM-CSF, G-CSF, M-CSF, VEGF, IL-6, IL-1ß or ß-FGF (46). More recently, breast cancer cells-derived exosomes have been shown to induce “MDSCs” from bone marrow myeloid progenitors (47), or to lead to their recruitment (48). In the specific estrogen-rich environment of breast cancer, these hormones have been shown to induce “MDSCs” recruitment via the activation of cancer associated fibroblasts, which in turn secrete CXCL12 (49). “MDSCs” have been defined as myeloid cells blocked at different stages in their differentiation toward mature terminally differentiated subsets such as macrophages and are thus associated with different degree of immaturity. This hallmark is however not always explored in many studies on “MDSCs”. The immunosuppressive capabilities of these cells, enabling them to block innate and adaptive anti-tumoral immune responses, represent their primary characteristic which must be systematically investigated for their identification as such (50).

If the term “MDSCs” was designed to globally encompass immature myeloid cells with many common features, it has nonetheless become confusing, particularly because it has contributed to consider these cells as a unique population of myeloid cells. However, “MDSCs” are made of highly heterogeneous populations, including cells from the monocytic and granulocytic lineage. In human, monocytic (M)-MDSCs have been defined as Lin-CD33+CD11b+HLA-DRlow/-CD14+CD15-, granulocytic (G) or polymorphonuclear (PMN)-MDSCs as CD33+CD11b+HLA-DRlow/-CD14-CD15+CD66b+, and “early stage” (more immature MDSC) (eMDSCs) as CD33+HLA-DR-Lin- (Lin: CD3, CD19, CD20, CD56, CD14, CD15) (50). In mice, MDSCs are CD11b+/Gr1+ cells, with Gr1 composed of two molecules, Ly6C (expressed on monocytic cells/M-MDSCs), and Ly6G (expressed on granulocytic cells/PMN-MDSCs) (51). As a main pitfall in the field, in many preclinical studies the phenotypical characterization of “MDSCs” has been limited to CD11b+Gr1+, which does not allow to discriminate between monocytic and granulocytic myeloid cells, each subset being endowed with distinct functions (52).

Granulocytic MDSC or “PMN-MDSC” constitute the majority of the MDSC pool in many cancers. However, phenotypically and functionally, these “PMN-MDSC” can hardly be distinguished from pro-tumoral immunosuppressive neutrophils and share the same phenotype as differentiated granulocytes. For these reasons, and since this overlap between PMN-MDSC and tumor-associated neutrophils remains a significant challenge in the field, we will discuss their phenotype and function together with that of cells of the granulocytic lineage in a dedicated section hereafter.

M-MDSCs and conventional monocytes share a similar phenotype, with however as main differences, lower expression of MHC Class II molecules and immunosuppressive capability for M-MDSC (53). However, “classical” CD14hiCD16lo monocytes may also exhibit low expression of HLA-DR, which is further reduced in the context of inflammation, sepsis, or cancer. In fact, cells with such a monocyte/M-MDSCs phenotype in the context of cancer have been shown to be immunosuppressive, blocking antitumoral T cell responses (54). In addition, both cell types have been reported to differentiate into pro-tumorigenic TAMs. This suggests a change of function of monocytes induced in the context of cancer (or other pathological conditions), rather than the occurrence of two different cell subtypes. Therefore, immunosuppressive monocytes and M-MDSC substantially overlap phenotypically and functionally. It is also noteworthy that some cells of myeloid origin exhibiting phenotypic characteristics that do not meet the classical definition of MDSC because they lack expression of specific MDSC markers (but which are nonetheless immunosuppressive and pro-tumoral) are excluded by this current MDSC terminology and may thus be overlooked. This is for instance the case of non-classical monocytes described in different cancers (55–58).

Overall, the “MDSCs” terminology is a conceptual approach, which was indispensable fifteen years ago to provide a comprehensive picture of a particular phenomenon observed in many cancers: the expansion of a myeloid cell population, more or less mature, with immunosuppressive properties. With the evolution of detection technologies such as scRNAseq, new knowledge of these cells has been brought, and it appears today as an essential requirement to regroup these myeloid cells according to their refined phenotype, in order to better identify and ultimately target them. However, since many studies do not allow such a discrimination (because of the use of an incomplete phenotype to identify these cells), in the next section, we will discuss the “all” MDSCs population (CD11b+/Gr1+ in mice, CD33+ in humans), the “early MDSCs” and the monocytic fraction (monocytes and M-MDSCs).



“MDSCs” in Breast Cancer Patients

In breast cancer patients, while some studies have reported that immunosuppressive monocytic cell number is increased compared to control patients (54), others did not observe this expansion (59). These cells have been associated with more advanced disease (60), and with a worse survival (61). Increased eMDSC numbers have also been correlated with a worse response to neo-adjuvant chemotherapy in TNBC patients (62). In breast cancer tissues, many reports have described, with various degree of accuracy, myeloid cells exhibiting an immature phenotype (CD33+CD13+CD14-CD15-) and immunosuppressive properties, which have been associated with adverse prognostic features (higher tumor grade, positive lymph nodes) (63). The composition of this myeloid infiltrate was different among studies, composed either with a majority of CD14+ monocytic immunosuppressive cells (64), or with granulocytic myeloid cells and early MDSCs (59). Together, these studies consistently advocate for the presence and role of suppressive myeloid cells in the tumor microenvironment, but their contradictory findings related to the exact phenotype of these cells highlights the extreme heterogeneity of this myeloid landscape, as further outlined more recently in scRNAseq and cytometry by time of flight (CyTOF) studies discussed in the next sections (15, 16).



Direct Effects of “MDSCs” on Tumor Cells

In primary tumor sites, suppressive myeloid cells recruited by cancer cells play an important role in inhibiting anti-tumor immune responses using many mechanisms extensively reviewed elsewhere (expression of ARG1, production of NO, ROS, and prostaglandin E2) (50, 51). However, many studies have also lent support to the notion that, besides their role as potent suppressor of cancer immunity, “MDSC” may also play an important role in breast cancer cell invasion, activate other stromal cells such as fibroblasts, and promote angiogenesis. Recruited at the hypoxic tumor sites, CD11b+Gr1+ MDSCs produce S100A8, an alarmin not only involved in the recruitment of additional MDSCs, but also implicated in the activation of endothelial cells. This activation led to the modification of tight junctions, leading to vascular leakage (65).

MDSCs also participate to breast cancer resistance to chemotherapy. It has indeed been shown that immunosuppressive CD33+ cells isolated from breast cancers patients are able to induce a stemness phenotype (associated with cancer cell chemoresistance) in the breast cancer cell line MCF-7 (64). Furthermore, the chemotherapeutic agent doxorubicin has been found to increase the levels of monocyte chemoattractant proteins (MCPs) 1 to 3 and particularly MCP1/CCL2 (48, 66). This chemotherapy-induced expression of CCL2 has also been reported in the metastatic sites such as the lungs. It results from the release of extracellular vesicles enriched in annexin-6 by chemoresistant cancer cells, which induced the recruitment of Ly6C+CCR2+ monocytes that participate to the pre-metastatic niche formation (48).



Preparation of the Metastatic Niche by Recruited “MDSCs”

CD11b+Gr1+ granulocytic and monocytic myeloid cells critically contribute to the metastatic dissemination of breast cancer cells (52). It has been observed that in the mouse 4T1.2 mammary cancer model, pro-inflammatory monocytes with MDSCs features (IL4R, CD49b, CD62L, CD11b) can be recruited by the chemokine CCL2 in the pre-metastatic lungs where they foster metastasis. CCL2 promotes the release of the alarmin S100A8/9 which further increases MDSC recruitment (67). CD11b+Gr1+ cells have been reported to progressively accumulate in the lungs of 4T1 tumor-bearing mice before the arrival of cancer cells, and to prepare the lung environment for seeding by metastatic cells via vascular remodeling and production of MMP9 (68). Interestingly, this recruitment of CCR2+ cells induced by inflammatory signals can be mediated by other sources of inflammation than tumors. Indeed, myocardial infarction represent a major cause of systemic stress and is accompanied by systemic monocytosis. It has been shown to be associated with a higher risk of relapse and cancer-specific mortality in early breast cancer patients (69). In tumor-bearing mice, myocardial infarction results in an important recruitment of Ly6C+ monocytes with immunosuppressive functions, which can differentiate into pro-tumorigenic macrophages at the tumor sites and accelerate primary tumor growth and metastasis (69). It has also been reported in the 4T1 triple negative mouse breast cancer model that Gr1+ cells primarily promote the metastatic cascade by facilitating extravasation of malignant cells at the distant metastatic lungs through IL1β and matrix metalloproteinase secretion (70). Along these lines, CXCR4-dependent mechanisms were involved in Gr1+ cell-mediated metastasis promotion in a mouse breast cancer model (71)

At the future metastatic site, MDSCs are implicated in the angiogenic switch. In two different studies in 4T1-bearing mice, CD11b+Gr1+ cells recruited in the lungs have been demonstrated to upregulate many pro-angiogenic factors such as Il1ß, Mmp9, Tnf, Tie2 (72), or to secrete platelet-derived growth factor-BB (PDGF-BB), which mediates angiogenesis (73).



Differentiation of “MDSCs” Into Other Cell Types in the Context of Breast Cancer

“MDSC” are endowed with a particularly high degree of plasticity. Indeed, many reports indicate that monocytes/M-MDSCs often differentiate into pro-tumorigenic macrophages at the tumor site or in the metastatic organs. This phenomenon has been tracked in vivo with the use of GFP+ expressing myeloid cells, transferred into E0771-bearing C57BL/6 mice: few hours after the transfer, classical monocytes were recruited in the metastatic lungs, where they differentiated into macrophages precursors, before becoming metastasis-associated macrophages (74). Exosomes derived from mesenchymal stem cells can promote the differentiation of M-MDSCs into highly immunosuppressive pro-tumorigenic macrophages (75).

Bone is one of the most important metastatic sites in breast cancer patients, with up to 70% of metastatic patients facing bone metastasis. MDSCs and monocytic cells play a major role in the formation of this metastatic site. Indeed, it has been demonstrated that MDSCs (defined as CD11b+Gr1+) cells can differentiate into osteoclasts in vitro and in vivo. These osteoclasts are capable of bone resorption (76, 77).




Immunosuppressive Myeloid Cells of the Granulocytic Lineage: Versatile Tumor-Promoting Functions in Breast Cancers


Granulocytic Cells in the Breast TME: Phenotypes, Functions and Controversies

Neutrophils constitute the more prominent leucocytes, primarily participating to the first lines of defense against infectious agents. They are produced in the bone marrow from granulocyte-monocyte myeloid progenitors (GMPs), which originate from lymphoid-primed multipotent progenitors, themselves derived from hematopoietic stem cells. Their maturation and differentiation depend on G-CSF and STAT3 activation.

In the context of cancer, and particularly in the context of breast cancers, it has been demonstrated that malignant cells could disrupt neutrophil homeostasis, hijacking their production and functions to their advantage through the production of TDFs such as G-CSF (78). The phenotypic characterization of tumor-associated neutrophils and the identification of specific subsets have remained the matter of intensive debates for the past few years. As mentioned in the previous section, the discrimination and possible relationship between tumor-associated neutrophils and polymorphonuclear (PMN)-MDSCs (MDSCs with a granulocyte phenotype) has remained an outstanding question in the field. Whether PMN-MDSC and tumor-associated neutrophils represent the same cell populations or are different subsets remains highly questionable. Indeed, in human, both are commonly identified as SSChigh, CD33+/medium, CD11bhigh, CD16+, CD15+, CD66b+, HLA-DRneg. Furthermore, many preclinical studies, primarily in mouse cancer models, on which most of our understandings of tumor-associated neutrophils have been based, do not clearly distinguish between neutrophils and PMN-MDSC. In these studies, cells with a CD11b+Gr1+Ly6G+LY6Cmed/low phenotype have been shown to expand over the course of cancer progression, and functional assays to assess their immunosuppressive properties have not always been performed (79, 80).. Although some markers have been proposed to discriminate between PMN-MDSC and “classical neutrophils” such as LOX-1 (81), CD84 and JAML (82), or sometimes the alarmins S100A8 or S100A9 (50), PMN-MDSC have mainly been defined by their immunosuppressive properties. Along these lines, because neutrophil density is higher than that of MDSC, it has also been proposed that density gradients may be used to separate physically tumor-associated neutrophils and tumor-induced PMN-MDSC. However, mature neutrophils have also been shown to exhibit immunosuppressive and pro-tumorigenic features in the TIME, and activated neutrophils fall in the “low-density” section of density gradients. Some authors also tried to establish a “N1/N2” dichotomy similar to that proposed for macrophages, N2 being pro-tumorigenic, immunosuppressive neutrophils (83). However, to date no reliable marker allow for a clear distinction of neutrophil different differentiation stages, and neutrophils in cancer are likely present as a heterogenous population, with cells at various activation states (84).

Recent reports have attempted to address this equivocal identity of PMN-MDSC and tumor-associated neutrophils. A single-cell transcriptomic analysis of the myeloid compartment in the splenocytes from two tumor-bearing mice (PyMT tumor model) and 2 tumor-free control animals has suggested that PMN-MDSCs differ from their normal myeloid counterparts and may originate from neutrophil progenitor cells undergoing an aberrant differentiation path (82). Data from another recent study have suggested that peripheral PMN-MDSCs from patients with metastatic breast cancer are more closely related to healthy donors’ neutrophils than to MDSCs induced in another pathological condition (Gram-positive sepsis) (85). Further mass-cytometry analysis revealed that unique subpopulations of these granulocytic cells were specifically present in cancer patients, with a majority of low density mature activated neutrophils and a minority of immature neutrophils lacking maturation markers (CD10, CD13, CD45) at different maturation stages. These cells were collectively referred to by the authors as “G-MDSCs” and proposed to constitute neutrophils at various differentiation stages (85). These data thus advocate for a differential differentiation and activation profile of neutrophils in the context of cancer.

Considering this significant phenotypic and functional overlap between so-called “PMN-MDSC” and “immunosuppressive neutrophils” we propose to refer to these cells more accurately using the term “immunosuppressive myeloid cells of the granulocytic lineage” or “IMCGL” until definitive phenotypic markers or functional assays are available to unequivocally distinguish them. (Figure 2). We believe that, compared to the terms “immunosuppressive neutrophils” or “PMN-MDSC”, the denomination ““IMCGL” allows to group these highly overlapping cell types to better study them and partly address the current controversies and challenges in distinguishing between immunosuppressive neutrophils and PMN-MDSC (Table 1). The physiological relevance and clinical usefulness of discriminating these cells also remains to be addressed.




Figure 2 | Overlaps between subsets of tumor-promoting myeloid cells (monocytic vs gralulocytic origine). Cells formerly referred to as “Myeloid-Derived Suppressor Cells, MDSCs” encompass undifferentiated CD33+CD11b+ (“early-MDSCs”), immunosuppressive cells of the granulocytic lineage that we propose to call “immunosuppressive Myeloid Cell of the Granulocytic lineage, IMCGL” (“formal PMN-MDSCs”), and monocytes endowed with pro-tumoral properties. These tumor-promoting monocytes (“formal m-MDSCs”) can differentiate into pro-tumoral macrophages, Mo-dendritic cells or osteoclasts, each endowed with multiple dedicated tumor-promoting activities. IMCG, immunosuppressive myeloid cells from granulocytic lineage; e-MDSCs, early-myeloid-derived suppressor cells; Mo-Dendritic cell, monocyte-derived dendritic cells.




Table 1 | IMCGL terminology, phenotype and non-immunological functions.





IMCGL in Breast Cancer Patients

In breast cancers, IMCGL have historically been considered as a major obstacle to anti-cancer immunity because of their immunosuppressive activities, a concept supported by recent findings in triple-negative breast cancer mouse models, where IMCGL-infiltrated tumors do not respond to immunotherapy (86). In breast cancer patients, tumor-induced expansion of circulating IMCGL has been corelated with a worst prognosis (87, 88). Interestingly, IMCGL are more frequently found in the tumor beds than in “healthy” adjacent tissues (59), and in most studies IMCGL have been associated with a higher tumor stage (89), or with a worse prognosis and an impaired response to chemotherapy (90). Tumor-induced IMCGL have been reported to impair T cell activation, particularly in advanced tumors, through increased production of ROS, NO or ARG1 or expression of immunoinhibitory ligands such as PDL1 (91).



IMCGL at the Primary Tumor Sites

IMCGL expansion and recruitment is directly promoted by breast cancer cells by various mechanisms. GM-CSF secretion by malignant cells induces the production of transferrin in Ly6G+ cells from 4T1-bearing mice that, in turn significantly enhances primary tumor growth in vivo and in vitro. In humans, the transferrin, TFR1 gene has been found to be up-regulated in breast cancers, and higher levels of this protein have been associated with higher tumor grades/stages, but also with a significantly worse survival (92). It has been shown that G-CSF production by breast cancer cells induces the recruitment of IMCGL that accumulate in the periphery of tumor-bearing PyMT mice (78). Cathepsin C (CTSC) produced by cancer cells has also been reported to induce recruitment and activation of IMCGL in 4T1 tumor bearing-mice. CTSC expression in human breast cancer is associated with metastasis and IMCGL occurrence (93). IMCGL recruitment can also be indirectly promoted by IL-1ß-secreting TAMs, which are recruited by Wnt ligands in p53-deficient cancer cells (94), or by cancer cell secretion of CCL2 (37).

Besides being equipped with immunosuppressive properties, IMCGL are also endowed with versatile tumor-promoting functions. Indeed, IMCGL can also induce and promote angiogenesis, participate to the remodeling of the extracellular matrix, contribute to tumor cell invasion, and participate to metastatic dissemination (84). IMCGL have also been shown to form Neutrophil Extracellular Traps (NETs) involved in tumor cell capture and growth as detailed hereafter (95).

IMCGL have been reported to display direct effects on breast cancer cells. Recent studies have indeed demonstrated that these cells participate to the acquisition of a stem-cell phenotype by malignant cells. Breast cancer cells expressing the ΔNp63 protein secrete CCL22 and CXCL2 that recruit IMCGL, which, in tumorsphere assays, promote the stemness phenotype of breast tumor cells via the secretion of CHI3L1 and MMP9 (96). Along these lines, it has also been reported that tumor-infiltrating IMCGL from breast cancer patients induce EMT in the MCF-7 cancer cell line, and promoted migration and invasion in in vitro assays (90). Consistent with these data, CCL3-recruited IMCGL have been observed to foster the EMT in breast cancer cells and enhance their proliferation, migratory and invasive properties through the PI3K/Akt/mTOR pathway (97).



IMCGL in the Metastatic Process

Most studies in the field have however shown that, primarily, IMCGL foster the process of breast cancer invasion and metastasis, with limited effects on primary tumor growth. Indeed, the elimination of these cells in pre-clinical models resulted mainly in dampening metastatic dissemination, with limited influence on primary tumor development (90, 94, 98–101). In zebrafish injected with MCF-7 cells, IMCGL from healthy human donors are capable of promoting cancer cell migration and intravasation at the tumor injection site in an Estradiol-dependent manner. In this model, IMCGL have been shown to migrate together with circulating cancer cells and to extravasate together in distant sites, thereby supporting disseminated tumor cell establishment in new metastatic niches (102). Two recent reports have brought substantial new insights into this joint migration of IMCGL with cancer cells. Indeed, evidence has emerged that some subpopulations of IMCGL can form companionship clusters with circulating tumor cells (CTC), and chaperone these CTC, protecting them in the circulating blood. Furthermore, IMCGL may foster CTC seeding at distant sites. CTC primarily circulate alone in the peripheral blood where the vast majority die in this environment. Only a limited number of these CTC (2-4%) have been detected as circulating homotypic or heterotypic clusters (103). These clusters have been associated with a significantly worse prognosis in breast cancer patients (103, 104). Heterotypic clusters are composed of CTC with white blood cells, most of them being myeloid cells of the granulocytic lineage (103, 104). Sprouse et al. have recently explored the cross-talks in these clusters between CTC and CD33+CD11b+CD15+ IMCGL cells (defined by the authors as PMC-MDSC) in the PBMC fraction of the peripheral blood (104). IMCGL induce upregulation of Notch1 receptor expression in CTCs through the ROS-NRF2-ARE axis, while CTCs induce pro-tumorigenic differentiation of IMCGL through paracrine Nodal signaling. Importantly, in mice, co-injection of breast cancer cells with IMCGL leads to an early dissemination of malignant cells to the lungs and brain (104). Szczerba et al. have also studied the interactions between CTC and IMCGL in heterotypic clusters from breast-cancer patients and from mammary tumor-bearing mice (103). Within these clusters, CTC exhibit a marked enrichment in positive regulators of cell cycle and DNA replication programs. Furthermore, RNA sequencing analysis has identified cytokines implicated in these cellular cross-talks and determined that IMCGL secrete TNFα, OSM, IL-1ß and IL-6, while CTC express CSF1, CSF3 (G-CSF), TGF-ß and IL-15 (103). However, the exact identity of each cellular partners within these clusters, the nature and importance of their interactions as it relates to the metastatic process, and the mechanisms underlying the promotion of CTC seeding and development at the metastatic niches remain to be fully uncovered. Along these lines, not only do IMCGL represent the main immune cells present at the metastatic site (105), but they also critically participate to the preparation of pre-metastatic niches. In tumor-bearing mice, myeloid cells accumulating in distant tissues are essentially composed of Ly6G+ immunosuppressive IMCGL (78). In 4T1 tumor-bearing mice, accumulation of IMCGL in the lungs (52) or in the liver (106) promotes metastatic cancer growth, and disseminated malignant cell proliferation. Importantly, depletion of IMCGL with an anti-Ly6G antibody suppresses metastasis in both studies (52, 106). It is noteworthy that although Ly6G has been used to deplete granulocytic cells, whether this approach results in the elimination of all IMCGL subsets remains to be determined.



Importance of NETs in Breast Cancer

Neutrophils have been described for their capacity of releasing neutrophil extra-cellular traps or “NETs”, a function that has also been described for PMN-MDSCs (107). NETosis is the process by which neutrophils release large web-like structures composed of cytosolic and granule proteins assembled on de-condensed chromatin. NETosis has been proposed to be a specific defense mechanism harbored by neutrophils against some pathogens like funga. The phenomenon of NETosis has also been observed in cancer where it can be triggered in part by G-CSF produced by many malignant cells (95). The impact of this process on cancer progression and on disease-associated complications such as thrombosis is being increasingly acknowledged (95, 108). A recent breakthrough in breast cancer was the findings that NETs may contribute to the awakening of dormant cancer cells. Reactivation of dormant cancer cells is of utmost importance in breast cancers, since half of patient relapses occur more than 5 years after the initial diagnosis, and in some cases even up to 20 years (109). Using breast cancer models that usually do not metastasize in mice, Albrengues et al. have demonstrated that neutrophil-derived NETs, induced by inflammatory conditions such as prolonged tobacco exposure or LPS instillations, lead to dormant cancer cell awakening and development into aggressive lungs metastases. In this setting, inflammation triggers NETs extrusion, which forms a scaffold allowing the sequential cleavage of laminin by neutrophil elastase (NE) and MMP9, as well as thrombospondin 1 (TSP-1). This laminin cleavage activates an α3β1-associated signaling in dormant cancer cells, leading to their reactivation (110). TSP-1 is a key matricellular protein that has been reported to inhibit metastasis. As outlined hereabove, CTSC secreted by cancer cells promotes the recruitment and activation of neutrophils in the metastatic niches, which upon activation form NETs that degrade the extracellular matrix, in part by cleavage of TSP-1, thereby allowing cancer cell proliferation and establishment (93). Other reports have indicated that in the context of breast cancers, NETs actively contribute to the formation of the pre-metastatic niches (111, 112). Indeed, these structures have been observed in the lungs of mice early after injection of 4T1 cells, thus before arrival and seeding of breast cancer cells. Furthermore, evidence has been provided that, in vitro, NETs stimulate invasion and migration of cancer cells. Consistently, NETs digestion with deoxyribonuclease I (DNase I) has been reported to significatively reduce the occurrence of lung metastasis (111). In humans, NETs have been detected in large amount in the metastatic lungs, and circulating NETs levels are higher in metastatic breast cancer patients compared to early-stage cancer patients (93). Suggesting a role of NETs in metastatic tumor cell organotropism regulation, Yang et al. have demonstrated that NETs contribute to the formation of metastases in the liver but not in the lungs. Furthermore, the authors have identified the protein CCDC25 expressed at the surface of cancer cells as a specific sensor of NETs DNA, and responsible for malignant cells migration, adhesion and proliferation induced by NETs. In breast cancer patients, CCDC25 has been detected in cancer cells with a clear membrane staining at the border of the tumor, and higher levels of CCDC25 in the primary tumors have correlated with a reduced survival (112).

Finally, NETs act as “shields” for cancer cells, wrapping them to avoid destruction by cytotoxic CD8 T cells of NK cells, adding to their multiple tumor-promoting functions (113).




Roles of “Tolerogenic/Regulatory” Dendritic Cells in Breast Cancer Development


Dendritic Cell Alterations in Breast Cancers

Dendritic cells (DC) play a central role in cancer immunosurveillance. They capture antigenic material from neoplastic cells, process tumor-specific antigens and present the derived peptides onto MHC class I or class II. Upon migration to the secondary lymphoid tissues, they activate effector tumor-specific CD8+ CTL and CD4+ Th lymphocytes. DC can also promote the anti-tumoral functions of NK, NKT and γδ T cells (114). However, in most cancers, DC are phenotypically and functionally impaired leading to dampened anti-cancer immunity (115). Although the nature of the microenvironment of breast cancers greatly varies depending on the tumor subtype and stage of the disease, in most cases it negatively influences DC capability to induce and sustain anti-tumor immunity. These DC alterations in breast malignancies have been attributed: a) to DC elimination; b) to the blockade of the generation of these cells from DC precursors; c) to the triggering of functional deficiency in DC (reduced antigen capture, processing, presentation and ability to activate T lymphocytes); and d) to the generation of immunosuppressive and tolerogenic DC capable of blocking anti-cancer T cells, inducing T lymphocyte anergy or inducing tumor-promoting regulatory T cells (Treg) (116–118). These defects are induced by different tumor-derived factors [extensively reviewed in (116, 117)], among which are VEGF (119), TGFβ (120), IL10 (121), PGE2 (122) or tumor-produced polyamines (123), and are responsible for a deficient induction of anti-cancer T lymphocyte proliferation and activation, thus contributing to breast cancer evasion from immunosurveillance.

In addition, different studies have demonstrated that breast malignancies are associated with the induction of different subpopulations of DC (myeloid, mDC or plasmacytoid, pDC) at different stages of maturation in the tumor, lymph nodes or blood, which actively promote T cell anergy and suppression and/or which trigger tumor-promoting Treg induction by a variety of mechanisms such as L-Arginine depletion (124), PD-L1 (125), TGFβ, IDO (126) or ICOS-ligand (127). Breast cancer-derived thymic stromal lymphopoietin (TSLP) has been identified as an inducer of OX40L on DC infiltrating primary breast cancer (128). These OX40L+ DC participate to the induction of IL-13- and TNF- producing Th2 cells thus contributing to the promotion of an environment permissible for breast tumor growth (128).



Role of DC in Breast Cancer Angiogenesis and Metastasis

Although many studies have extensively reported on the immune-modulatory role of tolerogenic/regulatory DC in breast cancers, much sparser reports are available as it relates to the tumor-promoting pro-angiogenic, pro-invasive and pro-metastatic properties of these cells. In this context, a study has correlated the presence of immature DC in highly angiogenic tumors (129), but the mechanistic bases underlying neoangiogenesis promotion remains to be determined. Similarly, the role of DC in breast cancer metastasis remains incompletely elucidated. A recent report indicates that CD303+ pDC accumulating in human breast cancer beds of patients with positive lymph nodes promote CXCR4 expression by cancer cells, suggesting that these tumor-associated pDC may participate to malignant cell metastasis to lymph nodes expressing SDF-1 through a CXCR4/SDF-1-dependent mechanism (130). Since DC conditioned by the tumor microenvironments can produce TGFβ, these cells may also contribute to the epithelial-mesenchymal transition (EMT) precluding tumor cell migration from primary tissues to metastatic sites, but a formal demonstration of this effect in breast cancer remains to be provided. Likewise, the possibility that DC may contribute to the preparation of pre-metastatic niches, before seeding of metastasizing cancer cells has yet to be formally demonstrated. In this context, a recent study has suggested that, in the mouse breast cancer model E0771, glucose-regulated protein 78 (GRP78) produced by tumor reduces DC MHC class II expression in the liver in the early stage of metastasis. However, the actual role of DC in the preparation of the pre-metastatic liver has not been demonstrated (131). Along these lines, recent data have also indicated that CD11c+ DC exposed to conditioned medium of RANKL+ T cells from the bone marrow of 4T1 mammary tumor-bearing mice can differentiate into osteoclast-like cells, suggesting that DC may participate to the osteolytic process occurring in metastatic breast cancer patients (132).




Conclusion, Perspectives and Challenges

The critical contribution of immune cells of the myeloid lineage to the mechanisms of cancer escape from immune detection and elimination is now widely recognized, and many studies have deciphered the various modes of action underlying the immunosuppressive properties of these cells. The notion that, beside this cardinal role in antitumor immunity, different myeloid cell populations are also endowed with a variety of “non-immunologic” tumor-promoting functions has drawn less scrutiny, until recently.

The heterogeneous nature of tumor-promoting myeloid cells, with some likely phenotypical and functional overlaps between subsets (illustrated in Figure 2) remains a major challenge preventing the unequivocal identification of distinct subpopulations. This current problem is probably best illustrated by the difficulty to draw a clear line between PMN-MDSC and immunosuppressive neutrophils in breast cancer patients or in mammary tumor models. Recent extensive studies, which have attempted to establish dedicated genomic, proteomic and biochemical profiles to better characterize these cells, have actually highlighted further the complexity and the high degree of plasticity of this myeloid landscape, advocating for instance that PMN-MDSC may actually correspond to neutrophils at different maturation stages in breast malignancies. These considerations have prompted us to refer to these tumor-promoting granulocytic cells occurring in cancer as “immunosuppressive myeloid cells of the granulocytic lineage, IMCGL”, which, we believe, better depicts their origins and functions. It would be clinically relevant to clearly decipher whether IMCGL are constituted of different subsets with dedicated properties and predictive or prognostic values. Better identification of these cells is a prerequisite to further determining whether they may serve as useful biomarkers and therapeutic targets, which warrants the urgent need to discover novel marker(s) and/or strategies allowing for a clear discrimination of the multiple subsets of these myeloid cells.

An additional outstanding question that still needs to be fully addressed relates to the “division of labor” among these tumor-promoting myeloid cell populations. As outlined in the previous section, it appears that all the main myeloid populations, TAM, MDSCs, IMCGL, and to some extend DC, are endowed with the capacity to exert many pro-tumoral activities. Recent single cell transcriptomic analysis suggest that, within each of these populations, a dedicated subset or even a single cell, may be equipped with concomitant multitasking activities (through the co-expression of factors involved for instance in immunosuppression, extracellular matrix remodeling, metastasis promotion…). The possibility that dedicated subsets or individual cells may sequentially acquire and lose one of these properties at a given time and depending on the nature of their environment and therefore on their location and on tumor stage is also conceivable, but remains to be clearly demonstrated. This functional plasticity of tumor-associated myeloid cells over time and space may be essential to fulfill the specific needs of growing tumors at each of the sequential stages of their development in the primary tumor sites (promotion of tumor growth, EMT, invasion, angiogenesis, intravasation, immunosuppression, production of chemokines involved in the recruitment of tumor-promoting cells), as CTC in the bloodstream (shielding in heterophilic clusters), and in the pre-metastatic and metastatic niches (soil preparation, ECM remodeling, extravasation, chemoattraction, immunosuppression).

Lastly, questions remain concerning the differences between breast cancer subtypes. Few studies have studied precisely the myeloid landscape and compared the different subtypes. Recent RNAseq findings show that myeloid infiltration is present in all main subtypes (“luminal” or HR positive BC, HER2+, TNBC) at different levels (133). A majority of studies discussed in this review focus on the TNBC subtype, some showing a higher infiltration of IMCGL in the tumors of these patients (90, 93, 96, 111). Macrophages are very represented across the different subtypes (133), though their role and exact phenotype in each subtype is unclear.

As these myeloid cells are essential contributors to many tumor-promoting networks, their therapeutic targeting (elimination, inactivation, reprogramming) has logically led to promising anti-tumor responses. However, the high phenotypic and functional heterogeneity and plasticity of these cells over time and depending on their tissue location has, to date, been a major hurdle for both their use as definitive biomarkers and the development of therapeutic strategies that would specifically interfere with their generation, development and multifaced tumor-promoting functions, which underlines the need to further characterize this myeloid landscape.
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Although lung cancer is the leading cause of cancer deaths worldwide, the mechanisms how lung cancer cells evade the immune system remain incompletely understood. Here, we discovered IL-9-dependent signaling mechanisms that drive immune evasion in non-small cell lung cancer (NSCLC). We found increased IL-9 and IL-21 production by T cells in the tumoral region of the lung of patients with NSCLC, suggesting the presence of Th9 cells in the lung tumor microenvironment. Moreover, we noted IL-9 producing Tregs in NSCLC. IL-9 target cells in NSCLC consisted of IL-9R+ tumor cells and tumor-infiltrating lymphocytes. In two murine experimental models of NSCLC, and in vitro, IL-9 prevented cell death and controlled growth of lung adenocarcinoma cells. Targeted deletion of IL-9 resulted in successful lung tumor rejection in vivo associated with an induction of IL-21 and reduction of Treg cells. Finally, anti-IL-9 antibody immunotherapy resulted in suppression of tumor development even in established experimental NSCLC and was associated with reduced IL-10 production in the lung. In conclusion, our findings indicate that IL-9 drives immune escape of lung tumor cells via effects on tumor cell survival and tumor infiltrating T cells. Thus, strategies blocking IL-9 emerge as a new approach for clinical therapy of lung cancer.
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Introduction

Lung cancer (small and non-small cell lung cancer) represents the leading cause of cancer deaths worldwide (1, 2). In non-small cell lung cancer (NSCLC), growth and progress of the disease is associated with a local expansion of regulatory T cells (Treg) that suppress anti-tumor immune responses thus creating an immunosuppressive environment facilitating immune escape of tumor cells. Recent studies suggest that immunotherapy with PD1/PDL1 checkpoint inhibitors could be a promising approach to activate anti-tumor immune responses and to improve the prognosis for this disease (3, 4). However, the role of cytokines in controlling anti-tumor immune responses in NSCLC remains incompletely understood (5). This aspect is relevant since only 20% of the patients with NSCLC respond to current immunotherapies (6).

Interleukin-9 (IL-9) is a cytokine with pleiotropic functions that was first purified and characterized as a T cell and mast cell growth factor (7). T lymphocytes have been identified as a major source of IL-9 (8–11). However, different T cell subsets, mast cells and innate lymphoid cells-type 2 (ILC2) have the common capability to produce this cytokine (8, 12). Regarding the development of T cells producing IL-9 (Th9) it is known that naïve T-cells in the presence of TGF-beta and interleukin-4 (IL-4) produce IL-9 (13). These cytokines also induce IL-9 production in activated T cells. Hereby, IL-4 activates intracellularly several transcription factors like signal transducer and activator of transcription 6 (STAT6), interferon regulatory factor 4 (IRF4), GATA-binding protein 3 (GATA3), basic leucine zipper transcription factor ATF-like (BATF) and nuclear factor of activated T cells (NFAT) (13, 14). Moreover, the transcription factor PU1 binds to a purine-rich sequence known as the PU-box found on enhancers of target genes. PU1 is a transcription factor of the Erythroblast Transformation Specific (ETS)- family of transcription factors, activated downstream of Transforming growth factor beta (TGF-beta) receptor signaling, that has been demonstrated to bind to the IL-9 promoter in T cells and induces IL-9 production after TGF-beta and IL-4 stimulation in cell culture (11, 15). In addition, several other transcription factors seem to play an important role in the development of Th9 cells including the SMA (“small” worm phenotype) and MAD family (“Mothers Against Decapentaplegic”) of genes known as SMAD proteins as well as the members of the signal transducers and activators of transcription family STAT5 and STAT6 (16). STAT5 is activated downstream of IL-2 and IL-9 signaling and controls IL-9 production in T cells (17). In addition to STAT5, IL-9 activates STAT3 resulting in Th17 and T regulatory cell induction (18). By contrast, STAT6 is the major component of the IL-4-receptor signaling pathway and is therefore also involved in controlling the Th9 phenotype (8). STAT6 is also able to suppress expression of the Th1-associated transcription factor T-box expressed in T cells (T-bet), a known inducer of IFN-ɣ production that inhibits TGFβ-induced expression of Foxp3 (8, 19, 20). It has also been demonstrated that, T cell receptor (TCR) signaling and co-stimulatory molecules regulate IL-9 production. On the one hand, TCR and CD28-mediated co-stimulation leads to the activation of Nuclear Factor of Activated T-cells (NFAT), while on the other hand TCR signaling and OX40 co-stimulation result in activation of nuclear factor-κB (NF-κB) (21).

In agreement with its pleiotropic functions, IL-9 has been demonstrated to influence various different cell types expressing IL-9 receptor (IL-9R) (8, 22, 23). The IL9R consists of 2 subunits: an IL-9R specific alpha chain (IL9R-alpha) and the common gamma chain of the receptor that is shared by other cytokine receptors including receptors for IL-2, IL-4 and IL-7 (23). The IL-9R is expressed on T effector cells rather than in naïve T cells (24). Furthermore, IL-9R is expressed on airway epithelial cells and smooth muscle cells suggesting that several target cell populations for IL-9 exist in lung tissue.

In this study, we determined the expression and function of IL-9 in NSCLC. We demonstrate that IL-9 expression is augmented in NSCLC and plays an important functional role in regulating tumor cell growth. Our findings suggest new avenues for tailored immunotherapy in NSCLC.



Materials And Methods


Human Study

Our human study was performed at the Friedrich-Alexander-University Erlangen-Nürnberg, Germany, after being approved by the ethics review board of the University of Erlangen (Re-No: 56-12B; DRKS-ID: DRKS00005376). To date more than one hundred and seventy (170) patients that suffered from primary NSCLC and three metastatic patients underwent surgery and gave their approval to be enrolled in this study in an informed written consent. The patient studies were conducted in accordance with the ethical guidelines of the Declaration of Helsinki. Patients enrolled in this study did not receive any therapy. The confidentiality of the patients was maintained.

Lung cancer diagnosis was based on pathological confirmation. The histological types of lung cancer were classified according to the World Health Organization (WHO) in 2004. Staging was based on the Cancer TNM Staging Manual formulated by the International Association for the Study of Lung Cancer (IASLC), issued in 2010. Clinical data including histological classification, TNM stage, age, gender and smoking status were provided by the Department of Thoracic Surgery and the Institute of Pathology and are summarized in Table S1. Clinical data of the control cohort are shown in Tables S2–S4.

Immediately after surgery, lung tissue samples were taken from three different regions: the tumoral region (TU: solid tumor tissue), peri-tumoral region (PT: 2-3 cm away from the solid tumor) and the tumor-free control region (CTR: > 5 cm away from the solid tumor). The post-surgery tissue samples were used for RNA and protein isolation as well as for total cell isolation followed by cell culture and FACS analysis. Paraffin-embedded lung tissue arrays were generated as previously described (25) and applied for immunohistochemistry (IHC).



Antibodies

Antibodies used in this study are listed in the Supplementary Material.



Immunohistochemistry (IHC)

Immunohistochemistry was performed on paraffin-embedded histological sections. Before staining, paraffin was removed from the slides by incubation at 72°C for 30 min and treatment with Roti-Histol (Carl Roth) two times for 10 min. The tissue sections were then rehydrated by immersion in ethanol-series in descending concentrations (100%, 95%, 70%) for 3 min each and in deionized water for 1 min, followed by blocking endogeneous peroxidase in 3% H2O2 (in methanol) for 20 min. For heat-induced antigen retrieval, slides were placed into a rack containing 50 ml 1 mM Tris-EDTA buffer which was transferred into a pressure cooker followed by incubation at 120°C for 5 min. Slides were then cooled down for 30 min at room temperature (RT) followed by incubation for 1 min in deionized water. Tissue was surrounded with a hydrophobic barrier using a barrier pen. In a next step, slides were stained with the respective primary antibody against CD3, Foxp3, IL-9 or IL-9R (Table S5) using the ZytoChem-Plus AP Polymer-Kit (Zytomed Systems GmbH) according to the manufactures instructions. For IHC single stainings, nuclei were stained with hematoxylin solution (Carl Roth) and slides were covered with coverslips using Aquatex (Merck). For IHC double staining, the second antibody against IL-9 (Table S5) was applied and detected according to the manufacture instructions of the Dako EnVision Detection System Kit (Dako Deutschland GmbH). Negative controls were not treated with the primary antibody; the other steps remained the same. Stained slides were scanned using the digital slide scanner (Scan 150) at the Institute of Pathology. Whole slide images were visualized by the CaseViewer software (Version 2.0, 3D Histech Ltd). IL-9 single staining was quantified using the Definiens Tissue Studio 4.1 software (Definiens) while the IL-9R single and the IL-9/Foxp3 double staining have been evaluated using the ImageJ Cell Counter (Version 1.46).



Cell Isolation and Culture From Lung Tissue

Human tissue samples were cut into small pieces (1-3 mm2) using scalpels and digested with Collagenase (2700 U/ml, Sigma-Aldrich: Collagenase from Clostridium histolyticum, Cat# C98991-500MG) and 150µl DNase (10 mg/ml, Roche Diagnostics GmbH: DNase I, Cat#10104159001) diluted in 10 ml R10 medium (500 ml RPMI1640, anprotec, Cat# AC-LM-0060; 50 ml heat-inactivated fetal bovine serum (FCS), Sigma-Aldrich, Cat# S0615; 2mM L-Glutamine, anprotec, Cat# AC-AS-0001; 5 ml Penicillin-Streptomycin (Pen/Strep), anprotec, Cat# AC-AB-0024) in a shaker at 37°C for 1 h. After incubation, the samples were passed through a cell-strainer (100 µm, Greiner Bio-One GmbH: EASYstrainer; Cat# 542000), single-cell suspensions were washed with RPMI1640 and centrifuged at 300g for 7 min at 4°C. The supernatant was removed, and red blood cells (RBC) were lysed in ACK lysis buffer (0,15M NH4Cl, Carl Roth GmbH + Co. KG, Cat# P726.2; 0,01M KHCO3, Carl Roth GmbH + Co. KG, Cat#P748.1; 100M Na2EDTA, GERBU Biotechnik GmbH, Cat# 1034.1000; dissolved and steril filtered in deionized H2O; pH=7.2-7.4) with subsequent centrifugation at 1500rpm for 5 min at 4°C. The cell pellets were washed with Washing Buffer I (500 ml PBS EDTA pH 7.5, BioWhittaker, Cat# BE02-017F; 5 ml Pen/Strep), centrifuged again and resuspended in Washing Buffer II (500 ml PBS EDTA pH 7.5; 5 ml Pen/Strep; 25 ml FCS). Cells were centrifuged at 800rpm for 15 min at 4°C with a low deceleration mode 1. Supernatant was discarded and cells were taken up in Tumor tissue medium (500 ml RPMI1640; 50 ml FCS; 2mM L-Glutamine; 5 ml Pen/Strep; 1mM Sodium-Pyruvate, anprotec, Cat# 11360-070; 5 ml Non-Essential Amino Acids, Gibco, Cat# 11140-035). Cell numbers were determined using Trypan-blue staining in a Neubauer counting chamber. Cells were cultured in Tumor tissue medium at 37°C and 5% CO2.



Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs were freshly isolated using LeucoSep Tubes (Greiner Bio-One, Cat# 227290) according to the manufacturer´s protocol. After cell counting with Trypan-blue in a Neubauer counting chamber, PBMCs were cultured for 4-5 days with 5x105 cells per condition as shown in Figure 2E.



Experimental Skewing Conditions for Foxp3+Treg and IL-9 Producing T Cells in PBMCs

Freshly isolated PBMCs from NSCLC patients and healthy control subjects were cultured in 1ml R10 medium at 5 x 105 cells/well for 4-5 days with plate bound anti-CD3 (1µg/well) and soluble anti-CD28 antibodies (10µg/ml) in a 48 well cell culture plate (Greiner Bio-One, Cat# 677180) at 37°C and 5% CO2 (Figure 2E). For skewing of IL-9 producing T cells, TGFβ (20ng/ml) and IL-4 (20ng/ml) were added, while the Treg skewing condition included TGFβ (20ng/ml) and IL-2 (2ng/ml). The respective cytokine information are listed in the Table below:


 





Flow Cytometric Analysis

To prevent unspecific binding of antibodies to Fc receptors, single cell suspensions were incubated with unlabeled antibodies against IgG Fc receptors CD16/32 (human: 1:100, BD Biosciences Cat# 564220; murine: 1:100, BD Biosciences Cat# 553142) in FACS Buffer (500 ml PBS, anprotec Cat# AC-BS-0002; 10 ml FCS) for 5 min at 4°C. Cells were washed with FACS Buffer and centrifuged. Pellets were resuspended with FACS Buffer containing antigen-specific fluorochrome-conjugated antibodies in appropriate concentrations and incubated for 15 minutes at 4°C in the dark. After cells were washed with FACS Buffer and centrifuged, pellets were either resuspended in FACS Buffer to measure directly the surface stained cells or proceeded to intracellular staining. Therefore, the FoxP3 staining kit (Thermo Fisher Scientific Cat# 00-5523-00) was applied according to the manufacturer’s protocol. Permeabilized cells were stained for intracellular proteins in a volume of 50 µl PermWash Buffer supplemented with antibodies in appropriate concentrations. Cells were washed, taken up in FACS Buffer and analyzed immediately (Table S6). Flow cytometric analyses were obtained with the FACS Canto II and the BD FACS Diva software (both BD Biosciences) for compensation. Data were analyzed with Flow-Jo v10.2 (FlowJo) software always gating for singlets using the forward scatter and for living cells using forward scatter vs. sideward scatter before specific analysis (also shown in Supplementary Material).

Cells were first stained with Zombie (1:500, Biolegend, Cat#423101/423102) for 15 min at room temperature prior to Fc blocking and washed twice with FACS buffer. The staining of surface proteins was then continued as described above.

Data of applied FMOs (Fluorescence minus one) are shown in Supplementary Material.



RNA Isolation and cDNA Synthesis

Lung tissue samples were homogenized using Precellys Lysing Kits (Bertin Technologies, Cat# P000918-LYSK0-A) and the benchtop homogenizer Minilys (Bertin Technologies) as described in the manufacturer’s protocol. RNA of homogenized samples or single cell suspensions was isolated using peqGold RNA Pure (Peqlab, Cat# 30-1010) or Qiazol Lysis Reagent (Qiagen, Cat# 79306) according to the manufacturer´s instructions. RNA was reversely transcribed into cDNA using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific, Cat# K1622) according to the manufacturer’s protocol.



Quantitative Real-Time PCR (qPCR)

qPCR of synthesized cDNA was performed by using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Cat# 1725124) in a total volume of 20 µl. Primer sequences for murine and human qPCR analyzes are depicted in Supplementary Table S7 which were purchased from Eurofins-Genomics Germany. qPCR Reactions (50 cycles, initial activation 98°C, 2 min, denaturation 95°C, 5 min, hybridization/elongation 60°C, 10 min) were performed using the CFX-96 Real-Time PCR Detection System and analyzed by the respective CFX Manager Software (both Bio-Rad Laboratories). Data were analyzed using the relative quantification 2-ΔΔCT method by normalization to the housekeeping-gene hypoxanthine-guanine-phosphoribosyltransferase (Hprt).



ELISA

The enzyme-linked immunosorbent assay (ELISA) technique was utilized to analyze the cytokine concentration in cell culture supernatants, BALF and Serum. ELISA was performed in accordance with the manufacturer’s instructions. Human ELISA Sets were purchased as followed: IL-9 ELISA (Human IL-9 DuoSet ELISA, R&D Systems, Cat# DY209-05), IL-21 ELISA (Human IL-21 DuoSet ELISA, R&D Systems, Cat# DY8879-05), IFNγ ELISA (BD OptEIA™ Human IFN-γ ELISA Set, BD Biosciences, Cat# 555142). Murine samples were analyzed by: IL-21 ELISA (Mouse IL-21 DuoSet ELISA, R&D Systems, Cat# DY594), IFNγ ELISA (BD OptEIA™ Mouse IFNγ ELISA Set, BD Biosciences, Cat# 555138), IL-10 ELISA (BD OptEIA™ Mouse IL-10 ELISA Set, BD Biosciences, Cat# 555252).



Protein Extraction and Western Blot Analysis

Lung tissue samples from patients were lysed with RIPA Buffer (Thermo Fisher Scientific, Cat# 89900) and inhibitor cocktail (complete Mini EDTA-free, Roche Diagnostics, Cat# 11836170 001) then homogenized with SpeedMill PLUS (Analytik Jena) in innuSPEED lysis Tubes P (Analytik Jena, Cat# 845-CS-1020250) and centrifuged (3000rpm, 5min, 4°C). The supernatant was incubated for 30 minutes on ice and centrifuged again (2000g, 5min, 4°C). Final extraction was done by another centrifugation step of the supernatant (45min, maximum speed, 4°C) and measured with Bradford Assay (Protein Assay Dye Reagent Concentrate, Bio-Rad, Cat# 5000006), followed by protein denaturation (95°C, 5 min) in a mix of reducing loading buffer (4xLDS Sample Buffer, Thermo Fisher Scientific, Cat# NP0007) and DTT (1M, Thermo Fisher Scientific, Cat# P2325). A mini-PROTEAN TGX Stain-Free Gel (Bio- Rad, Cat# 4568086) was used with 20µg of proteins per well and at 120V, 150mA for 1h. Proteins were then transferred to a 0,2µm nitrocellulose membrane (Trans-Blot Turbo Transfer Pack, Bio-Rad, Cat# 1704158) by using a western blot trans-blot turbo system (Bio-Rad). Transfer and protein load was assessed and recorded by using a ChemiDoc Imaging System (Bio-Rad). After washing and blocking (3% powdered milk (Carl Roth GmbH, Cat# T145.3) in Tween SDS buffer) the membrane for 1h at room temperature, the primary antibody was applied and incubated over night at 4°C. After that, the membrane was washed and incubated with the compatible secondary antibody in blocking buffer, for 1h at room temperature. Respective antibody information are listed in Table S8. After final washing steps, detection was performed using SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific, Cat# 34095). Visualization of the western blot results was done by using the ChemiDoc Imaging System. Protein bands and total protein levels were analysed with the ImageLab software (Bio-Rad).



Cell Lines

The human A549 (ATCC® CCL-185™) cell line was purchased authenticated from the ATCC bank (Manassas, Virginia, USA). Cells were cultured in F-12K Nut mix medium (Thermo Fisher Scientific, Cat# 21127-022) supplemented with 10% FCS, 1% Pen/Strep and 1% L-Glu at 37°C and 5% of CO2.

The murine LL/2-luc-M38 (LL/2) cell line was purchased and authenticated from Caliper LifeScience (Bioware cell line, Caliper LifeScience, Waltham, Massachussets, USA). All Caliper Life Sciences cell lines are confirmed to be pathogen-free by the IMPACT profile I (PCR) at the University of Missouri Research Animal Diagnostic and Investigative Laboratory. LL/2 cells were cultured in D10 medium (anprotec, Cat# AC-LM-0012; 50 ml heat-inactivated fetal bovine serum (FCS), Sigma-Aldrich, Cat# S0615; 2mM L-Glutamine, anprotec, Cat# AC-AS-0001; 5 ml Penicillin-Streptomycin (Pen/Strep), anprotec, Cat# AC-AB-0024) at 37°C and 5% of CO2.

The murine bronchoalveolar carcinoma cell line L1C2 (Dubinett et al. https://pubmed.ncbi.nlm.nih.gov/8382559/) was obtained from Prof R. Wiewrodt. Cells were cultured in R10 Medium at 37°C and 5% CO2.



Cell Line Experiments

3x105 A549 were cultured overnight in 6-well plates (Greiner Bio-One, Cat#657160) in supplemented F-12K Nut mix or R10 medium with or without 50 ng/ml IL-9 (ImmunoTools, Cat# 11340093) for 72h. Other different experimental conditions were described in the respective figure. For the Fas agonistic challenge, we incubated A549 with 2 μg/mL anti-CD95 (Biolegend, Clone DX2, Cat# 305655) or IgG1, k (Biolegend, Clone MOPC-21, Cat# 400153).

1.25x105 LL/2 cells were cultured in 24-well cell culture plates (Greiner Bio-One, Cat# 662160) for 24h at 37°C and 5% CO2 in D10 medium with 30 ng/ml or 100 ng/ml IL-9 or left untreated. Cells were harvested and counted for live and dead cells using trypan blue staining.

5x105 LL/2 or L1C2 cells were cultured overnight in 6-well plates in D10 or R10 medium, respectively. After the first 24h the cells were stimulated with 30 ng/ml or 100 ng/ml IL-9 or left untreated for another 24h.



Apoptosis Analysis by Flow Cytometry

Determination of apoptotic cells was performed using Annexin V/PI staining according to the manufacturer’s protocol (BD Bioscience; Cat#550474 and #556463). Briefly, 1x105 cells were stained with 5 μl AnnexinV-APC and 5 μl PI in 100 μl 1x AnnexinV binding buffer for a total volume of 110 μl and incubated for 15 min at RT in the dark. Reaction was stopped by adding 200 μl 1x AnnexinV binding buffer and samples were immediately analyzed with the FACSCanto II. Data sets were evaluated by Flow-Jo v10.2.



Proliferation Analysis by Flow Cytometry

Determination of proliferating cells was performed using Ki67 staining according to the manufacturer’s protocol (BD Bioscience, Cat# 556026). For Ki67 analysis, 1x106 LL/2 or L1C2 cells were fixed with 75% ethanol and incubated for at least 2 hours at -20°C. After washing the cells with FACS buffer the cells were stained with 20 µl Ki67-FITC diluted in FACS buffer for a total volume of 120 µl and incubated for 30 min at RT in the dark. Reaction was stopped by adding 1 ml PBS, centrifuged and resuspended in 250 µl PBS. Cells were immediately analyzed using the FACSCanto II. Data sets were evaluated by Flow-Jo v10.2.



Experimental Mice Models

All mice were bred and maintained under specific-pathogen-free (SPF) conditions in our animal facility (University Hospital Erlangen, Hartmannstraße 14, Erlangen). All experiments were performed in accordance with the German and European laws for animal protection and were approved by the local ethics committees of the Regierung Unterfranken (Az 55.2-2532-2-1286-20). IL-9-/- mice were bred on Balb/c and C57BL/6 genetic backgrounds. And they were kindly presented by PD Dr. Benno Weigmann and PD Dr. med. Andreas Ramming from University Hospital Erlangen Medicine 1 and Medicine 3, respectively (26).



LL/2 Induced Lung Adenocarcinoma Model and Antibody Treatment

For lung tumor induction, 5x105 cells resuspended in 200 µl DMEM medium (without supplements) were injected into the tail vein of 6-8 weeks old female mice. At the indicated time points, mice were weighed and injected intraperitoneally (i.p.) with luciferin (0.15 mg per 1 g body weight; Promega, Cat#P1043). Luciferase activity was measured after 20 min by the IVIS Spectrum In Vivo Imaging System (PerkinElmer) as previously described (5). Briefly, mice were anaesthetized using isoflurane and luciferase activity was measured by detecting luminescence intensity (photons per second). Analyses were performed in a logarithmic scale mode. Mice were sacrificed at day 14-23 after tumor cell injection. For the inhibition of IL-9 in vivo, we used two different protocols. In the first protocol, mice were treated i.p. with 200 µg of anti-IL9 antibody (BioXCell, Clone 9C1, Cat# BE0181) or IgG2a Isotype control (BioXCell, Clone C1.18.4, Cat# BE0085) dissolved in 100 µl PBS at day 1, 3, 6, 9, 13 and 16 after tumor induction with an experiment termination at day 21 to 23 depending on the lung tumor load. In the second protocol, mice were treated i.p. with 20 µg anti-IL9 antibody or IgG2a Isotype control resolved in 200 µl PBS at day 6, 9, 10 and 13 after tumor induction with an experiment termination at day 20.



L1C2 Induced Lung Adenocarcinoma Model

For lung tumor induction by L1C2, 2x105 cells resuspended in 200 µl DMEM or RPMI medium (without supplements) were injected into the tail vein of 6-8 weeks old female mice. Mice were sacrificed at day 14-23 after tumor cell injection, as indicated.



Hematoxylin and Eosin (H&E) Staining on Murine Paraffin-Embedded Lung Sections and Analysis of Tumor Load

Representative parts of the sectioned mouse lung were fixed in 10% formalin-PBS solution, dehydrated, and embedded in paraffin. Five-micrometer-thick lung sections cut from paraffin blocks were stained with hematoxylin and eosin for visualization of lung tumors. Stained slides were scanned using a digital slide scanner (Scan 150, 3D Histech Ltd) and slide images were visualized using the CaseViewer software (Version 2.0, 3D Histech Ltd). Staining and scanning of slides was performed in cooperation with the Institute of Pathology in Erlangen

To analyze the tumor load in the lung for each mouse, the lung sections were histologically evaluated after Hematoxylin and Eosin staining. A pathologist analysed in a blinded codified manner the tumor load of the murine lungs. Moreover, each section was analyzed by means of area [µm²] and number of foci. The sections were investigated under the microscope with an object magnified 10 times (Carl Zeiss, AxioCam MRC) and live pictures were directly transmitted to the Zen 2 blue edition software (Carl Zeiss Microscopy GmbH). With the help of the graphic tool, the foci were localized, circled and automatically measured by means of area. The obtained data corresponding to each mouse was used for comparisons as well as correlation analyzes and transferred into graphs (GraphPad Prism 8).



Isolation of Total Murine Lung Cells

Dissected lungs were cut into small pieces using scalpels and digested with Collagenase (2700 U/ml; Sigma-Aldrich: Collagenase from Clostridium histolyticum; Cat# C98991-500MG) and 1,5 mg DNase (10 mg/ml; Roche Diagnostics GmbH: DNase I; Cat#10104159001) diluted in 10 ml R10 medium in a shaker at 37°C for 1 h. After incubation the samples were passed through a cell-strainer (40 µm, Company, Cat#542040), single-cell suspensions were washed with RPMI1640 and centrifuged at 1500rpm for 10 min at 4°C. The supernatant was removed and RBC were lysed in 10 ml ACK lysis buffer with subsequent centrifugation at 1500rpm for 5 min at 4°C. The cell pellets were washed with 10 ml PBS and centrifuged at 1500rpm for 5 min at 4°C. After removal of the supernatant, the cells were taken up in 10 ml R10 medium and cell numbers were determined using Trypan-blue staining in a Neubauer counting chamber.



Isolation of Murine Lung CD4+ T Cells

CD4+T cells were isolated from the lungs of tumor-bearing mice by magnetic cell separation using anti-CD4 MicroBeads (Miltenyi Biotec) according to the manufactures protocol. The purity of isolated CD4+ T cells was confirmed by FACS analysis. Isolated T cells were then cultured in RPMI medium supplemented with 10% FCS, 1% Pen/Strep and 1% L-Glu at 37°C and 5% CO2, in the presence plate-bound anti-CD3 (5 µg/ml, BD Biosciences, Cat#) and soluble anti-CD28 (1 µg/ml, Biolegend, Cat#) antibodies. Supernatants and cells were harvested after 24h of cell culture for further analyses.



Mouse CD4+ T Cell Isolation and In Vitro Differentiation

Naïve CD4 T cells were isolated from mouse spleens using the CD4+CD62L+ T cell isolation kit according to the manufacturer’s protocol (Miltenyi Biotec). Cells were cultured in R10 medium on anti-CD3 (2 µg/ml; BioXCell) coated cell culture plates with soluble anti-CD28 (2 µg/ml; BioXcell). Cells were cultured under Treg polarizing conditions including hTGF-β1 (2 ng/ml), hIL-2 (50 U/ml), anti-IFN-γ (XMG; 10 mg/ml) and anti-IL-4 (11B11; 10mg/ml). Th9 cells were cultured with hTGF- β1 (2 ng/ml), IL-4 (20 ng/ml), hIL-2 (50 U/ml) and anti-IFN-γ (10 mg/ml). Th0 cells were cultured with hIL-2 (50 U/ml), anti-IFN-γ (XMG; 10 mg/ml) and anti-IL-4 (11B11; 10mg/ml). On day 3, cells were expanded into fresh media containing the original concentrations of cytokines in the absence of co-stimulatory signals for additional 2 days. On day 5, mature T cell subsets were harvested for further analysis.



Flow Cytometric Analysis of Cultured Treg Cells

For transcription factor staining in Treg cells from different culture conditions were harvested on day 5 of differentiation whereas for cytokine staining, CD4+ T cells were stimulated with Phorbol 12-myristate 13-acetate (PMA, 5ng/ml, Sigma-Aldrich) and ionomycin (500ng/ml, Sigma-Aldrich) for 3 hours followed by monensin (2μM, Biolegend) for total 6 hours at 37°C. Cells were washed with FACS buffer (PBS with 0.5% BSA). CD4+ T cell subsets were then stained with a fixable viability dye (eBioscience) and surface markers (CD4, RM4-4, Biolegend; CD25, PC61, Biolegend) for 30 min at 4°C followed by washing and fixation with 4% formaldehyde for 10 min at room temperature. For transcription factor staining, after surface staining, cells were fixed with Fixation & Permeabilization Buffer (FoxP3 staining kit, Thermo Fisher Scientific, Cat# 00-5523-00) for 2 hours at 4°C, and then permeabilized with permeabilization buffer. Cells were stained with Foxp3 antibody (Foxp3, FJK-16s, eBioscience) for 30 min at 4°C followed by flow-cytometry. For cytokine staining, after fixation cells were then permeabilized with permeabilization buffer, and stained for cytokines (IL-9; RM9A4, Biolegend).



Gene Expression and IL-9 Analysis in Cultured Treg Cells

Total RNA was isolated from cells using TRIzol (Life Technologies). RNA was reverse transcribed according to manufactures directions (Quantabio, Beverly, MA). Quantitative Reverse Transcriptase (qRT-PCR) was performed with commercially available primers (Life Technologies) with a 7500 Fast-PCR machine (Life Technologies). Gene expression was normalized to housekeeping gene expression (β2-microglobulin).

For measurement of IL-9 secretion, on day 5, 1x106 cells were re-stimulated with anti-CD3 coated on 12 well cell culture (Greiner Bio-One, Cat# 665180) plates for 12 hours. Supernatants were collected and IL-9 secretion was measured using IL-9 ELISA MAX™ kit provided by BioLegend (Cat#442704).



Th1-In Vitro Differentiation

Naïve CD4+CD62L+ T cells were isolated from the spleens of naïve mice by magnetic cell sorting using the CD4+CD62L+ T Cell Isolation Kit II (Miltenyi Biotec). The purity of the cell isolation was confirmed by FACS analysis.

For T cell differentiation, CD4+CD62L+ T cell were cultured in RPMI medium supplemented with 10% FCS, 1% Pen/Strep and 1% L-Glu, at 37 °C and 5 % CO2 in the presence of plate-bound anti-CD3 (5 µg/ml, BD Biosciences) and soluble anti-CD28 (1 µg/ml, Biolegend) antibodies.

For Th1 differentiation, cells were additionally treated with 5 µg/ml anti-IL-4 antibody (BioLegend) and 12 ng/ml recombinant IL-12 (PeproTech).

Afterwards ACK lysis buffer was applied as previously described (27).



Statistical Analysis

All data analysis was done using Prims software version 8 (Graphpad Software) using a Student’s test, ordinary one-way ANOVA or two-way ANOVA. Post hoc Tukey test was used for multiple comparisons. Simple linear regression was used for the correlation. P<0.05 was considered statistically significant.




Results


Increased IL-9 Production by T Cells in the Tumoral Region of the Lung of Patients With NSCLC

In this study, we aimed for characterizing the expression and function of IL-9, a cytokine with immune-regulatory functions (28, 29), in non-small cell lung cancer (NSCLC).

To investigate the IL-9 expression in the lung of patients with NSCLC, we did immunohistochemistry for IL-9 on post-surgery lung samples collected on tissue arrays and compared IL-9 production from the tumoral region (TU: solid tumor tissue), and the tumor-free control region (CTR: > 5cm away from the solid tumor) in NSCLC (see Materials and Methods and Figure 1A). The clinical data of these patients as well as the healthy subjects whose post-surgery lung samples were analyzed in this study, are reported in Tables S1, S2, respectively. This analysis showed induction of IL-9+ cells in the tumoral region of the lung as compared to the control region in these lung sections derived from patients with NSCLC (Figure 1B and Supplementary Figure 1A). Patients included in this study were not treated with any immunotherapy before undergoing surgery analysis. To further analyze the IL-9 induction in the tumoral region of these patients, we next analyzed interleukin 9 expression in proteins extracted from the control and tumoral regions of the lung of NSCLC patients. Furthermore, we analyzed the lung of 3 healthy controls (CN) and one subject with lung inflammation (Lu-infl.) by using Western blot analysis (Figures 1C–E and Supplementary Figure 1B). Here, we confirmed upregulation of IL-9 in the tumoral region of the lung of patients with NSCLC (Figures 1C, D).




Figure 1 | Increased IL-9 production by T cells in the tumoral lung region of NSCLC patients. (A) Representative photographic image of the resected lung of one NSCLC patient as a showcase of defined regions implemented for our human study cohort. Lung tissue samples were dissected from the tumoral area (TU), the peri-tumoral area (PT) surrounding the tumor and from the control area (CTR) consisting out of healthy lung tissue. (B) IL-9 immunohistochemistry (IHC) on paraffin-embedded tissue arrays obtained from the lung of tumor-free control patients (CN) or the CTR and TU lung regions of non-small cell lung cancer (NSCLC) patients (nCN=10; nCTR=15; nTU=17) (scale bar=50 µm). (C, D) Proteins were isolated from lung tissue samples of control patients (CN), the CTR and the TU of NSCLC ADC patients (classified by grading of tumor cell differentiation (G1, G2 and G3) and Western blot was performed. Detected protein levels of IL-9 were normalized on total protein of the samples (CN: n=3, CTR: n=10, TU:n=10). (E) Proteins were isolated from tissue samples of control patients that underwent surgery due to disease unrelated to tumor and from cells of the adenocarcinoma cell line A549. Analysed data are shown as mean ± SEM (nCN=1; nLu-Infl (Lung inflammation)=1; CTR-Lu=CTR, n=2; nA549 = 1) or single values. (F) Flow cytometry analysis of IL-9+ cells (shown in percentage) gated on Epcam+ cells of cells isolated from the CTR, the PT and the TU of a NSCLC patient. (G) Double IHC for IL-9 (brown) and CD3 (blue) on lung tissue obtained from the CTR and TU regions of an adenocarcinoma (ADC) patient (scale bar=50 µm). (H) ELISA analysis of IL-9 levels (pg/ml), (I) IL-21 levels (pg/ml), (J) IFNγ (pg/ml) in supernatants obtained from total cells isolated from the control (CTR), peri-tumoral (PT) and tumoral (TU) region of adenocarcinoma (ADC) patients and cultured with anti(α)-CD3/CD28 antibodies for 24h (IL-21: nCTR=6, nPT=4, nTU=5; IFNγ: nCTR=3; nPT=3; nTU=3). (K) TNF-alpha mRNA level from total lung cells was normalized on HPRT mRNA level (nCTR=12, nPT=11, nTU=12). N values are given per group. Bar charts indicate mean values +/- s.e.m. using student´s two-tailed t-test *P,0.05; **P,0.01; ***P,0.001.



We next started to investigate the cellular sources of IL-9 in NSCLC. Since IL-9 was induced in the tumoral region of the lung, we asked whether the tumor cells themselves would produce IL-9. To do so, we cultured the lung tumor adenocarcinoma cell line A549 and extracted proteins for performing Western blot analysis for IL-9. We found that A549 cells produce IL-9 although not as high as control healthy lungs when corrected for GAPDH expression (Figure 1E).

We further investigated IL-9 in epithelial cells isolated from the lung of one NSCLC patient and found decreased numbers of epithelial cells (EpCAM+) producing IL-9 (IL-9+ cells) in the tumoral region as compared to the control region by flow cytometric analysis (Figure 1F). Furthermore, we found few epithelial cells expressing IL-9 distributed in the different regions of the lung of the patients with NSCLC by immunohistochemistry (IHC) (Supplementary Figure 1A). We next further characterized the cellular source of IL-9 in lung tissue from NSCLC patients and focused our analysis on IL-9 production by tumor infiltrating T cells (TIL) and performed double immunohistochemistry with anti-IL-9 and anti-CD3 antibodies in lung tissue arrays as in Figure 1B. An example of this staining is shown in Figure 1G. Here, we found double positive cells, indicating the presence of lung CD3+ T cells producing IL-9, which infiltrated the tumoral regions of the lung in NSCLC. Accordingly, we analyzed IL-9 production of total lung cells from the three lung tumor regions after T cell stimulation with anti-CD3/CD28 antibodies in a cohort of NSCLC patients by ELISA (Figure 1H). Here, we noted significantly augmented IL-9 production by cultured lung cells stimulated with aCD3/28 antibodies from the TU region in NSCLC as compared to the CTR and PT regions of these patients. As IL-9 from T cells is mainly produced by Th9 cells which also produce IL-21 (20, 28), we next determined IL-21 concentration in the same cell supernatants where IL-9 was detected. We found a significant upregulation of IL-21 production in the supernatants of aCD3/aCD28 antibodies cultured total lung cells from the TU region of patients with NSCLC as compared to the CTR region (Figure 1I). This finding indicates higher T cell infiltration as the possible cause for the increased IL-9 levels found in the tumoral area of the lung of NSCLC patients (30). By contrast, the anti-tumoral cytokine IFN-ɣ was found, by trend, downregulated in these lung cells isolated from the tumoral region (Figure 1J). In confirmation of decreased anti-tumoral cells infiltrating the tumoral region of NSCLC patients, we found significantly less TNF-alpha mRNA levels in mRNA isolated from the lung tumoral regions as compared to the respective control region (Figure 1K).

In conclusion, we found that TIL in the tumoral region of NSCLC patients produced IL-9 while challenged with anti-CD3/CD28 antibodies. Moreover, in addition to tumor infiltrating lymphocytes, also lung tumoral cells have the capacity to produce IL-9.



Increased IL-9 Production by T Regulatory Cells in the Tumoral Region of the Lung of Patients With NSCLC

We previously described induced immunosuppression in the tumoral region of the lung of patients with NSCLC (31, 32). To determine whether regulatory T (Treg) cells would produce IL-9 in the lung of patients with NSCLC, we performed double immunohistochemistry for IL-9 and Foxp3 in tissue array slides (Figures 2A, B). Here, we found an increased number of double positive cells for Foxp3 and IL-9 in the tumoral region compared to the control region of the lung of NSCLC patients suggesting that lung Treg cells may produce IL-9 in NSCLC. Consistently, we found a positive correlation between the Foxp3 mRNA levels and IL-9+ T cells in the tumoral area in NSCLC (Figure 2C).




Figure 2 | Increased IL-9 production by regulatory T cells (Tregs) of patients with NSCLC. (A) Immunohistochemistry staining of lung tissue sections for IL-9 (colored in brown) and Foxp3 (colored in blue). Representative microscopy images are shown for one healthy control patient (CN) and the CTR and TU lung region from one NSCLC patient. Images were taken at a 40x magnification while inserts show a magnification of 100x. (B) Total IL-9 and FoxP3 double-positive cells per area are shown for CN (n=10) and NSCLC CTR (n=35) and NSCLC TU (n=34) Data are shown as mean + SEM. using student´s two-tailed t-test *P,0.05; **P,0.01; ***P,0.001. (C) Correlation of IL-9+ cells and FoxP3 mRNA levels from the tumoral region of NSCLC patients. Correlation was done with IL-9+ cells from the TU of immunohistochemistry staining analysis and FoxP3 mRNA levels of the TU from the same patient. mRNA levels were detected by RT-qPCR and set in relation to HPRT mRNA level (n=16). (D) qPCR based analysis of IL-2 mRNA levels of CTR and TU set in relation to HPRT mRNA level (nCTR=12; nTU=11). (E) Experimental design for the in vitro culture of PBMCs. PBMCs from NSCLC patients or healthy control patients were isolated and cultured with different conditions for 4-5 days at 37°C and 5% CO2 (500.000 cells/well). After harvesting the cells, the supernatant was used to perform ELISA and the cells were analyzed by flow cytometry. (F) Analysis of IL-9 concentration (pg/ml) in the supernatant of PBMC cell culture from healthy controls (n=3-5) and NSCLC patients by ELISA (n=4. (G) Representative flow cytometry analysis of CD25highFoxP3+ cells (%) gated on CD3+CD4+ lymphocytes (n=5). Representative dot-plots showing CD25 and FoxP3 staining of PBMCs from control patients and NSCLC patients after cell culture with different conditions (unstimulated; IL-4 (20 ng/ml) and TGFβ (20 ng/ml); Treg: IL-2 (2 ng/ml) and TGFβ (20 ng/ml); IL-9 (20 ng/ml)). (H) Quantification of CD25highFoxP3+ Tregs (nHC=5, nNSCLC=5; IL9-condition: nHC=3, nNSCLC=3). For statistical analysis One-way ANOVA test was applied. *p < 0.05.



Treg cells are known to be induced by low levels of IL-2, hereby competing with TIL for IL-2 induced survival (33, 34). By having a view on IL-2, we noted reduced IL-2 mRNA expression in the tumoral region compared to the control region (Figure 2D), indicating that low levels of IL-2 and the presence of other immunosuppressive cytokines like TGF-beta and IL-10 in the tumor microenvironment may contribute to augmented Treg numbers in NSCLC (31, 35).



PBMCs From NSCLC Patients Release Augmented Amounts of IL-9 Upon Specific Skewing Conditions

To determine the capacity of Treg cells to produce IL-9, we isolated peripheral blood mononuclear cells (PBMCs) from five NSCLC patients and five healthy control subjects. Next, the PBMCs were cultured under T cell producing IL-9 and Treg skewing conditions with anti-CD3 and anti-CD28 antibodies. After 4-5 days of cell culture, we performed FACS analysis and measured IL-9 in the supernantant by ELISA (Figures 2E, F and Figure S2A). In the cell supernatants from PBMCs derived from both healthy controls as well as NSCLC patients, we observed an induction of IL-9 under conditions inducing IL-9 (TGF-beta+IL-4) as well as under immunosuppressive conditions (TGF-beta+ low IL-2) (Figure 2F). Moreover, we could detect induced CD3+CD4+CD25+Foxp3+ T regulatory cells both in Treg and IL-9 inducing conditions in PBMCs from both healthy control subjects and from NSCLC patients (Figures 2G, H). Thereby the NSCLC group showed an enhanced induction of Treg frequency. These data indicate that factors present in the tumor microenvironment like TGF-beta and low IL-2, can induce IL-9 in TILs from patients with NSCLC and simultaneously induce Foxp3+ T regulatory cells. In addition, our results from the peripheral blood demonstrate that immunosuppression can drive IL-9 both in healthy and in NSCLC subjects.



Human NSCLC Tumor Cells and TILs Express IL-9R

Lung cancer immunosuppression is mediated via effects of tumor cells on TILs resulting in T cells expressing Foxp3+ and IL-10 (35). To determine whether this concept is also relevant for tumor cells and TILs in NSCLC patients, we next assessed the distribution of IL-9R in patient samples. To this end, we performed immunohistochemistry for IL9R on the lung tissue arrays of our cohort of NSCLC patients and found an upregulation of IL-9R in the tumoral region as compared to the control region and healthy controls (Figure 3A).




Figure 3 | Increased IL-9 Receptor expression in the lung of NSCLC patients. (A) Immunohistochemistry staining of lung tissue sections for IL-9R (colored in brown). Representative microscopy images are shown for one healthy control patient (CN), the CTR and TU from one NSCLC patient and a negative Control. Images were taken at a 20x magnification while squared areas are shown below at a magnification of 60x. Quantification of the data is shown below as mean ± SEM using ordinary one-way ANOVA (nCN=10, nCTR=33, nTU=28), *P,0.05; **P,0.01; ***P,0.001. (B) Flow cytometry analysis of IL-9R+ cells (%) in association with Epcam+ and CD3+ lung tissue cells derived from the CTR, the PT and the TU from a representative patient with NSCLC (patient ID: 71-MP). Percentage of CD3+IL-9R+ and EpCAM+IL-9R+ cells is shown in the right.



Flow cytometric analysis of TILs from lungs of NSCLC patients revealed an upregulation of IL-9R expression in the CD3+ T cells localized in the peritumoral and tumoral region of the lung as compared to control regions (Figure 3B, upper graph). We next addressed IL-9R expression in epithelial cells, as this is developed in lung tumors upon epithelial transformation. We found that IL-9R expression was increased by trend in Epcam+ epithelial cells in the lung tumoral region, as compared to the control and the peri-tumoral regions in patients with lung adenocarcinoma, indicating that normal epithelial cells as well as tumor cells express comparable amounts of IL-9R (Figure 3B).

Finally, we performed FACS analysis in the human adenocarcinoma lung cancer cell line A549 to understand if IL-9R is expressed in these tumor cells and detected IL9R expression (Figures 4A, B) in A549 cells. The gating strategy for FACS staining is shown in Supplementary Figure 3A. In summary, subsets of tumor infiltrating lymphocytes in the lung as well as lung adenocarcinoma cells express IL9R and may thus be targets for immunomodulatory and cancer promoting effects of IL-9.




Figure 4 | Analysis of IL9 effects on cell surface receptors IL-9R and IFNγ-R expression in vitro on A549 cell line. (A) Experimental design of A549 cell line culture for 4 days. A549 cells were pretreated with or without IL9 (50 ng/ml) for two days. On day 2, supernatants were collected and cells were further cultured for two days with IFNɣ (50 ng/ml), IL9 (100 ng/ml), IL21 (25 ng/ml) or TNFα (100 ng/ml) in new medium, respectively. Cells were harvested for flow cytometry analysis and apoptosis assay on day 4. (B) Flow cytometry analysis of the percentage of IL9R expressing A549 cells unstimulated, or stimulated with IFNɣ, IL21 or TNFα, respectively. A representative dot plot is shown for each group. (C) Flow cytometry analysis of the percentage of IFNɣR (CD119) expression A549 cells unstimulated or stimulated with IFNɣ, IL9, IL21 or TNFα, respectively. Both IL9 pretreated and untreated A549 cells were analyzed. A representative dot plot is shown for each group. (D) Experimental design of A549 cell line culture for 72 hours. A549 cells were untreated, or treated with IFNɣ (50 ng/ml) or IL9 (50 ng/ml) for 72 hours. In addition, one group was first pretreated with IFNɣ (50 ng/ml) for 24 hours, then stimulated with IL9 (50 ng/ml) for 48 hours. After 72 hours, all cells were harvested for flow cytometry analysis for cell apoptosis. Flow cytometry analysis of the percentage of A549 early apoptosis (Annexin V+PI- cells) in unstimulated cell culture condition or in condition of IFNɣ, IL9, IFNɣ+IL9, respectively. A representative dot plot is shown for each group. All data were statistically analyzed with ordinary one-way ANOVA or two-way ANOVA, and showed with mean ± SEM. n=3 per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





IFN-ɣ Inhibited IL-9R on A549 but IL-9 Did Not Inhibit IFN-ɣ Induced Lung Tumor Apoptosis

We next asked if IFN-γ would regulate IL-9 signaling. Here we found that, IFN-ɣ, but not IL-21 and TNF-α treatment significantly downregulated IL-9R expression on A549 cells (Figure 4B). Moreover, independently from IL-9, we found that, TNF-alpha induced IFN-ɣ receptor (CD119) levels on A549 cells (Figure 4C), indicating an opposite role of IFN-ɣ and TNF-alpha as compared to IL-9 on lung tumor cells.

It has been reported that IL-9 induced A549 proliferation (36). Therefore, we investigated if IL-9 would influence the tumor cell survival and death. Here we found that, as opposed to the anti-tumoral cytokine IFN-ɣ, IL-9 suppressed lung tumor cell apoptosis (Figure 4D). Furthermore, pre-treatment of A549 cells with IFN-ɣ reversed the anti-apoptotic effect of IL-9 (Figure 4D). Taken together these data indicate a pro-tumoral role of IL-9 in lung cancer.



IFN-ɣ Induced and IL-9 Inhibited Fas Receptors (FAS-R) on Lung Cancer Cells

In search of the molecular mechanism of IFN-ɣ’s apoptotic effect on lung tumor cells, we discovered FAS-R (CD95) induction on A549 cells mediated by IFN-ɣ and an inhibition of FAS-R expression by IL-9 treatment (Figure 5A).




Figure 5 | Analysis of IL9 effects on tumor cell survival in vitro on A549 cell line. (A) Flow cytometry analysis of the percentage of CD95 (Fas) expressing A549 cells unstimulated or stimulated with IFNɣ, IL9, IL21 or TNFα, respectively. Both IL9 pretreated and untreated A549 cells were analyzed. (B) Experimental design of A549 cell line culture for 4 days. (C) Flow cytometry analysis of the geometric mean of CD95 (Fas) expressing A549 cells unstimulated or stimulated with aCD95, IgG1, IFNγ and a combination of aCD95 or IgG1 with IFNγ, respectively. Furthermore, aCD95 and IgG1 stimulated cells were analyzed after IL-9 pre-treatment. (D) Flow cytometry analysis of the percentage of A549 necrotic cells (Annexin V-PI+ cells) in unstimulated cell culture condition or in condition of aCD95, IgG1, IFNγ and a combination of aCD95 or IgG1 with IFNγ, respectively. Furthermore, aCD95 and IgG1 stimulated cells were analyzed after IL-9 pre-treatment. A representative histogram (c) or dot plot (d) is shown for each group. The data were statistically analyzed with two-way ANOVA, and showed with mean ± SEM. n=3 per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



We next treated A549 cells either with IFN-ɣ or pretreated them with IL-9 and use agonistic antibodies to activate FAS-R (CD95). Here we could confirm that IFN-ɣ induced specifically FAS-R (Figures 5B, C). Moreover, treatment with agonistic anti-CD95 antibodies resulted in induction of IFN-ɣ mediated A549 cell death (Figure 5D).

By contrast, agonistic FAS-R treatment did not affect the effect of IL-9 on apoptosis demonstrating that IFN-ɣ-FAS mediated apoptosis is not influenced by IL-9. To prove that IFN-ɣ mediated A549 apoptosis, but not IL-9 induced tumor apoptosis via FAS-R.



IL-9R Is Induced in CD4+CD25+Foxp3+ Treg Cells During T Regulatory Cell Development

To further explore the effects of IL-9 on Treg cells, we analyzed IL-9 production and IL-9R expression by T regulatory cells differentiated in vitro in naïve mice. In addition, we added IL-9 and anti-IL-9 antibodies to see their effects on Tregs. As comparison we also set up Th9 skewing conditions. It was found that IL-9 is produced by Treg skewed lymphocytes although at lower levels as compared to Th9 cells (Figure S4A, B). Moreover, Treg skewing conditions did not result in increased Th9 cells (Figure S4C). In addition, Th9 skewing conditions induced Foxp3+ Treg cells (Figure S4D) although at lower levels as compared to Treg skewing conditions. IL-9 did not further induce Treg development upon IL-2 and TGF-beta stimulation (Figure S4D). Finally, when naive T cells were differentiated into Treg cells, IL-9R expression mRNA was upregulated at day 5 as compared to day 3 (Figure S4E). These findings suggest that Treg cells produce lower levels of IL-9 as compared to Th9 cells but may have increased capability to respond to IL-9 signaling as they differentiate. We then analyzed levels of IFN-ɣ, an anti-tumor Th1 cytokine released by different immunocompetent cells such as CD8+ T cells that play a key role in anti-tumor mediated immune responses (27, 37, 38). To this aim, we first skewed naïve spleen CD4+CD62L+ T cells under Th1 skewing conditions. As IL-9 production of naive CD4+ T cells is inhibited by IFN-ɣ (9, 39), we induced Th1 development in naïve spleen T cells by incubating naïve cells with IL-12, a cytokine produced by dendritic cells and macrophages that induces IFN-ɣ production in naive T cells (40), and anti-IL-4 antibodies. In these studies, we found that Th1 skewing conditions inhibited IL-9 while inducing IFN-ɣ levels in the supernatants (Figure S4F).



In a Syngenic Model of Lung Cancer With LL/2 Cells IL-9 Deficiency Resulted in Decreased Tumor Load Associated With Increased IL-21 Levels

In subsequent experiments, we performed studies in the syngenic LL/2 model and analyzed the direct anti-tumoral function of IL-9 on the tumor cell line LL/2 by using Ki67 and AnnexinV/PI as proliferation and apoptosis markers, respectively (Figures 6A, B). By using Ki67 staining we found that, IL-9 stimulation did not induce tumor cell proliferation of LL/2 cells (Figure 6A). In addition, IL-9 significantly reduced late apoptosis in LL/2 cells at the lower concentration analyzed, as determined by Annexin/PI staining, suggesting that IL-9 may directly regulate apoptosis of LL/2 lung tumor cells in a dose dependent manner (Figure 6B). The overall survival of LL/2 was induced by higher concentrations of IL-9 at 100ng/ml (Figure 6C).




Figure 6 | Targeted deletion of IL-9 resulted in lung tumor rejection in BL6 syngenic mice. (A) In vitro studies of murine LL/2-luc-M38 (LL/2) lung carcinoma cells treated with/out recombinant IL-9 for 24h. Flow cytometry analysis of the percentage of Ki67 expressing LL/2 cells after stimulation with or without IL-9 for 24h and representative histograms (left) (n unst. = 3; n30 ng/ml=3; n100 ng/ml=3). (B) Annexin V/PI flow cytometry analysis of LL/2 cells after stimulation with or without IL-9 for 24h and representative dot plots (n unst. = 3; n30 ng/ml=3; n100 ng/ml=3). (C) Cell count by using Neubauer chamber. Bar charts indicate mean values ± SEM using student´s two-tailed t-test (b–g) or ordinary one-way ANOVA (i–j) (*p<0.05, **p<0.01, ***p<0.001). (D) qPCR based analysis of Spi1 encoding PU.1 (nnaive=3; nLL/2 = 4) and (E) Il9r (nnaive=7; nLL/2 = 10) in relation to Hprt mRNA level in CD4+ T cells isolated cells from the lung of naïve and lung tumor-bearing (LL/2) WT mice. (F) Experimental design for the induction of lung tumor development in BL/6 WT, BL/6-IL-9+/- and BL/6 IL-9-/- mice which were intravenously (i.v.) with LL/2-luc-M38 (LL/2) lung carcinoma cells on day 0. The experiment ended on day 16. (G) Monitored body weight during tumor development. (H) Quantification of the tumor-infiltrated area of the lung (left) and representative H&E staining of the lung of WT, IL-9+/- and IL-9-/- mice (right) (nWT=10; n IL-9+/-=10 nIL-9-/-=10). (I) Circles represent mice per group tumor free (circle sectors in white) and mice with lung bearing tumor (sectors in grey). (J) ELISA analysis of IL-21 levels (pg/ml) in supernatant obtained from cells isolated from the lung of wild-type and IL-9-/- tumor-bearing mice. Lung cells were cultured for 4 days unstimulated or re-stimulated with aCD3/aCD28 antibodies (nWT=5, nIL9-/-=6).



We next induced lung tumor in a syngenic model of disease in C57Bl/6 mice. As the transcription factor PU1 has been implicated in controlling IL-9 production by T cells (16), we then asked if levels of PU1 (Spi1 mRNA) are upregulated in lung T cells of wild-type mice bearing tumors. In fact, Spi1 mRNA levels were significantly induced in tumor infiltrating T cells in WT mice as compared to lung T cells from mice lacking tumors (Figure 6D). In addition, we demonstrated that these lung T cells may respond to IL-9 stimulation because they express the IL-9R (Figure 6E). However, we could not find any difference in IL-9R expression between tumor infiltrating T cells and lung T cells from naïve mice.

In this syngenic model (Figures 6F–J), we found that, targeted deletion of IL-9, resulted in induced body weight as compared to the wild type littermates bearing tumor (Figures 6F, G). Moreover, by assessing the tumor load, we found that both the IL-9 deficient and the IL-9 heterozygous mice had a decreased (but not statistically significant) tumor load as compared to wild type littermates (Figure 6H). More importantly, 67% of the IL-9 heterozygous and 50% of the IL-9 knockout mice were tumor free as opposed to 40% in the wild type mice group, indicating an anti-tumoral effect of IL-9 deficient mice (Figure 6I). By looking into the mechanism we found that consistent with the presence of Th9 cells in the tumor of NSCLC patients, targeted deletion of IL-9 resulted in significant upregulation of IL-21, a cytokine produced by Th9 cells that may regulate anti-tumor effects of Th9 cells in lung cancer (Figure 6J).



Targeted Deletion of IL-9 Reduced Tumor Load and Induced Tumor Free Lungs in a Second Syngenic Model of Lung Cancer

We next asked if the presence of IL-9 affects tumor development in a second syngenic model of lung cancer after intravenous injection of L1C2 lung tumor cell line in a Balb/c genetic background (Figure 7). Consistent with the other models of disease, we confirmed significant upregulation of body weight in the absence of IL-9 during tumor development as compared to wild type littermates (Figures 7A, B). We observed a reduction of the tumor load, by trend (Figures 7C–E). Similar to the LL/2 model, we observed in additional experiments that the number of mice with no tumor was induced in the absence of IL-9 (Figure 7E). Moreover, the immunosuppressive FoxP3+CD4+CD25+ T regulatory cells were reduced in the absence of IL-9 (Figure 7F), consistent with our finding that Treg cells express IL-9R. Finally, we directly analyzed the pro-tumoral function of IL-9 on the tumor cell line L1C2 by using cell counts (Figure 7G), Ki67 (Figure 7H) and AnnexinV/PI (Figure 7I) as proliferation and apoptosis markers, respectively. By using cell counts, we found that IL-9 did not influence the tumor cell count, while IFN-ɣ and TNF-alpha decreased the overall tumor cell count (Figure 7G). By Ki67 staining, we detected that IL-9 stimulation significantly induced L1C2 tumor cell proliferation in a dose dependent manner (Figure 7H). In addition, IL-9 significantly reduced early apoptosis in L1C2 cells at lower concentrations, as determined by Annexin/PI staining, suggesting that IL-9 may directly regulate both apoptosis and proliferation of L1C2 lung tumor cells (Figure 7H).




Figure 7 | Targeted deletion of IL-9 resulted in lung tumor rejection Balb/c syngenic mice. (A) Experimental design for the induction of lung tumor development in Balb/c wild-type (WT) and Balb/c IL9-/- mice. Tumor growth was induced via intravenous (i.v.) injection of L1C2 lung carcinoma cells. The experiment ended on day 14. (B) Body weight changes of Balb/c IL9-/- mice and Balb/c control littermates (injected i.v. with/out L1C2 cells) 0 to 14 days after tumor induction (nIL9-/-=4; nbalb/c L1C2 = 3; nbalb/c naive=2). (C) Representative H&E staining of the lung of WT and IL-9-/- mice (top, scale bar=100 µm; bottom, scale bar=50 µm) and (D, E) additional mice were evaluated by a pathologist in a blind manner (n=4 per group). Circles represent mice per group tumor free (sectors in white) and mice with lung bearing tumor (sectors in grey). (F) FACS analysis of Foxp3+ CD25+ T regulatory cells in total lung cells of 4 wt and 4 IL9 ko mice after gating on CD3+CD4+ T cells. (G) Experimental design is similar to the A549 cell line culture whereby L1C2 were pre-cultured or not for 2 days of IL9 (100 ng/ml) and then further cultured for 2 days unstimulated or cultured with either IFNɣ, or IL9, IL21 or TNFα, respectively. The data were statistically analyzed with two-way ANOVA, and showed with mean ± SEM. n=3 per group. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. (H) Flow cytometry analysis of the percentage of Ki67 expressing L1C2 cells after stimulation with or without IL-9 for 24h and representative histograms (n-unst. = 3; n30 ng/ml=3; n100 ng/ml=3). Annexin V/PI flow cytometry analysis of L1C2 cells after stimulation with or without IL-9 for 24h and representative dot plots (n-unst. = 3; n30 ng/ml=3; n100 ng/ml=3). Bar charts indicate mean values ± SEM using student´s two-tailed t-test (b-g) or ordinary one-way ANOVA (i-j) (*p < 0.05, **p < 0.01, ***p < 0.001).





Anti-IL-9 Antibodies Inhibit Lung Tumor Growth in the Syngenic LL/2 Model In Vivo

The above findings are consistent with a model in which IL-9 derived by TIL cells directly favours tumor cell survival and suppresses anti-tumor immune responses by effects back on TILs. Therefore, we asked if targeting of IL-9 function might be therapeutically useful in lung cancer. To explore this concept under in vivo conditions, we next studied the effects of neutralizing anti-IL-9 antibodies in our experimental lung cancer model induced by LL/2 cells in vivo. To this aim, we blocked IL-9 repeatedly during lung tumor development in WT mice via intraperitoneal injection of anti-IL-9 antibodies (Figure 8A). Consistent with the phenotype discovered for IL-9 deficient mice, intraperitoneal anti-IL-9 antibody treatment in WT mice resulted in increased body weight and an increased tumor rejection (Figures 8B–D) as compared to control IgG-treated WT animals. Moreover, we found that IgG control treatment in tumor model resulted in decreased number of CD4+ and CD8+ T-bet+TNF-α+ T cells which were induced by the anti-IL-9 antibody treatment (Figures 8E, F). Finally, we pretreated LL/2 cells with IL-9 for 48 hours and then challenge LL/2 cells with different cytokines. Shown is flow cytometric analysis of the percentage of necrotic cells (Annexin V-PI+ cells) after IL9 (100 ng/ml) pretreatment of LL/2 cells following 48h unstimulated cell culture condition or in conditions with IFNɣ, IL9, IL21, TNFα treatment, respectively. Under these conditions only TNF-α showed a pro-apoptotic function on LL/2 tumor cells (Figure 8G).




Figure 8 | Anti-IL9 antibody treatment inhibits lung tumor development. (A) Experimental design: BL/6 WT mice were intravenously injected with LL/2 cells on day 0. Mice were then treated intraperitoneally (i.p.) with anti (α)-IL9 antibody or IgG2a isotype control on days 1, 3, 6, 9, 13 and 16 after tumor induction. Overall survival rate of αIL9 antibody or IgG2a isotype control treated mice. Survival rate on the right handside. (B) Monitoring of body weight changes of BL/6 WT mice injected i.v. with LL/2 cells). (C) Tumor load was analyzed via bioluminescence-based imaging system on the indicated days. The experiment ended on day 23. Representative in vivo images of lung tumor load analysis at days 14, 17, 20 and 22 in WT mice treated with αIL9 antibody or IgG2a isotype control (representative of 3 independent experiments) are shown. and lung tumor load (Total flux=photons/second) (Day10-20 nIgG2a+LL/2 = 5, nαIL-9+LL/2 = 5; day22 nIgG2a+LL/2 = 5, nαIL-9+LL/2 = 4) were quantified. (D) Representative H&E staining of WT mice treated with αIL9 antibody or IgG2a isotype control (scale bar=200 µm). (E) Flow cytometry analysis of TNFα positive cells (%) gated on Tbet and CD4 co-expressing cells (nnaive=3; nIgG2a+LL/2 = 5; nαIL-9+LL/2 = 5). (F) Flow cytometry analysis of TNFα positive cells (%) gated on Tbet and CD8 co-expressing cells (nnaive=3; nIgG2a+LL/2 = 5; nαIL-9+LL/2 = 5). (G) Experimental design is similar to the A549 cell line culture whereby LL/2 were pre-cultured for 2 days of IL9 (100 ng/ml) and then further cultured for 2 days unstimulated or cultured with either IFNɣ, or IL9, IL21 or TNFα, respectively. Annexin V(AnnV)/PI flow cytometry analysis of IL9 pre-treated LL/2 cells at the end of the cell culture, A representative dot plot is showed for each group. The data were statistically analyzed with one-way ANOVA, and showed with mean ± SEM. n=3 per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





Blockade of IL-9 at Later Time Points in Established Tumors Resulted in Tumor Rejection in the Two Syngenic LL/2 and L1C2 Mediated Models of Experimental NSCLC in Mice

In subsequent studies on the effects of anti-IL-9 antibodies in experimental NSCLC, we explored the effects of these antibodies at later time points of tumor induction in the two models of disease in syngenic mice. In the LL/2 model we started the treatment at day 6 after tumor cell injection (Figure 9A). Here we observed that, blocking IL-9 at later time points during tumor development resulted in a significant tumor reduction as compared to IgG treatment (Figures 9B, C). pSTAT5 is activated downstream of IL-9 and thus we looked at pSTAT5 in lung CD4+CD25+ T cells and found that this cell population was down-regulated by anti-IL-9 antibody treatment (Figure 9D). By trend, we also found induction of IFN-ɣ after anti IL-9 treatment (Figure 9E).




Figure 9 | Later treatment with anti-IL9 antibodies during tumor development, protected from experimental induced tumor. (A) Experimental design: BL/6 WT mice were intravenously injected with LL/2 cells on day 0. Mice were then treated intraperitoneally (i.p.) with anti (α)-IL9 antibody or IgG2a isotype control on day 6, 9, 10 and 13 after tumor induction. The experiment ended on day 20. (B, C) Tumor load was analyzed via bioluminescence-based imaging system on the indicated days. Representative in vivo images of lung tumor load analysis at day 11, 14, 17 and 19 in WT mice treated with αIL9 antibody or IgG2a isotype control (c). (b)Quantification of lung tumor load (Total flux=photons/second) (Day10-20 nαIL-9+LL/2 = 5; nIgG2a+LL/2 = 5). (D) FACS analysis of lung pSTAT5+CD4+CD25+ lung cells after 24 hours culture with anti_CD3/CD28 antibodies (n-αIL-9+LL/2 = 5; n-IgG2a+LL/2 = 5). (E) ELISA analysis of IFNγ levels (pg/ml) in supernatants obtained from cells isolated from the lung of wild-type (WT) lung tumor-bearing mice treated with/out anti(α)-IL9 antibody or IgG2a isotype control and cultured for 24h at 37°C (nIgG2a= 5; nαIL-9 = 5). N values are given per group. Bar charts indicate mean values ± SEM using student´s two-tailed t-test *p<0.05, **p<0.01, ***p<0.001. (F) Experimental design: Balb/c WT mice were intravenously injected with L1C2 cells on day 0. Mice were then treated intraperitoneally (i.p.) with anti (α)-IL9 antibody or IgG2a isotype control on day 9, 11, 14 and 16 after tumor induction. Tumor load was analyzed via immune histology on the indicated days. The experiment ended on day 21. (G, H) Representative H&E staining of WT mice untreated or treated with αIL9 antibody or IgG2a isotype control on day 9, 16 and 21 (top, scale bar=500 µm; bottom, scale bar=50 µm) and quantification of the number of pre-tumoral lesions in the in the lung on day 21 (nIgG2a= 5; nαIL-9 = 5). (I) Flow cytometry analysis of percentage of CD4+CD25+ cells gated on lymphocytes in non-treated or with αIL9 antibody or IgG2a isotype control treated mice. (J) ELISA analysis of IL-10 levels (pg/ml) in supernatant obtained from cells isolated from the lung of wild-type (WT) lung tumor-bearing mice treated with/out anti(α)-IL9 antibody cultured for 24h at 37°C (nuntr. = 5; nIgG2a= 5; nαIL-9 = 5). N values are given per group. Bar charts indicate mean values ± SEM using student´s two-tailed t-test *p < 0.05, **p < 0.01, ***p < 0.001.



We next analyzed a second syngenic model of disease using the cell line L1C2 in a BALB/c genetic background and started treatment at a later time point at day 9 when the tumor was already present in the lung (Figure 9F). In this model we found a reduction of the number of pre-tumoral lesions in the anti-IL-9 antibody treated mice (Figure 9G). Additionally, we studied the number of activated CD4+CD25 (IL2Ralpha)+ T cells and found them to be induced in the lung of anti-IL-9 antibody treated mice (Figure 9I). Moreover, the immunosuppressive cytokine IL-10 was downregulated upon anti-IL-9 treatment (Figure 9J), suggesting that IL-9 controls the balance between inflammatory and immunosuppressive cytokines in NSCLC.




Discussion

In this study, we investigated the functional role of IL-9 in NSCLC. We observed an induction of IL-9 production by tumor infiltrating lymphocytes (TIL) and a subset of FoxP3+ regulatory T cells in the tumoral region of NSCLC patients and identified tumor infiltrating T cells, FoxP3+ Treg cells and tumor cells as IL-9R expressing target cells for IL-9 signaling. The functional relevance of IL-9 signaling in lung cancer was underlined by studies in several independent murine NSCLC models of lung adenocarcinoma where IL-9 deficiency resulted in suppression of tumor growth. Finally, antibodies to IL-9 inhibited tumor growth in vivo in two syngenic models of disease. These findings suggest that targeting of IL-9 function may be useful for immunotherapy of NSCLC.

In an initial series of studies on the role of IL-9 in NSCLC, we analyzed samples from a large cohort of NSCLC patients. In the lung of patients with NSCLC, we found IL-9+ cells induced in the tumoral region of the lung as compared to the control region (Figure 1B). While no induction of epithelial cells expressing IL-9 was noted in NSCLC patients, we identified tumor infiltrating T cells in NSCLC as important IL-9 producers (Figures 1G, H). Thus, we determined IL-9 production in different T cell subsets (Figure 2). Upon antigen binding, naïve CD4+ T cells can differentiate into distinct subtypes, such as Th1, Th2, Th9, and Th17 cells but also regulatory T cells (Tregs) (41–43). The development of each T cell subtype can be induced by a specific cytokine milieu and is characterized by the expression of lineage specific hallmark transcription factors, such as Tbet, Gata3, Rorγt or STAT5 and Foxp3 (44–48). Here, we noted that IL-9 is increasingly produced by TIL (Figures 1G, H) and a subset of Foxp3 expressing Treg cells (Figures 2A–D) in lung tissues of NSCLC patients. Although IL-9 producing Treg cells have been described in inflammatory conditions such as nephritis (49), they have not been observed in cancer tissue so far. However, we found that such Foxp3+ T cells are located in lung cancer tissue of NSCLC patients. As FoxP3+ Treg cells are known to suppress anti-tumor immunity in NSCLC (50), these findings suggested that IL-9 derived from Treg cells and TIL might control immune responses and tumor growth. As TIL in NSCLC patients produced elevated amounts of the Th9 cytokine IL-21 (7, 22) and expressed the Th9 associated transcription factor PU.1 (15, 28), our findings suggested that Th9 cells as well as Tregs are an important source of IL-9. Future studies on the relative contribution and functional relevance of these IL-9 producing T cell subsets (for instance, by using conditional IL-9 deficient animals) are warranted.

Further studies suggested that IL-9 derived from tumor infiltrating T cells (TILs) as well as the tumor cells themselves might influence the T regulatory cells infiltrating the tumor. In fact, TILs were found to release induced IL-9 upon antiCD3/CD28 antibody treatment (Figure 1H), and T regulatory cells had increased levels of IL-9R ex vivo (Figure S4). Mechanistic studies in a murine model of lung adenocarcinoma highlighted the functional relevance of IL-9 signaling for cancer growth in vivo. Specifically, we found that the absence of IL-9 inhibits lung carcinoma growth and drives tumor rejection in two independent murine models of NSCLC.

These findings led to further mechanistic studies showing decreased numbers of T regulatory cells expressing Foxp3 in the absence of IL-9 in one model of disease (Figure 7F) confirming the predominant effects of IL-9 on the presence and function of immunosuppressive T cells that facilitate cancer growth. Altogether, these data support a pro-tumoral function of IL-9 in TILs that may be considered for the design of new immunotherapies against NSCLC. In fact, we demonstrated here that anti-IL-9 antibodies given intraperitoneally during tumor development resulted in increased survival rates and enhanced tumor rejection (Figures 8, 9). Remarkably, anti-IL9 treatment was even effective in mice with already established lesions in both models suggesting a key function role of IL-9 in controlling tumor growth in vivo. In the syngenic L1C2 model, IL-9 blockade resulted in a downregulation of IL-10 (Figure 9J). As IL-10 and TGF-beta expressing T cells are known to play a crucial role for inducing Foxp3+ T regulatory cells and controlling immune responses in NSCLC (31, 35), these results suggest that IL-9 plays an important role in regulating immune responses in lung cancer in vivo.

Further studies on the effects of IL-9 blockade in experimental lung cancer identified direct effects of IL-9 on tumor cells. Specifically, human lung cancer cells expressed the IL-9R (Figures 4A, B). Furthermore, IL-9 treatment prevented the induction of tumor cell death in lung adenocarcinoma cells indicating a pro-tumoral role of IL-9 signaling. Experimental studies in NSCLC cell lines identified effects of IL-9 on cell proliferation or apoptosis suggesting that this cytokine drives tumor growth in NSCLC both in human (Figure 5A) and in murine tumor cells (Figure 7H). Consistently, a previous study showed that IL-9 promoted the proliferation of A549 lung cancer cells (36). Moreover, IL-9 facilitated intercellular adhesion of these cancer cells to pleural mesothelial cell monolayers suggesting that this cytokine may be involved in malignant pleural effusion and pleural metastasis (36).

Reports on the role of IL-9 and Th9 cells in tumor immunity have yielded partially controversial results (51–54). While an important anti-tumoral role of IL-9 was found in melanoma, we observed here a key pro-tumoral role of IL-9 in NSCLC. One possible explanation for these differences relates to IL-9 target cells in different tumor types. In fact, we noted here that IL-9 controls tumor cell growth in NSCLC via direct effects on IL-9R expressing cancer cells. In contrast, IL-9 effects on anti-cancer immunity via the tumor micromilieu rather than direct effects on tumor cells were noted in melanoma. Additional differences could be due to discrepancies in the tumor microenvironment between melanoma and NSCLC or the analysis of IL-9- versus Th9-dependent effects, as many studies used Th9 cell transfer-models rather than IL-9 single cytokine targeting to determine the functional relevance of IL-9. However, Th9 cells produce IL-21 in addition to IL-9, a cytokine with anti-tumor function. Recently, it was report that T follicular helper cells producing IL-21 play crucial roles in lung adenocarcinoma, because these cells were able to induce the effect function of tumor-infiltrating CD8 via IL-21/IL-21R signaling (55). Moreover, it has been reported that the transcription factor IRF1 enhanced the effector function of Th9 cells and dictated their anticancer properties. Consistent with this, IRF1 inhibits IRF4 effects on the IL-9 promoter (23). These observations raise the possibility that selective targeting of IL-9 may yield different results as compared to Th9 cell targeting, as the anti-tumor effect of the Th9 cytokine IL-21 is not targeted by anti-IL-9 antibodies. This possibility was also confirmed by the upregulation of IL-21 in a second syngenic model of disease in IL-9 ko mice bearing tumor (Figure 6J). Thus, the role of IL-9 must be revised and analyzed independent from Th9 cells. Taken together, our findings indicate effects of IL-9 on growth of lung cancer cells. This concept is in agreement with the finding that IL-9 promotes the development of many hematological human tumors, including Hodgkin’s lymphoma and B cell lymphoma (56) suggesting the presence of pro-tumoral effects of IL-9 in several tumor entities.

In summary, the present study has uncovered an important pro-tumoral role of IL-9 in NSCLC via direct effects on tumor cells and modulation of cytokine production by tumor infiltrating T cells. This observation in NSCLC is not consistent to the previously reported anti-tumoral role of IL-9 in melanoma where decreased IL-9 levels were associated with tumor growth (54, 57). Although the precise reasons for these differences remain currently unclear, they may be related to the specific microenvironment provided by lung TILs in NSCLC or to the question whether the targeted tumor cell type expresses the IL-9R. The expression of IL-9R on lung adenocarcinoma cells may permit direct effects of IL-9 on tumor cell proliferation or apoptosis. Consistent with these data, we noted that IL-9 treatment augments tumor cell proliferation or prevented cell death of human NSCLC cell lines in cell culture. Moreover, our findings demonstrate that anti-IL-9 antibodies markedly suppress tumor growth in vivo and identify IL-9R+ TILs and lung adenocarcinoma cells as targets for IL-9 signaling. Our findings provide new insights into the regulatory role of IL-9 for lung cancer growth and suggest new avenues for therapy of NSCLC by targeting of IL-9 function.
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Gliomas are intrinsic brain tumors that originate from glial cells. Glioblastoma (GBM) is the most aggressive glioma type and resistant to immunotherapy, mainly due to its unique immune environment. Dimensional data analysis reveals that the intra-tumoral heterogeneity of immune cell populations in the glioma microenvironment is largely made up of cells of myeloid lineage. Conventional therapies of combined surgery, chemotherapy and radiotherapy have achieved limited improvements in the prognosis of glioma patients, as myeloid cells are prominent mediators of immune and therapeutic responses—like immunotherapy resistance—in glioma. Myeloid cells are frequently seen in the tumor microenvironment (TME), and they are polarized to promote tumorigenesis and immunosuppression. Reprogramming myeloid cells has emerged as revolutionary, new types of immunotherapies for glioma treatment. Here we detail the current advances in classifying epigenetic, metabolic, and phenotypic characteristics and functions of different populations of myeloid cells in glioma TME, including myeloid-derived suppressor cells (MDSCs), glioma-associated microglia/macrophages (GAMs), glioma-associated neutrophils (GANs), and glioma-associated dendritic cells (GADCs), as well as the mechanisms underlying promotion of tumorigenesis. The final goal of this review will be to provide new insights into novel therapeutic approaches for specific targeting of myeloid cells to improve the efficacy of current treatments in glioma patients.
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Introduction

Due to advanced diagnostic imaging tools including of computed tomography (CT) and magnetic resonance imaging (MRI), the incidence of brain tumors has increased recently (1). Brain tumors greatly affect the neurological function, psychological health, and quality of life of patients (1, 2). Gliomas are intrinsic tumors that originate from neuroglial progenitor cells. Glioblastoma (GBM), a grade IV glioma, is the most common primary malignant brain tumor (49.1%) with male predominance in United States (3). Based on the 2021 WHO classification, gliomas include adult-type diffuse gliomas, pediatric-type diffuse low-grade gliomas, pediatric-type diffuse high-grade gliomas, circumscribed astrocytic gliomas (4). Previously, glioblastomas were diagnosed based on the histologic findings of microvascular proliferation and/or necrosis and included both IDH-mutated (10%) and IDH wild-type (90%) tumors with very different prognoses. In WHO CNS5, GBMs will comprise only IDH wild-type tumors. Otherwise, IDH-mutant GBM is now referred to as IDH-mutant astrocytoma, WHO grade 4. In 2021, in response to modifications of diagnostic algorithms and mature results of many large clinical trials, the European Association of Neuro- Oncology (EANO) provide updated guidelines for the diagnosis and management of adult-type diffuse gliomas including GBMs (5). The standard of care for patients with GBM aged <70 years and with a KPS >70 is maximal resection with neurologic function preservation or biopsy followed by concurrent chemo-radiation and maintenance adjuvant chemotherapy (temozolomide, TMZ) (6). Elderly patients could be treated with low-dose radiotherapy or TMZ alone (7, 8). Once recurrence, no consensus for treatment is defined. Re-operation, radiotherapy (re-boost), nitrosourea regimens, TMZ re-challenges, and bevacizumab are all options, but benefit remained unclear on overall survival. On the other hand, recruitment into appropriate clinical trials should be considered when available. The new treatment modality, tumor-treating fields (TTF), demonstrated superior progression-free survival and overall survival outcomes in all patients and across all tumor subgroups when in addition to maintenance TMZ in patients with newly diagnosed GBM (9). However, the feasibility and cost-effectiveness of TTF are still concerned and remain controversial as a standard of care (10). In summary, the prognosis of GBM is still very poor, and effective therapies are urgently needed.

The aim of cancer immunotherapy is to overcome tumor immune resistance to promote tumor eradication. This strategy has demonstrated great progress and excellent results in recent years, especially since immune checkpoint inhibitors (ICIs) in melanoma and lung cancer (11). However, recent clinical trials of ICIs and vaccine therapies have shown negative results in GBM patients (12). Several obstacles, which include natures of heterogeneity and low mutation burden, and local/systemic immunosuppressive microenvironment, impede the success to GBM immunotherapies (13). Therefore, the tumor microenvironment (TME) is emerging as a critical regulator of cancer progression in glioma. Besides cancer cells, there are many different noncancerous cell types residing in TME, including endothelial cells, pericytes, fibroblasts, and immune cells (14). There is mounting evidence, however, that the TME alters myeloid cells—the most abundant nucleated hematopoietic cells in the human body—by converting them into potent immunosuppressive cells, including myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages and microglia (TAMs), tumor-associated neutrophils (TANs), and tumor-associated dendritic cells (TADCs) (15). Here, we review the current understanding of the roles of myeloid-derived suppressor cells (MDSCs), glioma-associated macrophages (GAMs), glioma-associated neutrophils (GANs), and glioma-associated dendritic cells (GADCs) (Table 1). By developing a comprehensive understanding of the complex interactions of myeloid cells in glioma TME (Figure 1), we will greatly expand the range of therapeutic strategies available to target GBM, a devastating disease.


Table 1 | Summary of tumor promotion function in myeloid cells.






Figure 1 | Myeloid cells within glioma microenvironment. Gliomas are composed of different types of myeloid immune cells which promote tumor progression, including MDSCs, GAMs, GANs, and GADCs. Each of these cell types contributes to glioma progression in unique ways. (A) Both G-MDSC and M-MDSC recruitments contribute to T cell inactivation and inhibition cytotoxicity of glioma cells. BATF-2 on G-MDSC and sulforaphane on M-MDSC could cause inhibitory effect and further prevent from T cell inactivation and glioma progression. (B) GAMs engage in significant bidirectional crosstalk with glioma cells. Glioma cells release cytokines and chemoattractants to recruit GAMs to the glioma microenvironment, and M2 GAMs in turn supply pro-tumorigenic and pro-survival factors. In addition, GM-CSF promote GAMs’ mitochondrial reprograming that sway between M1 and M2 inflammatory response leading to glioma resistance. (C) GANs can be reprogrammed to express pro-tumor phenotype (N2) with TGFβ signaling in the TME to facilitate tumor growth through NE and MMP9 secretion. The release of the pro-angiogenic factors BV8 and the S100 proteins (S100A8 and S100A9) by N2 GANs activate VEGFA to promote tumor growth. Glioma cells can induce NETs formation via IL-8 production. NETs are correlated with glioma progression and prognosis through a HMGB1/RAGE/IL-8 axis. (D) A variety of signaling molecules alter GADC migration, infiltration of the TME, maturation, and function. FGL2 and CCL2 secreted by GAMs and GADCs induce Treg activity, which suppresses antigen presentation function of GADCs. MIF, also secreted by GAMs, inhibits GADC maturation as well as migration and infiltration to the TME. The STAT3 signaling pathway inhibits GADC maturation, as does VEGF through inhibition of costimulatory factors CD80 and CD86. VEGF is expressed by tumor cells and influenced by mutant IDH1 and IDH2, as well as altered metabolism in the TME.





Myeloid-Derived Suppressor Cells (MDSC)

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of bone marrow-derived immature myeloid cells comprising of either monocytic or granulocytic at different stages of differentiation (16). There are three major types of MDSCs: granulocytic or polymorphic nuclear MDSCs (G/PMN-MDSCs), mononuclear MDSCs (M-MDSCs), and early-stage MDSCs (eMDSCs). Human G-MDSCs are characterized as CD11b+CD14-CD33+HLA-DRlow/-CD15+ (or CD66+), M-MDSCs as CD11b+CD14+CD33+HLA-DRlow/-CD15-, and eMDSCs as Lin- (CD3-, CD14-, CD15-, CD19-, CD56-, HLA-DR-, and CD33+) (17). In healthy conditions, immature myeloid cells (IMCs) quickly differentiate into mature macrophages, granulocytes, or dendritic cells (DCs). Under pathological conditions such as glioma, inflammatory conditions prevent immature myeloid cells differentiation into mature myeloid cells resulting in MDSC accumulation (18). For example, IMCs from tumor-bearing mice had a significantly higher level of reactive oxygen species (ROS) than from tumor-free mice. Hydrogen peroxide (H2O2) but not superoxide radical anions were found to be the major component of ROS that prevents MDSCs differentiation of antigen-presenting cells (18). In human cancer patients, MDSCs are identified as HLA-DR-CD11b+CD14-CD33+ cells that co-express the myeloid differentiation markers, CD11b and CD33, while lacking mature lymphoid and myeloid cell markers, such as HLA-DR, an MHC class II molecule (19). This MHC class II molecule is normally found on antigen-presenting cells (APCs) and regulated by CIITA, a transactivator (20). Loss of MHC class II from MDSCs interferes with T-cell mediated immune responses, leading to immunosuppressive TME, and is correlated with poor clinical outcomes in glioma (20–22). Accumulating evidence has shown that glioma-released factors promote the recruitment of MDSCs, inhibiting T cell proliferation and leading to glioma growth (23). Sulforaphane treatment has been shown to prevent transformation of normal monocytes to M-MDSCs (23), and BATF2 inhibitor was shown to prevent glioma progression by inhibiting G-MDSCs recruitment (Figure 1A) (24). Immune checkpoints such as TIGIT, CTLA-4, PD-1 on T cells are thought to cause T cell exhaustion and associate with glioma recurrence (25, 26). Dual treatment of anti-PD-1 and anti-TIGIT was shown to increase effector T cell function and downregulate suppressive regulatory T cells (Tregs). However, a recent phase I clinical trial has revealed although neoadjuvant PD-1 blockade increases T cell function, these cells eventually transit into an exhausted stated and are inhibited by the myeloid suppressor population (25). A preclinical study also revealed sexual dimorphism: M-MDSCs were enriched in the male tumors whereas G-MDSCs were elevated in the females’ peripheral blood, both of which can be leveraged for therapeutic management (27).



Glioma-Associated Microglia/Macrophages (GAMs)

The central nervous system (CNS) is considered to be immune-privileged environment. The blood-brain barrier (BBB) prevents activated T cells from entering CNS under steady-state and healthy conditions. Diseased states, such as glioma, cause BBB leaks, leading to immune cell infiltration from the periphery (28). However, such a belief has been amended as mouse and human studies revealed that tissue CD4+ and CD8+ cells patrol in the cerebrospinal fluid or brain parenchyma and can interact with ACPs (29, 30). Brain CD8+ T cells that were CD103+ associated with increased expression of tissue-homing chemokine receptors compared to those that were CD103- (29), and CXCL12 was shown to promote T cell transmigration across BBB (31). Microglia, the major APC subset within the CNS, are functionally compromised in the glioma microenvironment, which decreases the effectiveness of tumor eradication at the initial stage, as well as later T-cell-dependent immune responses (20). Last but not least, microglia exhibit suppression of MHC class II (MHC-II) molecules, which limits T cell-dependent antitumor immunity (20, 22). The MHC-II molecules were thought to mediate antigen presentation whereas the mechanism of antigen presentation is complicated. Although MHC-II was muted in GAMs, this may be just a compiled factor contributing to GAM poorly activate T cells (32). In addition, Toll-like receptor 2 (TLR2) activation is prevailing found in GAMs that can downregulate MHC class II molecules in GAMs and prevents T cell proliferation and activation (20). The study has shown that glioma induces chronic inflammation in microglia and activates Toll-like receptor 2 (TLR2), triggering downstream MAPK/ERK signaling, and responses associated to loss of histone H3 acetylation at CIITA promoters (20). In the glioma microenvironment, various endogenous TLRs ligands, such as heat shock proteins, high-mobility-group box 1 (HMBG1), and damage-associated molecular patterns (DAMPs), are upregulated by necrotic cells. This upregulation is correlated with CIITA inhibition, contributing to glioma immune evasion (33, 34).

GAMs belong to myeloid lineages that are defined as CNS resident microglia and bone marrow-derived macrophages; they populate the TME and promote tumor progression (35). GAMs are the most prominent cell sub-type of the tumor mass (~30-50%). Tumor size is positively correlated to the number of GAMs shown to inversely correlate with overall survival in patients with recurrent GBM (35–37). Glioma-derived Granulocyte-macrophage colony-stimulating factor (GM-CSF) promotes activation of GAMs and production of CCL5 (Figure 1B), which further induce a series of calcium-dependent pathways such as p-PYK2 and p-CAMKII that lead to glioma progression (35). Generally, microglia are recognized as CD11b+CD45low/int or CD11b+CD206low/-CD163-, whereas macrophages are recognized as CD11b+CD45hi or CD11b+CD206hiCD163+ (38, 39). Common activation markers observed in microglia and macrophages include CD68, CD86, CD45, CX3CR1, and HLA-DR, though TMEM119, P2RY12 and CD49D (encoded by ITGA4) expression levels are higher in microglia and macrophages in the human brain (39–41). GAMs express molecules associated with M2 anti-inflammatory phenotype in mouse GBM models that include upregulation of Arginase-1 (Arg-1), IL-10, transforming growth factor-β (TGFβ), CD206, CD163, CCL17, and CCL22, and NF-κB activation associated with M2 differentiation (39, 42, 43). M2 GAMs have been shown to mediate immunosuppression within the TME and promote tumor progression (44, 45). Activation of MerTK, a receptor tyrosine kinase, polarizes GAMs to an immunosuppressive phenotype, but inhibition of MerTK from GAMs decreases immunosuppressive CD206+ GAM phenotype, leading to prolonged survival in GBM mouse models (Figure 1B) (46).

Several studies have advocated that pro-inflammatory M1 phenotype—associated with upregulation of CD115 and Siglec and consecutive production of IL-1β, IL-6, or IFN-γ—is critical for tumor eradication (39), especially since M1 phenotype has been reported to correlate with favorable survival outcomes in many human cancers (47). However, this trend appears inconsistent in glioma as inhibitory immune checkpoints such as PD-1, CTLA-4 and TIM-3 are consistently upregulated in M1/M2 GAMs which have been shown to significantly decrease patient prognosis (48, 49). Mice study has revealed that disruption of GBM-derived IL-6, known to induce myeloid PD-L1, reduces local and systemic myeloid-driven immunosuppression (50). In addition, GAMs in the TME are highly heterogeneous, with dynamic phenotypes and functions that are continuously shaped in response to the tumor. The binary M1/M2 classification appears too simplistic to explain the phenotype and functions of GAMs in tumors; dimensional data analysis from scRNA-seq reveals that GAMs possess multi-genomic phenotypes that encompass various M1 and M2 genes (41). Blood-derived macrophages, more so than resident microglia, have been reported to upregulate immunosuppressive cytokines and display an oxidative metabolism of M2 phenotype in the glioma microenvironment (41). A recent study further demonstrated regional differences of inflammatory responses in GAMs. GAMs in tumor core evolve toward pro-inflammation and are negatively correlated with PD-1 signaling, whereas GAMs in tumor periphery evolve toward anti-inflammation (37).

It has been previously recognized that GAMs undergo constant epigenetic and metabolic reprogramming regarding oxidative phosphorylation and anaerobic glycolysis, swinging between pro- and anti-inflammatory responses for growth-promoting or tumor-killing activity (51–54). Anti-inflammatory GAMs use the tricarboxylic acid (TCA) cycle in mitochondria to produce electrons that are essential for oxidative phosphorylation of glucose to generate high amounts of adenosine triphosphate (ATP) (55). This process fuels the mitochondrial electron transport chain and generates ROS, NADPH, and NO (56). Pro-inflammatory GAMs tend utilize anaerobic glycolysis, converting pyruvate into lactate (54, 57). Increased levels of lactate and TCA intermediates further upregulate histone hyperacetylation for IL-1β, TNF-α and IL-6 gene transcription (58, 59). In addition, gliomas are discovered to facilitate metabolic reprograming driven by mutations in the genes for the isocitrate dehydrogenase (IDH) and receptor tyrosine kinase (RTK) pathways (60). At present, even though signature mutations in known metabolic enzymes are recognized as being important, the metabolic landscape of gliomas is not incorporated with GAM pro- and anti-inflammatory environmental cues and patient prognosis.



Glioma/Tumor-Infiltrating Neutrophils

Neutrophils with short life span are the most populous circulating leukocytes (61). In contrast to macrophages, neutrophils were traditionally considered bystanders in the TME. However, recent studies have uncovered distinct capabilities of neutrophils throughout each step of carcinogenesis from tumor initiation to primary tumor growth to metastasis. The degree of neutrophil infiltration in gliomas is significantly correlated with pathologic grade (62). Recently, new tools for genetic analysis further discovered the importance of tumor-associated neutrophils in the TME (63, 64). Thus, the efficacy of either traditional or novel strategies for treating cancers is likely determined by the phenotype of neutrophils in TME (61, 65).

In general, neutrophils play complex roles in tumor progression and metastases. Neutrophils are polarized to anti-tumor (N1) phenotype with IFNβ signaling or pro-tumor (N2) phenotype with TGFβ signaling in the TME (66, 67). This diversity of neutrophil behavior includes polar opposite functions in mediating tumor immunity (68). Additionally, TAMs and tumor-infiltrating lymphocytes (TIL), which are critical components in the TME, can be modulated by neutrophils to influence tumor development and T cell-dependent antitumor immunity. Neutrophils can be reprogrammed to express pro-tumor phenotype from intrinsic anti-tumor activity when recruited to the tumor (from N1 to N2) (66, 68). The N2 TANs can then facilitate tumor growth by suppressing T cell immunity and inducting genetic instability, tumor cell proliferation, angiogenesis, and metastasis (Figure 1C). Production of ROS and the release of microparticles (microRNAs miR-23A and miR-155) by neutrophils can downregulate molecules that maintain nuclear integrity and further lead to genetic instability (69–71). In addition, the epidermal growth factor (EGF), hepatocyte growth factor (HGF) and platelet- derived growth factor (PDGF) produced by neutrophils can facilitate tumor progression (72, 73). Neutrophil elastase (NE) and matrix metalloproteinase 9 (MMP9) (secreted by neutrophils) that cleaves laminin 111 (74, 75) lead to trigger cancer cell proliferation via activation of integrin signaling (74). In addition, pro-angiogenic factors including BV8, S100 proteins (S100A8, S100A9), and MMP9 released by neutrophils lead to activation of vascular endothelial growth factor A (VEGF A). Thus far, most studies demonstrated protumor roles of neutrophils (76, 77). Therefore, targeting TANs in immunotherapy for cancers, especially reprogramming of neutrophils from pro-tumor to anti-tumor phenotypes, holds promise to improve the efficacy of cancer treatments and possibly become the next-generation immunotherapy (78). Preclinical studies have shown positive results combining neutrophil depletion (anti-Ly6G antibody) and anti-PD-1 antibody treatment on glioma bearing mice (79). Additionally, there are currently several clinical trials targeting neutrophils. For example, clinical trials of Galunisertib (TGFβ receptor 1 kinase inhibitor) alone or combined with lomustine or temozolomide are ongoing in patients with recurrent glioblastoma (NCT01582269, NCT01682187, NCT01220271).

Neutrophil extracellular traps, NETs, are formed in response to extracellular pathogens and are specialized formation of fibrous decondensed chromatin with associated histones, MPO, and various cytoplasmic proteins, such as neutrophil elastase, cathepsin G, and lactoferrin. NETs have been shown to have diverse roles. Aggregated NETs can isolate immunostimulatory materials, which leads to limited immune activity and inflammation (80–82), but high density of NETs can cause organ or tissue damage (80, 83, 84). However, the role of NETs in the TME is an interesting unknown for cancer researchers. In theory, NETs can trap cancer cells and facilitate cytotoxic effects using ROS (84, 85). However, NETs can promote cancer metastasis by isolating circulating tumor cells (86). In glioma cells, NETs are thought to induce the IL-8 expression, which is correlated with tumor burden and prognosis through a HMGB1- and RAGE/ERK/NF-kB axis-dependent manner (Figure 1C) (87). Furthermore, glioma cells can induce NETs formation via IL-8 production by glioma (87). T-cell immunoglobulin and mucin domain-3 (TIM-3) interact with HMBG1 in TADCs and have an inhibitory, antitumor effect (88–90). A recent study has reported that TIM-3 can suppress the uptake of extracellular DNA in TADCs, which may influence the NETs production (91). Toll-like receptor 2, one of the HMGB receptors, is believed as correlation with NETs production, and HMGB1-mediated TLR2 signaling plays a critical role in eliciting glioblastoma regression, However, further studies are still needed to clarify the protumor and antitumor functions of NETs in glioma.



Glioma/Tumor-Infiltrating Dendritic Cells

Dendritic cells (DCs) are professional antigen-presenting cells in the myeloid lineage that signal with and activate CD4+ and CD8+ T lymphocytes and natural killer (NK) cells to target the specific antigens presented (22, 92, 93). Since DCs usually confer protection against pathogens and disease, they are critical mediators of anti-tumor immunity and can be pulsed with peptide epitopes of tumor antigens to prime CD8+ T cells for an anti-tumor response (94). With induced activation and IL-12 signaling, mature GADs can then activate T lymphocytes against tumor antigens, even in the presence of the immunosuppressive TME induced by TGF-β2 signaling (95). However, DCs are manipulated by tumors to promote tumor growth and cancer disease progression.

There are many signaling pathways and secretory factors in the glioma TME that promote tumorigenesis (Figure 1D). STAT3 signaling in mouse glioma tumor-associated myeloid progenitor cells induces S100A8 and S100A9, which are inflammatory factors that arrest myeloid cell maturation, including DCs (19). This leads to a decrease in tumor-infiltrating and GADCs in the TME as well as the peripheral blood circulation, leading to a cyclic effect culminating in widespread immune suppression, a condition that favors tumor growth (19, 22, 96). CXC chemokines are also used by glioma cells to manipulate DC-mediated T cell immunity (96). CXCL1 and CXCL8 are enhanced in GBM patients, biomarkers for poorer prognosis, and positively correlated with DC and negatively correlated with CD8+ T cell infiltration in the TME (97). GADCs, along with FGL2 and CCL2 expressed by tumor cells and GAMs, also induce Tregs to suppress anti-tumor responses by inhibiting DC antigen presentation (22, 96). Furthermore, macrophage migration inhibitory factor (MIF) correlates with decreased GAD migration as well as decreased maturation, likely contributing to the tumor-tolerant immune state observed in GBM (98).

Vascular Endothelial Growth Factor (VEGF) is another immune-modulating factor expressed and secreted by tumor cells that acts as a double-edged sword. It promotes tumor growth via angiogenesis and inhibits GADC maturation by downregulating costimulatory factors CD80 and CD86, which are necessary to produce robust anti-tumor immune responses (Figure 1D) (5, 8). Glioma cells that express VEGF also have altered metabolomes (96). Upregulated hexokinase 2, phosphoglycerate dehydrogenase (PGHDH), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), cyclooxygenase 2 (COX-2), prostaglandin E synthase (PGES), and mutated IDH1 and IDH2 increase VEGF expression, which exacerbate suppressive effects on GADCs (96). Altered glycolysis and lactic acid homeostasis in glioma cells further contribute to tolerant GADC phenotypes (96, 99, 100). Upregulated glycolytic enzymes and GLUT1/3 transporters increase lactic acid uptake by GAMs and GADCs, which contributes to expression of inhibitory phenotypes (96). Additionally, expression of indoleamine 2,3-dioxygenase (IDO)-1/2 by glioma cells has been shown to be proportional to tumor grade; IDO is expressed by DCs within the TME and helps to recruit Tregs, which further exacerbate and maintain the immunosuppressive state (96).

An additional subset of human DCs include plasmacytoid DCs (pDCs), which normally produce type 1 interferons in response to viral infections (101). However, in glioma patients, IFN-α and TLR7/9 signaling are downregulated, leading to a TME favoring tumorigenesis and a tolerogenic T cell response (101). pDCs have been previously shown to be the major subtype of DCs and antigen presenting cells at-large in glioma models and help recruit Tregs to the TME via TGF-β, secreted by glioma cells (101),. CXCL9, CXCL10, and CXCL12 signaling by glioma cells also help recruit pDCs to the TME (101). This flexibility in function—ranging from immunogenic to tolerogenic—makes this subset of DCs particularly exploitable by tumors for establishing an immunosuppressive TME, but it also makes them potential targets for effective anti-tumor therapies (101).

Because DCs can be manipulated to induce anti-tumor immunity, there have been many investigations and clinical trials for DC vaccine treatments. A meta-analysis of several phase II DC vaccine clinical trials revealed significant increases in overall and progression-free survival for GBM patients receiving DC vaccines in addition to standard of care (surgery, chemotherapy, and radiation therapy) (102). Research on the mechanisms of immunogenic cell death-based DC vaccines showed that their efficacy relied upon ROS and danger signals stimulated by the vaccine, as well as functioning DCs and CD8+ T cells (103). They also demonstrated that DC vaccines modified T cell homeostasis in the TME from the immune tolerant or suppressive Tregs to TH1, TH17, and cytotoxic CD8+ T cells that mediate anti-tumor immune responses, even overcoming immune disruptions caused by chemotherapy (103). There are also promising preliminary results from the first phase III trial of DC vaccines against GBM (104). Though there was crossover in the treatment design, so that about 90% of the intent-to-treat population eventually received DCVax-L, median overall survival (mOS) was 23.1 months after surgery—increased to 34.7 months for MGMT methylated patients—and there was also a group with extended survival (mOS of 40.5 months) (104). While the mOS for MGMT unmethylated patients was approximately 19 months, these mOS are improvements compared to the standard 15-16 months (105). These developments show exciting promise for immunotherapies for GBM patients that target and manipulate DC functions and interactions.



Conclusions

In the past decades, emerging evidence showed the important role of myeloid cells in TME through great progress in fundamental and translational researches. Macrophages, neutrophils, and DCs have the dual functions of both pro-tumor and antitumor phenotypes within the TME, and this diverse function is probably a reflection of their plasticity in response to environmental cues. Therefore, based on understanding complex interaction between immune cells and glioma cells, various immunotherapeutic approaches, especially combination strategies, have been investigated and shown efficacious against glioma in some preclinical studies. However, conflicting research findings indicate the necessity of performing additional studies to assess efficacy in specific patient groups.
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The AHSA1 is a main activator of ATPase of Hsp90. Hsp90 is involved in various metabolic and developmental processes of tumor cells. Although, the role of AHSA1 in tumor cells is still unrecognized. In the current research, the RNA-seq of 33 tumors were downloaded using The Cancer Genome Atlas (TCGA) database for the analysis of AHSA1 expression in tumors. The Kaplan-Meier method was used for the evaluation of the prognostic significance of AHSA1 in patients with pan-cancer. Additionally, the correlation between AHSA1 and immune cell infiltration, immune checkpoint, pyroptosis-related molecules, epithelial cell transformation-related molecules, and autophagy-related molecules were analyzed by co-expression. Furthermore, we examined the effect of AHSA1 knockdown on cell function in Huh7 and HCCLM3 cells of hepatocellular carcinoma (HCC) cell lines.

According to the finding of this study, up-regulation of AHSA1 expression was observed in numerous tumor tissues, and its over-expression in liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), and esophageal carcinoma (ESCA) could affect the overall survival and disease-specific survival of the patients. Meanwhile, as per the correlation analysis the expression of AHSA1 was greatly correlated with the expression of various immune cell infiltrates, immune checkpoint inhibitors, tumor mutation load, and microsatellite instability. Moreover, this study focused on analyzing the association of AHSA1 expression with multiple pathological stages in HCC, and confirmed that AHSA1 was an independent prognostic factor of HCC by univariate and multivariate COX regression in TCGA and The International Cancer Genome Consortium (ICGC) cohorts. At the same time, cellular experiments proved that the AHSA1 knockdown could decrease the proliferation activity, cell migration and invasion ability of HCC cells. Therefore, the results of this study indicated that AHSA1 can be used as a potential prognostic biomarker of tumors and it may have a significant role in the proliferation as well as migration of HCC cells.




Keywords: AHSA1, HCC, immune, cell migration, prognosis



Introduction

In recent decades, the malignant tumor has shown an alarming incidence and mortality rate worldwide, and it is a major threat to people’s health in the 21st century (1). Although the increase of mortality rate of cancer patients in developed countries has moderated its steps in recent years, thanks to advanced prevention and treatment concepts and medical technologies, the mortality rate of cancer patients around the world still shows a prominent growth trend (2). With research development, a growing number of researchers began to pay attention to the common characteristics of various human malignant tumors, to explore the potential mechanism of tumor genesis (3). At present, pan-cancer research has been widely used to identify tumor molecular markers and signal pathways, combined with multiple omics analysis, in order to understand more comprehensively and deeply the molecular mechanism of tumor genesis and development (4–6). As a co-molecular chaperone protein, AHSA1 is currently the only ATPase activator of Hsp90 (7). AHSA1 plays a key role in regulating the molecular chaperone cycle and protein folding of Hsp90 (8). Hsp90, the acting protein of AHSA1, is a classical molecular chaperone with a highly conserved molecular structure. It can facilitate protein folding, maturation and transport of some cancer-related proteins, such as BCR-ABL, ErbB2/Neu, Akt, HIF-1α, p53 and RAF-1 (9). Lindsey B. Sheltont et al. revealed that the inhibition of AHSA1 expression in mice models of Alzheimer’s disease and in vitro cell models can eliminate the accumulation of Tau protein caused by Hsp90, which is expected to become a new therapeutic target for Alzheimer’s disease (10). According to Jianli Shao et al, AHSA1 mediates the invasion, proliferation, and apoptosis of tumor cells by regulating the Wnt/β-catenin pathway in osteosarcoma. At the same time, after the knockdown of AHSA1, the ATPase activity of Hsp90 decreased (11). However, current studies are limited to a few types of cancers, and the role of AHSA1 in various types of tumors is still not understood completely. In this study, the RNA-seq from TCGA was utilized for the examination of AHSA1 expression in a variety of human tumors. Combined with clinical follow-up data, the impact of abnormal expression of AHSA1 on the prognosis of cancer patients was analyzed. Meanwhile, combined with correlation analysis, the possible association between AHSA1 expression and tumor immune cell infiltration, tumor mutation load (TMB), microsatellite instability (MSI) and various pathway-related molecules were explored. In addition, this study verified the expression and prognostic role of AHSA1 in hepatocellular carcinoma by combining data from ICGC-LIRI-JP, and verified the expression and potential function of AHSA1 in hepatocellular carcinoma by combining cell and tissue specimens. The results of this study are helpful to understand the similarities and differences of AHSA1 expression in a variety of tumors, reveal the potential mechanism of the interaction between AHSA1 and tumor immunity, and demonstrate the potential function of AHSA1 in hepatocellular carcinoma.



Materials and Methods


Data Collection of Patients’ Data Sets

The count format of 33 common tumor transcriptome data was downloaded from TCGA’s official website and converted into the TPM format. The number of tumors of each type was shown on the Table S1. The clinical follow-up survival and staging data were downloaded at the same time. The transcriptome data of hepatocellular carcinoma was provided by the ICGC database and converted into the TPM format, and corresponding clinical data were obtained. In addition, the single-nucleotide mutation data of 33 tumors were downloaded from TCGA’s official website and their tumor mutation load was calculated.



Differential Analysis and Prognostic Analysis

Transcriptome data from 33 tumors were filtered by “RMA” packs to remove the NA and duplicates, and log2 (TPM +1) conversion was performed afterward. Then, for comparing the expression differences of AHSA1 in the normal and tumor tissues in different tumors, the Wilcoxon rank sum test was performed. Using the “SurvMiner” and “Survival” packages, the median expression values based on AHSA1 were classified into two groups; the high risk and low-risk groups in different kinds of tumors. Their survival curves were drawn using the Kaplan-Meier method, and their statistical significance was calculated by the log-rank test.



Correlation Analysis

A comprehensive website; Tumor Immune Estimation Resource (TIMER, https://cistrome.shinyapps.io/timer/) was used for the measurement of the level of tumor immune cells infiltrating degree (12). For predicting the immune cell infiltration level from tumor transcription data there are five different methods provided by TIMER website which includes TIMER, CIBERSORT, xCell, McP-counter and EPIC. The abundance of infiltrating immune cells in tumor samples from 33 tumor types was obtained from TIMER database. The single-sample gene set enrichment analysis (ssGSEA) was performed in R package GSVA. Subsequently, the relation of AHSA1 expression and the level of infiltration of these immune cells was calculated. At present, TMB and MSI are considered for use as potential biomarkers to predict the efficacy of tumor immunotherapy (13, 14). The simple nucleoside variation data of level 4 processed with MuTect2 software was acquired from the TCGA database, and the TMB was calculated (15). Microsatellite instability signature for 33 tumors were obtained from reported studies (16). Reports have indicated that Epithelial-Mesenchymal Transitions (EMT), Pyroptosis and Autophagy were all associated with tumor metastasis and malignant proliferation, and the correlation between AHSA1 and the expression of these pathway molecules was also analyzed in this study.



Protein Network Construction and Gene Enrichment Analysis

The GeneMANIA (http://genemania.org/) database finds out functionally identical genes on the basis of genomic and proteomic data (17). The GeneMANIA database was used to predict the genes that have functions similar to that of AHSA1. Gene oncology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of molecules with potential roles in AHSA1 were performed using clusterProfiler packages.



Correlation Analysis of AHSA1 Expression and Clinical Factors

We analyzed the correlation between AHSA1 expression and clinical stage, including pathologic stage, tumor (T) stage, histologic grade, alpha-fetoprotein (AFP) level, and vascular invasion. Meanwhile, for the further evaluation of the prognostic value of AHSA1 in HCC patients, univariate and multivariate COX regression and Receiver Operating characteristic curve (ROC) analysis were performed respectively. In addition, we constructed a nomography based on the expression value of AHSA1 and pathologic stage to promote the application of AHSA1 in the evaluation of clinical prognosis of hepatocellular carcinoma, and evaluated the prediction accuracy of the nomography by calibration curve.



Cell Culture

The American Type Culture Collection (ATCC, Manassas, VA, United States) provided the normal human liver cells LO2, HCC cell lines HepG2, Huh7, and HCCLM3 for this experiment. All cells were cultured in an incubator at 37 °C with 5% CO2. Human target gene AHSA1 short hairpin RNA (shRNA) was purchased from GenScript company (https://www.genscript.com/), the sequences are as follows:

AHSA1 shRNA-1:gGGTGAAACTTCTAAGAGAAttcaagagaTTCTCTTAGAAGTTTCACCttttt, AHSA1 shRNA-2:gGGCATGATCTTACCTACAAttcaagagaTTGTAGGTAAGATCATGCCttttt,

AHSA1 shRNA-3:gAGTCAGGAGTACAATACAAttcaagagaTTGTATTGTACTCCTGACTttttt. Huh7 and HCCLM3 cells were plated in six-well plates (4 × 105 cells/well), and cultivated in a in a 37°C, 5% CO2 incubator until they were completely adherent to the wall. Subsequently, the cells were transfected with lipo3000.



Quantitative Reverse Transcription-Polymerase Chain Reaction, RT-PCR

Four types of cell strains were used for total RNA was extraction. Reverse transcription was performed to convert the extracted RNA into cDNA using the reverse transcription kit provided by Beyotime, https://www.beyotime.com/. Exicycler 96 (BIONEER) was used to detect its fluorescence expression quantity. All results were processed with GAPDH for standardization. The 2-ΔΔ Ct method was used to calculate the relative expression levels of genes.



Immunohistochemistry and Western Blot Analysis

Ten pairs of paraffin sections of hepatocellular carcinoma tumor tissue specimens and para-cancer specimens were provided by the Department of Pathology, North Guangdong People’s Hospital. AHSA1 antibody was purchased from Proteintech Company (Article number: 14725-1-AP). Approval for this research was given by the Ethics Committee of North Guangdong People’s Hospital. Western blotting was performed for the detection of post knockout changes in AHSA1 protein levels.



CCK8 Detection

HuH7 cells transfected with shRNA-AHSA1 were digested when their level reached 90%, and then they were inoculated into 96-well culture plates with 3×103cells per well, and 5 multiple wells were designed for each group. Then, they were cultured in a 37°C, 5% CO2 incubator, and tested at 0h, 24h, 48h, 72h and 96h using the CCK-8 kit (WLA074, China).



Wound Healing Test

6-well plates were used for the inoculation of these cells, and after 48 hours of transfection, a 200 μl pipette tip was used to scratch the cells. The cell surface was cleaned with serum-free medium once, and the cell fragments were removed. The cells were then observed and photographed under a 100× microscope, and their positions in the photos were recorded. Subsequently, cells in each group were placed in an incubator at 37 °C with 5% CO2 for 24h and 48h, and then photographed and recorded, and the mobility of each group was calculated.



Transwell Migration and Invasion Assay

A 24-well Transwell chamber (8 μm aperture; Corning Costar, USA) was prepared overnight at 4°C with or without 100μL matrix gel substrate provided by BD Biosciences, San Jose, CA, USA. A 200ul of cell suspension containing 1×105cells/mL was inoculated into Transwell cells with or without matrix glue, and a culture medium (800 ul) containing 10% FBS was poured into the lower chamber. After 24h culture, cell fixation was done using 4% paraformaldehyde at room temperature for 20 minutes and staining was performed for 5 minutes with 0.5% crystal violet dye. The cell count was recorded afterwards.




Results


The AHSA1 Expression in Pan-Cancer

The mRNA expression of AHSA1 was evaluated in pan-cancer patients according to the RNA-seq data of 33 types of TCGA tumors. The results showed that AHSA1 was expressed at a relatively low level in normal bile duct tissue and a relatively high level in testicular germ cell tumor tissue. At the same time, the variance analysis indicated a relatively high expression of AHSA1 in Bladder Urothelial Carcinoma (BLCA), Breast invasive carcinoma (BRCA), Cholangiocarcinoma (CHOL), Colon adenocarcinoma (COAD), Esophageal carcinoma (ESCA), Head and Neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), LIHC, Lung adenocarcinoma (LUAD), Lung squamous cell carcinoma (LUSC), Rectum adenocarcinoma (READ) and stomach adenocarcinoma (STAD), Prostate adenocarcinoma (PRAD), and uterine corpus endometrial carcinoma (UCEC) tumor tissues as compared to the corresponding para-carcinoma tissue (Figure 1A). Furthermore, paired comparison analysis was performed and the results of this analysis also revealed the overexpression of AHSA1 in BLCA, BRCA, CHOL, COAD, ESCA, HNSC, LIHC, LUAD, LUSC, PRAD, READ, STAD in tumor tissues (Figure 1B). Considering that AHSA1 is an ATPase activator of HSP90AA1, we analyzed the expression of HSP90AA1 in pan-cancer. Interestingly, the similar results were observed for HSP90AA1 expression in pan-cancer (Figures S1A, B).




Figure 1 | Differential expression analysis of AHSA1. (A) Expression of AHSA1 mRNA in pan-cancer. (B) The expression differences of AHSA1 in tumor and corresponding adjacent tissues were compared with paired analysis. Mann-Whitney U test was used for this analysis, ns, p≥0.05; *p< 0.05; **p<0.01; ***p<0.001.





Survival Analysis

Based on the TCGA database, the Kaplan-Meier curves helped in depicting the association between abnormal expression of AHSA1 and the general pan-cancer survival. The results indicated that the survival rate of patients with high expression levels of AHSA1 in LIHC, LUAD, ESCA, and KIRP was worse (Figures 2A–D). For further evaluation of the specific effect of AHSA1 on tumor survival, the influence of abnormal AHSA1 expression on disease-specific survival (DSS) of tumor patients was observed. The Kaplan-Meier plots showed that the abnormally increased AHSA1 in LIHC, LUAD, ESCA and KIRP was correlated with its poor DSS (Figures 2E–H).




Figure 2 | Survival analysis of AHSA1 in pan-cancer. The effect of AHSA1 expression on the overall survival rate (OS) of LIHC (A), LUAD (B), ESCA (C) and KIRP (D) was analyzed by Kaplan-Meier method. Meanwhile, the influence of abnormal expression of AHSA1 on disease-specific survival (DSS) of LIHC (E), LUAD (F), ESCA (G) and KIRP (H) was calculated.





Expression of AHSA1 and Analysis of Tumor Microenvironment

Tumor microenvironment is a complicated survival environment of tumor cells, mostly comprising of immune cells, mesenchymal environment as well as related internal and external molecular composition (18). In recent years, growing evidence indicate that the immune cell infiltration level is closely associated with the survival of tumor cells. Although previous studies have suggested the prognostic importance and expression level of AHSA1 in various types of cancers, little is known if the abnormal expression of AHSA1 have an influence on immune cell infiltration. In this study, the correlation between abnormal AHSA1 expression and immune cell infiltration was evaluated using a TIMER database based on multiple immune prediction methods. The results indicated that AHSA1 was substantially positively correlated with CD4+Th1, CD4+Th2 and MDSC cells of various tumors (Figure 3A). Meanwhile, AHSA1 showed a significant positive correlation with B cells, CD4+ T cells, CD8+T cells and Myeloid dendritic cells in LIHC (Figure 3A). Moreover, we discussed the correlation between the AHSA1 expression and immune checkpoint inhibitor. The results showed that AHSA1 was significantly positively correlated with several immune checkpoint inhibitors, especially in LIHC, THCA, and THYM. Meanwhile, AHSA1 was significantly negatively correlated with several immune checkpoint in ACC, BRCA, GBM, HNSC, LUSC, LGG, and PRAD (Figure 3B). In addition, AHSA1 was significantly positively associated with CD274, CD276, and CTLA4 in LIHC, THCA, and TGCT (Figure 3B). It is understood that EMT has a significant function in tumor metastasis, which is the major cause of death. To investigate whether AHSA1 is related to tumor metastasis, the link between AHSA1 expression and the expression of EMT-related molecules was analyzed. Results show a significant positive correlation between the AHSA1 and EMT-related molecules in LIHC, KIRC, and UVM (Figure 3C). Additionally, the AHSA1 and MTHFD2, SLC3A2 and SERPINH1 showed a significant positive correlation in a wide variety of tumors. The AHSA1 and MMP2, CCL2, CFH, and CYP1B1 showed a significant negative correlation in a variety of tumors (Figure 3C). Pyroptosis is a new type of programmed inflammatory cell death that has a significant function in the development of tumor. Hence, the expression correlation between AHSA1 and pyroptosis-related molecules was observed in this study. The results showed that AHSA1 showed a significant positive correlation with pyroptosis-related molecules in BRCA, LGG, LIHC, PRAD, and THCA (Figure 4A). In addition, we also discussed the AHSA1 correlation with autophagy-related molecules, the results also showed a significant positive correlation between AHSA1 and autophagy-related molecules in BRCA, COAD, LIHC, LUAD, PAAD, PRAD and TGCT. Similar to the previous trends, AHSA1 was significantly positively correlated with HSP90AA1 and HSP90AB1 (Figure 4B). In addition, tumor mutation load (TMB) and microsatellite instability (MSI) are known as important factors that affect tumor genesis and development. Therefore, the association between TMB or MSI and AHSA1 expression was observed in 33 commonly known types of cancers. Results show that the AHSA1 presented substantial relation with TMB in CESC, COAD, HNSC, KIRC, LUAD, STAD, and UCS (Figures 4C, D).




Figure 3 | Correlation analysis between the expression of AHSA1 and immune cell infiltration, checkpoint inhibitors and pyroptosis-related molecules. (A) Correlation analysis between AHSA1 and immune cell infiltration in pan-cancer. (B) Correlation analysis between the expression of AHSA1 and immune checkpoint inhibitors. (C) Coexpression analysis of AHSA1 expression and epithelial-mesenchymal transition-related molecules. *p< 0.05; **p<0.01; ***p<0.001.






Figure 4 | Correlation analysis. (A) Correlation analysis of AHSA1 expression and pyroptosis-related molecules. (B) Correlation analysis of AHSA1 expression and autophagy-related molecules. (C) Correlation between AHSA1 expression and Tumor mutation burden. (D) Correlation analysis of AHSA1 expression and Microsatellite instability. *p<0.05, **p<0.01, ***p<0.001.





Molecular Interaction Network and Enrichment Analysis

To deeply understand the possible role of AHSA1, the molecules interacting with AHSA1 were analyzed by GeneMANIA and comPPI. The results from GeneMANIA showed that AHSA1 had potential interactions with AMD1, HSP90AA1, DNAJB4 and HSP90AB1. Main functions included protein folding, up-regulation of DNA biosynthetic process and regulation of the metabolic processes of reactive oxygen species (Figure 5A). Single-sample gene set enrichment analysis (ssGSEA) algorithm was introduced to predict the infiltration levels of 24 immune cell types in HCC. The results indicated that AHSA1 was positively correlated with T helper cells, Th2 cells, Macrophages, and iDC (Figure 5B). While, cytotoxic cells and Dendritic cells was negatively correlated with AHSA1 expression in HCC (Figure 5B). To further identify the possible role of AHSA1, the GO and KEGG enrichment analysis was performed on molecules that interacted with AHSA1 obtained from GeneMANIA. Cellular Component enrichment analysis showed that these molecules are mainly enriched in the cytosolic part, cell-substrate junction, cytosolic ribosome, and cytosolic small ribosomal subunit. The analysis of molecular function enrichment indicated that these molecules mostly play a role in cell adhesion molecule binding, cadherin binding, ubiquitin-protein ligase binding, stressed protein binding, heat shock protein binding, and Hsp90 protein binding (Figure 5C). Enrichment analysis of biological processes showed that these molecules are mainly involved in RNA catabolic process, mRNA catabolic process, protein targeting, protein folding, and cytoplasmic translation (Figure 5D). KEGG analysis showed that these molecules were mainly involved in ribosome, RNA transport, Spliceosome, HIF-1α signaling pathway and Legionellosis (Figure 5D). In addition, we built an interactive relationship network between GO and KEGG, as shown in Figure 5E.




Figure 5 | Potential functions of AHSA1. (A) The potential interaction molecular network of AHSA1 was created using the GeneMANIA. (B) The ssGSEA algorithm was employed to evaluate the abundance of immune cell infiltration in HCC. GO and KEGG functional enrichment analysis of the molecules interacted with AHSA1 (C, D). (E) Construction of GO and KEGG interaction networks.





Clinical Correlation Analysis of AHSA1 in Hepatocellular Carcinoma

The findings of this study suggests that AHSA1 may perform a key role in the development of hepatocellular carcinoma. Subsequently, the association between AHSA1 expression and clinical stage was analyzed in hepatocellular carcinoma. The results indicated that AHSA1 had a higher expression level in the higher pathologic stage (Figure 6A), T stage (Figure 6B), and histologic grade (Figure 6C). Meanwhile, AHSA1 expression was also related to the expression level of AFP and vascular invasion status (Figures 6D, E). These findings indicate that AHSA1 expression may be linked to the malignant pathological progression of hepatocellular carcinoma. Subsequently, we analyzed the prognostic evaluation efficacy of AHSA1 in the overall survival rate of HCC by ROC, and the results showed that AHSA1 showed good prognostic evaluation performance in HCC, with AUC of 0.702, 0.661 and 0.689 at 1, 3 and 5 years respectively (Figure 6F). We further evaluated the prognostic role of AHSA1 in hepatocellular carcinoma by univariate and multivariate COX regression combined with clinical data, and the results showed that AHSA1 was an independent prognostic factor of hepatocellular carcinoma (Figure 6G). Furthermore, in order to promote the application of AHSA1 in clinical evaluation, we constructed a nomography (Figure 6H) based on the expression of AHSA1 and the pathologic stage. At the same time, we evaluated the accuracy of the model for prognosis assessment of hepatocellular carcinoma patients after 1, 3 and 5 years by calibration curve, and according to the results, the nomography had very good accuracy, almost close to the ideal model (Figure 6I). For further confirmation of the value of prognosis of AHSA1 in HCC, the expression of AHSA1 in para-cancer and tumor tissues in the ICGC-LIRI-JP queue were analyzed. Both unpaired analysis (Figure 7A) and paired analysis (Figure 7B) showed that AHSA1 has higher expression in HCC tumor tissues. Meanwhile, K-M curve analysis showed that HCC patients with high AHSA1 expression in the ICGC queue had poorer survival expectations (Figure 7C). Meanwhile, the univariate and multi-variate COX analyses showed that AHSA1 was an independent prognostic risk factor for HCC (Figure 7D). For additional verification of the expression of AHSA1 in hepatocellular carcinoma, RT-PCR was performed to detect the mRNA expression levels of AHSA1 in normal hepatocyte cell line LO2 along with three hepatocellular carcinoma cell lines, HCCLM3, HepG2 and Huh7. Results showed higher mRNA expression levels of AHSA1 in hepatocellular carcinoma cells (Figure 7E). We also confirmed that the AHSA1 protein is expressed at a higher level in HCC cells compared to normal cells via western blot (Figure 7F). Subsequently, the protein expression level of AHSA1 were observed in hepatocellular tissues by immunohistochemistry, and according to the findings of this analysis, the level of protein expression of AHSA1 was greater in hepatocellular carcinoma tissues (Figure 7G).




Figure 6 | Clinical correlation analysis of AHSA1 in hepatocellular carcinoma. Variation analysis of AHSA1 expression in different pathological stages (A), T stage(B), Histologic grade (C), alpha-fetoprotein (AFP) (D), Vascular invasion (E). (F) Prognostic significance of AHSA1 in hepatocellular carcinoma was analyzed by COX analysis. (G) Prognostic significance of AHSA1 in hepatocellular carcinoma was analyzed by univariate and multivariate COX. (H) Nomogram based on AHSA1 expression and pathological staging. (I) Correction analysis diagram of the nomogram. *p<0.05, **p<0.01, ***p<0.001.






Figure 7 | Validation of AHSA1 expression in hepatocellular carcinoma. (A) The mRNA expression of AHSA1 in ICGC cohort. (B) Comparing the AHSA1 expression in paired normal and tumor. (C) The relationship between AHSA1 expression and overall survival in ICGC cohort. (D) Overexpression of AHSA1 was an independent prognostic marker of HCC patients in ICGC cohort. (E) Relative mRNA expression of AHSA1 in HCC cell lines. (F) Expression levels of AHSA1 protein in HCC cell lines. (G) Representative immunohistochemical analysis of AHSA1 in HCC. ***p<0.001.





The Effects of AHSA1 on Proliferation, Migration, and Invasion of Hepatocellular Carcinoma Cells

Although the previous findings indicated that AHSA1 was significantly over-expressed in hepatocellular carcinoma and patients with overexpression had poorer survival expectations, the role of AHSA1 in the occurrence of hepatocellular carcinoma needs further study. Firstly, three shRNA knockout carriers of AHSA1 were constructed and transfected into HUH7 cells. The RT-PCR and Western blot showed variations in mRNA and protein levels, respectively. According to the results, the SH2-AHSA1 had the highest knockout efficiency (Figures 8A, B), and we named the carrier as shAHSA1. Subsequently, we tested the changes of cell activity at different time points after transfection in three groups, namely normal cell group, negative vector group and shAHSA1 transfection group, using the CCK8 kit. The results showed that 48 hours after AHSA1 knockdown, the proliferation ability of cells was significantly reduced (Figure 8C). In addition, after cell scratch test, we found that the healing ability of AHSA1 knockout cells was significantly weakened (Figures 8D, E). Furthermore, the Transwell chamber experiment was performed to verify that the migration ability (Figures 8F, G) and invasion ability (Figures 8F, H) of Huh7 cells were significantly weakened after AHSA1 knockout. In additional, the knockdown efficiency of AHSA1 in HCCLM3 cells was validated by RT-PCR and Western blot (Figures 9A, B). CCK8 assays showed that knockdown of AHSA1 significantly inhibited cell proliferation after 24 hours transfection in HCCLM3 cells (Figure 9C). Furthermore, scratch assays and transwell experiment showed that knockdown of AHSA1 markedly reduced migration/invasion ability of HCCLM3 cell (Figures 9D, E). There was significant positive correlation between the mRNA expression level of AHSA1 and Hsp90AA1. In order to further explore the relationship between AHSA1 and Hsp90AA1, we knocked down AHSA1 in Huh7 cells and examined the effect on Hsp90AA1. The rt-PCR and Western blot analysis showed that the knockdown of AHSA1 significantly reduced the Hsp90AA1 mRNA and protein levels (Figures S2A, B).




Figure 8 | Effects of AHSA1 knockdown on Huh7 cell proliferation and migration. Real time PCR (A) and Weston blot (B) determine the efficiency of AHSA1 knockdown in Huh7 cells. (C) Huh7 cell proliferation was detected by CCK8 assays. (D, E). Cell migration ability was examined by cell scratch assay. (F) Tranwell analysis was preformed to determine the cell migration (G) and invasion (H). *p<0.05, ***p<0.001.






Figure 9 | Effects of AHSA1 knockdown on HCCLM3 cell proliferation and migration. Real time PCR (A) and Weston blot (B) determine the efficiency of AHSA1 knockdown in Huh7 cells. (C) CCK8 assays was performed to detect the cell proliferation of HCCLM3. (D) Scratch test was used to determine the cell migration. (E) Cell migration and invasion was detected by Tranwell assay. ***p<0.001.






Discussion

Heat Shock protein 90 (Hsp90) is a highly conserved, extensively exit molecular chaperone that has a role in the stabilizing and proper folding of at least 300 proteins (19). Reportedly, the Hsp90 protein is known to have a significant function in various cellular processes, signaling, tumor metastasis and tumor immunity (20). Hsp90 is a kind of molecular chaperone highly dependent on ATP activity, and its executive function also requires the cooperation of various auxiliary chaperone molecules. AHSA1 can strongly stimulate the ATPase of Hsp90 and plays a significant role in the executive function of Hsp90 (21). Moreover, AHSA1 itself is also a helper molecular chaperone involved in the maturation and stabilization of various proteins. However, systematic studies on the expression and role of AHSA1 in tumors are still inefficient.

According to this study, based on the TCGA database, AHSA1 was abnormally overexpressed in different types of tumors through unpaired and paired comparisons, but was expressed in low quantities in the KIRC tumor tissues. Meanwhile, by using the K-M survival analysis method, it was found that abnormally high expression of AHSA1 in LIHC, LUAD, ESCA, and KIRP was associated with poor OS and DSS. These findings indicate that AHSA1 may have a significant role in tumor genesis and prognosis. The tumor immune microenvironment can interact with tumor cells and play a significant function in tumor cell clearance and immune escape (22). Several reports have suggested that immune cell infiltration level in the tumor immune microenvironment is associated to tumor development and prognosis (23, 24). This study reported that the expression of AHSA1 was significantly positively related to the infiltration level of CD4+ T cells and MDSC cells in a variety of tumors. Moreover, ssGSEA analysis also confirmed that AHSA1 was substantially positively associated with infiltration levels of T helper cells, Th2 cells and Macrophages cells in LIHC. B Th2 cells are known to inhibit Th1 cells differentiation and IFN-γ-secreting but promote tumor cell proliferation via secretion of IL-4 and IL-10 (25, 26). As an important part of tumor immune microenvironment, macrophages have attracted more and more attention (27, 28). M2 macrophage can be induced to differentiate by IL-4, and promote tumorigenesis and tumor progression (29). Therefore, we preliminarily speculated that AHSA1 might promote the tumor progression through regulating the polarization of Th2 and macrophages cells. Immune checkpoint is an important immunomodulator to maintain immune homeostasis and prevent autoimmunity (30). It consists of stimulant and inhibitory pathways, which are important for maintaining autoimmune tolerance and regulating the type, intensity, and duration of immune responses (31). The results of this study showed that AHSA1 was substantially linked with immune checkpoints in BRCA, LIHC, and LUSC. According to these findings the AHSA1 may play a certain role in the regulation of tumor microenvironment. Epithelial mesenchymal cell transformation, pyroptosis, and autophagy are significantly involved in the genesis, progression, and metastasis of tumors (32–34). The results of this study also indicate that AHSA1 expression is significantly positively co-expressed with these pathway-related molecules in a variety of tumors. These results suggest that abnormal expression of AHSA1 may be associated with tumor genesis and metastasis. Moreover, molecules with possible effects of AHSA1 were also explored and the molecular interaction network was constructed. As expected, AHSA1 showed strong interaction with AMD1 and HSP90, which is consistent with previous reports (35). At the same time, by conducting enrichment analysis, we explained the molecules potentially interacting with AHSA1 are mainly involved in RNA transport, spliceosome and HIF-1α signaling pathway. The pathways above play a significant role in tumor development (36–38). This also indicated the significant involvement of AHSA1 in the progression of tumor. The current research highlighted that the abnormal expression of AHSA1 was closely related to the prognosis of patients with hepatocellular carcinoma. Therefore, further analysis of the association between the expression of AHSA1 and the clinicopathological stage was carried out, and to facilitate the application of AHSA1 in the prognosis assessment of hepatocellular carcinoma, a nomography was constructed. Previous studies have shown that AHSA1 inhibition can significantly inhibit the proliferation and viability of breast cancer cells (39). The results of this study showed that AHSA1 knockdown significantly reduced the proliferation activity, migration and invasion ability of Huh7 and HCCLM3 cells. Meanwhile, AHSA1 knockdown significantly reduced the expression of Hsp90AA1. And Hsp90AA1, as the autophagy-related genes, plays key roles in the autophagy pathway and tumorigenesis. This result suggests AHSA1 might plays a role in regulating autophagy.

AHSA1 is abnormally upregulated in different tumor tissues, and its anomalous expression is related to the prognosis of tumors. The abnormal expression of AHSA1 is related to the infiltration of immune cells, the expression of immune checkpoints, and the expression of various tumor pathway molecules in pan-cancer. Moreover, knockdown of AHSA1 can affect the proliferation and transformation of hepatocellular carcinoma cells. Therefore, AHSA1 can be used as a potential prognostic biomarker.
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Supplementary Figure 1 | Differential expression analysis of Hsp90AA1 in Pan-cancer. (A) Expression of Hsp90AA1 mRNA in pan-cancer. (B) The expression differences of Hsp90AA1 in tumor and corresponding adjacent tissues were compared with paired analysis. Mann-Whitney U test was used for this analysis, ns, p≥0.05; * p< 0.05; ** p<0.01; *** p<0.001.

Supplementary Figure 2 | Real time PCR (A) and Weston blot (B) were adopted to evaluate the effects of AHSA1 knockdown on the expression of Hsp90AA1. ns, p≥0.05; * p< 0.05; ** p<0.01; *** p<0.001.
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The glioma tumor microenvironment (TME) is complex and heterogeneous, and multiple emerging and current technologies are being utilized for an improved comprehension and understanding of these tumors. Single cell analysis techniques such as single cell genomic and transcriptomic sequencing analysis are on the rise and play an important role in elucidating the glioma TME. These large datasets will prove useful for patient tumor characterization, including immune configuration that will ultimately influence therapeutic choices and especially immune therapies. In this review we discuss the advantages and drawbacks of these techniques while debating their role in the domain of glioma-infiltrating myeloid cells characterization and function. 
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Introduction

Gliomas are composed of multiple distinct cell populations, each playing a unique role within the tumor microenvironment (TME). Each of these cell types contains a spectrum of subtypes that increase the level of heterogeneity and complexity of these tumors. In this context, antagonistic forces promoting both tumor growth and suppression exist in the TME that influence clinical outcomes and responses to therapies. Initiatives such as The Cancer Genome Atlas (TCGA) and the GLASS consortium (1), have provided important information about the genetic variation and evolution among gliomas, leading to the molecular classification for glioblastoma (GBM) (2). However, since bulk genomic and transcriptome data averages the genetic alterations and gene expression patterns, respectively, of individual tumors, the analysis of such data has limits regarding determining the extent of cell subpopulation heterogeneity within a tumor and thus, response to therapeutic interventions. In contrast, technologies such as single-cell RNA-seq (scRNA-seq) and cytometry by time-of-flight (CyTOF) are enabling the high-resolution characterization of glioma cellular heterogeneity (3). Single-cell analysis is proving informative about cell subpopulations in normal tissues and in treated recurrent GBM, with the latter providing insights regarding therapy-driven tumor evolution (4, 5). It is anticipated that single-cell analyses will ultimately prove informative regarding the individualization of glioma patient treatment based on knowledge of a tumor’s cellular heterogeneity combined with increased understanding of cell subpopulation interactions. The myeloid compartment is the predominant subset of immune cells within the GBM microenvironment (6). This myeloid-rich environment is a hallmark of GBM, and these cells exert pro- and anti-tumor influence under different circumstances (6–8). Advances in understanding of glioma cellular heterogeneity from single cell analyses have exemplified the over-simplistic nature of the historically proposed pro-inflammatory M1 and immune suppressive M2 categories. Changes to the M1/M2 classification have been proposed by others, but without the benefit of single-cell characterization data (9). In this review, we discuss the current myeloid classification and its shortcomings, as well as how emerging single-cell technologies can be leveraged for increased understanding of glioma-infiltrating myeloid cell function in addition to impacting clinical outcomes in glioma patients.


Origins of M1/M2 Macrophage Classification

It was widely accepted for many years that the origin of tissue macrophages could be traced solely to circulating blood monocytes, which would travel to the destination tissue and differentiate into tissue-specific macrophages (i.e. microglia in the central nervous system (CNS), alveolar macrophages in the lungs, Kuppfer cells in the liver, etc.) (10–12). The current understanding is that there is a subset of tissue macrophages such as microglia derived not from circulating monocytes, but rather from stem cell populations found in the yolk sac and fetal liver during embryonic development that endure throughout life, independent of the circulating monocyte population (13–17). Evidence for this includes that these yolk sac-derived macrophages do not rely on the transcription factor c-Myb, which is necessary for differentiation of erythroid-myeloid progenitors into monocytes prior to differentiation into macrophages (18), providing a clear distinction from monocyte-derived macrophages (19, 20).

The M1/M2 classification was originally proposed to subclassify macrophages on the basis of immune activation and functional role, with M1 referring to those that are classically-activated and M2 referencing those that are alternatively activated (21). As shown by Mills et al. specifically in the context of differentiation of bone marrow-derived myeloid cells, macrophages are activated in two different ways, yielding two distinct phenotypes that have antagonistic effects on inflammation (22). Classical activation via stimulation with interferon (IFN)-γ, lipopolysaccharide (LPS), or granulocyte-macrophage colony-stimulating factor (GM-CSF), results in an antitumor phenotype in which numerous pro-inflammatory cytokines are produced. Alternative macrophage activation via interleukin (IL)-4, IL-10, IL-13, transforming growth factor (TGF)-β, and colony-stimulating factor (CSF)-1 results in the tumor-supportive phenotype characterized by macrophage production of high amounts of anti-inflammatory cytokines such as IL-10 and TGF-β (23). Tumor-supportive glioma-associated macrophages (GAMs) cells suppress inflammation, impairing the anti-tumor activity of effector cells such as T cells and natural killer (NK) cells, in addition to inducing other immunosuppressive cells such as Treg cells that ultimately support tumor growth and metastasis. A higher ratio of tumor-supportive GAMs to antitumoral GAMs is associated with a worse prognosis for cancer patients (24).




Discussion


Complex Heterogeneity of Tumor-Associated Macrophages in GBM

A number of immune cell populations have been identified throughout the glioma TME, specifically macrophages, resident microglia, T and B lymphocytes, NK cells, and neutrophils, implying that the CNS is far from immune-privileged as was once thought to be the case (25–29). In fact, recent estimates suggest that 30-50% of tumor tissue is composed of monocyte-derived macrophages and microglia, which are the most numerous immune cell populations in GBM (30). The phenotypic profile of the TME immune population is subject to multiple factors dependent not only on the glioma type, but also on the location within the TME. Tumor mutational status appears to have significant impact on TME macrophage state and phenotype as well. In a comparison of isocitrate dehydrogenase (IDH) wild-type to IDH mutant gliomas, one study found that midkine (a neuroinflammatory cytokine that promotes macrophage polarization to an M2 phenotype) was preferentially upregulated in CD45+ myeloid cells of IDH wild-type gliomas as compared to IDH mutated gliomas (6). Additionally, GAMs in IDH wild-type tumors have been found to express higher levels of anti-inflammatory annexin A1 (ANXA1) and glycoprotein NMB (GPNMB) that have previously been found to be pro-tumorigenic (6). Regarding immune cell composition, GAMs are the most abundant in IDH wild-type tumors, while microglia were more common in IDH mutant tumors (6). These findings further highlight the need for a more granular investigation into the complex immune dynamics at play within the glioma TME.

TCGA research has revealed three molecular classifications for GBM: classical, proneural, and mesenchymal - each with distinct expression patterns that influence local macrophage polarization and gene expression (3, 25, 31, 32). Tumors of the mesenchymal subtype exhibit the highest expression of immunosuppressive genes that transcribe for galectin-3, IL-10, IL-23, and TGF-β and pro-inflammatory genes that transcribe for IL-2 and IFN (33). Conversely, recent evidence suggests that macrophages influence the phenotype of GBM cells to a mesenchymal-like state that involves the upregulation of MHC class I and II (34). This preferential expression of pro- and anti-inflammatory genes not only promotes macrophage polarization within the TME but may also render the mesenchymal subtype of GBM more amenable to immunotherapeutic approaches. Prospective evaluation of this hypothesis requires GBM molecular classification in clinical trials that test the efficacy of immunotherapeutic treatments.

Recent work using single-cell sequencing techniques has shown significant insight into the phenotypic heterogeneity of macrophages within the glioma TME. scRNA-seq of GBM and low-grade gliomas (LGGs) has revealed that TAMs co-express canonical markers associated with antitumor and tumor-supportive macrophage polarization, with 66% of examined GAMs expressing both the immunosuppressive marker IL-10 and the pro-inflammatory marker TNF-α (35, 36). These results were consistent with the analytical techniques used, with flow cytometry revealing co-expression of immune costimulatory marker CD86 and the immunosuppressive marker CD206. The findings of macrophage co-expression of heterogeneous pro- and anti-tumor markers are corroborated by the results in a number of other studies (37–39). It is worth mentioning here that the expression of such markers can rapidly change in association with treatment, as indicated by the results of studies in which GBM patients received co-treatment with rapamycin and hydroxychloroquine or concurrent stereotactic radiotherapy with immune checkpoint blockade via programmed cell death protein 1 (PD-1) signal disruption (40, 41).

Recent studies have revealed transcriptional variability among monocyte-derived macrophages and microglia within the TME of glioma and brain metastases, with expression profiles not fitting into the classic M1 versus M2 polarization paradigm. One study found that high levels of traditionally “M1 markers” such as IL-6 and IL-1β were expressed by the same macrophages expressing traditionally “M2 markers” like matrix metalloproteinase (MMP)-1 and fibronectin 1 (FN1) (6). It has been shown that CD45+ myeloid cells in the GBM TME express markers of immune activation as well as immune suppression (42). A preclinical study detailed that treatment with anti-PD-1 therapy induced macrophage and microglia polarization towards a proinflammatory phenotype in glioma of CD8-/- mice, suggesting that the therapeutic effect of PD-1 blockade may be due to innate rather than adaptive immune system function (28). These findings underscore the complex plasticity of glioma cells to phenotypically adapt to different environments reflected in distinct transcriptional and evolutionary patterns for each patient. Nonetheless, this variability is subject to subclassification categories that may have implications for patient-specific treatments (3, 43–45).

Combined transcriptomic and proteomic approaches such as CITE-seq have demonstrated the ability to define the multidimensionality of myeloid cells and to delineate the spectrum of functions that these immune cells can display in the context of gliomas (46, 47). For instance, in applying single-cell sequencing to GAMs from human GBMs, Pombo Antunes proposed five distinct subtypes based on the activation state of the macrophage: transitory (showing markers of both monocyte and macrophage genes); phagocytic with lipid metabolism; hypoxic and glycolytic; SEPP1low, and SEPP1high (46). Notably, this diversity of macrophage states was recapitulated in murine gliomas analyzed with the same approach involving simultaneous proteomic and transcriptomic characterization. While this is but one way to further organize macrophage states, it may provide more utility than the existing classifications.

Another example of mouse and human data integration is an scRNA-seq study that delineated differences in the transcriptional networks between microglia and macrophages derived from non-tumor bearing mice and those derived from glioma-bearing mice. In this study, the expression of genes encoding the MHC class II molecule were increased in GAMs compared to myeloid cells isolated from non-tumor bearing mice. This difference in expression of MHC class II-associated genes was further appreciated in activated microglia from male tumor-bearing mice and GBM patients (48). Although these data show the potential antigen presentation capabilities of GAMs, scRNA-seq analysis of murine and human gliomas has also shown the immunosuppressive nature of these myeloid cells. For instance, one study showed that ARG1/2 was upregulated predominantly in glioma-associated macrophages as opposed to microglia (49). This was further corroborated by elevated arginase-1 levels synthesized by tumor-infiltrating macrophages from mouse and human gliomas that promote the generation of polyamines and thus, T cell suppression (50).

In sum, these studies show the resolution that emerging single-cell technologies possess to characterize different transcriptional states of glioma-associated microglia and macrophages allowing the conceptualization of their complexity and heterogeneity across species.



Deconvolutional Techniques for Immune Characterization in GBM

Advanced single-cell analysis techniques like scRNA-seq and CyTOF provide an unprecedented level of resolution in characterizing the cellular composition of the TME. However, there remain several limitations with these techniques, particularly as they pertain to glioma research. CyTOF requires the selection of cell-surface markers, and although the number of detectable surface markers is rapidly growing, there is still a limitation to the absolute number that can be analyzed at one time, such that informative marker combinations can be missed due to initial marker selection. In addition, there is no standard technique for the processing of CyTOF data, leading to differences in results between labs that have performed CyTOF using the same set of markers. In particular, the randomization transformation used to better visualize CyTOF results is inherently different across analyses, and thus it has been suggested that raw data and detailed methods be provided for subsequent analysis whenever conclusions are reached from CyTOF data (51).

New results from scRNA-seq, on the other hand, are more easily compared against existing results given the vast amount of accessible online data (GBMseq, Ivy GAP, TCGA). For example, several novel techniques have been developed recently using scRNA-seq to investigate cellular interactions and resulting transcriptomes on a single cell level in the TME such as RABID-seq and PIC-SEQ (52–54). However, considering that the transcription of a portion of the genome occurs as episodic and pulsatile bursts and that RNA collection and analysis is a snapshot in time, differential clusters of RNA expression seen during one analysis can be drastically different at another point in time (55). Similarly, phenotypic states of the same cell type as well as the immune cell composition within a TME changes with time and tumor evolution (55). Another limitation inherent to RNA expression analysis is that RNA expression does not explicitly translate to protein expression, resulting in only prediction of the potential cellular activities that might be occurring in the TME. Therefore, transcriptomics should be complemented with proteomics, functional assays, and spatial analysis. Furthermore, as a deconstructive and disruptive technique, the spatial relationships involving cell-cell interactions that influence transcriptional states are lost during the process of cell isolation, and accordingly are extrapolated from imaging data, which, even if subject of a certain degree of accuracy, is still at risk of error.

The spatial evaluation at the single-cell level along with functional information is the next step in characterizing the TME in finer detail. These will allow for more extensive investigations into the genetic and cellular changes that occur in response to therapeutic intervention within the TME, where within the TME these changes are occurring, and how best to exploit them to improve clinical response and outcomes. Previous investigations have examined the spatial distribution of immune cells throughout the infiltrating edge, proper tumor, and necrotic core of glioma, and found that there is significant heterogeneity throughout these areas in immune cell composition, distribution, and interactions (43). However, these spatial relationships between immune cells are only just starting to be further investigated in GBM undergoing microenvironmental change in response to therapy, allowing for unique opportunities for single-cell techniques to provide novel insight with the potential to advance therapeutic efficacy.

All shortcomings considered with respect to the different types of single cell analysis, the best approach for maximizing informative and accurate information yield is to utilize multiple techniques combined with spatial mapping of sample acquisition. Methods to integrate genomics, transcriptomics, and spatial measurements are emerging and have increasing influence on the way tumors are studied. Recently, Zhao et al. described a promising spatial genomic technique that not only allows for the detection of different clones of cells that harbor distinct genomic signatures, but also correlates signatures with cell location within the TME. For this particular study, spatial genomic heterogeneity was focused on tumor cells, but the approach can certainly be applied to other TME cell types such as GAMs (56). With the continuing refinement of spatial multiplex imaging technologies, detailed characterizations of the immune proteome within the TME have become possible. Using these techniques, one study found that myeloid cells localized to mesenchymal-like regions of GBM drive T cell exhaustion via IL-10 release, and that this T cell function was rescued with Janus kinase-signal transducer and activator of transcription (JAK/STAT) inhibition, providing a potential therapeutic opportunity (57). These techniques are allowing for the discovery of wider and more heterogeneous populations of immune cells with newly identified, previously unexploited cell phenotypes with distinct functions that influence tumor biology.



Leveraging Data From Single-Cell Technologies in Gliomas

Single cell technologies are providing opportunities to leverage data for clinical trial design and especially for treatment response interpretation (Figure 1). In instances where biopsy sampling of tumor prior to the initiation of treatment is possible, cellular profiles of pre-treatment specimens and corresponding on-therapy specimens obtained during surgical resection can be compared for determining the effect of treatment on TME cellular composition, as well as for determining the presence or absence of treatment anti-tumor activity. Single-cell analyses can also be used in a retrospective manner to study patient outcomes. One can conduct a retrospective analysis of tissue from patients that have received a common treatment, and in instances where tumor is collected post-mortem, the data obtained from end-stage tumors would prove informative regarding tumor evolution in response to a specific therapy. Importantly, mass cytometry and multiplex immunofluorescence can be used when specimen availability is limited to fixed tissues. In instances where frozen tissue is available, there are protocols for isolating nuclei that, in turn, enables single-nuclei RNA-seq (58). An example of this type of retrospective strategy that used fixed tissues found an association of extracellular signal-regulated kinases (ERK) 1/2 phosphorylation, an indicator of mitogen activated protein kinase (MAPK) pathway activation, with increased response and survival to adjuvant anti-PD-1 therapy in independent cohorts of recurrent GBMs (59). The integration of single-cell transcriptome analysis and multiplex immunofluorescence showed that tumors with an abundance of p-ERK contained GAMs with high major histocompatibility complex (MHC) class II gene and protein expression.




Figure 1 | Summary schematic detailing sources of samples, analytical techniques, and potential uses of data from single-cell technologies to improve and devise novel immune therapeutics. Specifically, single-cell technologies can be implemented in clinical studies for biomarker discovery, characterization of novel drug targets, and the study of pharmacodynamic effects of therapies in window-of-opportunity clinical trials. Created with BioRender.



A final application of single cell analyses concerns immunoediting whereby GBM cells acquire an immune escape phenotype. Following treatment with standard-of-care temozolomide (TMZ) and radiotherapy (RT), changes in macrophage differentiation and polarization, as well as alterations in T-lymphocyte populations have been observed (60). Further, scRNA-seq data was used to investigate changes in GAM populations in response to radiotherapy specifically, finding that there was an increased ratio of macrophage:microglia as well as increased alternative activation in both populations leading to a predominantly immunosuppressive phenotype. The same study found that blocking these radiation-induced changes via administration of CSF-1R inhibitors significantly increased survival in preclinical models (61). Another study showed that tumors treated with neoadjuvant PD-1 immune checkpoint blockade contained higher numbers of CD3+ T cells, with further analysis of the T cell receptor repertoire showing that signatures from peripheral and tumor-infiltrating T cells overlapped, suggesting that T cells from the circulation infiltrated these gliomas (62). Importantly, PD-1 blockade induced an IFN-γ gene signature in glioma-infiltrating monocytes and macrophages that was reflected by the expression of CXCL9/10 and PD-L1. While the use of single-cell technologies has not yet become routine in patient care, these findings all suggest multiple applications of such single-cell techniques to provide novel avenues for therapeutic intervention.




Conclusion

The complexity of intratumor heterogeneity represented by diverse gene expression programs of cancer and immune cell populations in the TME has yet to be exploited for the benefit of patients. The analysis of tumor and immune cells, using single-cell technologies such as scRNA-seq and CyTOF, either before or after therapy, has the ability to dissect in detail the mechanisms of therapeutic response and resistance. In the future, we expect that integrative approaches involving the application of these methods will provide data that advance personalized treatments for cancer patients, and that will lead to improved treatment outcomes.
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Tertiary lymphoid structures (TLSs) are organized aggregates of immune cells found in the tumor microenvironment. TLS can influence primary hepatic carcinoma (PHC) occurrence and have an active role in cancer. TLS can promote or inhibit the growth of PHC depending on their location, and although available findings are controversial, they suggest that TLS have a protective role in PHC tissues and a non-protective role in paracancerous tissues. In addition, the cellular composition of TLS can also influence the outcome of PHC. As an immunity marker, TLS can act as a marker of immunotherapy to predict its effect and help to identify patients who will respond well to immunotherapy. Modulation of TLS formation through the use of chemokines/cytokines, immunotherapy, or induction of high endothelial vein to interfere with tumor growth has been studied extensively in PHC and other cancers. In addition, new tools such as genetic interventions, cellular crosstalk, preoperative radiotherapy, and advances in materials science have been shown to influence the prognosis of malignant tumors by modulating TLS production. These can also be used to develop PHC treatment.
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1 Introduction

Tertiary lymphoid structures (TLSs), also known as tertiary lymphoid organs, ectopic lymphoid structures, induced lymphoid organs, and abnormal lymphoid appendages, are organized aggregates of immune cells such as ectopic central lymphocytes, myeloid cells, and interstitial cells for acquired immune response (1). TLS and secondary lymphoid organs (SLOs) have similar structures and functions (2). TLSs are ectopic lymphatic structures formed from long-term chronic inflammatory stimulation including viral infection, autoimmune diseases, tissue transplantation, and cancer (3). However, the prognostic role of TLS in those diseases is controversial. Previous studies have proven that TLS has a prognostic benefit in metastatic melanoma (4), invasive bladder cancer (5), non-metastatic colorectal cancer (6), endometrial cancer (7), and pancreatic cancer (8). Conversely, there is a reported association between TLS and poor prognosis in lupus nephritis (9), rheumatoid arthritis (10), and other diseases.

Primary hepatic cancer (PHC) includes hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma (iCCA), and mixed cancers (HCC + iCCA). HCC is the commonest histological subtype of PHC. As a cancer with an extremely high mortality rate, HCC was the sixth leading cause of cancer-related deaths in 2020 (11). The incidence of PHC is increasing yearly. According to World Health Organization projections, the number of new cases in 2040 will exceed 1.4 million, the number of deaths will exceed 1.3 million, and more than half of the cases will come from Asia (12). Surgical resection and liver transplantation are the main treatment options for early PHC. However, most patients are only diagnosed at the late stages, thus missing the best treatment opportunity (13). PHC is not sensitive to traditional radiotherapy and chemotherapy for malignant tumors. As a result, immunotherapy is one of its promising treatment methods (14). TLS are rich aggregates of immune cells and an important player in tumor immune response. Understanding TLS in PHC may help to further understand PHC immunotherapy. Therefore, this paper reviews recent studies of TLS and briefly introduces the background and concept of TLS. This manuscript focused on the dual impact of TLS distribution in PHC on prognosis, the potential value of TLS as an immune marker, and the potential of TLS formation and other TLS-related factors being treatments for PHC, which can serve as reference information for future research.



2 Background of TLS


2.1 Definition of TLS

TLS are lymphocyte aggregates formed in non-lymphoid tissues, which are characterized by B/T cell compartments, differentiated high-endothelial veins (HEVs), and follicular dendritic cell (FDC) networks supporting the germinal center (GC) reaction (15). In TLS, there are T-cell compartments formed by CD3+ T cells surrounding CD20+ B cells. The dominant subsets in the compartments comprise CD4+ Tfh cells (3). Generally, their composition and structure are similar to those of SLO (16) (Figure 1).




Figure 1 | The evolution of the tertiary lymphatic structures.



Tumor-infiltrating lymphocytes (TILs) are produced during the host’s immune response to cancer; however, distinguishing between TILs and TLS remains difficult. Therefore, TILs and TLS are collectively referred to as TLS in this paper. Moreover, there is no approved standard TLS classification. There are several classifications of TLS by different scholars using different criteria (17–19).



2.2 TLS and SLO

In the following paragraphs, we compare TLS and SLO. SLO [including the spleen, lymph nodes (LNs), etc.] can proliferate under antigen stimulation and have an immune function—this is an important component of the immune response. They both have similar cell content, matrix composition, lymphoid chemokines, vasculature, and tissue (20). They both have similar functions including the expression of genes encoding lymphocyte chemokines and lymphotoxins (LTs). They usually contain a functional GC, which can mediate in situ B-cell differentiation, somatic hypermutation, oligoclonal amplification, and final antibody production (21). Even in mouse models lacking SLO, TLS have been reported to replace the function of SLO completely (22).

Although TLS and SLO have many similarities, they are not the same structures. Morphologically, TLS do not have afferent lymphatic vessels or an envelope like SLO, which means that they can be directly exposed and stimulated by the inflammatory environment. The influence of antigens and cytokines, which may cause FDCs, lymphocytes, and macromolecules to enter TLS without restriction, favor abnormal lymphocyte activation (23). This may be one of the causes of some autoimmune diseases, such as rheumatoid arthritis and lupus nephritis. In addition, TLS and SLO have different formation mechanisms. SLO are formed during embryonic development due to the interaction between lymphoid-tissue-induced cells (LTIs) and stromal cells, while physiological TLS are produced after birth due to the presence of microbiota or the immune response, which has nothing to do with pathology (24).



2.3 TLS Formation

TLS formation starts from lymphoid neogenesis (25). In the early stage of formation, innate immune cells (neutrophils, eosinophils, and monocytes) infiltrate the chronic inflammation site rapidly, and monocytes begin to differentiate into resident macrophages. Bone marrow dendritic cells gradually accumulate in leukocyte aggregates, while macrophages are excluded from the developing TLS (3, 23). Simultaneously, B cells upregulate interleukin (IL)-18, chemokine C-X-C motif ligand (CXCL)-13, heat-labile enterotoxin B (LTB), a proliferation-inducing ligand (APRIL), and other lymphoid genes to stimulate T-cell entry (25). From a morphological point of view, TLS formation and maturation can be summarized into three stages. The first stage involves T cells, B cells, and stromal cells, such as FDCs, alpha smooth muscle actin (αSMA), and fibroblasts. The second stage comprises development of polarized clusters of T cells and B cells accompanied by FDCs. The third stage comprises development of mature TLS containing GCs, proliferation of B cells, plasma cells, HEVs, and lymphatic vessels (LVs) (26). Of those, the presence of HEVs is related to the recruitment and activation of naive CD4 T cells (27, 28). LVs help to regulate the immune response around TLS (29).

Several factors regulating SLO formation at the embryonic stage overlap with those regulating TLS formation (30). Stimulation of immune cell infiltration by specific inflammatory factors in inflammatory tissues is also a condition for TLS formation (21). At the initial stage, ectopic expression of TLS-promoting factors secreted by dendritic cells plays a vital role in TLS formation (31, 32). These TLS-promoting factors can jointly recruit and activate LTIs (16). LTIs further produce IL-17, lymphotoxin α-1β-2 (LTα1β2) and bind to lymphotoxin β receptor (LTβR) expressed on lymphoid tissues to form organizers. They further continue to induce the secretion of chemokines, expression of angiogenic growth factor, and expression of adhesion factors IL-17R + stromal cells (33). Cell inflammatory factors and lymphoid chemokines (such as CXCL-13, CCL-21, CCL-19, and CXCL-12) secreted by LTIs can coordinate early recruitment of T cells and B cells and form simple aggregates (34). The secretion of vascular growth factors [such as vascular endothelial growth factor A (VEGFA) and C (VEGFC)] plays a vital role in HEV formation (16). Vascular adhesion factors [such as vascular cell adhesion molecule 1 (VCAM1) and mucosal addressin cell adhesion molecule 1 (MADCAM1)] help cells to remain in TLS for a long time (16). With continuous inflammatory stimulation, the TLSs mature. At this time, T- and B-cell compartmentalization occurs; CD21 + FDC networks appear at the TLS center and gradually form a functional GC (35). Of note, although LTIs are extremely important for SLO development in most areas of the human body, the latest evidence shows that TLS can still be formed in the absence of LTIs (36).

Generally, TLS formation is coordinated mainly by lymphoid chemokines, cytokines, and adhesion molecules (37). It is worth mentioning that TLS do not exist forever. Their existence is closely related to active tissue damage. When there is no continuous inflammatory stimulation, they dissipate after antigen clearance or tissue repair (38). Among TLS-promoting factors, IL-6 can promote TLS development in Th17 cells containing podophyllol. Meanwhile, IL-27 can limit the size and function of TLS by controlling the multiplication of Th17 cells (35, 39). Th17 cells and Th17 cytokines, such as IL-17 and IL-22, also contribute to the occurrence and development of TLS (40–43). Blocking IL-17 or podophyllin (PDPN) can inhibit the production of TLS, which may be caused by the negative regulation of PDPN neutralization in Th17 cell proliferation and differentiation (44). There is also evidence that TLS can also be formed without Th17 cytokines (45). In addition, TLS formation is also affected by B-cell activating factor (BAFF). Stimulation of myofibroblasts with Toll-like receptor agonists and cytokines can lead to the upregulation of BAFF and CXCL-13, thus promoting TLS formation (46). In addition to the above factors, tissue-specific, migrating mesenchymal stem cells, NCR3/NKp30, CD3 lymphocytes, and CD20 lymphocytes have different effects on TLS formation (47, 48).



2.4 Functions of TLS

TLS are mainly developed in non-lymphoid tissues to deal with various chronic inflammatory diseases including infection, autoimmune diseases, and cancer (49). However, they are not found in all patients, even those with the same disease (50, 51).

TLS in human solid tumors are essential for the creation of a favorable immune microenvironment to control tumor development. They are involved in the following immune processes, namely, T-cell initiation, B-cell activation, and differentiation into plasma cells, and serve as a factory for antibody secretion (52). In most cases, TLS in solid tumors are closely related to improved tumor prognosis. It can therefore be speculated that they are one of the sites of action for activated lymphocytes that partake in immune responses (53). However, although TLSs are protective in patients with infection or cancer, they are harmful in patients with autoimmune diseases and transplant rejection (54). In some autoimmune diseases, TLS are abnormal structures that produce an immune response against autoantigens. They can promote autoimmune response, stimulate local production of autoreactive T and B cells, maintain autoantibodies in the pathogenic process, and worsen the disease (55).




3 Effect of TLS on PHC Prognosis


3.1 Influence of TLS Location on PHC Prognosis

Many studies have proven that TLS can be used as a cancer prognosis indicator. They are close to or in cancer lesions as immune structures; therefore, they may also play a relatively direct role in anti-tumor immune response (56). From the perspective of liver disease, chronic hepatitis caused by hepatitis B virus (HBV), hepatitis C virus (HCV), alcohol disorders, or other factors is one of the commonest causes of liver cancer, and chronic inflammation is one of the causes of TLS. Therefore, TLSs play a significant role in PHC prognosis (57, 58). In PHC, TLS are found in (intratumor TLS, iTLS) or out of the tumor (extra-tumor or peritumoral TLS, pTLS) and at the junction of the two (Figure 2). However, whether iTLS or pTLS is generated eventually is related to the tumor origin or disease stage. Some recent studies have also shown that HCC occurrence is significantly related to genes that promote TLS formation (59, 60). In this study, we summarized the role of TLS in PHC from existing studies (Table 1).




Figure 2 | Effect of maturation and location of tertiary lymphatic structures on cancer prognosis.




Table 1 | Recent research on TLS in PHC.




3.1.1 Role of iTLS in PHC

In HCC, iTLSs are related to a good prognosis and can reduce the risk of early recurrence of HCC. Moreover, the upregulation of iTLS-related genes can also reduce the risk of HCC recurrence in the early and middle stages, which indicates that iTLS may be related to the existence of sustained and effective anti-tumor immunity (49, 61–64). In addition, the risk of HCC recurrence is also related to TLS maturity (primary or secondary follicles and lymphoid aggregates) (61, 64). More mature TLS (lymphoid follicles) are correlated with prognosis than less mature TLS (lymphoid aggregates) (62). Moreover, TILs above 50% in the tumor parenchyma, also known as “lymphocyte-dominated cancer”, have the best prognosis in HCC (65). As mentioned earlier, the dominant subpopulation in TLS is the CD4+ Tfh cells. In patients with HCC, a decrease in circulating and/or tumor-related Tfh cells is associated with decreased disease progression and disease-free survival (DFS) (66). It has been shown that Tfh cells can drive resident CXCR5 effector T cells to produce Th1-directed responses in active TLS (67). Th1 is the most detected Th cell subset in non-cancerous tissues, and Th2, which is widely detected in patients with a poor prognosis, is considered to have a cancer-promoting effect (68–70). Th1 cells may be related to the initiation and/or maintenance of local and systemic adaptive immune responses while protecting patients from tumor invasion and metastasis (71). Some scholars believe that the response rate to immunotherapy will improve if harmful Th2 cells are modified to protective Th1 cells (72).

Studies on TILs and non-tumor hepatic lymphocyte infiltration (LILs) of HCC have shown similar results. Patients with more TILs have a better prognosis than those with fewer TILs. Contrarily, patients with more LILs in adjacent tissues have a worse prognosis than those with fewer LILs (73–75).



3.1.2 Role of pTLS in PHC

Unlike iTLS, pTLS can promote HCC occurrence (76, 77). In HCC, the TLS density of non-neoplastic liver tissue around HCC seems to be related to poor prognosis, especially late recurrence and death after HCC resection (62, 77). pTLS are also related to de novo HCC in patients with chronic inflammation and fibrosis or cirrhosis, and with the increase in TLS, the prevalence of HCC in such patients will also increase (62, 77). Finally, it was also found in mouse models that depletion of TLS in non-neoplastic liver parenchyma is helpful to inhibit HCC progression (77).

TLS can also be detected in early liver lesions (EHLs) such as high-grade atypical hyperplastic nodules, early liver cancer, and advanced small liver cancer (58). As the tumor progresses, these early lesions gradually transform into tumor tissue and can be regarded as paracancerous tissue. EHLs show TLS formation, immune activation, and overexpression of carcinogenic factors; however, this immune response cannot prevent cancer progression. Furthermore, the expression of such immune checkpoints and immunosuppressive molecules may lead to immune escape (58). The overall density and PD-L1 expression of immune cells in EHL are higher than those in their corresponding surrounding tissues—the average density of CD4+ T cells and CD8+ B cells increase three times (58). A high PD-L1 expression leads to immune escape of tumors and, hence, cancer progression (78, 79). The number of TLS increases with the age of the patient, and the accumulation of cancer progenitor cells in TLS is detected. These progenitor cells, which are presumably tumor-inducing cells, can imply a strong tumor-promoting effect of TLS (80). In addition, studies have shown that lymphoid neogenesis depends on LTβR signaling, and TLS can provide paracrine LTb signals to early progenitor cells to promote their growth (71). The progenitor cells expressing E-cadherin in TLS can promote HCC occurrence. After these cells are inhibited, the TLSs are suppressed, and the incidence of HCC is also reduced, which also proves that progenitor cells depend on the adaptive immune system (71). No morphologically mature TLS has been found in EHLs; most TLS in EHL lack CD21 FDCs, and their anti-tumor ability is not perfect. The occurrence of precancerous lesions can be limited by the anti-tumor ability of TLS in EHLs (58).

Coincidentally, in iCCA, the survival time of patients with TLS in the tumor’s surrounding is poor, while the TLS in the intratumor area is positively correlated with a good prognosis (49). Regulatory T cells (Tregs) in TLS can inhibit endogenous anti-tumor immune response; therefore, an increase in the number of Tregs is closely related to the low survival rate of patients. This can lead to worsening of the disease and an increase in tumor infiltration by CD4+ and CD8+ T cells and macrophages (71). TLS-related Tregs can also help tumor immune escape by inhibiting the endogenous immune response against the tumor simultaneously (57, 81, 82). In addition, compared with pTLS, although Tregs in iTLS are significantly increased, Tregs are only related to poor prognosis caused by pTLS (49). Finally, while patients with immune activity have the lowest prognostic risk, patients with immune resistance have the highest prognostic risk (49).

The findings in a study by Finkin et al. suggest that the poor prognosis is caused by pTLS (77). They used transgenic mice to explore HCC development. First, mild inflammatory response and TLS formation were observed in mice, and then, HCC appeared in these mice. The researchers first identified HCC progenitor cells with double-positive GFP and E-cadherin in TLS. Next, these progenitor cells migrated out of the cell and developed HCC outside the cell. Therefore, pTLS may play a similar role with tumor factories in HCC, leading to a poor prognosis of patients with HCC, which is not surprising.

However, the role of pTLS remains controversial. In a study by Li et al., pTLS density was related to good prognosis, that is, there was a positive correlation between high pTLS density and better overall survival (OS) and recurrence-free survival (RFS), and the survival rate of patients with a GC was higher than that of patients without a GC (81). They also observed that pTLS was significantly related to an increase in CD3+ T cells, CD8+ T cells, and CD20+ B cells in tumors, and also to a decrease in infiltration of Foxp3+, Tregs, and CD68+ macrophages (81). This is inconsistent with the increase in Tregs caused by pTLS described earlier, and a clear association has been found between Tregs and the pathogenesis of HCC and even other cancers (57, 81, 82). Tregs play a strong immunosuppressive role and promote immune escape (83, 84). The decrease in Tregs in the results suggest pTLS weakening on suppression of the tumor microenvironment (TME), which may be one of the reasons for the discrepancy between the findings by Li et al. and those of others. Regarding the specific reason for the decrease in Tregs in the study by Li et al., further research is needed. This may explain the controversial findings. In addition, previous studies have proven that CD20+ B cells can promote Tregs proliferation. Conversely, Li et al. reported that high CD20+ infiltration is accompanied by a decrease in Tregs infiltration (85–87). In fact, the role of CD20+ cells remains controversial (88). So far, it is speculated that CD20+ B cells may have a dual effect on HCC; this can be a useful point of focus for HCC treatment research.




3.2 Effect of TLS Cellular Components on PHC Prognosis

The function of TLS depends on their structure—rich in immune cells and in direct contact with cancerous tissue. Therefore, it is speculated that the cellular components of TLS have a relatively direct impact on the prognosis of PHC, and our findings seem to confirm this. In TLS, patients with high CD3, CD8, and NK cell infiltration have a better prognosis (83). High levels of CD3 and CD8 infiltration in TILs have a better prognostic value for OS. Higher levels of CD3, CD4, and CD8 imply better DFS and recurrence-free survival (RFS), while high levels of FoxP3 represent worse OS and DFS/RFS. High CD4 percentage and high CD4/CD8 ratio also affect the OS of patients. In addition, FoxP3/CD4 and FoxP3/CD8 ratios are negatively correlated with OS and DFS/RFS (89–92). Further studies have shown that there is a correlation between the density of B cells in TILs and the density of T cells, and the survival rate of patients with HCC having higher densities is higher. The co-expression of CD27 and CD40 on T cells and B cells is related to the survival rate of patients, and the density of B cells is related to the activation of T cells and NK cells and anti-tumor effects. In addition, the relationship between CD20+ mature B cells and tumor suppression is still controversial (88). However, most of the evidence so far supports that CD20+ B cells weaken tumor suppression (85–87). Studies have shown that CD39 may be involved in regulating the inhibitory ability of tumor-invasive CD8 + Tregs (93). However, high-affinity new antigens (HANs) are positively correlated with higher frequencies of CD39 and CD8 TILs, and patients with a higher HAN value have a higher anti-tumor activity (94). The activation of CD40 cells can significantly enhance the response to anti-PD-1 treatment (95). Regarding macrophages, the density of CD38 and CD68 macrophages is related to the improvement of postoperative prognosis, while the total density of CD68 macrophages is related to poor prognosis (96). High expression of reverse transcription cysteine-rich protein (RECK) was associated with more TILs and a significantly better prognosis than in patients with low RECK expression (97). The expression of T-cell activation (VISTA) protein in HCC showed cell specificity, and its expression is significantly correlated with CD8+ TILs. Patients with both VISTA+/CD8+ cells have a more favorable TME and better OS (98). FOXP3 expression in natural T cells is helpful in obtaining effective immunosuppressive ability, and FOXP3 Tregs/CD4 T cell ratio is an independent prognostic factor for OS (99, 100). Tregs promote immune escape in tumors, which inhibits the activity of T cells, bone marrow cells, and stromal cells, leading to T-cell dysfunction (83, 84). WNT/β-catenin inhibitor ICG-001 plus radiotherapy (RT) can promote CD8+ T-cell infiltration and IFN-γ production in TILs and simultaneously reduce the number of Tregs, thus contributing to HCC treatment (101, 102). Joint blockade of TIGIT and PD1 can improve the function of CD8+ TILs that do not respond to single PD1 blockade, thus inhibiting HCC development (103). A simultaneous high expression of PD-L1 and CD8+ TILs is an important prognostic factor related to immune checkpoint pathway in HCC (104). Therefore, these cellular components can be used as predictors of therapeutic effect and deserve further study.




4 The Value of TLS for PHC Treatment


4.1 The Potential Value of TLS as a Marker for Immunotherapy

Immunotherapy continues to evolve and has become one of the treatments for patients with PHC, but not all patients respond to these treatments. Therefore, the identification of appropriate biomarkers is an urgent need for the treatment of PHC. Recent reports suggest that TLS may be an effective biomarker for immunotherapy.

In renal clear cell carcinoma and melanoma, the presence and density of TLS correlate with the responsiveness of immune checkpoint (ICP) therapy (53, 105). In breast cancer, the expression level of immune checkpoint molecules is related to the level of TILs and TLS formation (106). In addition, a strong correlation between TLS and good ICP treatment outcomes has also been observed in soft tissue sarcomas and bladder cancer (107, 108). Interestingly, immature TLS follicles are observed in most unresponsive patients; therefore, there may be a strong relationship between TLS maturity and treatment. Furthermore, in the study of sarcomas, TLS had a better prognosis in samples with high immune infiltration levels (107). Therefore, it is reasonable to assume that the stage of TLS [no follicles, primary follicles, and mature (secondary) follicles] has a direct impact on the reactivity of ICP. Regarding targeted drugs, there is also evidence to prove the biomarker value of TLS. Treatment of HER2/neu tumors with trastuzumab is associated with better DFS in TLS-enriched tumors (109). In a recent study, the appearance of TLS in immune-checkpoint-resistant PTEN-null prostate cancer is also associated with better treatment outcomes against PI3K inhibitors (110). In gastrointestinal stromal tumors (GIST), high-density TLS is associated with lower imatinib resistance, recurrence, and more favorable survival (111). Patients with drug-resistant GIST have more Tregs, which are one of the inhibitors of the immune system.

In a study on PHC immunotherapy, Vella et al. found that patients with HCC having TLS responded better to ICP therapy with carbosantinib and nivolumab (53). In another HCC study, the authors found that aspartate β-hydroxylase is an ideal tumor-associated antigen and can be used as a target for HCC immunotherapy, but its function is partly dependent on the presence of TLS (112). In addition, patients with a higher expression of TLS characteristic genes such as CCL-5, CXCL-9, CXCL-10, and CXCL-13 will also have a better response to immune checkpoint inhibitors (ICIs) (113, 114). This suggests that TLS can transform the immune microenvironment of patients to some extent, or at least there is a close relationship between the two. The former can affect the cell composition of the latter and provide a suitable environment for the T-cell-mediated ICP response and ultimately affect the effect of immunotherapy.



4.2 The Value of Modulation of TLS Formation for PHC Therapy

Tumor-associated TLSs are usually associated with a good prognosis for most cancer types; tumor-associated TLS and chronic intratumoral inflammation are associated with tumor immune tolerance, suggesting that TLS may increase cancer invasiveness (115). A successful anti-tumor immune response cannot be achieved without the synergistic effect of the body’s immune cell components. TLS formation may be related to the relationship between immunosuppression and recovery of immune cell function. The recovery of cell function activates anti-cancer immune-related pathways and then induces TLS formation. After TLS formation, it can further strengthen the anti-tumor effect and improve patient survival. Many attempts to modify TLS formation as a treatment for cancer have been made; these include chemokines and immunotherapy. These approaches are further reviewed in this section.


4.2.1 TLS Regulation by Chemokines/Cytokines

Modern information technology, bioinformatics, has become a powerful tool for identifying biological phenotypes. Some recent studies have used these tools to screen TLS-related chemokine genes, which provide favorable conditions for analyzing the role of chemokines in TLS formation. The unique 12 TLS chemokines (CCL-2, CCL-3, CCL-4, CCL-5, CCL-8, CCL-18, CCL-19, CCL-21, CXCL-9, CXCL-10, CXCL-11, and CXCL-13) can affect TLS status directly and further affect patient prognosis. For example, patients with a low chemokine expression in colorectal cancer have a poor prognosis (116).

B-Lymphocyte chemokines can lead to the formation of LN-like structures, such as HEVs, interstitial cells, B cells, and T cell compartments (117). These LN structures can directly induce TLS formation, thus assisting the treatment of cancer. Different chemokines have different abilities to induce immune infiltration. For example, the CCL21 induction ability is stronger than that of CCL19 (118). CCL21, as a T-lymphocyte inducer, has been reported to recruit T cells into TLS through CCR7 to promote the formation of TLS. Some studies have found that the combined application of IL7 and CCL21 can improve the anti-tumor efficacy of various solid tumors (119). In addition, CCL21 combined with anti-CD25 monoclonal antibody can improve anti-tumor efficacy in HCC. Therefore, CCL21 may be one of the feasible targets for TLS induction and anti-PHC.

Hox antisense intergenic RNA (HOTAIR) is related to poor HCC prognosis. It can promote CCL-2 secretion and may participate in the recruitment of macrophages and bone-marrow-derived suppressor cells to the TME (120). The famous Chinese medicine Gehua Jiecheng Decoction can inhibit the expression of CCL-2 in the liver while effectively inhibiting the development of tumor cells and reducing the tumor area. In addition, the expression of inflammatory factors and angiogenesis factors in the tumor is also reduced to varying degrees to antagonize the immunosuppressive effect of the liver cancer microenvironment (121). There is also evidence that blocking CCL-2 can promote TME recovery from inhibition (122). The serum CCL-3, CCL-4, and CCL-5 levels of patients with HCC are increased and closely related to activated circulating monocytes (123, 124). The serum CCL-3 levels of patients with HCC and a good response to regorafenib chemotherapy are reduced (125). Studies have shown that CCL-5 can activate and recruit M2 macrophages in HCC, increase the proportion of M2/M1 macrophages, and promote HCC progression (126, 127). However, in a study on Biejiajian Pill and yttrium-90 (Y90) radioactive embolism (RE), CCL-5 expression was found to significantly suppress tumor cells (128, 129).

LTβR is a cell surface receptor, which is involved in apoptosis and cytokine release. Studies have shown its key role in LN formation. LTβ deficiency leads to serious defects in the development of lymphatic organs in mice (130). Regarding the similarity between TLS and SLO, TLS can be induced or inhibited by LTβR. DCs, as a source of LT, are closely related to chemokines that contribute to TLS formation. DCs can also promote LT signaling through LTβR to achieve HEV differentiation and LN function (131). DCs promote the infiltration of immature T cells and NK cells into the TME and prolong the OS of mice when injected into their abdominal cavity (132). This proves that to induce TLS formation, the expression of chemokines can be increased through DC. LIGHT/TNFS14 is an LTβR ligand, which is expressed on immature DCs and activated T lymphocytes. By inserting the gene encoding LIGHT into attenuated Salmonella typhimurium, its oncolytic activity is strengthened, thus inhibiting the growth of the primary tumor and lung metastasis dissemination (133). Perhaps, attenuated or non-toxic bacteria have similar therapeutic effects with DC injections, and the advances in genetic engineering can also cause a change in required therapeutic proteins to form an artificial antibody factory in the body. In HCC, LTβR signaling is involved in the occurrence of HBV-related hepatitis and HCC (134, 135). Meanwhile, the LTβR pathway inhibits TLS formation (136). This may be achieved by regulating the production of pTLS in the liver. In addition, some studies have shown that overexpression of BCL-2 in HCC cell lines can enhance LIGHT-mediated apoptosis in Hep3BT2 cells and thus inhibit tumor cells (137). Studying the effect of LTβR in PHC tumors may bring new discoveries to the role of LTβR in PHC.

Interestingly, promoting or inhibiting TLS formation in HCC plays a favorable role in prognosis; the reason for this difference is unclear. However, we speculate that it may be related to the distribution of its own TLS inside and outside the tumor—whether the increase in TLS markers that do not exist in cancer lesions, such as chemokine CCLs in serum, can be regarded as an increase in TLS in adjacent tissues, which corresponds to the role of pTLS mentioned above. On the other hand, there is no doubt that the in vivo immune response requires the coordinated development of multiple factors including various complex signaling pathways, or cell-to-cell crosstalk, and these experiments on immunosuppressed mice did not obviously consider this situation. Using humanized immune mice to transplant patient-derived tumor tissue for related research may be one solution. Finally, as described above, abnormalities in the composition and function of cells in TLS can affect the disease course, which is not reported in recent studies. However, there is a recent study that verified these conjectures. The author found that upregulation of CXCL13 can promote immune escape in HCC, but under the combination of vaccine and PD-1 inhibitor, CXCL13 produced by cancer cells can recruit T lymphocytes into TLS and have a positive anti-tumor effect (112). Obviously, CXCL13 has contrary roles before and after processing. This may be explained by the aforementioned reasons. In conclusion, these results suggest that chemokines involved in TLS formation can be used in combination with various therapeutic methods. Further research on their use in induction of TLS formation or inhibitory targets to improve HCC prognosis is required.



4.2.2 TLS Regulation by Immunotherapy

There are several advances in immunotherapy in recent years. Some of them can promote TLS formation while producing therapeutic effects, which may confer dual anti-tumor effects on immunotherapy. ICIs can induce TLS formation and play an important role in the formation of TME with anti-tumor properties. In a study on the treatment of non-small cell lung cancer (NSCLC) with an ICI (nivolumab), TLS formation was observed in the samples of cases that responded to ICIs, unlike in the samples of unresponsive cases (138). Furthermore, TIL infiltration was more in biopsy samples from patients with advanced melanoma receiving anti-PD-L1 therapy (139). In addition, in another study using the allogeneic PDAC vaccine (GVAX) combined with low-dose cyclophosphamide to reduce Tregs as a treatment, upregulation of TLS infiltration after GVAX was observed (53).

As mentioned earlier, iTLS can inhibit the progression of PHC. The transcription factor CEBPA is the main regulator of liver homeostasis and bone marrow cell differentiation. Some studies have found that upregulation of CEBPA gene expression can induce the formation of iTLS in the TME and tumor suppression (140). Neoadjuvant drugs, cabozotinib and nivolumab, can also promote iTLS formation and inhibit HCC occurrence (53). In addition, ICIs are promising drugs for the treatment of advanced HCC. After HCC is treated with anti-PD-1 antibodies, TILs and patient survival (PFS and OS) increase (141). GVAX has been proven to induce iTLS formation (53). Selective internal radiotherapy can also significantly promote the recruitment/activation of effector immune cells in tumors and TIL formation (142). This shows that ICIs can convert non-immunogenic tumors into immunogenic tumors through TLS; it also suggests that the combination of ICIs and vaccine-based immunotherapy can be a potential treatment strategy.

In addition, inhibitory TME has an important influence on tumor immunity. Some scholars have found that in non-HBV/non-HCV HCC, although TILs secrete IFN-γ, they cannot kill cancer cells (143). Therefore, the conversion of inhibitory TME into immunoactive TME is a key focus for HCC treatment. Some studies have found that IL-2 can restore the anti-tumor activity of TILs (144). Activation of IL-12-mediated pathways often represent a better prognosis (145). It should be studied as a dynamic marker of the functional state of CD8 TILs. Another study also showed that the expression of TIM-3 and/or PD-1 on TILs will impair their function. They also reported that blocking TIM-3 or/and PD-1 can reverse the dysfunction of TILs in HBV-related HCC (146).

After years of research, tumor vaccine is now one of the feasible tools for induction of TLS formation. In addition to the GVAX mentioned earlier, in another study involving patients with pancreatic cancer receiving granulocyte-macrophage colony-stimulating factor (GM-CSF) vaccine, TLS was shown to regulate adaptive immunity (53). The production of TLS, which is highly related to CD8+ T cells and Th1 infiltration, can also be observed in patients with cervical cancer treated with HPV vaccine (147). These changes are characterized by increased expression of genes related to immune activation and effector function. The study of another vaccine, Nano-sapper, reported its ability to suppress the inhibitory effect of TME in pancreatic ductal adenocarcinoma mouse tumors and induce intratumoral TLS production to improve prognosis (148). Therefore, removing inhibitory TME is key in inducing TLS and improving prognosis.



4.2.3 TLS Regulation by HEV Induction

HEV is a specialized posterior capillary vein with structural and functional differences from normal blood vessels. It is found in SLO and TLS. It affects TLS formation by mediating lymphocyte migration (53). HEV in human tumors is related mainly to increased survival rate. Tumor HEV (TU-HEV) in mice has been shown to cultivate lymphocyte-rich immune centers and enhance immune response when combined with different immunotherapy drugs, which is often considered as a key factor in TLS formation. In a retrospective study of primary breast cancer, TU-HEV density was positively correlated with DFS, metastasis-free survival, and OS (149). Therefore, it can be proven that it is of great significance for anti-tumor immune activity. Moreover, some scholars observed MECA-79-positive blood vessels in melanoma, breast cancer, ovarian cancer, colon cancer, and lung cancer samples (53). These findings were subsequently verified by other scientists and successively confirmed in kidney, stomach, pancreas, and head and neck cancers (53). In many diseases, the intensity of MECA-79 is correlated with the degree of monocyte infiltration in the lesion, and the density of MECA-79 + HEV cells is also positively correlated with clinical parameters. In primary melanoma, MECA-79 + HEV cells are associated with reduced tumor invasiveness (53). The combination of high-density MECA-79 + HEV cells and CD8+ T cells is also a prognostic factor for OS in gastric cancer (150). In addition, MECA-79 is more expressed in the normal bile duct epithelium in iCCA, which implies that MECA-79 expression is inhibited in tumor tissues and may further affect the production of HEVs and iTLS (151). Therefore, MECA-79 may be an implicit powerful target for PHC therapy.




4.3 Other Factors Related to TLS That May Affect Treatment

There are fewer studies on the generation and function of tumor TLS than on TLS therapeutic value. The tumor mutation burden (TMB) represents the number of DNA mutations per million bases (Mut/Mb) sequenced in a particular cancer. As the number of mutations and new expressions increases, these new antigens may be immunogenic and trigger T-cell responses. Initially, TMB was identified as a biomarker for ICIs, while few recent studies point it to TLS. In a study using computers to predict new antigens for pancreatic ductal adenocarcinoma, it was pointed out that the TMB of early TLS tumors is low. However, mature TLS with GCs have significantly more restrictive new antigens expressed in samples with a better prognosis (53). Some scholars have used public databases and found that tumors with a high TMB have a higher TLS density in NSCLC and melanoma based on 12 chemokine characteristics (152). Both diseases have good responsiveness to ICIs. These studies show the importance of other molecular features apart from pure TLS maturity stage and density for cancer treatment. In fact, we speculate that highly unstable tumor tissues with a high mutation probability are more likely to trigger the expression of new antigens.

Mutations in specific genes also play an important role in the occurrence and development of TLS. BRCA-mutated tumors have a strong infiltration of CD8+ T cells, and their mutations are positively correlated with high TLS scores in many tumors (including breast cancer, prostate cancer, or endometrial cancer) (53). On the other hand, some other mutations such as CTNNB1 and IDH1 are negatively correlated with high TLS scores. These mutations may directly or indirectly participate in TME formation and eventually affect TLS formation.

Various immune components in TME are mixed, and there may be some crosstalk between various effector cells (CD8+ T cells or NK cells) involved in eliminating tumors or between them and tumor cells, thus affecting their effect of fighting cancer. There is evidence supporting this. One study of HCC showed that tumor cells are able to release YWHAZ (aka 14-3-3ζ) in the TME via crosstalk to inhibit the anti-tumor function of tumor-infiltrating T cells (153). Blocking YWHAZ may promote HCC treatment.

Second, some researchers found that there is a difference in the transcriptional characteristics of T cells extracted from tumors with and without TLS and from the tumor TLS itself (53). Third, B cells can function as antigen-presenting cells to promote T-cellular immunity (154). In addition, the study also found that T cells in tumors seem to be a prerequisite for B-cell infiltration (53), which supports the fact that T cells are involved in the recruitment of B cells and TLS formation.

The administration of preoperative radiotherapy and chemotherapy (neoadjuvant chemotherapy, NAC) is related to the increase in TLS formation. In hepatoblastoma with a better prognosis than adenomatous Escherichia coli mutation, a significant increase in TLS formation can be seen in tissues before and after cisplatin chemotherapy (155). Patients with pancreatic ductal adenocarcinoma have a better prognosis after NAC, while TLS increase (156). However, during NAC, the formation of TLS is generally impaired, which is manifested by cell reduction and area reduction, but 2 weeks after treatment, their function and size normalize gradually (157). This phenomenon may be related to tumor cell death caused by radiotherapy and chemotherapy. After tumor cells die, they release the new antigens they carry, and the DC captures these antigens and triggers a stronger anti-tumor immunity.

The introduction of materials science has made biomaterials an alternative for disease treatment. Biomaterials are expected to modulate TLS formation through controlled chemokine release. Hydrogel can deliver antigen chemokines and cytokines to DCs to induce cell response (158). Research on artificial LNs has been ongoing for many years (159). Regarding future tumor therapy, the development of biomaterials will be a powerful assistant.

STING (STimulator of INterferon Genes) is a cytoplasmic DNA-sensing protein, which has strong pro-inflammatory ability in tumor-associated stromal cells and can upregulate the expression of various cytokines, which can also be a way to induce TLS formation. In melanoma, STING activation in the tumor can promote the normalization of tumor vessels, enhance lymphocyte infiltration, and promote the formation of local TLS (160). In mouse models of breast cancer, lung cancer, and melanoma, low-dose STING agonists can coordinate the promotion of tumor vascular normalization and CD8+ T cells to control tumor growth (53). The combination of STING agonists with other treatments may be a candidate for improving TLS-related anti-tumor immune response.




5 Discussion

Research on TLS in PHC is still at the initial stage; there are few related studies. Regarding PHC, while the positive effect of iTLS is sure, pTLS might have a negative effect. There are several reports on the positive role of iTLS in various cancers; therefore, we can speculate that they are important in PHC. However, there are no large-scale multicenter studies on siTLS, creating the need for further research. However, there are several limitations that need to be overcome for research on TLS in PHC and even in all cancers.

First, the studies used different TLS evaluation criteria. Furthermore, the TLS determination methods were different, time consuming, subjective, and difficult to use in clinical practice. The lack of reproducible and standardized TLS identification methods is a major setback. However, the advances in artificial intelligence and computers have made it possible to standardize TLS identification, which is another powerful weapon against cancer in clinical practice. Moreover, the current TLS identification method can only be carried out using tissue biopsy. Identifying a certain feature from peripheral tissues (such as blood, digestive juice, and even excreta) will reduce patient damage and improve detection efficiency.

Second, TLS needs to be studied from a wider angle and not just as a prognostic marker. If possible, it should be used to monitor the treatment effect during a treatment intervention. Of course, less invasive inspection methods for this process would be important. Furthermore, whether the formation and composition of TLS of PHC caused by different pathogenic factors is different (such as cancer caused by HBV/HCV-related chronic hepatitis versus cancer caused by chemical factors) and whether iTLS and pTLS will transform or promote each other need further study; these will be very significant in understanding TLS evolution and disease causes.

It cannot be ignored that TLS research needs to be translated into PHC immunotherapy, which may solve the problem of the low response rate to ICIs in PHC, thus benefiting patients. As mentioned in the paper, research on both TLS and immunotherapy should be multi-faceted. It may be possible to screen sensitive patients for a certain type of immunotherapy drug or induce its generation and consumption to regulate the efficacy of immunotherapy. Combination therapy is also a potential effective treatment. However, more in-depth mechanism research and verification via large-scale in vivo and in vitro experiments are required.

Finally, the defects in immunodeficient mice used in TLS research are not suitable for investigating the controversial TLS effects in PHC. Further research should focus on how to reconstruct the complex TME of tumor tissue in the human body while considering the interaction of various factors in the body’s immunity.
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Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of immune suppressive cells detected in several human cancers. In this study, we investigated the features and immune suppressive function of a novel subset of monocytic MDSC overexpressing TIE-2 (TIE-2+ M-MDSC), the receptor for the pro-angiogenic factor angiopoietin 2 (ANGPT2). We showed that patients with melanoma exhibited a higher circulating rate of TIE-2+ M-MDSCs, especially in advanced stages, as compared to healthy donors. The distribution of the TIE-2+ M-MDSC rate toward the melanoma stage correlated with the serum level of ANGPT2. TIE-2+ M-MDSC from melanoma patients overexpressed immune suppressive molecules such as PD-L1, CD73, TGF-β, and IL-10, suggesting a highly immunosuppressive phenotype. The exposition of these cells to ANGPT2 increased the expression of most of these molecules, mainly Arginase 1. Hence, we observed a profound impairment of melanoma-specific T-cell responses in patients harboring high levels of TIE-2+ M-MDSC along with ANGPT2. This was confirmed by in vitro experiments indicating that the addition of ANGPT2 increased the ability of TIE-2+ M-MDSC to suppress antitumor T-cell function. Furthermore, by using TIE-2 kinase-specific inhibitors such as regorafenib or rebastinib, we demonstrated that an active TIE-2 signaling was required for optimal suppressive activity of these cells after ANGPT2 exposition. Collectively, these results support that TIE-2+ M-MDSC/ANGPT2 axis represents a potential immune escape mechanism in melanoma.
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Background

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of immature myeloid origin with immunosuppressive properties. Physiologically, MDSCs play a fundamental role in the resolution of inflammation and the maintenance of immune homeostasis (1). However, MDSCs are massively accumulated in pathological conditions such as inflammation or cancer (2, 3). These cells represent one critical immune escape mechanism developed by tumor, and evidence supports the detrimental role of tumor-induced MDSC in many cancers (2, 4–6). M-MDSC are also involved in metastasis formation and treatment resistance (4, 7).

Although there are heterogeneous populations, MDSCs are classified into two subtypes, monocytic (M-MDSC) and polymorphonuclear (PMN-MDSC), which resemble monocyte and neutrophil, respectively (6). M-MDSCs are characterized by the expression of CD11b, CD14, CD33, and HLA-DR−/low, while PMN-MDSCs are characterized by the expression of CD11b, CD15, CD33, and CD66b (6, 8). These suppressive cells are involved in the tumor escape to immune attack through several mechanisms (9) such as the production of inhibitory cytokines (10, 11), Arginase 1 (Arg1) (12), and reactive oxygen species (2) and the regulation of adenosine mechanism by ectonucleotidase CD39 and CD73 (13).

We recently described that a subtype of M-MDSC expresses TIE-2, a receptor of the proangiogenic factor Angiopoietin 2 (TIE-2+ M-MDSC) (14). TIE-2 is a tyrosine kinase receptor expressed mainly by endothelial cells, cancer cells, and some immune cells like monocytes (15, 16). This receptor has many ligands in the angiopoietin family, notably ANGPT2. ANGPT2 is expressed by endothelial cells, cancer cells, and some immune cells depending on the hypoxia context or upon stimulation by different cytokines or growth factors such as TNF-α, TGF-β, and VEGF (17–20). The ANGPT2/TIE-2 axis was implicated in angiogenesis and tumor progression (21, 22) due to its role in the permeabilization of the blood vessels and the activation of TIE-2+-expressing monocytes (TEMs). TEMs are present in high quantity in the tumor microenvironment and blood vessels (23). In many cancers, it has been described that TEMs suppress T-cell proliferation and are implicated in neovascularization. Moreover, the immunosuppressive functions of TEMs are enhanced by the ANGPT2 stimulation. Inhibition of TIE-2 in myeloid cells induced a decrease in tumor volume and metastasis in lung cancer (23–28). In lung cancer, we identified a high rate of TIE-2+ M-MDSC and ANGPT2 in the metastatic stage, which are associated with a poor prognosis. Furthermore, ANGPT2 enhances immunosuppressive functions of TIE-2+ M-MDSC against antitumor response (14).

In this study, we investigated the TIE-2+ M-MDSC in patients with melanoma and their suppressive function against tumor-specific T cells. We also analyzed the expression of different proteins implicated in the immunosuppressive function of M-MDSC.



Methods


Patients

A total of 156 patients with melanoma were included at the University Hospital of Besançon (Besançon, France) between October 2011 and January 2016 in the LYTELOMEL cohort. Patients with cancer stages I to IV were enrolled before any anticancer therapy. All patients were included with informed consent in accordance with the French laws and after approval by the local and national ethics committees. The main clinical characteristics of the patients are summarized in Supplementary Table S1. Blood samples were collected before any anticancer therapy. Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient separation on Ficoll Unisep tubes (Eurobio, Les Ulis, France) and frozen until use. Blood cells were also collected from 40 anonymous healthy donors (HDs) at the Etablissement Français du Sang (EFS, Besançon, France) with informed consent and following EFS guidelines.



Flow Cytometry

To discriminate living from dead cells, PBMCs were first washed in 1× phosphate-buffered saline (PBS) (Gibco, Grand Island, NY, USA) and stained with eFluor 506 viability dye according to the manufacturer’s instructions (eBioscience, San Diego, CA, USA).

For M-MDSC analysis, samples were surface-stained in the dark for 30 min at 4°C with a mixture of the following antibodies: HLA-DR, CD14, CD33, CD11b, and TIE-2 plus lineage cocktail [(Lin) composed of CD19, CD56, and CD3].

For characterization of the MDSC phenotype, samples were surface-stained in the dark for 30 min at 4°C with different antibodies: HLA-DR, CD14, PD-L1, CD39, and CD73. Cells were fixed and permeabilized using eBioscience Foxp3/Transcription factor staining buffer set, according to the manufacturer’s instructions. After permeabilization, antibodies against IL-10, LAP, Arg1, NOS2, or COX2 were added for 30 min at 4°C and washed.

Samples were acquired on a FACS BD Canto II (BD Biosciences, San Jose, CA, USA) and analyzed with KALUZA analysis software (Beckman Coulter, Brea, CA, USA).



ANGPT2 Measurement

The patients’ serum was collected and frozen until use. ANGPT2 was measured in patients’ serum by ELISA assay (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. The values were represented in pg/ml.



Synthetic Peptides

A previously described mixture of eight pan MHC class II-restricted peptides derived from human telomerase (hTERT) (29, 30) and a mixture of overlapping 15-mer peptides derived from NY-ESO1 were used to analyze circulating CD4+ T-cell response against tumor-associated antigens (TAAs). For studying CD8+ T-cell response, a mixture of 12 MHC class I-restricted peptides derived from hTERT and a mixture of 5 peptides derived from NY-ESO1 were used.

hTERT MHC class II-restricted derived peptides were purchased from JPT (Berlin, Germany) (purity >80%), and NY-ESO1 MHC class II-restricted derived peptides were purchased from CTL (Cellular Technology Ltd., Shaker Heights, OH, USA). TERT and NY-ESO1 MHC class I-restricted peptides were purchased from ProImmune (Oxford, UK) (purity > 90%). To assess antiviral T-cell immunity, peptide mixtures derived from influenza virus, Epstein–Barr virus, and cytomegalovirus were used (PA-CEF-001).



Assessment of Spontaneous T-Cell Responses Against Tumor-Associated Antigens by IFN-γ ELISpot

T-cell responses were assessed by IFNγ ELISpot assay after a short in vitro stimulation as described previously (29, 30). For in vitro stimulation, at day 0, Ficoll-isolated PBMCs were plated at 1.106 cells/well for 6 days in 48-well plates with different peptide mixtures derived from hTERT and NY-ESO-1: 5 µg/ml of hTERT HLA class II, 1 µg/ml of hTERT HLA class I, or 1µg/ml of NY-ESO1. Recombinant interleukins IL-7 (5 ng/ml; PeproTech, Cranbury, NJ, USA) and IL-2 (20 UI/ml; Novartis, Basel, Switzerland) were added on days 1 and 3, respectively. On day 7, specific T-cell responses were measured by IFNγ ELISpot according to the manufacturer’s instructions (Diaclone, Besançon, France). Briefly, cells were incubated at 1.105 cells/well in X-Vivo 15 medium (Lonza, Basel, Switzerland) in a 96-well ELISpot plate with the relevant peptides for 15 h. Cells cultured with medium and phorbol myristate acetate (PMA; 1 ng/ml)/ionomycin (500 ng/ml) were used as negative and positive controls, respectively. Spots were revealed, and spot-forming cells were counted using the C.T.L Immunospot System (Cellular Technology Ltd). Responses were considered positive when IFNγ spot numbers were twice those of the medium control and >10.



ANGPT2/TIE-2+ Axis In Vitro Inhibition Assay

PBMCs from melanoma patients with TIE-2+ M-MDSC were assessed for T-cell response in the absence or presence of ANGPT2. Briefly, T-cell responses were evaluated by IFN-γ ELISpot, as described above. To analyze ANGPT2/TIE-2+ axis inhibition, 300 ng/ml of recombinant ANGPT2 was added on days 0 and 3 of the in vitro stimulation. In some cases, TIE-2 inhibitors—5 nM of rebastinib (MedChemExpress, Monmouth Junction, NJ, USA; DCC-2036), 50 nM of Regorafenib (Selleck, Munich, Germany; SE-S1178), or tyrosine kinase inhibitor 10 nM of dasatinib (Sigma-Aldrich, St. Louis, MO, USA; SML2589)—were added to the culture at days 0 and 3.



Real-Time Quantitative Reverse Transcriptase PCR

Cells were collected in RLT buffer (Qiagen, Valencia, CA, USA), and total mRNAs were extracted using RNAeasy Mini Kit according to the manufacturer’s instructions (Qiagen). Total mRNA was reverse transcribed using the TaqMan gene expression assay for IL-10 (Hs00961622_m1), TEK (Hs00945150_m1), STAT3 (Hs00374280_m1), CD39 (Hs00969556_m1), CD73 (Hs00159686_m1), and Arg1 (Hs00163660_m1) (Thermo Fisher Scientific, Waltham, MA, USA) and the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).



Statistical Analysis

Without further indication, the data are presented as the mean and their associated SD. For two-group comparisons, the non-parametric Student’s t-test was used. For the survival analysis, the threshold values were calculated with the Restricted Cubic Spline method: 4.85% for TIE-2+ M-MDSC and 439.5 pg/ml for ANGPT2. Overall survival (OS) was calculated from the date of study enrollment to the date of death from any cause. Patients known to be alive were censored at the time of their last follow-up assessment. Information about patients’ outcomes was collected up to 7 years after their inclusion. OS was estimated using the Kaplan–Meier method described using median or rate at specific time points with 95% CI and compared among the groups with the log-rank test. All analyses were performed using Prism 7 GraphPad™ Software and R software version 2.15.2 (R Development Core Team; http://www.r-project.org). All tests were two-sided, and p-values lower than 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).




Results


Accumulation of TIE-2+ Monocytic Myeloid-Derived Suppressor Cells in Patients With Advanced Melanoma

TIE-2 expressing M-MDSCs (TIE-2+ M-MDSC) were analyzed by flow cytometry in peripheral blood from melanoma patients (n = 81) and HDs (n = 22) as control. The phenotype of M-MDSC was Lineage− (CD3−, CD19−, and CD56−), HLA-DRlow, CD11b+, CD33+, and CD14+, as previously described (31) (Figure 1A). A higher circulating rate of TIE-2+ M-MDSC was observed in melanoma patients than in HDs (7.3% vs 1.5%, p < 0.0001), and this rate was significantly more increased in advanced stages (Figures 1B, C and Supplementary Table 1). Moreover, most advanced patients displayed high levels of circulating TIE-2+ M-MDSC (>5%) as compared to stage I/II patients (Figure 1C). Accordingly, a higher amount of serum ANGPT2, the ligand of TIE-2, was shown in melanoma patients and especially in advanced stages (Figures 1D, E). As expected, we found that a high level of TIE-2+ M-MDSC (>4.85%) was associated with lower OS as compared to patients with TIE-2low M-MDSC (55% vs 80% alive at 24 months, p = 0.0078) (Figure 1E). A higher amount of ANGPT2 was also associated with poor outcomes in melanoma (70% vs 87% alive at 24 months, p = 0.065), in line with the literature (31–34) (Figure 1F). Accordingly, patients exhibiting both TIE-2+ M-MDSC/ANGPT2high profiles had a bad prognosis, and their median OS was 7 months versus not reached in the group TIE-2+ M-MDSC/ANGPT2low (p = 0.019) (Figure 1G). This negative impact associated with a high TIE-2+ M-MDSC/ANGPT2 environment was mainly related to advanced stages since patients who belonged to stages I and II often had an overall lower level of circulating TIE-2+ M-MDSC or ANGPT2 (Supplementary Figures 1A, B).




Figure 1 | Distribution of TIE-2+ M-MDSC and ANGPT2 in melanoma patients. (A) Gating strategy of M-MDSC (Lineage−, HLA-DRlow, CD11b+, CD33+ and CD14+). (B) Left, representative dot plot of TIE-2 expressed on M-MDSC from 1 healthy donor (HD) versus 1 melanoma patient gated with isotype; right, percentage of TIE-2+ M-MDSC in HD (n = 22) and in patients (n = 81) (Student’s t-test, ****p < 0.0001). (C) Percentage of TIE-2+ M-MDSC according to melanoma disease stages (Student’s t-test, ***p<0.001, ****p < 0.0001). (D) Left, level of ANGPT2 serum measured in HD (n = 22) and patient (n = 81); right, according to the disease stage (Student’s t-test, *p < 0.01). (E–G) Association between overall survival (OS) and percentage of TIE-2+ M-MDSC (E), ANGPT2 concentration (F), and the combination of both parameters (G). (E) Kaplan–Meier curves according to percentage of TIE-2+ M-MDSC in overall population (p = 0.0079). Thresholds were determined according to the restricted cubic spline method (4.85%). (F) Kaplan–Meier curves according to concentration of ANGPT2 in overall population (p = 0.062). Thresholds were determined according to the restricted cubic spline method (439.5 pg/ml). (G) Patients were classified into 4 distinct groups according to the level of TIE-2+ M-MDSC and ANGPT2 concentration. Kaplan–Meier curves for the 4 groups in overall population (p = 0.017). ns, no signigicant.





A High Rate of TIE-2+ Monocytic Myeloid-Derived Suppressor Cells is Associated with An Impairment of Melanoma-Specific T-Cell Responses

The above results suggest that the deleterious effect of TIE-2+ M-MDSC may be related to their inhibitory effect on antitumor T-cell responses, as previously described (14). To investigate this purpose, we measured spontaneous T-cell responses directed against a mixture of peptides derived from hTERT and NY-ESO-1, two tumor antigens highly expressed in melanoma or with virus-derived peptides used as non-tumor antigens (36–38). The frequencies of responder patients to hTERT and NY-ESO1 measured by INF-γ ELISpot assay were 46% (37/80) and 27.3% of patients (21/77), respectively (Figure 2A). Overall, 47% of patients responded to at least one antigen, and 16% responded against the two antigens. The frequency of immune responders against one and two melanoma-associated antigens was equivalent regardless of the melanoma stage (Figures 2B, C). In contrast to stage I/II patients, we found that in the advanced stage III/IV group, non-responder patients exhibited a high level of TIE-2+ M-MDSC than responder patients (8.4 vs 5.4%, p < 0.03). A similar trend was found with mean fluorescence intensity (MFI) value of TIE-2 expression on M-MDSC: mean MFI 816 vs 1,001 in immune responders and non-responders, respectively (** p < 0.01) (Figure 2D). Similar trends were made with the ANGPT2 level in these two groups of localized or advanced patients (Figure 2E). As a result, we found that the majority of patients (>90%) had functional melanoma-specific T-cell responses in the group of patients with TIE-2+ M-MDSC/ANGPT2low profile, whereas only 6% of patients with TIE-2+ M-MDSC/ANGPT2high had a preexisting antitumor T-cell response (Figure 2F).




Figure 2 | Correlation between TIE-2+ M-MDSC/ANGPT2 and antitumor-specific T-cell responses in melanoma patients. (A) Frequency of patients exhibiting spontaneous T-cell responses against TERT (37/80) or NY-ESO1 (21/77) antigens by IFN-γ ELISpot assay. (B) Distribution of patients according to their antitumor responding responses against 0, 1, or 2 antigens (n = 80). (C) Responders’ frequency to 0, 1, or 2 antigens between localized or advanced stages. (D) TIE-2+ M-MDSC percentage and TIE-2 MFI expression according to antitumor T-cell response negative (NEG) or positive (POS) in localized stage (I–II) (left) and in advanced stage (III–IV) (right) (Student’s t-test, * p < 0.1). (E) ANGPT2 concentration according to antitumor T-cell response negative (NEG) or positive (POS) in localized stage (I–II) (left) and in advanced stage (III–IV) (right) (Student’s t-test, *p < 0.1, **p < 0.01). (F) Distribution of antitumor T-cell responses in TIE-2high M-MDSCs, ANGPT2high (n = 16) vs TIE-2low M-MDSCs, and ANGPT2low (n = 17). (G) TIE-2neg M-MDSC percentage according to antitumor T-cell response negative (NEG) or positive (POS) in localized stage (I–II) (left) and in advanced stage (III–IV) (right) (Student’s t-test, *p < 0.1). ns, no signigicant.



Of note is that no obvious relationship was shown between the antiviral T-cell responses and TIE-2+ M-MDSC or ANGPT2 (Supplementary Figures 2A–C). Furthermore, no correlation was observed between TIE-2neg M-MDSC and melanoma-specific T-cell response in this population (Figure 2G). Thus, a high level of TIE-2+ M-MDSC/ANGPT2 in peripheral blood is associated with impaired antitumor T-cell responses in advanced melanoma, suggesting that this proangiogenic pathway may suppress tumor-specific T cell in melanoma.



ANGPT2 Increases Immune Suppressive Features of TIE-2+ Monocytic Myeloid-Derived Suppressor Cells

To scrutinize the inhibitory role of the TIE-2+ M-MDSC/ANGPT2 axis, we analyzed the expression of inhibitory pathways related to suppressive cells (2, 10–13, 39) on TIE-2+ M-MDSCs using flow cytometry. We showed that TIE-2+ M-MDSCs expressed a higher level of PD-L1 and CD73 but not of CD39 than TIE-2neg M-MDSC (Figures 3A–C). Next, we performed intracellular staining of suppressive factors such as Arg1, IL-10, and TGF-β on TIE-2+ versus TIE-2neg M-MDSC. Although increased IL-10 and TGF-β expression levels were detected on TIE-2+ M-MDSC, no obvious change was observed for Arg1 expression (Figures 3D–F). In contrast, the expression of iNOS and COX2 appeared lower in TIE-2+ as compared to TIE-2neg M-MDSC (Figures 3G, H). We demonstrated that the in vitro exposition of TIE-2+ M-MDSC to recombinant ANGPT2 stimulation enhanced the expression of most of these inhibitory pathways, mainly PD-L1 and Arg1, but did not influence the expression of iNOS and COX2 in TIE-2+ M-MDSC. As expected, ANGPT2 had no effect on TIE-2neg M-MDSC (Figure 3I and Supplementary Figure 3A), suggesting the upregulation of these suppressive factors involved in TIE-2 signaling. Furthermore, we showed that ANGPT2 treatment of M-MDSC TIE-2 also upregulated transcripts such as Arg1, TIE-2, and CD39 in line with protein level (Supplementary Figure 3B). Thus, ANGPT2 enhances suppressive pathways in TIE-2+ M-MDSC.




Figure 3 | Immune suppressive factors of TIE-2+ M-MDSC. (A–H) Expression of different proteins (PD-L1, CD39, CD73, Arg1, TGF-β, IL-10, iNOS, and COX2) was studied in TIE-2+ M-MDSC (TIE-2+) and TIE-2− M-MDSC (TIE-2−). Left, histogram overlay from one representative patient of the mean fluorescence intensity (MFI) of different proteins; right, relative fluorescence intensity (RFI) of these proteins (Mann–Whitney test, *p < 0.1). (I) TIE-2+ M-MDSC enriched melanoma patients’ peripheral blood mononuclear cells (PBMCs) were stimulated or not with 300 ng/ml of ANGPT2 overnight, and the expression of the different immunosuppressive proteins was analyzed by flow cytometry. Histograms of the MFI fold change. ns, no signigicant.





ANGPT2/TIE-2 Signaling on Monocytic Myeloid-Derived Suppressor Cells Inhibits IFN-y Production by Melanoma-Specific T Cells

To study the involvement of ANGPT2/TIE-2+ M-MDSC in the inhibition of antitumor T-cell function, we first performed in vitro stimulation on PBMCs from patients with elevated levels of TIE-2+ M-MDSCs in the presence or not of recombinant ANGPT2 (Figure 4A). Immune responder patients were selected, and hTERT and NY-ESO1 derived HLA class I binding peptides were used for T-cell stimulation. As shown in Figure 4B, IFN-γ production of tumor-specific CD8 T-cell responses significantly decreased in the presence of ANGPT2. Similar results were obtained against tumor-specific CD4 T-cell response (Supplementary Figure 4). In contrast, ANGPT2 had no effect on tumor-specific T-cell response in the context of TIE-2low M-MDSC patients (Figures 4C, D).




Figure 4 | Effect of ANGPT2/TIE-2 signaling on M-MDSC on antitumor responses. (A) Peripheral blood mononuclear cells (PBMCs) from melanoma patients with TIE-2high M-MDSC were stimulated with TERT class I peptides in presence or not of 300 ng/ml of ANGPT2, and an IFN-γ ELISpot assay was performed. (B) Left, IFN-γ T-cell responses of one representative example of patient; right, histograms from 6 patients (Wilcoxon test, **p < 0.01). (C) PBMCs from melanoma patients with TIE-2low M-MDSC were stimulated with TERT class I peptides in presence or not of 300 ng/ml of ANGPT2, and an IFN-γ ELISpot assay was performed. (D) Left, IFN-γ T-cell responses of one representative example of patient; right, histograms from 8 patients (Wilcoxon test, **p < 0.01). (E) PBMCs from melanoma patients with TIE-2high M-MDSC were stimulated with TERT class I or class II peptides in presence or not of ANGPT2 and in presence or not of TIE-2 inhibitors, and then an IFN-γ ELISpot was performed. (F) Histograms of IFN-γ T-cell responses in presence of ANGPT2 (n = 6). (G) Histograms of IFN-γ T-cell responses in the absence of ANGPT2 (n = 6). ns, no signigicant. ns, no signigicant.



To demonstrate that ANGPT2 acts through TIE-2+ signaling, we performed similarly in vitro stimulation experiments in the presence or not of TIE-2 kinase inhibitors such as rebastinib and regorafenib (40–42). Dasatinib, a BCR-ABL kinase inhibitor, was used as a control (Figure 4E). The results showed that, in contrast to dasatinib, the addition of both regorafenib and rebastinib effectively restored the IFN-γ production by tumor-specific T cells inactivated by ANGPT2 exposition (Figure 4F). In the absence of ANGPT2, the TIE-2 inhibitors did not affect IFN-γ production by melanoma-specific T cells (Figure 4G). Thus, TIE-2+ signaling activation on M-MDSC through ANGPT2 binding inhibits IFN-γ secretion by tumor-reactive T-cells.




Discussion

In this study, we showed that circulating TIE-2+ M-MDSC in melanoma patients displayed high immunosuppressive patterns than the TIE-2neg counterpart and were accumulated in advanced stages. The high rate of these cells was associated with low melanoma-specific T-cell responses, and ANGPT2 increases the ability of TIE-2+ M-MDSC to suppress melanoma-specific T-cell functions. We demonstrated that the involvement of TIE-2 kinase activation in T-cell inhibition is mediated by TIE-2+ M-MDSC. As a result, a high level of TIE-2+ M-MDSC together with ANGPT2 in peripheral blood was associated with a very poor prognosis.

These results confirmed the negative impact on clinical outcomes in melanoma as we previously reported in lung cancer patients (14). This population of TIE-2+ M-MDSC is distinct from the previously described TEMs, which are characterized by the expression of CD16+, CD14low, HLADR+, and CD62L− (43). These cells were previously found in the tumor microenvironment and peripheral blood (23).

Here, we found that TIE-2 expression on M-MDSC enhances the suppressive features of M-MDSC such as the overexpression of PD-L1, CD73, IL-10, and TGF-β, which are proteins involved in their inhibitory roles (44–46). The addition of ANGPT2 also enhances the expression of many of these inhibitory pathways including Arg1, which is known to promote essential amino acid l-arginine depletion and in turn suppresses T cells. This effect was also described in TEMs, which overexpressed IL-10 after ANGPT2 stimulation (25). In contrast, the expression of other immune-suppressive molecules, such as iNOS and COX2, was not influenced by TIE-2 kinase signaling. Similar observations were previously reported in the case of TEMs in a mouse tumor model by using transcriptomic analysis. The authors showed a high level of Arg1 transcript but lower COX2 and iNOS in TEMs (47).

These phenotypic changes of M-MDSC mediated by TIE-2 signaling after ANGPT2 stimulation toward a highly immunosuppressive role were thereby confirmed by the functional profiling. Hence, in line with our previous report (14), we showed the effect of ANGPT2 stimulation enhanced the capacity of TIE-2+ M-MDSC to suppress melanoma-specific T-cell function in vitro. This is also in accordance with the complete impairment of spontaneous anti-melanoma T-cell responses observed in melanoma patients harboring both ANGPT2 and TIE-2+ M-MDSC-rich blood.

Although the precise mechanism by which TIE-2 intracellular pathway mediates IFN-γ production by T cells is not yet elucidated, we demonstrated that this involved an active TIE-2 signaling, since the use of TIE-2 kinase-specific inhibitors restored this ability of tumor-specific T-cells. In our experiments, we cannot exclude the possible participation of TEMs in the inhibitory role exerted by ANGPT2 on T-cell responses. Nevertheless, our preliminary finding by using co-culture of antitumor T-cell clone with TIE-2+ cells sorted from PBMCs suggests that M-MDSC displayed more suppressive capacity than TEMs. However, these observations deserve future investigations.

In conclusion, this study in melanoma shows the ability of TIE-2+ M-MDSC to suppress antitumor T-cell function through ANGPT2 stimulation. Together with our first report, our results support that TIE-2+ M-MDSC/ANGPT2 signature represents a tumor escape mechanism across human cancers. Our finding also encourages combining TIE-2 inhibitors with immunotherapy in melanoma.
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Supplementary Table 1 | Melanoma patients’ main clinical characteristics.

Supplementary Figure 1 | Overall survival of ANGPT2/TIE-2+ M-MDSC according to the melanoma disease stage. (A) Association between overall survival (OS) and the percentage of TIE-2+ M-MDSC according to the melanoma disease stage. Kaplan–Meier curves according to percentage of TIE-2+ M-MDSC in localized stage (I-II, p = 0.71) and in advanced stage (III-IV, p = 0.18). Threshold were determined according to the Restrictped Cubic Spline method (4.85%). (B) Association between OS and the concentration of ANGPT2. Kaplan–Meier curves according to concentration of ANGPT2 in localized stage (p = 0.33) and in advanced stage (p = 0.067). Threshold were determined according to the Restricted Cubic Spline method (439.5 pg/mL). (C) Patients were classified into 2 distinct groups according to the level of TIE-2+ M-MDSC and ANGPT2 concentration in advanced stage. Kaplan–Meier curves for the 2 groups in advanced stages (p = 0.043).

Supplementary Figure 2 | Correlation between TIE-2+ M-MDSC/ANGPT2 and anti-viral T cell responses in melanoma patients. (A) TIE-2+ M-MDSCs percentage according to antiviral T cells response negative (NEG) or positive (POS) in localized stage (I-II) (right) and in advanced stage (III-IV) (left) (Student T test *p <0,1). (B) ANGPT2 concentration according to antiviral T cells response negative (NEG) or positive (POS) in localized stage (I-II) (right) and in advanced stage (III-IV) (left) (Student T test * p <0,1). (C) TIE-2neg M-MDSCs percentage according to antiviral T cells response negative (NEG) or positive (POS) in localized stage (I-II) (right) and in advanced stage (III-IV) (left) (Student T test *p <0,1)

Supplementary Figure 3 | Immune suppressive factors of TIE-2+M-MDSC. (A) MFI expression of different proteins (PD-L1, CD39, CD73, Arg1, TGF-β, IL-10, iNOS and COX2) studied in TIE-2+ M-MDSC and in TIE-2neg M-MDSC after or not exposition to ANGPT2. (B) mRNA expression of different gene (TIE-2, CD73, Arg1, IL-10, STAT3 and CD39) were analyzed by RT-qPCR in TIE-2High and TIE-2Low M-MDSC and the fold change after ANGPT2 exposition was calculated.

Supplementary Figure 4 | Effect of ANGPT2/TIE-2 signaling on M-MDSC on anti-tumor responses. PBMCs from melanoma patients with TIE2High M-MDSC were stimulated with TERT class II peptides in presence or not of 300 ng/mL ANGPT2 and an IFN-γ ELISpot assay was performed. IFN-γ T cell responses, in left, one representative example of patient; in right, histograms from 6 patients respectively (Wilcoxon test **p< 0,01; *p<0,1).
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Myeloid-derived suppressor cells (MDSCs) are myeloid precursors that exert potent immunosuppressive properties in cancer. Despite the extensive knowledge on mechanisms implicated in mobilization, recruitment, and function of MDSCs, their therapeutic targeting remains an unmet need in cancer immunotherapy, suggesting that unappreciated mechanisms of MDSC-mediated suppression exist. Herein, we demonstrate an important role of NLRP3 inflammasome in the functional properties of MDSCs in tumor-bearing hosts. Specifically, Nlrp3-deficient mice exhibited reduced tumor growth compared to wild-type animals and induction of robust anti-tumor immunity, accompanied by re-wiring of the MDSC compartment. Interestingly, both monocytic (M-MDSCs) and granulocytic (G-MDSCs) subsets from Nlrp3-/- mice displayed impaired suppressive activity and demonstrated significant transcriptomic alterations supporting the loss-of-function and associated with metabolic re-programming. Finally, therapeutic targeting of NLRP3 inhibited tumor development and re-programmed the MDSC compartment. These findings propose that targeting NLRP3 in MDSCs could overcome tumor-induced tolerance and may provide new checkpoints of cancer immunotherapy.
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Introduction

The advent of immune checkpoint inhibitors (ICI) has revolutionized cancer immunotherapy. However, despite the enormous success, a significant proportion of patients do not respond (1), while responses are frequently accompanied by life-threatening autoimmune-related adverse events (irAEs) (2). Mounting evidence suggests that tumoral resistance and development of irAEs are dependent on the immunosuppressive nature of the tumor microenvironment (TME). It is therefore of paramount importance to delineate unappreciated mechanisms of resistance in order to design novel treatments aiming to confer robust and durable anti-tumor immunity. Accomplishment of this goal has been hampered by the multiple and complex immune suppressive networks operating during tumor development promoting tumor immune evasion (3). Myeloid-derived suppressor cells (MDSCs) are bone marrow (BM) progenitors of dendritic cells (DCs), macrophages, and neutrophils, composed by monocytic (M-MDSCs) and granulocytic (G-MDSCs) subsets (4). MDSCs constitute a major component of the tumor-induced immunosuppressive circuit since they are significantly enriched in the periphery and the TME of patients with solid tumors and hematologic malignancies (5) while MDSC presence is associated with poor prognosis as well as metastasis and is also linked to resistance to chemotherapy and immunotherapy (6, 7). Multiple mechanisms have been attributed to MDSC-mediated inhibition of anti-tumor immune responses, ranging from secretion of immunosuppressive mediators to direct cell-to-cell contact (6, 8). In preclinical models, targeting of such mechanism has generated promising results by promoting tumor regression and development of potent anti-tumor immunity. For example, targeting of autophagy pathway in M-MDSCs promoted the antigen-presenting properties of these cells and enhanced the anti-tumor immunity in a mouse model of melanoma (9). Furthermore, treatment with all-trans retinoic acid (ATRA) induced the differentiation of M-MDSCs into macrophages and DCs and killed G-MDSCs in both mice and humans (10–12). In addition, treatment of mice with fatty acid transporter 2 (FATP2) (13) or cyclooxygenase 2 (COX2) (14, 15) has been shown to interfere with MDSC expansion and to significantly attenuate tumor development. Finally, targeting of protein kinase R-like ER kinase (PERK) pathway induced the maturation of M-MDSCs and attenuated their function (16). However, the clinical translation of these findings remains in its infancy. Therefore, shedding light into mechanisms that mediate expansion and activation as well as arrest of differentiation of MDSCs may facilitate the design of new therapeutic target for immunotherapy in solid tumors and hematologic malignancies.

Chronic inflammation constitutes a hallmark of cancer. Inflammasomes and their effectors such as IL-1β and IL-18 significantly contribute to establishment of inflammation, while the TME is enriched in damage-associated molecular patterns (DAMPs) that have been shown to drive inflammasome activation in both immune and cancer cells. Among the best-studied inflammasomes, the NOD-like receptor family, pyrin domain containing-3 protein (NLRP3), has shown to be activated by DAMPs, followed by assembly of the NLRP3 complex and activation of caspase-1 in order to promote maturation of IL-1β and IL-18 cytokines (17, 18). Alternatively, sensing of cytoplasmic lipopolysaccharide (LPS) or Gram-negative bacteria induce inflammasome activation in a non-canonical manner, involving activation of caspase-11 upon type I IFN signaling, which, in turn, promotes IL-1β maturation and release through activation of the NLRP3/caspase-1 pathway (19). Although presence of IL-1β has been closely linked to tumor progression and metastasis in various types of cancer (20), the role of NLRP3 inflammasome activation remains controversial, suggesting that other functional roles of inflammasome, beyond secretion of pro-inflammatory mediators, may exist. Importantly, the impact of activation of NLRP3 in cancer cells versus the host cells during tumor immune surveillance remain ill defined. Considering that accumulating evidence proposes an important role of NLRP3 in chemotherapy success through induction of anti-tumor immunity (21, 22), while other studies highlight that activation of NLRP3 inflammasome impedes the effectiveness of ICI immunotherapy (23), it is necessary to unravel the molecular mechanism via which the inflammasome pathway imprints on anti-tumor immunity and effectiveness of immunotherapy.

Herein, we demonstrate that Nlrp3 deficiency led to diminished tumor development, which was accompanied by a robust anti-tumor immunity and re-arrangement of the MDSC compartment. Both M-MDSCs and G-MDSCs from tumor-inoculated Nlrp3-/- mice lost their ability to suppress T-cell activation and proliferation and demonstrated an extensive transcriptomic reprogramming enriched in inflammatory and metabolic pathways. Notably, therapeutic inhibition of inflammasome significantly decreased tumor development and re-arranged the MDSC subsets, mirroring the effect described in Nlrp3-/- animals. Overall, uncovering of mechanisms that mediate tumor immune evasion may facilitate the development of new therapeutic opportunities for cancer patients.



Methods


TCGA survival analysis

Survival and gene expression information were downloaded from the TCGA data portal (https://portal.gdc.cancer.gov/) for SKCM (skin cutaneous melanoma) and LUSC (lung squamous cell carcinoma) datasets. We specifically downloaded preprocessed expression data using the quantile-normalized FPKM values. Next, patients were either stratified by expression of NLRP3 or the NLRP3-inflammasome-related gene set as defined by Ju et al. (24). For the NLRP3 inflammasome gene set, we defined a module score inspired by Seurat single-cell analysis (25), using each patient’s average expression of all NLRP3 inflammasome gene-set genes subtracted by the average expression of all genes. For survival analysis, we used the bottom and top 33% of patients with either NLRP3 expression or NLRP3 inflammasome module score. Statistical evaluation and Kaplan–Meier plot representation were performed with the R package survminer version 0.4.9, using the log-rank test for p-value estimation and 95% confidence interval of patient survival.



Animals

C57BL/6J mice were purchased from the Jackson Laboratory; Nlrp3-deficient (Nlrp3-/-) mice (on a C57BL/6 background) were kindly provided by Jürg Tschopp (Department of Biochemistry, Center of Immunity and Infection, University of Lausanne, Switzerland) (26). Disruption of the mouse Nlrp3 gene was based on the insertion of an EGFP cassette, which was accompanied by SV40 poly(A) tail, fused in frame with the ATG of exon 2. A PGK-neo selection cassette was also inserted in intron 2, which was flanked by two loxP sites and was deleted by the backcrossing of the mice, with the targeting vector, with a Cre-expressing strain (C57BL/6) resulting in a Nlrp3-/- mouse on a C57BL/6 background. Foxp3EGFP.KI mice (on a C57BL/6 background) were kindly provided by Alexander Rudensky (Department of Immunology, Memorial Sloan-Kettering Cancer Center, New York, USA).

All mice were maintained in the animal facility of the Biomedical Research Foundation of the Academy of Athens [BRFAA] and Institute of Molecular Biology and Biotechnology Institute [IMBB]. All procedures were in accordance with institutional guidelines and were approved by the Institutional Committee of Protocol Evaluation of the BRFAA and the Institutional Committee of Protocol Evaluation of the IMBB together with the Directorates of Agricultural Economy and Veterinary, Region of Crete, Greece (14/10/2020 Heraklion, Greece, protocol 234446). Unless indicated otherwise, all experiments used sex- and age-matched mice aged between 6 and 12 weeks.



PCR Genotyping

Nlrp3-deficient mice were screened by PCR genotyping on tail genomic DNA using the following primers: 5’GCTCAGGACATACGTCTGGA3’ (forward in intron 1) and 5’TGAGGTCCACATCTTCAAGG3’ (reverse in exon 2). Nlrp3+/+ (wild type) mice gave a product of 327 base pairs (bp), whereas Nlrp3-/- mice did not give any PCR product. The program used for the PCR genotyping is as follows: 94°C (3 min), 30 × [94°C (30 s), 58°C (30 s), 72°C (1 min)], and 72°C (5 min).



Cell lines and primary cell culture

The murine melanoma cancer cell line B16.F10 and the murine Lewis Lung carcinoma (LLC) cell line that were used for the solid tumor induction models were kindly provided by A. Eliopoulos (Medical School, National and Kapodistrian University of Athens, Athens, Greece) and were negative for Mycoplasma spp., tested by PCR.

B16.F10 and LLC cancer cells were cultured at 37°C under 5% CO2 in RPMI-1640 (GlutaMAX™, Gibco, #61870) medium supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, #10270), 100 U/ml penicillin–streptomycin (10,000 U/ml, Gibco, #15140), and 50 μM 2-mercaptoethanol (50 mM, Gibco, #31350). Cells were split when they were 90%–100% confluent. All experiments were performed with early passage (p2–3) cells.

Splenocytes and sorted MDSCs were obtained as described below. Mouse splenocytes and MDSCs were grown in RPMI-1640 culture medium containing 10% heat-inactivated FBS, 100 U/ml penicillin–streptomycin, and 50 μM 2-mercaptoethanol. The stimuli at the cultures were added where indicated, as mentioned below.



Solid tumor induction and in vivo immunotherapy administration protocols

The transplantation of solid tumors in the tumor models was performed as described previously (27). Briefly, mice were implanted subcutaneously, at the back, with 3 × 105 B16.F10 melanoma or LLC cells (viability assessed by Trypan blue exclusion). Tumor volume was monitored during the days indicated in the legends of corresponding curves. The tumor growth was monitored by measurement of two perpendicular diameters of palpable tumors every day by a caliper and was calculated using the equation  . Mice were sacrificed and analysis was performed 15 days after tumor induction or as indicated each time. Mice with tumors larger than 1,100 mm3 were euthanized. Mice that manifested tumor ulceration were excluded for the experimental processes. At the endpoint of each experiment, the tumor weight was also determined.

For the application of the combinational therapy protocol, each mouse was treated with anti-CTLA-4 Ab (clone 4F10, Bioceros LB) at 100 μg per 100-μl dose and anti-PD-1 Ab (clone RMP1–14, Bioceros LB) at 200 μg per 100-μl dose intraperitoneally (i.p.) every 3 days after tumor implantation, whereas NLRP3 inhibitor (MCC950, Sigma-Aldrich, #5.38120.0001) was administered at 10 mg/kg dose to each mouse by i.p. injection every other day. Control mouse cohort was administered PBS on the same days.



Tissue dissociation and sample preparation

For the analysis of tumor-infiltrating lymphocytes (TILs), single-cell suspensions were generated by dissecting and dissociating tumor tissue in the presence of collagenase D (1 mg ml−1, Roche) and DNase I (0.25 mg ml−1, Sigma), diluted in RPMI-1640 medium (Gibco), for 45 min at 37°C and then were homogenized and strained passing through a 40-μm pore size cell strainer (BD Falcon). For the analysis and isolation of different immune populations, single-cell suspensions from spleen and lymph nodes (LNs) were prepared by homogenization of the tissue and passing through a 40-μm pore size cell strainer. Isolated femoral and tibial bones from the hindlimbs were flushed with ice-cold 5% FBS in PBS for BM single-cell suspensions. Single-cell suspensions from spleen and BM were prepared after erythrocyte lysis with red blood cell lysis buffer.



Flow cytometry, cell sorting, and quantification

For extracellular marker staining, single-cell suspensions from TILs, spleen, LNs, or BM were incubated for 20 min at 4°C with the following anti-mouse conjugated antibodies: CD45-PerCP/Cy5.5 (BioLegend, clone 30-F11, #103132, diluted 1:200), CD11c-PE/Cy7 (BioLegend, clone N418, #117318, diluted 1:200), CD11b-Brialliant Violet 510 (BioLegend, clone M1/70, #101263, diluted 1:200), CD11b-PE (BD Pharmingen, clone M1/70, #553311, diluted 1:200), Gr1-Pacific Blue (BioLegend, clone RB6-8C5, #108430, diluted 1:200), Gr1-Brilliant Violet 421 (BioLegend, clone RB6-8C5, #108434, diluted 1:200), Gr1-PE (eBioscience, clone RB6-8C5, #12-5931-82, diluted 1:200), Ly6G-PE (BioLegend, clone 1A8, #127608, diluted 1:200), Ly6C-Brilliant Violet 421 (BioLegend, clone RB6-8C5, #108430, diluted 1:200), CD8a-PE/Cy7 (BioLegend, clone 53-6.7, #100722, diluted 1:200), CD8a-PE (BioLegend, clone 53-6.7, #100708, diluted 1:200), CD4-PE (BioLegend, clone RM4-4, #116006, diluted 1:200), NK-1.1-APC (BioLegend, clone PK136, #108710, diluted 1:200), CD16/32-PE (BioLegend, clone 93, #101308, diluted 1:200), CD16/32-PerCP/Cy5.5 (BioLegend, clone 93, #101323, diluted 1:200), TER-119/Erythroid Cells-PE (BioLegend, clone TER-119, #116208, diluted 1:200), CD45R/B220-PE (BioLegend, clone RA3-6B2, #103208, diluted 1:200), Ly-6A/E (Sca-1)-APC (BioLegend, clone E13-161.7, #122512, diluted 1:200), CD117 (c-kit)-PE/Cy7 (BioLegend, clone 2B8, #105813, diluted 1:200), CD34-Brilliant Violet 421 (BioLegend, clone MEC14.7, #119321, diluted 1:200), CD44-PerCP/Cy5.5 (BioLegend, clone IM7, #103032, diluted 1:200), and CD25-PE (BioLegend, clone 3C7, #101904, diluted 1:200). Dead cells in cultured splenocytes were stained by the addition of 7-AAD Viability Staining Solution (BioLegend, #420404). For NLRP3-APC (R&D Systems, clone 768319, #IC7578A, diluted 1:25) and IL-1β-FITC (R&D Systems, clone 166931, #IC4013F, diluted 1:50) intracellular staining, cells were stained for the extracellular markers, and then permeabilized and stained using the intracellular Fixation & Permeabilization buffer set (eBioscience) according to the vendor’s instructions. Rat IgG1 kappa Isotype Control-APC (eBioscience, clone eBRG1, #17-4301-81, diluted 1:100) and Rat IgG2b kappa Isotype Control-FITC (eBioscience, clone eB149/10H5, # 11-4031-82, diluted 1:100) were used as controls for NLRP3 and IL-1β, respectively. For IFN-γ intracellular staining, tumor cells were incubated with 50 ng ml−1 of phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich), 2 μg ml−1 of ionomycin (Sigma-Aldrich), and brefeldin (1/1,000; Becton Dickinson Biosciences) for 4 h at 37°C and 5% CO2, stained for extracellular markers, and fixed and stained for IFN-γ (BioLegend, clone XMG1.2, #505808, diluted 1:50) or Rat IgG2a kappa Isotype Control-PE (eBioscience, clone eBR2a, #12-4321-81, diluted 1:50) using Foxp3 Transcription Factor Staining Buffer Set (eBioscience) according to the manufacturer’s instructions. All samples were analyzed using FACS ARIA III (BD Biosciences) and FACS Canto II (BD Biosciences). Flow cytometry data were analyzed with FlowJo v.8.7 and 10.8.1 software. MDSCs were sorted on a FACS ARIA III (BD Biosciences) and the BD FACSDIVA v8.0.1 software (BD Biosciences). Cell purity was above 95%.

Calculation of TIL numbers per gram of tumor tissue was performed, by flow cytometry, upon tumor tissue isolation, weighing, digestion, and suspension in a 0.1 g/100 μl volume of 5% FBS in PBS prior to staining.



Inflammasome activation assays

Splenocytes as well as sorted splenic MDSCs from naïve and tumor-bearing mice were isolated as previously described. We seeded 5 × 105 splenocytes or 1 × 105 MDSCs per well in 96-well flat-bottom and 96-well round-bottom plates, respectively, and stimulated them for 24 h with 1 μg/ml LPS from Escherichia coli O55:B5 (Sigma, L2880). The next day, 1 h before the ending of the stimulation time, the culture medium was supplemented with 5 mM adenosine 5’-triphosphate disodium salt hydrate (ATP) inflammasome activator (Jena Bioscience, NU-1010-1G). Supernatants were removed and analyzed using Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit (R&D Systems, MLB00C), according to the manufacturer’s instructions, and cultured cells were prepared for staining of extracellular and intracellular markers, as described above.



MCC950-mediated inflammasome inhibition assays

Total splenocytes from naïve mice were seeded 5 × 105 cells per well in 96-well flat-bottom plates and stimulated for 24 h with 1 μg/ml LPS (Sigma, L2880). The following day, in the medium from the overnight culture was added water for injection (control) or MCC950 NLRP3 inhibitor (2 μM) (Sigma-Aldrich, 5381200001) for the indicated time points. One hour before the end of priming, cells were stimulated with ATP inflammasome activator (Jena Bioscience, NU-1010-1G). Supernatants were removed and used for mouse IL-1β ELISA and cultured splenocytes were prepared for 7-AAD viability staining, as described above.



In vitro suppression assay

For the suppression assay of MDSC subsets, CD4+Foxp3- effector T cells (Teff) were sorted from the LNs of naïve Foxp3EGFP.KI mice, as previously described, and stained with the division-tracking dye CellTrace Violet (CTV, Invitrogen, #C34557) according to the manufacturer’s protocol. A total of 75 × 103 labeled Teff cells were then seeded in 96-well round-bottom plate in each well. M-MDSC (CD11bhighLy6C+Ly6G–) and G-MDSC (CD11bhighLy6C–Ly6G+) subsets sorted from the spleens of WT or Nlrp3-/- B16.F10 inoculated mice were added at the culture, at a ratio Teff/M-MDSCs 1:1 and Teff/G-MDSCs 3:1. Then, Dynabeads mouse T-activator conjugated with monoclonal antibody (mAb) to the invariant signaling protein CD3 plus mAb to CD28 (Gibco, #11456D) were supplemented into culture, at a ratio of one bead per one Teff cell. Cells were cultured in DMEM (Gibco, #11965) supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin–streptomycin, and 50 μM 2-mercaptoethanol. As positive and negative controls, we used Teff cells cultured with or without anti-CD3/anti-CD28 activation beads, respectively. The plate was incubated at 37°C under 5% CO2 for 64 h and then cultured cells were prepared for staining of extracellular markers, as described above, for the determination of proliferation and activation of Teff cells with flow cytometry analysis.



Enzyme-linked immunosorbent assay

Tumor homogenates were generated in PBS that was supplemented with a cocktail of protease inhibitors (Roche) using a pestle inside an Eppendorf. The conditioned media of cultured splenocytes and MDSCs from in vitro cultures were also collected. The homogenates and cell culture supernatants were centrifuged and were assayed for mouse IL-1β using the Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit (R&D Systems, MLB00C), according to the manufacturer’s instructions.



RNA-seq library preparation

M-MDSCs and G-MDSCs were sorted from spleens of B16.F10 melanoma-bearing WT and Nrlp3-/- mice, and total RNA was extracted using the Macherey-Nagel NucleoSpin RNA kit as described by the manufacturer’s protocol (NucleoSpin® RNA). Each RNA sample was representative of one mouse.

NGS libraries were generated using 300 ng of total RNA as input on average with the QuantSeq 3′ mRNA-Seq Library Prep Kit FWD for Illumina kit from Lexogen according to manufacturer’s protocol, using 15 or 17 cycles of amplification. Libraries were sequenced on Illumina Nextseq 500 on 1 × 75 High flowcell.



RNA sequencing pipeline

Fastq files were downloaded from Illumina-BaseSpace and mapped to mm10 genes (iGenomes UCSC/mm10) using hisat2 version 2.1.0 (–score-min L 0,-0.5) (28). Gene counts were computed with htseq-count (-s yes, version 0.11.2) (29).

Further processing was performed with the R Bioconductor (Bioconductor) package edgeR v.3.14.0 (edgeR). Reads were normalized for intra- and inter-sample variances using the functions “calcNormFactors” and “estimateTagwiseDisp”, and further by the gene length as per Ensembl V103 Genes annotations, resulting in fragments per kilobase per million (FPKM) for each gene. Differential gene expression analysis was performed as previously described (30). Genes with FDR< 0.05 and fold change |FC| > 1.5 were considered statistically significant. Heatmaps and boxplots were created in R with an in-house developed script that is based on the ggplot package.



Enrichment analysis

Significant differentially expressed genes (DEGs) were used for gene ontology (GO) analysis using the g:Profiler web-server. Gene set enrichment analysis (GSEA) was also performed in order to reveal enriched signatures in our gene sets based on the Molecular Signatures Database (MSigDB) v7.4. Gene sets were ranked by taking the –log10 transform of the p-value multiplied by the FC. Significantly upregulated genes were at the top and significantly downregulated genes were at the bottom of the ranked list. GSEA pre-ranked analysis was then performed using the remapped Mouse Gene Symbol dataset and collapsing probe sets while keeping only the max probe value. The rest of the parameters were left to default. Enrichment was considered significant FDR (q-value)<5%.



Data analysis and statistics

Data are presented as mean ± S.D., as bar graphs represent the mean and standard deviation (SD) between biologically independent mouse samples or technical repeats, as indicated each time. For statistical analysis, all data were analyzed using Prism 8 (GraphPad Software, Inc., La Jolla, USA). Data were analyzed using the two-tailed, parametric, unpaired Student’s t test or the two-tailed, nonparametric Mann–Whitney test, as appropriate after testing for normality of the values with the F test, with 95% confidence intervals. For multiple-group comparisons, the one-way ANOVA test and Tukey’s multiple comparison test were performed. Kaplan–Meier statistics were done with the log(rank) (Mantel–Cox) test. The p-value of<0.05 was considered to be statistically significant for each dataset.




Results


NLRP3 inflammasome pathway genes are associated with survival in melanoma and lung cancer patients

Despite the established role of inflammasome pathway in the orchestration of an inflammatory response, through release of pro-inflammatory cytokines IL-1β and IL-18, its role in cancer development, progression, and immunotherapy response remains contradictive. To investigate the impact of NLRP3 inflammasome in the progression of LUSC and SKCM, Kaplan–Meier survival analysis was performed based on high and low NLRP3 gene expression or NLRP3 pathway gene-set expression [median expression of the 30 pathway genes as defined by Ju et al. (24), Supplementary Figure 1A], using the top/bottom 33% of samples with the highest/lowest expression, respectively. Patients with the lowest expression of both NLRP3 gene and its pathway gene set were found to display prolonged survival of LUSC patients (p = 0.068 and p = 0.047, respectively, Figures 1A, B, left panels). In accordance, low expression of the NLRP3 pathway gene set was also associated with prolonged survival of SKCM patients (p = 0.059, Figure 1A, right upper panel), whereas in these patients, low expression of NLRP3 gene was associated with increased morbidity rate (p = 0.004, Figure 1B, right lower panel). In summary, these data indicate that differential expression of NLRP3 pathway genes is associated with survival probability of cancer patients and extend the findings that NLRP3 inflammasome may have pro- and anti-tumorigenic roles.




Figure 1 | NLRP3 expression is associated with survival in melanoma and lung cancer patients. (A,B) Kaplan–Meier plot with patients-at-risk table showing overall survival of TCGA datasets LUSC (lung squamous cell carcinoma; left) and SKCM (skin cutaneous melanoma; right), with patients stratified by NLRP3 inflammasome-related gene set (A) and NLRP3 (B) expression using top and bottom 33% of stratified patients. Gene-set stratification is based on the median expression of all 30 containing genes. Dotted lines represent 95% confidence intervals. Statistical evaluation was performed using the log-rank test.





Nlrp3-deficient mice exhibit attenuated tumor development and re-arranged MDSC compartment

To examine the functional importance of NLRP3 pathway during tumor development, we utilized the Nlrp3-deficient mice (Nlrp3-/-), in which the Nlrp3 gene has been disrupted by the insertion of an EGFP cassette (Supplementary Figure 2A). Effective inactivation of NLRP3 inflammasome was confirmed by the absence of IL-1β in culture supernatants of LPS/ATP-stimulated splenocytes from Nlrp3-/- animals compared to WT mice (Supplementary Figure 2B). Furthermore, Nlrp3-/- animals did not exhibit significant alterations in the composition of lymphoid (Supplementary Figures 2C, D) and myeloid compartments (Supplementary Figures 2E, F) compared to WT mice at the steady state, suggesting that inactivation of Nlrp3 gene does not disturb the immune homeostasis.

Therefore, this model allows us to study the role of the NLRP3 pathway in host cells through implantation of NLRP3-sufficient tumor cell line. To this end, upon inoculation with B16.F10 melanoma cells, Nlrp3-/- mice exhibited significantly reduced tumor growth compared to WT mice, as assessed by the measurement of tumor volume and weight (Figure 2A). The tumor-suppressive effect of NLRP3 deficiency was not restricted only to the melanoma model, since inoculation with the LLC cell line demonstrated significantly decreased tumor growth in Nlrp3-/- animals (Figure 2B). Tumor regression in melanoma-bearing Nlrp3-/- mice was accompanied by significantly increased frequencies of tumor-infiltrating CD45+ leukocytes (Figure 2C), CD8+ lymphocytes, which exhibited elevated IFN-γ expression, and NK1.1+ cells, as well as increased frequencies of CD4+ T cells, compared to WT mice (Figures 2D, E). These findings were further confirmed upon extrapolation of cell subset frequencies to respective numbers per gram of tumor tissue (Supplementary Figure 3A). Interestingly, CD11c–CD11b+Gr1+ MDSCs frequencies were comparable between WT and Nlrp3-/- mice (Figure 3A), whereas assessment of MDSC subsets revealed an increased accumulation of CD11bhighLy6C+Ly6G– M-MDSCs and markedly decreased levels of CD11bhighLy6C–Ly6G+ G-MDSCs into the tumor site of Nlrp3-/- mice (Figure 3B). The MDSC subset re-arrangement was also evident in the spleen of tumor-inoculated WT and Nlrp3-/- mice (Figures 3C, D). Overall, these findings indicate an important role of NLRP3 in the suppression of anti-tumor immune responses and tumor development, associated with a major rewiring of the MDSC compartment.




Figure 2 | Nlrp3 deficiency promotes tumor regression and anti-tumor immunity. (A) Tumor volume curve of WT (n = 4) and Nlrp3-/- (n = 4) mice 9–14 days after B16.F10 inoculation, tumor weight on day 14, and representative image of excised melanoma tumors. (B) Tumor volume curve of WT (n = 4) and Nlrp3-/- (n = 5) mice 11–21 days after LLC inoculation, tumor weight on day 21, and representative image of excised LLC tumors. (C) Representative fluorescence-activated cell sorting (FACS) plots and percentages of intratumoral CD45+ cells of WT (n = 9) and Nlrp3-/- (n = 7) mice 15 days after B16.F10 inoculation. (D) Gating strategy and frequencies of intratumoral CD4+, CD8+, and NK1.1+ cells in CD45+ population of WT (n = 9) and Nlrp3-/- (n = 7) mice 15 days after B16.F10 inoculation. (E) Representative FACS plots and frequencies of CD8+ IFN-γ+ cells from CD45+ tumor-infiltrating cells of WT (n = 4) and Nlrp3-/- (n = 4) mice 15 days after B16.F10 inoculation, and representative overlay and mean fluorescence intensity (MFI) of IFN-γ produced by CD8+ cells after in vitro activation. Data are shown as mean ( ± S.D.). Representative data from at least two independent experiments are shown. Statistical significance was obtained by unpaired Student’s t-test. Symbols: (*), p ≤ 0.05; (**), p ≤ 0.01, n = biologically independent mouse samples.






Figure 3 | Nlrp3 deficiency re-arranges the MDSC compartment. (A, B) Representative FACS plots and frequencies of intratumoral MDSC population (A) and MDSC subpopulations (B), M-MDSCs and G-MDSCs, of WT (n = 9) and Nlrp3-/- (n = 7) mice 15 days after B16.F10 inoculation. (C, D) Representative FACS plots and frequencies of spleen-infiltrating MDSC population (C) and MDSC subpopulations (D), M-MDSCs and G-MDSCs, of WT (n = 9) and Nlrp3-/- (n = 7) mice on day 15 after B16.F10 inoculation. Data are shown as mean ( ± S.D.). Representative data from four independent experiments are shown. Statistical significance was obtained by unpaired Student’s t-test. Symbols: (*), p ≤ 0.05, n = biologically independent mouse samples.





Enhanced activation of NLRP3/pro-IL-1β axis in the myeloid compartment of tumor-bearing mice

Based on the established expression of NLRP3 in the myeloid compartment (31) combined with the enhanced accumulation of MDSCs compared to other myeloid cell subsets in the TME (Figure 4A and Supplementary Figure 4A) and the extended re-arrangement of MDSC subsets in the tumor-inoculated Nlrp3-/- mice, we sought to determine the NLRP3 and pro-IL-1β expression in the MDSC population during tumor development. To this end, MDSCs demonstrated enhanced expression of NLRP3, which was accompanied by increased expression of pro-IL-1β, in spleen of melanoma-bearing animals, compared to isotype controls (Figure 4B). This was also confirmed to M-MDSC and G-MDSC subpopulations (Figures 4C, D), with the latter to express higher levels of both NLRP3 and pro-IL-1β (Supplementary Figure 4B).




Figure 4 | MDSCs exhibit increased activation of NLRP3 during tumor development. (A) Frequencies of intratumoral myeloid cell subsets in CD45+ population on day 15 of B16.F10 melanoma tumors (n = 14), determined by flow cytometric analysis. (B) Representative histogram overlays of NLRP3 and pro-IL-1β expression and plots of NLRP3 (n = 5) and pro-IL-1β (n = 5) MFI of spleen-infiltrating MDSCs, compared to isotype controls (n = 3), on day 15 after B16.F10 inoculation. (C, D) Representative histogram overlays of NLRP3 and pro-IL-1β expression and plots of NLRP3 (n = 5) and pro-IL-1β (n = 5) MFI of spleen-infiltrating G-MDSCs (C) and M-MDSCs (D), compared to isotype controls (n = 3), as in (B). (E, F) Representative histogram overlays of NLRP3 and pro-IL-1β expression and quantitative plots of MFI of NLRP3 and pro-IL-1β MFI with quantitative plots of NLRP3 and pro-IL-1β MFI in WT splenocytes from naïve mice (n = 3) gated on MDSCs (E) and sorted MDSCs from the spleens of tumor-bearing mice (n = 2) (F), primed with LPS (1 μg/ml) and stimulated for NLRP3 activity by ATP (5 mM). (G) Quantification of IL-1β levels (pg ml-1) in the supernatants of LPS and/or ATP stimulated sorted MDSCs (n = 2), determined by ELISA (graph shows the fold change relative to ATP). Data from one experiment are shown (F, G). Data are shown as mean ( ± S.D.). Representative data from at least two (A–E) independent experiments are shown. Statistical significance was obtained by unpaired Student’s t-test or one-way ANOVA with Tukey’s multiple comparison test (a, e). Symbols: (*), p ≤ 0.05; (**), (***), p ≤ 0.001, p ≤ 0.01; (****), p ≤ 0.0001, n = biologically independent mouse samples.



Next, we asked whether NLRP3 inflammasome is functionally active in MDSCs, and to address this, we exposed them to cellular insults that include “priming” signal with a TLR agonist, such as LPS, and an activation stimulus, such as ATP. Flow cytometry analysis demonstrated robust expression of NLRP3 and pro-IL-1β in MDSCs from spleens of naïve mice (Figure 4E) as well as in highly pure MDSCs isolated from tumor-bearing mice (Figure 4F), and this is accompanied by increased levels of secreted IL-1β as determined in culture supernatants (Figure 4G). Overall, these data indicate that the NLRP3 inflammasome pathway is activated and functional in MDSCs during tumor development.



Decreased frequencies of granulocyte-myeloid progenitors in the BM of Nlrp3-/- mice

MDSCs are BM-derived cells, and recent evidence highlights the importance of BM hematopoiesis and in particular of myeloid progenitors in shaping of anti-tumor immunity (32). Thus, we asked whether Nlrp3-/- animals present alterations of BM progenitors during tumor growth, which may affect the generation of MDSC subsets. To this end, flow cytometry analysis revealed that tumor-bearing Nlrp3-/- mice did not exhibit significant differences in frequencies of hematopoietic progenitors (LSKs; Lin–cKit+Sca1+) in their BM as compared to the tumor-bearing WT group (Supplementary Figures 5A, B). In line with this, assessment of total myeloid progenitor frequencies (MyPs; Lin–cKit+Sca1–) did not demonstrate any significant difference between Nlrp3-/- and WT mice (Supplementary Figures 5C, D) with granulocyte macrophage progenitors (GMPs; Lin–cKit+Sca1–CD16/32+CD34+) to be decreased in Nlrp3-/- mice while common myeloid progenitors (CMPs; Lin–cKit+Sca1–CD16/32–CD34+) were not affected (Supplementary Figures 5C, E). To conclude, these data suggest that Nlrp3-/- mice did not exhibit differences in the hematopoietic progenitors but granulocyte progenitors are decreased in tumor-bearing animals.


Transcriptomic re-programming of both M- and G-MDSCs in tumor-bearing Nlrp3-/- animals

To investigate the molecular mechanisms via which NLRP3 deficiency imprints on the re-wiring of MDSC subsets, highly pure M-MDSCs and G-MDSCs isolated from spleen of B16.F10-bearing Nlrp3-/- and WT mice were subjected to mRNA sequencing (mRNA-seq) and gene expression analysis. A combined principal component analysis (PCA) of all RNA-seq samples showed clustering by both factors, subpopulation and species. While PC1, explaining 46.08% of the total variance, separates G-MDSCs from M-MDSCs, PC2, explaining 15.84% of the total variance, differentiates pure deficient samples from control samples (Supplementary Figure 6A).

Specifically, transcriptomic analysis in M-MDSCs revealed 992 DEGs (|FC| ≥ 1.5, FDR< 0.05) between Nlrp3-/- and WT melanoma-bearing animals (Figure 5A) with 318 and 674 genes to be up- and downregulated, respectively (Supplementary Figure 6B). Pathway analysis of DEGs performed on Gene Ontology terms demonstrated that M-MDSCs from Nlrp3-/- mice exhibited an inflammatory phenotype consisting of pathways involved in the interferon-alpha production, myeloid cell differentiation, and the response to DNA damage and repair pathways (Figure 5B). Importantly, transcription factors that have been closely linked to the suppressive activity of MDSCs (16, 33) (i.e., Cebpz, NF-E2-related factor 2) were downregulated in Nlrp3-deficient M-MDSCs (Figure 5C). Furthermore, genes associated with the antigen presentation process (H2Aa, Tap1, and Cd209d), as well as genes related to metabolic processes (Lamtor1, Akt2) were increased in M-MDSCs from Nlrp3-/- mice (Figure 5C). In support, GSEA, based on the Molecular Signatures Database (MSigDB) Hallmark and Gene Ontology gene set collections, revealed that Nlrp3-deficient M-MDSCs were metabolically re-programmed since they demonstrate enriched expression of transcripts related to the “oxidative phosphorylation” (NES 1.44, FDR 0.15) gene set, but were negatively correlated with “mTORC1 signaling” (NES −1.34, FDR 0.21) and “reactive oxygen species” (NES −1.32, FDR 0.20) (Figure 5D).




Figure 5 | Extensive transcriptomic re-programming of Nlrp3-/- M-MDSCs. (A) Heatmap of DEGs from M-MDSCs from tumor-bearing Nlrp3-/- (n = 4) and WT (n = 4) mice. (B) Pathway analysis of DEGs from Nlrp3-/- vs. WT. (C) Heatmap of selected DEGs from M-MDSCs from tumor-bearing Nlrp3-/- and WT mice. (D) GSEA plot showing the enrichment of “Reactive oxygen species pathway” (NES −1.32, FDR 0.20), “Interleukin 4 production” (NES −1.65, FDR 0.077), “Negative regulation of myeloid cell differentiation” (NES −1.50, FDR 0.16), “Regulation of hematopoietic progenitor cell differentiation” (NES −1.50, FDR 0.16), “Interleukin 1-beta production” (NES −1.43, FDR 0.22), “Oxidative phosphorylation” (NES 1.44, FDR 0.15), “DNA damage response signal transduction by p53 class mediator” (NES −1.43, FDR 0.22), and “MTORC1 signaling” (NES −1.34, FDR 0.21) gene set.



Regarding the G-MDSCs, differential expression analysis revealed 1,521 DEGs (|FC| > 1.5, FDR< 0.05) between tumor-bearing Nlrp3-deficient and WT mice (Figure 6A), with 466 and 1,055 genes to be up- and downregulated, respectively (Supplementary Figure 6B). Pathway analysis showed an enrichment in tumor necrosis factor (TNF)-alpha/NF-kB as well as the mTOR and AKT signaling pathways (Figure 6B), consistent with an inflammatory re-programming of Nlrp3-deficient G-MDSCs. Interestingly, expression of oxidized low-density lipoprotein receptor 1 gene (Olr1, also known as LOX-1), a signature gene in G-MDSCs (34), was downregulated in Nlrp3-deficient cells (Figure 6C). In addition, expression of Cd274 gene (known as PDL1), closely linked to tumor immune evasion (35, 36), was downregulated in Nlrp3-/- G-MDSCs (Figure 6C). Notably, type I interferon genes were upregulated in G-MDSCs from Nlrp3-/- mice consistent with loss of suppressive function (32) (Figure 6C). Finally, GSEA revealed a metabolic rewiring in Nlrp3-deficient G-MDSCs as evident by the negative enrichment of the “regulation of response to reactive oxygen species” (NES −1.51, FDR 0.16) gene set (Figure 6D), which was further supported by the upregulation of superoxide dismutase 2 (Sod2) expression, an antioxidant enzyme crucial for mtROS scavenging (37), which is known to be highly expressed in mature neutrophils (38) (Figure 6C). Conclusively, these findings support an extensive transcriptomic re-programming of both M- and G-MDSCs in Nlrp3-/- tumor-inoculated animals, consistent with an inflammatory and less-suppressive phenotype.




Figure 6 | NLRP3 deficiency induces a transcriptional re-wiring to G-MDSCs. (A) Heatmap of DEGs from G-MDSCs from tumor-bearing Nlrp3-/- (n = 4) and WT (n = 4) mice. (B) Pathway analysis of DEGs from Nlrp3-/- vs. WT. (C) Heatmap of selected DEGs from G-MDSCs from tumor-bearing Nlrp3-/- and WT mice. (D) GSEA plot showing the enrichment of “Cytokine production involved in immune response" (NES −1.44, FDR 0.24), “Type 2 immune response” (NES −1.54, FDR 0.15), “Negative regulation of interleukin 1 production” (NES −1.46, FDR 0.01), “Cell death in response to hydrogen peroxide” (NES −1.45, FDR 0.20), “Leukocyte migration involved in inflammatory response” (NES −1.57, FDR 0.13), “Negative regulation of NIK/NFkB signaling” (NES −1.65, FDR 0.04), “Regulation of T cell-mediated immunity” (NES −1.45, FDR 0.20), and “Regulation of response to reactive oxygen species” (NES −1.51, FDR 0.16) gene set.






Nlrp3-deficient MDSC subsets demonstrated impaired suppressive activity

To provide evidence for the functional re-programming of MDSC subsets in Nlrp3-deficient mice as suggested by the transcriptomic analysis, we set up an in vitro suppression assay. To this end, highly pure M-MDSCs and G-MDSCs were isolated from the spleens of melanoma-bearing Nlrp3-/- and WT animals and co-cultured with CellTrace Violet (CTV)-labeled T effector (CD4+Foxp3-) cells sorted from naïve Foxp3GFP mice in the presence of anti-CD3/anti-CD28 activation beads (Figure 7A). Both MDSC subsets from Nlrp3-/- mice displayed reduced suppressive ability compared with their WT counterparts as evidenced by decreased CTV dilution (Figure 7B). Furthermore, absence of T-cell suppression by Nlrp3-/- MDSC subsets was accompanied by enhanced activation of T cells as demonstrated by the CD25 and CD44 expression (Figure 7B). Overall, these data reveal that NLRP3 deficiency attenuates the suppressive activity of MDSC subsets.




Figure 7 | MDSC subsets from Nlrp3-/- mice exhibit an impaired suppressive function. (A) Schematic representation of the in vitro experimental setup for the evaluation of the suppressive ability of MDSC subsets. M-MDSCs and G-MDSCs were sorted from the spleen of WT (n = 2) and Nlrp3-/- (n = 2) melanoma-bearing mice and were co-cultured, at different ratios, with CellTrace Violet (CTV)-labeled T effectors (CD4+Foxp3–) cells, isolated from the lymph nodes (LNs) of Foxp3GFP naïve mice and activated by anti-CD3/anti-CD28 monoclonal antibodies. Suppressive activity of MDSC subsets was estimated 64 h later by flow cytometry. (B) Representative FACS plots showing the percentages of lymphocytes according to FSC and SSC, frequencies of CD4+CTV+CD25+ and CD4+CTV+CD44+ populations, and histograms of CTV MFI dilution of different culture conditions (T:M-MDSCs 1:1; T:G-MDSCs 3:1). Histogram plots were gated on CD4+CTV+ cells and thus represent Teff cell proliferation. Numbers in histograms represent percentages of proliferated cells. Representative data from two independent mouse samples (n) are shown. Illustration created with BioRender.com.





Therapeutic targeting of NLRP3 inflammasome attenuates tumor growth and re-arranges the MDSC compartment

Considering that immunotherapy has demonstrated impressive results, yet in a small proportion of cancer patients, we sought to investigate whether pharmacologic inhibition of NLRP3 inflammasome in combination with ICI immunotherapy may demonstrate a synergistic therapeutic effect in tumor-bearing animals. For this reason, we first examined whether the MCC950 inhibitor, which prevents ATP hydrolysis, thus preserving an inactive conformation of NLRP3 inflammasome (39, 40), could efficiently inhibit NLRP3 inflammasome in primary splenocytes from naïve mice. Indeed, treatment with MCC950 of LPS-exposed splenocytes demonstrated a significant reduction of IL-1β secretion in culture supernatants confirming the potency to inhibit NLRP3 inflammasome (Supplementary Figure 7B). In the meantime, MCC950 did not demonstrate cytotoxic effects since assessment of 7-AAD expression by flow cytometry showed no differences between treated and non-treated cells (Supplementary Figure 7A).

In order to examine the therapeutic efficacy of MCC950 in vivo and whether it may possess a synergistic effect if combined with immune checkpoint immunotherapy, WT animals were inoculated with B16.F10 melanoma cells and treated with MCC950 alone or in combination with anti-PD-1 and anti-CTLA-4 monoclonal antibodies (Figure 8A). Strikingly, systemic pharmacological inhibition of NLRP3 inflammasome significantly reduced tumor growth in tumor-bearing compared to control-treated mice (Figure 8B). However, no significant differences in tumor growth were observed between MCC950-treated mice and those that received the combination treatment protocol (MCC950 + anti-PD-1/anti-CTLA-4 ICIs) (Figure 8B). The therapeutic effect of MCC950 was accompanied by modulation of the myeloid compartment and specifically a significant reduction of both MDSCs and CD11c+ DCs was observed (Figure 8C). Of interest, DC frequencies were further reduced in mice treated with the combination of MCC950 inhibitor and anti-PD-1/anti-CTLA-4 antibodies compared to MCC950 alone (Figure 8C). Importantly, pharmacologic MCC950-mediated inflammasome inhibition resulted in a significant increase in the spleen M-MDSCs and subsequent reduction of G-MDSCs as compared to the control-treated group (Figure 8D), recapitulating the results obtained in Nlrp3-/- tumor-inoculated animals. Collectively, therapeutic targeting of NLPR3 in tumor-bearing mice results in tumor regression and re-programming of the MDSC compartment, while no synergistic effect in combination with ICIs was observed.




Figure 8 | Pharmacologic inhibition of NLRP3 attenuates tumor growth and re-programs the MDSC compartment. (A) Experimental protocol for immunotherapy administration. B16.F10 melanoma-bearing C57BL/6J mice were treated with MCC950, anti-PD-1, and anti-CTLA-4 immune checkpoint inhibitors, or PBS as shown. Analysis was performed 15 days after tumor induction. (B) Tumor volume curve 9–15 days after B16.F10 inoculation, tumor weight on the experiment endpoint, and percentage of mice bearing tumors<500 mm3, with the ratio showing the number of mice with tumor<500 mm3/total injected mice (PBS: n = 8; MCC950: n = 8; anti-PD-1/anti-CTLA-4: n = 8; MCC950 + anti-PD-1/anti-CTLA-4: n = 7). (C) Frequencies of MDSCs and DCs in spleen tissue of B16.F10 melanoma-bearing C57BL/6J mice treated with the indicated treatments (PBS: n = 6; MCC950: n = 6; anti-PD-1/anti-CTLA-4: n = 6; MCC950 + anti-PD-1/anti-CTLA-4: n = 6), determined by flow cytometric analysis. (D) Representative FACS plots and frequencies of spleen-infiltrating M-MDSCs and G-MDSCs subsets of B16.F10 melanoma-bearing C57BL/6J mice treated with the indicated treatments (PBS: n = 6; MCC950: n = 6; anti-PD-1/anti-CTLA-4: n = 6; MCC950 + anti-PD-1/anti-CTLA-4: n = 6), determined by flow cytometric analysis. Data are shown as mean ( ± S.D.). Data from one (C, D) and representative data from two (B) independent experiments are shown. Statistical significance was obtained by one-way ANOVA with Tukey’s multiple comparison test or log(rank) test (B). Symbols: (*), p ≤ 0.05; (**), p ≤ 0.01; (***), p ≤ 0.001; (****), p ≤ 0.0001, n = biologically independent mouse samples.






Discussion

Inflammation is considered one of the most important hallmarks of cancer. However, as of today, therapeutic attempts in targeting the various inflammatory mediators that abundantly presented in the TME has shown limited success, highlighting the existence of unappreciated mechanisms of pro-tumorigenic inflammation. Herein, we reveal that targeting of the NLRP3 inflammasome in host cells, promotes tumor regression and induces re-wiring of the MDSCs, which constitute a major mechanism of tumor immune evasion. Specifically, we report a phenotypic, transcriptomic and functional re-programming between the monocytic and granulocytic subsets of MDSCs, upon Nlrp3 deletion, during tumor development. Finally, pharmacologic inhibition of inflammasome, attenuates tumor growth and re-programs the MDSC compartment in a similar fashion to genetic silencing of Nlrp3.

Our findings are consistent with a pro-tumorigenic role of NLRP3 expression. This is in agreement with several studies, demonstrating that NLRP3 activation promoted tumor development in experimental models (41–47) and is associated with susceptibility to melanoma (48) and with poor survival in patients with advanced colorectal cancer (49) or development of various hematologic malignancies (47, 50). Despite these findings, an anti-tumorigenic role of NLRP3 has also been described as for example in NLRP3-deficient animals that showed increased susceptibility to colitis-associated cancer induced by dextran sulfate sodium (DSS) (51). In this line, a single-nucleotide polymorphism in Nlrp3 gene Q705K (rs35829419) was correlated with decreased survival in colorectal cancer patients (52) and was also mapped at high frequency in patients with pancreatic cancer (53). Our TCGA analysis also revealed a contrasting correlation of NLRP3 expression and survival in patients with melanoma and lung cancer, building upon the proposed dual role of NLRP3 in cancer. In line with this, a previous pan-cancer analysis of NLRP3-related genes revealed that 15 types of cancer out of the 24 types analyzed demonstrated differential expression of NLRP3 signatures compared to normal samples and also showed that NLRP3 score could serve as an independent prognostic factor in SKCM (24). What determines the pro- versus the anti-tumorigenic role of NLRP3 remains obscure. It is possible that in the inflammatory context of the TME, the cell type in which NLRP3 operates, the genetic background, and the tumor cell per se possess a decisive role on NLRP3 activation and function during tumor development. Accordingly, activation of NLRP3 in cancer-associated fibroblasts (CAFs) (43) or macrophages (44) promoted tumor growth and metastasis supporting its pro-tumorigenic role, whereas sensing of dying tumors by DCs led to activation of NLRP3 followed by IL-1β secretion, which showed to be required for priming of tumor-specific IFN-γ-producing cytotoxic T lymphocytes promoting anti-tumor immunity consistent with an anti-tumorigenic role of NLRP3 in this cell subset (21). Finally, targeting NLRP3 expression in B16.F10 melanoma cells attenuated tumor growth and limited the expansion of MDSCs (54). Of note, in the latter study, Nlrp3-/- did not exhibit significant differences regarding B16.F10 melanoma cell growth compared to WT animals, in contrast to what we report. This discrepancy may account for the different strains of Nlrp3-/- mice used and/or the different melanoma cell numbers and method of injections (mixing with Matrigel) used in the two studies. Although studies with conditional targeting of Nlrp3 in diverse cell types of the TME are still lacking, understanding the inflammasome role in an individual cell population that orchestrates the tumor immune evasion processes will provide further insights into the functional importance of this pathway and may introduce novel therapeutic targets.

Accumulating evidence in both preclinical models and patients with malignancies have established an important role of MDSCs in impeding tumor immune surveillance (5, 6, 8). Furthermore, MDSC-mediated suppression is an important mechanism of immunotherapy resistance. Therefore, major efforts over the last decade were placed for MDSC targeting to enhance anti-tumor immunity and immunotherapy responses (8, 55, 56). However, the heterogeneous nature of MDSCs and the limited knowledge on mechanisms via which may exert their function in the diverse tumor settings prevented such attempts. Our results demonstrate that the NLRP3/IL-1β pathway is activated in MDSCs in melanoma-bearing animals. Importantly, NLRP3 deficiency shifted the balance between M- and G-MDSCs frequencies, and transcriptomic analysis revealed that in the absence of Nlrp3, both MDSC subsets exhibited a robust re-programming highlighted by enrichment in type I IFN signature, inflammatory pathway signaling antigen processing and presentation transcripts, which has been closely linked to the functional properties of MDSCs. In addition, M-MDSCs showed enrichment in mTOR signaling, antigen processing, and presentation transcripts, which is in line with the findings by Alissafi et al. in which autophagy-deficient M-MDSCs upregulated the antigen presentation machinery and MHC-II expression promoting anti-tumor immunity (9). Moreover, G-MDSCs from Nlrp3-/- mice not only downregulated Lox1 and Pdl1 expression, which are associated with G-MDSC identity (34) and tumor immune evasion (35, 36), respectively, but also demonstrated enrichment in type I IFN signatures, which is linked to re-programming of granulocytic cells in the TME (32). Furthermore, the differential expression analysis from our RNA-seq data did not reveal any difference in the gene expression of Arginase-1 (Arg-1) and nitric oxide synthase 2 (Nos2) immunosuppressive factors, in both MDSC subsets. However, Nlrp3 deficiency downregulated the expression of Stat-1 and hypoxia-inducible factor (Hif) 1a in G-MDSCs, which are transcription factors related to the immunosuppressive properties of MDSCs mainly by regulating Arg-1 and Nos2 expression (57–59). Notably, the transcriptomic re-wiring of MDSC subsets in Nlrp3-/- mice was accompanied by loss of function in both subsets as demonstrated by their inability to suppress T-cell responses in vitro.

So far, NLPR3 activation has been shown to be involved in the mobilization and expansion/activation of MDSCs through IL-1β secretion, while NLRP3 or IL-1β inhibition limited the MDSC presence in the TME (20). Moreover, the progression of melanoma was found to be associated with elevated concentrations of IL-1β as compared to patients with stable disease, and enrichment of circulating monocytic MDSCs significantly correlated with a decreased progression free survival of melanoma patients (60). Interestingly, our results show that IL-1β is not decreased in the TME of melanoma-bearing Nlrp3-/- animals (data not shown), indicating that NLRP3 ablation may promote tumor regression and MDSC subset re-programming via an IL-1β-independent mechanism. Thus, IL-1β may be secreted in an inflammasome-independent fashion (61) or other inflammasome products like IL-18 are likely to explain these findings. In support, IL-18 has been shown to enhance the immunosuppressive properties of M-MDSCs and to promote their accumulation in the TME (62). Alternatively, NLRP3 may exert cell-intrinsic signaling, which could instruct the differentiation of MDSCs not only in the periphery but also in the BM. Indeed, our results point to decreased frequencies of GMPs in the BM of Nlrp3-/- mice, which may be a result of the reduced inflammation due to tumor regression or could be explained by an intrinsic effect due to the absence of NLRP3, which may imprint on MDSC generation and subset differentiation. These hypotheses need to be thoroughly investigated considering that NLRP3 expression is established in human and mouse HSPCs and its involvement in hematopoiesis is emerging (63).

Several stimuli have been reported to activate NLRP3, ranging from pathogen-associated molecular patterns and DAMPs leading to NFkB activation, to stressogenic molecules and pathways such as reactive oxygen species, hypoxia, and extracellular ATP (17). Our results demonstrated that extracellular ATP induces the functional activation of NLRP3 in tumor-induced MDSCs ex vivo, accompanied by IL-1β release. The mechanisms, however, leading to NLRP3 activation in MDSCs during tumor development remain obscure. The TME is characterized by hypoxic conditions, which may drive NLRP3 activation in infiltrated cells including MDSCs. However, expression of the hypoxia-inducible transcription factor Hif1a is downregulated in G-MDSCs from Nlrp3-deficient mice. In addition, tumor dying cells release large amounts of ATP, which mediate NLRP3 activation (21). Consistent with this, the transcriptomic profile of Nlrp3-/- G-MDSCs has shown upregulation of P2ry2 and P2ry13 purinergic receptor genes. Furthermore, recently, Treg cells showed to release large amounts of ATP, upon apoptosis in the TME (64), which may, in turn, activate the inflammasome in other cells in close proximity like MDSCs. This may be envisioned as a resistance mechanism in which therapeutic targeting of one suppressive axis (i.e., Tregs) may empower a second one (i.e., MDSCs) to cope with tumor immune evasion. In support of this hypothesis chemotherapy-induced cathepsin B release demonstrated to activate NLRP3 inflammasome in MDSCs, curtailing anti-tumor immunity (65). In contrast, ATP released from tumor cells (21) or perforin released from CD8+ cytotoxic T lymphocytes (CTLs) (66) activated NLRP3 in antigen-presenting cells (APCs) and promoted immunity against tumors. Overall, identification of pathways that lead to NLRP3 activation in MDSCs may provide novel insights into the specific targeting of inflammasome and its products to these potent suppressive cells.

One of the mechanisms of acquired resistance to immunotherapy is the immunosuppressive circuit in the TME, which blunts the induction of anti-tumor immune responses. ICIs revolutionized cancer treatment but still a significant percentage of patients fail to respond (1). Whether inflammasome activation contributes to immunotherapy resistance and whether its targeting could augment therapeutic efficacy is not fully understood. Our data show that pharmacologic inhibition of inflammasome induces regression of melanoma growth and re-programs the MDSC compartment in a similar fashion to Nlrp3-deficient mice. Of interest, the combination of the NLRP3 inhibitor with anti-CTLA-4/anti-PD-1 did not demonstrate a significant synergistic effect in regard to tumor growth but only in the frequencies of MDSC subsets. The extent of inflammation involvement in the enhancement of immunotherapy efficacy is unexplored. In this line, pharmacologic targeting of inflammasome de-repression, through disruption of the transmembrane protein TMEM176b, augments the therapeutic efficacy of anti-CTLA4/anti-PD1 by unleashing inflammasome activation (67). The inflammatory context and the cell type where anti-CTLA-4/anti-PD-1-mediated NLRP3 activation takes place to instruct anti-tumor immunity remain to be determined.

In conclusion, our findings place inflammasome in the therapeutic quiver of cancer, while further efforts should be aimed at overcoming immunotherapy resistance in combinatorial regimens incorporating inflammasome inhibitors.
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Background

CD55 plays an important role in the development of colon cancer. This study aims to evaluate the expression of CD55 in colon cancer and discover how it is regulated by transcriptional factors and miRNA.



Methods

The expression of CD55 was explored by TIMER2.0, UALCAN, and Human Protein Atlas (HPA) databases. TRANSFAC and Contra v3 were used to predict the potential binding sites of transcription factors in the CD55 promoter. TargetScan and starBase v2.0 were used to predict the potential binding ability of miRNAs to the 3′ untranslated region (3′UTR) of CD55. SurvivalMeth was used to explore the differentially methylated sites in the CD55 promoter. Western blotting was used to detect the expression of TFCP2 and CD55. Dual-luciferase reporter assay and chromatin immunoprecipitation (ChIP) assay were performed to determine the targeting relationship of TFCP2, NF-κB, or miR-27a-3p with CD55. CD55-related genes were explored by constructing a protein–protein interaction (PPI) network and performing pathway analysis by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG).



Results

CD55 was highly expressed in colon cancer tissues. The mRNA and protein expression levels of TFCP2 were reduced by si-TFCP2. NF-κB mRNA was obviously reduced by NF-κB inhibitor and increased by NF-κB activator. CD55 protein was also inhibited by miR-27a-3p. Dual-luciferase reporter assays showed that after knocking down TFCP2 or inhibiting NF-κB, the promoter activity of CD55 was decreased by 21% and 70%, respectively; after activating NF-κB, the promoter activity of CD55 increased by 2.3 times. As TFCP2 or NF-κB binding site was mutated, the transcriptional activity of CD55 was significantly decreased. ChIP assay showed that TFCP2 and NF-κB combined to the promoter of CD55. The luciferase activity of CD55 3′UTR decreased after being co-transfected with miR-27a-3p mimics and increased by miR-27a-3p antagomir. As the miR-27a-3p binding site was mutated, we did not find any significant effect of miR-27a-3p on reporter activity. PPI network assay revealed a set of CD55-related genes, which included CFP, CFB, C4A, and C4B. GO and KEGG analyses revealed that the target genes occur more frequently in immune-related pathways.



Conclusion

Our results indicated that CD55 is regulated by TFCP2, NF-κB, miR-27a-3p, and several immune-related genes, which in turn affects colon cancer.





Keywords: complement, CD55, colon cancer, NF-κB, MiR-27a-3p



1 Introduction

According to GLOBOCAN 2020, colorectal cancer (CRC) ranks third in terms of morbidity and mortality in the world, presenting a serious threat to human health. Also, over the past decade, the rate of decline in CRC mortality has slowed (1). The incidence of CRC is known to be significantly influenced by early-life exposures (2). Thus, it is essential to find effective molecular targets for colon cancer treatment.

Gene expression is a highly regulated process. Given the complexity of gene regulation, it is not surprising that many human diseases, including various cancers, are caused by defective gene regulation. Transcription factors (TFs) are known to regulate chromatin and transcription by recognizing specific DNA sequences and subsequently forming a complex (3). MicroRNAs (miRNAs) are endogenous, and small non-coding RNAs are implicated in nearly all known physiological and pathological processes, such as cell proliferation, differentiation, and apoptosis. Importantly, miRNAs act as important regulators of several genes at the post-transcriptional level in almost all kinds of cancer cells. Multiple studies have reported that miRNAs exhibit aberrant expression in a variety of cancers.

DNA methylation is an epigenetic mechanism that tends to be crucial in the regulation of gene expression (4–6). Gene expression can be affected by the bonding of the methyl group to the cytosine nucleotide. DNA methylation in the promoter region of genes is often associated with the repression of transcription (7). The DNA methylation level in tumor tissues is mostly reported to be lower than that in normal adjacent tissues. During the development of cancer, the level of hypomethylation of genomic DNA increases as lesions progress from benign cell proliferation to aggressive cancer (8).

The complement system is a crucial element of innate immunity, and it also plays an essential role in the regulation of adaptive immunity (9). The activation of the complement system promotes cell proliferation in various cancers (10). CD55, also known as decay-accelerating factor (DAF), is one of the membrane-bound complement regulatory proteins (mCRPs) that play a key role in maintaining the homeostasis of the complement system. Dho and his colleagues found that CD55 was over-expressed in metastatic colon cancer tissues, and inhibition of CD55 could restrain colon cancer tumorigenesis and metastasis (11). The high expression of CD55 has a significantly decreased 7-year survival rate for colon cancer (12). Comprehensive bioinformatics analysis has also shown that CD55 was positively correlated with infiltration levels of CD8+ T cells, neutrophils, and dendritic cells in colon cancer, suggesting its potential role in tumor immune regulation (13).

Since CD55 might be used as a prognostic indicator and a therapeutic target in colon cancer, we investigated the possible mechanism of the regulation of CD55 in colon cancer and its impact on the molecular and immunological characteristics of colon cancer.



2 Materials and methods


2.1 The expression analysis of CD55 and miR-27a

TIMER2.0 (http://timer.cistrome.org/) is a web server freely available to the research community. It consists of three main components: immunization, exploration, and estimation. The “Diff Exp” component allows users to compare gene expression differences between multiple tumor and normal tissues. In this study, we used TIMER2.0 to analyze the expression difference of CD55 between cancer tissues and normal tissues in a pan-cancer way. We analyzed the expression level of CD55 in colorectal cancer and its association with different histopathological types by UALCAN (http://ualcan.path.uab.edu), which contains cancer OMICS data. The protein expression of CD55 in human normal colon tissue and colon cancer tissue was verified by Human Protein Atlas (HPA; https://www.proteinatlas.org/). The HPA database, an antibody-based approach combined with transcriptomic data to outline global expression profiles, is the largest and most comprehensive public database of the spatial distribution of proteins in human tissues and cells (14). We downloaded the available miRNA data from the Gene Expression Omnibus (GEO) database (GSE48267 and GSE59856). We used the Limma program to analyze the expression of miR-27a in colorectal cancer.



2.2 In silico analysis of CD55 regulatory region

From CD55, 2 kb of 5′ flanking region and 3′ untranslated region (3′UTR) was downloaded from the National Center for Biotechnology Information (NCBI) database. Transcription factor binding sites in the promoter of CD55 were predicted by using the TRANSFAC program (http://gene-regulation.com) and ConTra v3 online web tool (http://bioit2.irc.ugent.be/contra/v3/). “Vertebrates” was chosen as “Matrix groups”, and “cut-offs” was set to “minimize the sum of both error rates”. The potential miRNA binding sites in 3′UTR of CD55 were screened using TargetScanHuman 7.2 (https://www.targetscan.org/vert_72/) and starBase v2.0 (https://starbase.sysu.edu.cn/starbase2/index.php).



2.3 Cell lines and reagents

Human colon cancer cells HCT-116 and LOVO were provided by Procell (Wuhan, China). All plasmids (pGL3-Basic, pRL-SV40, and psiCHECK-2 plasmid) were purchased from Promega (Madison, WI, USA). The si-TFCP2, miR-27a-3p mimics, and miR-27a-3p antagomir were synthesized by GenePharma (Shanghai, China). The sequences of si-TFCP2 were 5′-GCU AAU CCA ACU CAA CUA ATT-3′ and 5′-UUA GUU GAG UUG GAU UAG CTT-3′. The sequences of siRNA control were 5′-UUC UCC GAA CGU GUC ACG UTT-3′ and 5′-ACG UGA CAC GUU CGG AGA ATT-3′. The sequences of miR-27a-3p mimics were 5′-UUC ACA GUG GCU AAG UUC CGC-3′ and 5′-GGA ACU UAG CCA CUG UGA AUU-3′. The sequences of mimics control were 5′-UUC UCC GAA CGU GUC ACG UTT-3′ and 5′-ACG UGA CAC GUU CGG AGA ATT-3′. The sequence of miR-27a-3p antagomir was 5′-GCG GAA CUU AGC CAC UGU GAA-3′. The sequence of antagomir control was 5′-CAG UAC UUU UGU GUA CAA-3′. NF-κB inhibitor (B5556) and NF-κB activator (TNFα) (HZ-1014) were purchased from Sigma-Aldrich (New Jersey, USA) and ProteinTech (Chicago, USA), respectively.



2.4 Construction of CD55 promoter and 3′UTR plasmid

The primer pair used to amplify the promoter of CD55 (1,963 bp) was CD55-PF (5′-GG GGTACC CCT CTC TAT GAA GGG CA-3′)/CD55-PR (5′-CCC AAGCTT GGG GAC GGC GGG AAC CAC GAC-3′) with protective bases and the recognition sites (underlined bases) of KpnI or HindIII in each primer. This PCR product was then cloned into a pGL3-Basic plasmid. The PCR primers to amplify the fragment of 3′UTR (1,237 bp) were CD553′UTR-PF (5′-CCG CTCGAG TGC CTT CAT TTA GGA TGC TTT CA-3′) and CD553′UTR-PR (5′-GTAA GCGGCCGC TTT ACA GTG AAA TGC CAT GAA CG-3′), of which protective bases and recognition sites (underlined) of XhoI and NotI sites were added. The 3′UTR PCR product was then cloned into a psiCHECK-2 plasmid. Successful plasmids were then designed wild-type plasmids as pGL3-CD55pro-Wt and psi-CD553′UTR-Wt. The CD55 promoter fragment containing TFCP2 or NF-κB binding sites was synthesized to generate mutant type (pGL3-CD55pro-TFCP2-Mut and pGL3-CD55pro-NF-κB-Mut) by Sangon Biotech (Shanghai, China). The CD55 3′UTR fragment containing miR-27a-3p binding sites was also synthesized to generate a mutant type (psi-CD553′UTR-Mut).



2.5 Cell culture and treatment

Human colon cancer cells were cultured in complete Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, USA), 1% penicillin–streptomycin (100 U/ml of penicillin and 100 mg/ml of streptomycin, P&S; Thermo Fisher Scientific, USA) in an atmosphere with 5% CO2 at 37°C. Cells were transfected with Lipofectamine 2000 reagent (Thermo Fisher Scientific, USA), according to the manufacturer’s instructions. For TFCP2 binding analysis, 500 ng of pGL3-CD55pro/pGL3-CD55mut plasmid and 0.5 ng of pRL-SV40 plasmid were co-transfected with si-TFCP2 or negative control into HCT116 cells for 24 h. For NF-κB binding analysis, colon cancer cells were transfected with 500 ng of pGL3-CD55pro/pGL3-CD55mut and 0.5 ng of pRL-SV40 for 24 h and then treated with or without 20 μM of NF-κB inhibitor/50 ng of NF-κB activator for another 24 h. For miRNA binding analysis, 30 ng of psi-CD553′UTR-Wt/psi-CD553′UTR-Mut was co-transfected with 100 nM of miR-27a-3p mimics/control or 20 nM of miR-27a-3p antagomir/control into HCT116 cells for 24 h.



2.6 cDNA synthesis and qRT-PCR

Total RNA was extracted from HCT116 cells using TRIzol reagent (Thermo Fisher Scientific, USA) and was then reversely transcribed into cDNA with RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). TFCP2 mRNA was detected using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, USA) in ABIPRISM® 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The amplification procedure was 50°C for 2 min and 95°C for 2 min, followed by 45 cycles of 95°C for 15 s and 60°C for 2 min. GAPDH was used as the reference gene. The primer pairs for the amplification of TFCP2, NF-κB, and GAPDH were TFCP2-PF/TFCP2-PR (5′-TCA CGT ATG TCA ATA ACT CCC CA-3′/5′-GTG TGG TTG GTA AGA GGT T-3′), NF-κB-PF/NF-κB-PR (5′-AAC AGA GAG GAT TTC GTT TCC G-3′/5′-TTT GAC CTG AGG GTA AGA CTT CT-3′), and GAPDH-PF/GAPDH-PR (5′-ACA ACT TTG GTA TCG TGG AAG G-3′/5′-GCC CAT CAC GCC ACA GTT TC-3′). Three repetitions were performed for each reaction. The relative mRNA expression was analyzed using the 2−ΔΔCt method.



2.7 Dual-luciferase reporter assay

Colon cancer cells were plated at 2 × 105 cells per well into 24-well plates. When cells reached 70%–80% confluence, each plasmid was then transfected into cells. After 24 h, cells were collected, and luciferase and Renilla reporter signals were detected using the Dual-luciferase Reporter Assay System (Promega, USA) by GloMax® 20/20 Luminometer (Promega, USA).



2.8 Western blotting analysis

The colon cancer cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific, USA). After being quantified and denatured, samples were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). After being blocked for 1 h with 5% skimmed milk in TBST at room temperature, the membrane was incubated with the primary antibody overnight at 4°C and then washed and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. Specific protein was then developed by using enhanced chemiluminescence (ECL) luminescence reagents (Amersham, UK). The densitometry analysis was performed using ImageJ (National Institutes of Health, USA). β-Actin was applied as a reference control. The following primary antibodies were used: anti−CD55 (1:10,000 dilution; ab133684; Abcam, Cambridge, UK), anti−NF-κB p65 (1:5,000 dilution; ab32536; Abcam), and anti−TFCP2 (1:5,000 dilution; 15203-1-AP; ProteinTech).



2.9 Chromatin immunoprecipitation assay

LOVO cells (2 × 106) were plated in a 6-mm dish for the chromatin immunoprecipitation (ChIP) experiment by using a ChIP Assay kit (Thermo Fisher Scientific, USA) following the manufacturer’s protocol. To verify if NF-κB or TFCP2 binds to the promoter of CD55, a total of 5 μg of sheared DNA was used for chromatin immunoprecipitation using anti-NF-κB (1:250 dilution; ab32536; Abcam) or anti−TFCP2 antibody (1:250 dilution; 15203-1-AP; ProteinTech). The immunoprecipitated DNA was then amplified using specific primers to analyze the transcription factor binding site of CD55. The CD55 promoter-specific primers were described as follows: NF-κB site-PF/NF-κB site-PR (5′-CGT GTG GGG TGA GTA GGG-3′/5′-ATG CTG GTG AGC GGC GAG-3′) and TFCP2 site-PF/TFCP2 site-PR (5′-CGT CTT GTT TGT CCC ACC C-3′/5′-GCA GTA AGC AGA AGC CTC G-3′).



2.10 Cell viability detection by CCK8 assay

Cell viability was analyzed by Cell Counting Kit 8 (CCK8; Dojindo, Kumamoto, Japan) according to the manufacturer’s protocol. Cells were seeded and cultured at a density of 5 × 103/well into 96-well microplates. After psi-CD553′UTR-Wt was co-transfected with miR-27a-3p mimics or mimics control for 24 h, 10 μl of CCK8 reagent was added and cultured for 30 mins. All experiments were performed in triplicate. The absorbance was measured at 450 nm using a microplate reader (Multiskan FC, Thermo Fisher Scientific, USA).



2.11 PPI network construction of CD55-related proteins

STRING consortium 2022 (https://string-db.org) aims to integrate all known and predicted associations between proteins, including both physical interactions and functional associations. We set the network type to “full STRING network”, the required score to “high confidence (0.700)”, and the size cutoff to “no more than 20 interactors” to obtain the CD55-related protein. We used the Cytoscape 3.9.1 platform to construct the protein interaction network (protein–protein interaction (PPI) network) and analyze the network characteristics.



2.12 GO and KEGG analyses of CD55-related genes

We used the “ggplot2” R package and DAVID 6.8 (http://www.david.niaid.nih.gov) database to conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of CD55-related proteins (p < 0.05). We performed the visualization of GO and KEGG enrichment by R version 3.6.1.



2.13 The detection of methylation modification of CD55 and its effect on the prognosis of colon cancer patients

SurvivalMeth (http://bio-bigdata.hrbmu.edu.cn/survivalmeth/) investigates the effect of DNA methylation-related functional elements on prognosis, which was developed by Harbin Medical University. We analyzed the methylation sites and their effect on the survival time of colon cancer patients of CD55 by using SurvivalMeth.



2.14 Statistical analyses

All analyses were performed with R version 3.6.1 and its appropriate packages. Statistical graphs were produced in GraphPad Prism 8. Statistical significance of the Wilcoxon rank sum test or t-test was used for two-group comparisons. All statistical tests were two-sided, and p < 0.05 was considered to be statistically significant.




3 Results


3.1 The expression analysis of CD55 in colorectal cancer tissues

Using the TIMER2.0 online program, we found that CD55 was highly expressed in a variety of solid cancers, including colorectal cancer (Figure 1A). There are two pathological types of colorectal cancer tissues, adenocarcinoma and mucinous adenocarcinoma. Using the UALCAN database, we evaluated the expression of CD55 in colorectal cancer tissues and its relationship with different pathological types and found that CD55 was highly expressed in either colorectal adenocarcinoma or mucinous adenocarcinoma when compared with that in adjacent normal tissues. Additionally, the average level of CD55 in mucinous adenocarcinoma tissue is significantly higher than that in adenocarcinoma tissue (Figures 1B–E). Immunohistochemical images from the HPA database showed that the expression CD55 was higher in colorectal cancer than in adjacent normal tissue (Figure 1F).




Figure 1 | Expression of CD55 in colon cancer tissue and adjacent normal tissue. (A) CD55 expression levels in different tumor types from TCGA database were determined by TIMER2.0. (B, C) Quantification of CD55 expression levels in colorectal cancer (COAD, colon adenocarcinoma; READ, rectal adenocarcinoma) and paired adjacent normal tissues. (D, E) Quantification of CD55 expression in different pathological types of colorectal cancer. (F) Protein levels of CD55 in colorectal cancer and normal tissues by HPA database (*p < 0.05, **p < 0.01, ***p < 0.001). TCGA, The Cancer Genome Atlas.





3.2 Transcriptional regulation of CD55

To predict the potential TF binding sites of CD55, we used TRANSFAC online program, and it generated eight transcriptional factors, including COMP1, Hand1/E47, CDP CR1, Pax-4, TFCP2, Nkx2-5, c-Rel, and NF-κB (Table 1). According to the core binding characteristic of these TFs provided by the Contra v3 database, we found that TFCP2 and NF-κB were the most likely to bind to CD55 (Figures 2A–C).


Table 1 | The potential binding transcription factors of the CD55.






Figure 2 | The potential binding sites and the diagram of the CD55 promoter. (A, B) The potential conserved sequence of TFCP2 and NF-κB binding site in the promoter of CD55 by Contra v3. (C) A diagram of the CD55 promoter region that was cloned in the luciferase reporter vector.



To confirm the regulation of TFCP2 to the expression of CD55, we used TFCP2 siRNA to treat HCT116 cells. We found that TFCP2 siRNA effectively reduced the expression of TFCP2 (Figures 3A, B). Dual-luciferase reporter assay showed that the reporter activity of pGL3-CD55pro-Wt with TFCP2 knockdown decreased by 21% compared with that without TFCP2 knockdown (p < 0.05) (Figure 3C). After the TFCP2 binding site was mutated, the promoter activity of CD55 was reduced by 66% (Figure 3G).




Figure 3 | The regulation of transcription factors to the promoter of CD55. (A) The mRNA level of TFCP2 by RT-PCR after HCT116 cells transfected with si-TFCP2 or siRNA control for 24 h. (B) The protein expression of TFCP2 by Western blotting after HCT116 cells transfected with si-TFCP2 or siRNA control for 48 h. (C) Dual-luciferase assay of pGL3-CD55pro-Wt in HCT116 cells after co-transfected with si-TFCP2. (D) The mRNA level of NF-κB in HCT116 cells treated with NF-κB inhibitor and that in LOVO cells treated with NF-κB activator for 24 h. (E) The luciferase activity of pGL3-CD55pro-Wt in HCT116 cells treated with or without NF-κB inhibitor. (F) The luciferase activity of pGL3-CD55pro-Wt and pGL3-CD55pro-NF-κB-Mut in LOVO cells treated with or without NF-κB activator (TNFα). (G) CD55 promoter activity assay in pGL3-CD55pro-Wt, pGL3-CD55pro-NF-κB-Mut, and pGL3-CD55pro-TFCP2-Mut plasmids. Luciferase activity was normalized to Renilla luciferase activity (L/R). (H) The binding of TFCP2 and NF-κB to the promoter of CD55 by ChIP. IgG from rabbits served as a control (*p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance). ChIP, chromatin immunoprecipitation.



We also evaluated the effect of NF-κB on the promoter activity of CD55. We found that the expression of NF-κB was significantly decreased by the NF-κB inhibitor and increased by the NF-κB activator (Figure 3D). The luciferase reporter analysis showed that the promoter activity of CD55 was decreased by 70% due to the NF-κB inhibitor (p < 0.01) (Figure 3E). The transcriptional activity of CD55 was activated by the NF-κB activator; however, after we mutated the binding site of NF-κB, we did not see the effect of the NF-κB activator on the luciferase reporter activity (Figure 3F). After the NF-κB binding site was mutated, the promoter activity of CD55 was reduced by 42% (Figure 3G).

ChIP assay presented that TFCP2 and NF-κB were combined to the promoter of CD55 (Figure 3H), which further supported the binding capability of TFCP2 and NF-κB to the promoter of CD55.



3.3 Regulation of CD55 3′UTR activity

Through TargetScan and starBase v2.0 database, we found that there was one potential binding site of miR-27a-3p in the 3′UTR of CD55 (Figure 4A). Using the dataset from GEO, we found that miR-27a was downregulated in colorectal cancer (Figure 4B). We then conducted a CCK8 assay to see the effect of miR-27a on cell proliferation and found that miR-27a inhibited cell proliferation by 37.8%. We constructed luciferase reporter plasmid of CD55 3′UTR with or without mutated miR-27a-3p binding site. By co-transfecting with miR-27a-3p mimics or its mimics control into HCT116 or using an antagomir of miR-27a-3p or its antagomir control, we found that the luciferase reporter activity of CD55 3′UTR reduced by 56% by miR-27a-3p mimics and increased by 33% by miR-27a-3p antagomir (p < 0.001) (Figure 4C). Next, after transfecting miR-27a-3p mimics into HCT116, we found that CD55 was upregulated by miR-27a-3p (Figure 4D).




Figure 4 | Binding and regulation of miRNA to CD55 3′UTR. (A) TargetScan and starBase v2.0 database predicted miR-27a-3p binding site in the 3′UTR of CD55. (B) The differential expression of miR-27a in two colon cancer GEO datasets (p < 0.05). (C) Verification of the potential binding of miR-27a-3p mimics or antagomir with CD55 using luciferase reporter assay. The luciferase reporter activity of CD55 3′UTR reduced by miR-27a-3p mimics and increased miR-27a-3p antagomir (p < 0.001). The relative luciferase activity was normalized to the Renilla luciferase activity. Each experiment was performed in triplicate. Data are presented as the mean value ± SD (*p < 0.05; **p < 0.01; ***p < 0.001, ns, no significance). (D) The protein expression of CD55 in HCT116 cells determined by Western blotting and densitometry analysis after cells were transfected with or without miR-27a-3p mimics (negative control) or with mimics control for 48 h (*p < 0.05). GEO, Gene Expression Omnibus.





3.4 CD55 was regulated by methylation modification

SurvivalMeth presented that three methylation sites (cg00797651, cg22048546, and cg25771140) appeared in the promoter of CD55. Among these sites, cg00797651 has a lower DNA methylation level in tumor samples than in normal samples (p < 0.01) (Figure 5A). Then, we divided the samples into high- and low-risk groups by differentially methylated sites and compared the methylation level of CpGs between the two groups. We found that the high-risk group had lower methylation levels (Figures 5B, C).




Figure 5 | Methylation modification of CD55 promoter in colon cancer. (A) The cg sites of CD55 promoter region in COAD by SurvivalMeth. (B) The methylation level of CpGs in high- and low-risk groups. (C) The heatmap of three cg sites and their methylation level (*p < 0.05, ***p < 0.001). COAD, colon adenocarcinoma.





3.5 Protein–protein interaction network analysis of CD55-related proteins and their functional annotation

We constructed a PPI regulatory network for CD55-related proteins using the STRING database. When setting the size cutoff to “no more than 20 interactors”, CFP, CFB, C4A, C4B, C5AR1, C3, C3AR1, C2, EGF, LCK, CD59, PIGA, PGAP1, ICAM1, EMR2, and CD97 proteins were incorporated (Figure 6). The top three GO enrichment involved in complement activation and apoptotic cell clearance at the biological process level was as follows: extracellular exosome, extracellular space, and plasma membrane at the cellular component level, and complement binding, endopeptidase inhibitor activity, and complement receptor activity at the molecular function level (Figure 7A; Table 2). KEGG pathway enrichment analysis showed that these genes were significantly enriched in complement and coagulation cascade pathways, Staphylococcus aureus infection pathways, coronavirus disease–COVID-19, alcoholic liver disease pathways, pertussis pathways, etc. (Figure 7B; Table 3).




Figure 6 | CD55 PPI network analysis. The PPI network of CD55 and related proteins were visualized by the STRING database. PPI, protein–protein interaction.






Figure 7 | Enrichment analysis of CD55. The visualization of GO enrichment analysis (A) and KEGG enrichment analysis (B) of CD55 by DAVID 6.8. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.




Table 2 | GO pathway enrichment analysis.




Table 3 | KEGG pathway enrichment analysis.






4 Discussion

The complement system in humans remains on standby and constantly on high alert for any potential intruders (15). The membrane complement regulatory proteins (CD35, CD46, CD55, and CD59) are important regulators of the complement system and are widely expressed on the surface of cells. In addition to the normal cells and tissues, the mCRPs also protect malignant cells from complement attack (16). For example, all hematopoietic cells, as well as endothelial and epithelial tissues, express CD55/DAF (17, 18). In comparison to the surrounding normal tissues, CD55/DAF is often expressed at substantially higher levels in a variety of malignant cells, including cells of CRC (19). The findings of the present study are consistent with those of the previous studies.

According to the UALCAN program, CRC tissues had higher levels of CD55 than normal tissue, which is supported by the data from the IHC and HPA databases (20). Notably, high expression of CD55 can also promote the dissemination of tumor cells in circulation. Blocking or downregulating CD55 may be an important step in advancing the efficacy of monoclonal antibody (mAb) immunotherapy for cancer (16).

Transcription factor CP2 (TFCP2) belongs to the TFCP2/Grainyhead family. The ubiquitous expression of TFCP2 suggests its involvement in comprehensive cellular functions and diseases such as cancer, Alzheimer’s disease, and AIDS (21). Previous studies have identified TFCP2 as a pro-cancer factor in hepatocellular carcinoma (22), pancreatic cancer (23), breast cancer (24), and CRC (25). Additionally, TFCP2 acts as a tumor suppressor, inhibiting the development of melanoma (26). Using the TRANSFAC online program, we found that TFCP2 potentially binds to the promoter of CD55. To verify this, we conducted a dual-luciferase reporter assay. After knocking down TFCP2 by siRNA, we found that the promoter activity of CD55 reduced by 21%; however, after the mutated TFCP2 binding site, it reduced by 66%. RNA interference (RNAi) is a natural process of target mRNA degradation. After we used si-TFCP2, the expression TFCP2 was decreased by more than 50%; however, TFCP2 could still bind to the promoter of CD55. After we mutated the binding site of TFCP2, TFCP2 hardly binds to the promoter of CD55 to regulate the expression of CD55. We then performed a ChIP assay and found that TFCP2 directly binds to the promoter of CD55 in colon cancer cells.

Nuclear factor-kappa B (NF-κB), belonging to the Rel/NF-κB family, regulates innate and adaptive immune responses (27). NF-κB is involved in tumorigenesis by regulating some important cell cycle-related genes, promoting cell proliferation, and inhibiting cell death (28). Using the TRANSFAC program, we found that NF-κB might bind to the promoter of CD55, which was subsequently confirmed by the dual-luciferase reporter assay. Colorectal cancer is a typical inflammation-dependent cancer (29, 30). NF-κB signaling is shown to link inflammation and the development of cancer (31). Moreover, ChIP provided clear evidence to support this finding.

MiRNAs are small non-coding regulatory RNAs (ncRNAs) that inhibit gene expression at a post-transcriptional level by binding to the 3′UTR of target mRNAs (32). Minor changes in miRNA have significant effects on gene expression (33). The dysregulation of miRNA was found in colon cancer tissues (34). Studies have shown that miR-27a-3p targets BTG1 to affect the biological phenotype of colorectal and ovarian cancer cells (35, 36). Additionally, in colon cancer cells, wild-type p53 downregulated the expression of miR-27a-3p (37). In the current study, through TargetScanHuman 7.2, we predicted that miR-27a-3p targeted the 3′UTR of CD55. Subsequently, CD55 was confirmed as a direct target of miR-27a-3p by a dual-luciferase reporter gene assay. It is reasonable to speculate that miR-27a-3p affects colon cancer cells by targeting CD55.

DNA methylation is a form of epigenetic modification. Aberrant DNA methylation has been identified as an important aspect of promoting CRC pathogenesis by silencing tumor suppressor genes. Studies have found that DNA hypermethylation could promote CRC metastasis by regulating CEBPB and TFCP2 (38). Using the SurvivalMeth program, we found that the promoter region of CD55 does have hypermethylation sites in colon cancer tissues. However, we did not find any overlap between hypomethylation sites in colorectal cancer cells and any of the putative binding sites identified on the CD55 promoter or impaired NF-κB binding to the CD55 promoter. Future research is still required to identify the mechanism.

The PPI network showed that CD55 and the key complement system components C3, C4A, and C4B are closely related to colon cancer. Studies have shown that C3 is also an immune-related core differential protein in colon adenocarcinoma (COAD) and is negatively correlated with the overall survival of COAD patients (39). Recent studies proposed that deficiency or pharmacological blockade of C5aR1 significantly impeded tumorigenesis of CRC, and the over-expression of C5aR1 contributed to the poor prognosis of CRC patients (40, 41). CFP plays a positive role in regulating the natural immune system in alternative pathways, and it is associated with immune infiltration in gastric cancer and lung cancer (42). We speculated that CFP and CD55 might be involved in the immune infiltration of tumor cells in colon cancer. This evidence indicated that CD55 promoted cancer by regulating complement activation either directly or indirectly (43).

In conclusion, the expression of CD55 in colon cancer was associated with the genetic regulation of TFCP2, NF-κB, epigenetic regulation of miR-27a-3p, and methylation modification. The genes associated with CD55 are probably involved in immune-related pathways in colon cancer. This study provides a theoretical basis and insight into the development of biomarkers for future research in the field of colon cancer.
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GO ID Descrip p-Value Gene ID

BP G0:0030449 Regulation of complement activation 1.02E-17 C4B, C3, C4A, C5ARI1, C3AR1, CD59, CFP, CD55, CFB, C2

BP GO:006956 Complement activation 4.96E-09 C4B, C3, C4A, CFP, CFB, C2

BP GO:2000427 Positive regulation of apoptotic cell clearance 6.02E-09 C4B, C3, C4A, C2

cc G0:0070062 Extracellular exosome 2.76E-06 C4B, C3, C4A, LCK, EGF, CD59, CDS55, CFB, ICAM1, C2

cc GO:0005615 Extracellular space 1.14E-05 C4B, C3, C4A, EGF, CD59, CFP, CFB, ICAM1, C2
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MF GO:0004875 Complement receptor activity 0.01 C5AR1, C3ARI

GO, Gene Ontology; B, biological process; MF, molecular function; CC, cellular component.
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hsa04610 Complement and coagulation cascades 2.96E-13 C4B, C3, C4A, C5ARI1, C3AR1, CD59, CD55, CFB, C2
hsa05150 Staphylococcus aureus infection 8.36E-11 C4B, C3, C4A, C5ARI, C3AR1, CFB, ICAMI, C2
hsa05171 ‘ Coronavirus disease-COVID-19 1.27E-06 C4B, C3, C4A, C5AR1, C3ARI, CFB, C2

hsa04936 Alcoholic liver disease 2.70E-06 C4B, C3, C4A, C5AR1, C3ARI1, C2

hsa05133 | Pertussis 2.67E-04 C4B, C3, C4A, C2

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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* Loss of MHC class Il from MDSCs interferes with T-cell mediated
immune responses, leading to immunosuppressive TME.

* Mediate immunosuppression by upregulation of Arg-1, IL-10, TGF-B,
CD206, CD163, CCL17, and CCL22, inhibitory immune checkpoints
(PD-1, CTLA-4 and TIM-3).

* N2 GANSs suppress T cell immunity and induce genetic instability,
tumor cell proliferation, angiogenesis, and metastasis

* NETs induce the IL-8 expression, which is correlated with tumor
burden and prognosis through a HMGB1- and RAGE/ERK/NF-kB axis-
dependent manner.

* FGL2 and CCL2 induce Treg to inhibit antigen presentation

* MIF decreased GADC migration and maturation

* Inhibit GADC maturation by STAT3 signaling pathway

o Inhibit costimulatory factors CD80 and CD86 by VEGF, expressed
VEGF is expressed by tumor cells and influenced by mutant IDH1 and
IDH2
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Time First author Research subjects Conclusion
2021 Guang-Yu Ding iCCA/TLS iTLS contributes to a good prognosis, and pTLS is detrimental to a good prognosis.
2021 Hui Li HCC/TLS PTLS contributes to a good prognosis.

2020 Maxime Meylan HCC/TLS TLS in early HCC contributes to the development of liver cancer.
2019 Julien Calderaro HCC/TLS iTLS contributes to a good prognosis.

2020 Hui Li HCC/TLS iTLS contributes to a good prognosis.

2015 Shlomi Finkin HCC/TLS pTLS is detrimental to a good prognosis.

2020 Ziying Lin HCC/TLS iTLS contributes to a good prognosis.

2021 Fengwei Gao HCC/TIL TILs contribute to HCC treatment.

2021 Camila C Simoes HCC/TIL TILs contribute to HCC treatment.

2020 Yue Shi HCC/TL TILs contribute to HCC treatment.

2019 Georgi Atanasov HCC/TIL TILs contribute to HCC treatment.

2015 Anthony W H Chan HCC/TIL TILs contribute to HCC treatment.

2020 Man Liu HCC/TIL TILs contribute to HCC treatment.

2019 Hyo Jeong Kang HCC/TIL TILs contribute to HCC treatment.

2019 Xuezhong Xu HCC/TIL HCC with low TIL has a worse prognosis.

2017 Wei Yao HCC/TIL TILs contribute to HCC treatment.

2018 Shigeki Nakagawa HCC/TIL HCC with low TIL has a worse prognosis.

2017 Marta Garnelo HCC/TIL TILs contribute to HCC treatment.

2015 Shan-Shan Jiang HCC/TIL TILs contribute to HCC treatment.

1998 Y Wada HCC/mL TILs contribute to HCC treatment.

1995 K Shirabe HCC/TL TILs contribute to HCC treatment.
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Study BC subtype

Ouzounova et al, Nat  TNBC

Commun 2017 (52)

Kim etal, Nat Cel  TNBC

Biology 2019 (36)

Wang etal. CCR2019  HR+, TNBC, HR

(90) +/HER2+
TNBC

Liang et al, PNAS TNBC

2018 (92)

Xiao et al, Cancer Cell  TNBC

2021 (93)

Kumar et al,, JCI 2018  TNBC

(96)

Luo etal, J Breast  HR+, TNBC

Cancer 2020 (97)

Vazquez Rodriguez ~ HR+

et al., Cancer Immunol

Res 2017 (102)

Szczerba et al, Nature  HR+, TNBC,

2019 (103) HER2+

Sprouse etal. IntJ  HR+, TNBC,

Mol Sci 2019 (104)  HER2+

Hsuetal, CelRep  TNBC

2019 (106)

Sangaletti et al, Front  HER2+

Immunol 2019 (107)

Albrengues et l, HR+

Science 2018 (110)

Park et al., Sci Transl  TNBC

Med 2016 (111)

Yang etal, Nature  TNBC

2020 (112)

Tejeira et al, Immunity  TNBC
2020 (113)

Ouzounova et al, Nat  TNBC

Commun 2017 (52)

Model Cell line

Mice 4T

Mice 2208L, PyMT-N, 4T1,
AT3, PYMT-M, EO771,
67NR

Human (nvitro)  MCF-7, MB-231, BT~
474

Mice 4T

Mice 4T

Mice 4T1, 4T07

Invitro HCC1806, SUM159

Invitro MCF-7, MDA-MB-231

Zebrafish MCF-7

Mice BR16, LM2, 4T1,

(immunocompetent  PyMT

and nude)

Human Isolated from patients

Mice 4Ti

Mice SN25A, N3D + co-
isogenic transfected
with LXSPARCSH

Mice D2.0R, MCF-7

(immunocompetent

and nude)

Mice 4T4, tumors from C3
(1)-Tag mice

Mice 4T1, MDA-MB-231

Mice T4

Mice 4T

IMCGL name in
original article

MDSCs

TINs (encompass both
neutrophils and
MDSCs)

Neutrophils isolated
from patients tumors

Neutrophils

Neutrophils

Neutrophils

MDSCs

MDSCs

Neutrophils

Neutrophils

MDSCs

“low-density”
neutrophils
MDSCs

Neutrophils

Neutrophils

Neutrophils

Both

MDSCs

Phenotype

CD11b* Ly6G* Ly6C®

CD45*, CD11b*,
LyBG*LyBCmeow

CD11b* CDE6b"

Ly6G"

Ly6G"

CD11b* Ly6G*

CD45", CD11b*,
Ly6G'/Ly6C"

CD33*HLA-DR'CD15*
in PBMCs from BC pts

LFA-1 (neutrophis
from HD, obtained by
Ficol)

Ly6G*

CD45*/CD33*/
CD11b*/CD147/CD15*

Low fraction of Ficoll,
CD11b*Ly6G*
CD45*, CD11b*,
Ly6G*

Ly6G* and/or MPO
and/or Ficol density
gradient

Ficoll + CD45*, Ly6G*,
CD11b*

MPO (HC)

Ly6G*

CD11b* Ly6G* Ly6C®

Functions

MDSCs promote primary and
disseminated tumor cell growth
and promote the formation of
lungs metastasis.

Creation of an
immunosuppressive environment
which impairs response to IC]
Promotion of migration and
invasion, + induction of EMT
(tried on MCF7 cells only)
Promotion of metastass. Use of
an anti Ly6G+ antibody
prevented the formation of lungs
and liver metastass.

Promotion of tumor growth and
metastasis (via transferrin
secretion)

Via the formation of NETS,
neturophis recruited at the
metastatic niche promote cancer
cel prolferation

Addition of MDSCs in
turmospheres assay significantly
increased the number of
tumorspheres

MDSCs promote migration and
invasion of BCC via induction of
EMT

Neutrophiss promoted migration
and invasion at tumor site, and
intra/extravasation. They
comigrated with cancer cells
Neutrophiss directly interact with
CTCs to support cll cycle
progression in circulation and to
accelerate metastasis seeding

MDSCs from patients formed
clusters with CTCs, as seen in
patients and reproduced in vtro.
This companionship promoted
migration and proliferation of
cancer cells.

Promotion of iver metastasis
formation, via NETosis

MDSCs promote tumor growth,
angiogenesis and EMT in cancer
cels.

Neutrophils promoted awakening
of dormant cancer cells

Neutrophis are recruited by
cancer cels at the metastatic
sites where they promote tumor
cells growth, migration and
invasion via the formation of
NETS.

NETS at metastatic site promote
migration and adhesion of
cancer cells, and the formation of
metastasis.

NETS formed by neutrophis and/
or MDSCs shield tumor cells
from NK cells and help them
avoid immune destruction, thus
leading to the formation of more
metastasis.

MDSCs promote primary and
disseminated tumor cell growth
and promote the formation of
lungs metastasis.

Additional findings in patients

Prognosis: stromal CDB6b+ cells (IHC)
are assodiated with poor prognosis,
advanced histologic grade, tumor size,
LN metastasis, high TNM stage, TNBC
and distant metastasis

Peripheral nettrophils from breast
cancer patients with metastatic
disease, isolated by an
immunomagnetic negative selection,
promoted tumor cell growth of MDA-
MB-231 celss i vitro.

NETS and neutrophil infilration are
higher in lung metastases than in
primary tumors (neutrophils: MPO in
IHC). This infitration is higher in TNBG
than in HR+ tumors.

MDSCs infitration is higher in TNBG
cancers (CD11b* CD33" S100A9*
CD15* LOX1%)

The frequency of MDSCs increases in
peripheral blood of patients with breast
cancer. This was higher in high stage
patients (I1V), with extensive tumor
burden, lymph node metastases,
distant metastases, poorly differentiated
tumors.

Clusters of neutrophis and circulating
tumor cells were also found in breast
cancer patients blood samples. These
clusters were associated with a
significantly worse prognoss

High number of MDSCs is correlated
with metastasis in BC patients. PMN-
MDSCs are responsible for higher ROS
levels in the plasma of these patients.

NETs are detectable in human breast
cancers and are more frequent in more
agressive cancers (TNBC vs HR+).

NETs are present in metastatic lesions
of breast cancers such as fiver, lungs,
bones and brain, lver metastases
having the most abundant inftration
(IHC: MPO and H3Cit stainings). Serum
NETS level (detection of MPO/DNA
complex) are significantly higher in
patients with liver metastases. High
levels of MPO/DNA was an
independent variable associated with
metastasis to the liver.

BC, breast cancers; EMT, epithelal-to-mesenchymal transition; ICI, immune checkpoint inhibitors; HR+, hormone receptor positive; IHC, immunohistochemistry; IMCGL, immunosuppressive myeloid cels of granulocytic neage; LN, lymph
nods: MDSCs, myaloid-cerived supprassor celis: MPO, myalapercsydase; NETe, nautraphis axtracellilar traps; PBMCs, perioheral blood mononudiear calls: TING. turnar-nfitrating neutrophits: TNBC, tricle-negative breast cancer: TNM.
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Gender:

male: 118 (76.6%) female: 36 (23.4%)

Age (years):
Primary tumour:
Regional lymph
nodes:

Distant metastasis:

UICC stage:
Grading:
Chemotherapy:

mean: 63,8+ 11,1; min.: 32 max.: 88
T1: 3 (1.9%) T2: 17 (11%) T3: 113 (73.4%) T4: 21 (13.6%)
NO: 49 (31.8%) N1: 80 (51.9%) N2: 25 (16.2%)

MO: 129 (83.8%) M1: 25 (16.2%)

I: 11 (7.1%) Il: 46 (29.9%) Ill: 72 (46.8%) IV: 25 (16.2%)
G1: 3 (1.9%) G2: 121 (78.6%) G3: 30 (19.5%)

5-FU: 48 (31.2%) 5-FU + Oxaliplatin: 89 (57.8%) other: 17
(11%)
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