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Elevated levels of myeloid-derived suppressor cells (MDSCs), including polymorphonuclear MDSCs (PMN-MDSCs) and immature MDSCs (I-MDSCs), are usually associated with disease progression in cancer patients, including colorectal cancer (CRC). However, biological mechanisms and molecular pathways regulated by MDSC subpopulations in the CRC tumor microenvironment (TME) have not been fully investigated. In this study, we performed transcriptomic analysis of tumor-infiltrating I-MDSCs and PMN-MDSCs isolated from tumor tissues of six CRC patients, compared to antigen-presenting cells (APCs). We also compared the transcriptomic profiles of tumor-infiltrating PMN-MDSCs to I-MDSCs. Our results showed different molecular pathways regulated by each MDSC subset, potentially reflecting their phenotypical/molecular/functional characteristics in the CRC TME. Moreover, we identified gene signatures in PMN-MDSC and I-MDSC of poor overall survival (OS) and disease-free survival (DFS) using the Cancer Genome Atlas (TCGA) dataset from patients with colon adenocarcinoma (COAD). However, functional studies are required to validate these findings.
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Introduction

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of myeloid cells, halted at varying stages of maturation/differentiation and exert immunosuppressive activity on other immune cells (1, 2). MDSCs have been divided into different subpopulations based on their phenotypical and functional characteristics; early-stage or immature MDSCs (e-MDSC/I-MDSC) identified as CD33+HLA-DR-/lowCD14-CD15-, monocytic MDSCs (M-MDSCs) identified as CD33+HLA-DR-/lowCD14+CD15-, and polymorphonuclear MDSCs (PMN-MDSCs) identified as CD33+HLA-DR-/lowCD14-CD15+ (1, 3, 4). Myelopoiesis is disrupted in inflammation-related cancers (5), such as colorectal cancer (CRC), leading to increased number of MDSCs in the circulation and tumor tissues (1, 2).

The contribution of MDSCs to cancer pathogenesis and progression is well-established (3, 6). Increased level of MDSCs has been associated with poor prognosis and short survival periods in CRC patients (7–9). MDSCs within the tumor microenvironment (TME) exert their suppressive activity on T cells to inhibit their anti-tumor activities (6, 10). MDSCs mediate immunosuppression by expressing co-inhibitory ligands, such as PD-L1, which induces T cell dysfunction upon the interaction with its receptor PD-1, and by expressing suppressive molecules, such as arginase-1 (ARG1), inducible nitric oxide synthase (iNOS), interleukin-10 (IL-10), and transforming growth factor-β (TGF-β) (11, 12). Furthermore, MDSCs promote tumorigenesis via other means, such as the induction of angiogenesis and tumor growth/metastasis, and activation of cancer-associated fibroblasts (CAFs) (12, 13). Up to date, the biological mechanisms and signaling pathways regulated by MDSC subpopulations have not been fully explored. Thus, further insights into these mechanisms and pathways could result in the identification of potential therapeutic targets for cancer.

Previously, we reported increased number of PMN-MDSCs and I-MDSCs in CRC tumor tissues, compared to paired-normal tissues (14), implicating the importance of MDSC role in CRC tumorigenesis and immunosuppression (7). Additionally, we reported the transcriptomic profiles of CRC tumor-infiltrating I-MDSCs and PMN-MDSCs from tumor tissues of only two patients, compared to antigen-presenting cells (APCs) (14). In this study, we extended our investigation and included more CRC patients.

We found that immune response-mediated pathways associated with dendritic cell (DC) maturation (15), triggering receptor expressed on myeloid cells 1 (TREM1) signaling (16), nuclear factor of activated T cells (NFAT)-mediated regulation of immune response (17), and Fcγ receptor-mediated phagocytosis (18) were commonly downregulated in PMN-MDSCs and I-MDSCs, compared to APCs. We also compared the transcriptomic profiles of PMN-MDSCs vs. I-MDSCs and found that pathways supporting tumor growth and survival, related to metabolism, lipid biosynthesis, stress response, increased production of glucose and interaction between DCs and natural killer (NK) cells were different in tumor-infiltrating PMN-MDSCs and I-MDSCs. Therefore, these results may reflect the molecular profile and functional characteristics of each MDSC subset in the CRC TME. We also validated RNA-Seq data by confirming the mRNA expression of selected genes in the different myeloid subpopulations using qRT-PCR. We also utilized the Cancer Genome Atlas (TCGA) from patients with colon adenocarcinoma (COAD) to analyze our RNA-Seq data and identify gene signatures for PMN-MDSC and I-MDSC to predict overall survival (OS) and disease-free survival (DFS).



Materials and Methods


Sample Collection and Storage

Tumor tissues (TT) were obtained from six CRC patients (#05, 07, 08, 09, 44, and 53) who underwent surgery at Hamad Medical Corporation, Doha, Qatar. Demographical details and clinicopathological features of study population are shown in Table 1. These patients were treatment-naïve prior to surgery and provided written informed consent prior to sample collection. This study was performed under ethical approvals from Hamad Medical Corporation, Doha, Qatar (protocol no. MRC-02-18-012) and Qatar Biomedical Research Institute, Doha, Qatar (protocol no. 2018-018). Tissue specimens were frozen in 1 ml of freezing medium (10% dimethyl sulphoxide (DMSO; Sigma-Aldrich, Missouri, USA), 50% fetal calf serum (FCS; HyClone, GE Healthcare Life Sciences, Utah, USA), and 40% RPMI-1640 medium (Life Technologies, New York, USA)), then stored in liquid nitrogen to be used in batches for subsequent analyses. Tissue specimens were thawed and processed, as previously described, followed by cell staining/sorting (14, 19–21).


Table 1 | Characteristic features of study populations.



The flow chart for the experimental design and tissue processing is shown in Figure 1. All experiments were performed in accordance with relevant guidelines and regulations.




Figure 1 | Pipeline for the experimental design and RNA-Seq analysis. Flow chart showing the study design, gating strategy used for cell sorting and bioinformatic tools used for RNA-Seq data analysis.





Dissociation of Tissue and Cell Sorting

Tissue specimens were thawed and processed, as previously described (14) and as shown in Figure 1. Single cell suspensions were isolated from six frozen CRC tissues (Patient #05, 07, 08, 09, 44, and 53) using gentleMACS Dissociator (Miltenyi Biotec), washed and stained with 7-AAD viability dye (eBioscience, San Diego, USA) to gate live cells, and for different cell surface markers; CD33-Fluorescein isothiocyanate (clone HIM3-4; BD Biosciences, Oxford, UK), CD14-phycoerythrin-Cy7 (clone M5E2; BD Biosciences), CD15-allophycocyanin (clone HI98; BioLegend, San Diego, USA), HLA DR-phycoerythrin (clone G46-6; BD Biosciences), to sort APCs and different MDSC subsets, as previously described (14) (Figure 1). For cell sorting, BD FACSAria III SORP cell sorter was utilized, with BD FACSDiva software (BD Biosciences). We used stringent gating strategy and applicable measures were taken to ensure minimal sorter-induced cell stress (SICS). High purities of the sorted myeloid cell subpopulations were always checked and confirmed. FlowJo V10 software (FlowJo, Ashland, USA) was used for data analyses.



RNA Extraction and Reverse Transcription

Total RNA was extracted from sorted pure myeloid subsets, CD33+HLA-DR+CD14+CD15- (APCs), CD33+HLA-DR-CD14-CD15+ (PMN-MDSCs), and CD33+HLA-DR-CD14-CD15- (I-MDSCs) using RNAqueous-Micro Total RNA isolation Kit (Thermo Fisher Scientific). Purified RNA was then amplified using 5X MessageAmp II aRNA Amplification Kit (Thermo Fisher Scientific). Before and after amplification, RNA concentrations were determined by Qubit RNA HS and Broad Range Assay Kits, (Invitrogen). For reverse transcription, QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) was used to convert 1 µg of RNA into cDNA.



Library Preparation

cDNA libraries were generated using Exome TruSeq Stranded mRNA Library Prep Kit (illumina, San Diego, USA) following the manufacturer’s protocol, as previously described (22). Libraries that passed quality control were subjected to clustering using TruSeq PE Cluster Kit v3-cBot-HS (illumina). Sequencing of clustered samples was performed on an illumina HiSeq 4000 instrument using HiSeq 3000/4000 SBS kit (illumina).



RNA Sequencing Data and Functional Annotation Analyses

As previously described, 150 bp depth paired-ends reads were trimmed and aligned to the hg19 human reference genome in CLC Genomics Workbench-12 (Qiagen) using default settings (14, 22). The abundance of gene expression is determined by the score of TPM (Transcripts Per Million), mapped reads in CLC Genomics Workbench 12. Hierarchical clustering, principal component analysis (PCA) and differential gene expression analyses were performed, as previously described (23), using 2.0-fold change and P value <0.05 cutoffs. Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems; www.ingenuity.com) was utilized to perform functional and pathway analyses on differentially expressed genes, as described previously (14, 22). Raw data comparing myeloid subsets are shown in Supplementary Table 1. The flow chart for the bioinformatic tools used for RNA-Seq analysis is shown in Figure 1. Protein-protein interaction (PPI) networks among the significantly up/downregulated genes were determined by web-based online tool, STRING V11.0 (http://string-db.org).



Quantitative Real-Time Reverse Transcription PCR

QuantStudio 6/7 Flex Real-time PCR system (Applied Biosystems, California, USA) was used to perform qRT-PCR for genes including CSF2, IL1B, PRF1, GZMA, IFNG, IL2RA, CD40, and β-actin with PowerUp SYBR Green Master Mix (Applied Biosystems). The relative mRNA expression was determined by the normalization to β-actin, and represented as the mean (log10) ± standard error of the mean (SEM). Supplementary Table 2 lists the sequences for the primers used.



The Cancer Genome Atlas Analysis for RNA Sequencing Data

From our RNA-Seq data, the top 200 upregulated genes and 200 downregulated genes in PMN-MDSC vs. APC and I-MDSC vs. APC were selected for overall survival (OS) and disease-free survival (DFS) analyses using the GEPIA2 database, on a cohort of 269 patients with colon adenocarcinoma (COAD) from the Cancer Genome Atlas (TCGA) dataset. The 200 genes were subjected to univariate survival analysis and genes exhibiting poor survival and significant Log-rank test P value (≤0.05) were identified. The refined gene list was then subjected to forward combined gene survival analysis and genes that improved the performance (lower Log-rank test P value) were retained, while those that did not were dropped from the signature. Analysis were conducted employing the GEPIA2 algorithm, as detailed previously (24). Patients were divided into high and low groups based on median gene expression; top 50% was designated as high and bottom 50% was designated as low, and the Log-rank test was used for curve comparison. The survival signature score is calculated by mean value of log2(TPM + 1) of each gene.



Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8 software (GraphPad Software, California, USA). For samples that passed the Shapiro-Wilk normality test, paired t-tests were performed, while those which did not pass the normality test were subjected to Wilcoxon signed-rank tests. Statistically significant P values are represented as follows; ***P < 0.001, **P < 0.01, *P < 0.05.




Results


Hierarchical Clustering and Comparisons of Differentially Expressed Genes in Colorectal Tumor-Infiltrating PMN-MDSC, I-MDSC-MDSC, and APCs

We have previously reported that levels of PMN-MDSCs, I-MDSCs, and APCs in TT are higher than those in NT from the same CRC patients (7, 14). In this study, we performed RNA-Seq to characterize the differential gene expression in these myeloid subsets. The gating strategy for sorting myeloid subsets was previously described (14) and as shown in Figure 1. CD33+HLA-DR-/lowCD14-CD15+ were identified as PMN-MDSCs, CD33+HLA-DR-/lowCD14-CD15- were identified as I-MDSCs, and CD33+HLA-DR+CD14+ were identified as APCs.

The hierarchal clustering shows a distinct cluster of genes which are differentially regulated in the tumor-infiltrating PMN-MDSC and I-MDSC, compared with APCs, from six CRC patients (Figure 2A). We found that a total of 3,133 upregulated genes in PMN-MDSC and 824 downregulated genes, compared to APCs. A total of 1,206 genes were upregulated in I-MDSC and 940 genes were downregulated in I-MDSC, compared to APCs. Additionally, we found that 788 genes were upregulated and 253 genes were downregulated in PMN-MDSC, compared to I-MDSC. Principal component analysis (PCA) showed that datasets for the myeloid populations (PMN/I-MDSC) were clustered distinctly from the control APCs suggesting the similarity of gene expression patterns in MDSC subsets, compared to APCs (Figure 2B). MDSCs clustered distinctly from APCs within the first two principal components, accounting for approximately 48.6% of the observed variation (Figure 2B). Volcano plot shows the genes that were upregulated (shown in red), downregulated (shown in green), or remained unchanged (shown in grey) when comparing PMN-MDSC vs. APC (Figure 2C), I-MDSC vs. APC (Figure 2D) and PMN-MDSC vs. I-MDSC (Figure 2E). Only genes that were significantly up/down-regulated, with a fold change > 2 and P value < 0.05 cutoffs were selected for subsequent analyses.




Figure 2 | Hierarchical clustering and comparison of myeloid cell subpopulations (PMN-MDSCs, I-MDSCs and APCs) in tumor tissue of CRC patients. Cells isolated from tumor tissues of six CRC patients were stained for myeloid cell markers and sorted for RNA extraction. Hierarchical clustering of APCs, I-MDSCs and PMN-MDSCs from six tumor tissues (CRC patients #05, 07, 08, 09, 44 and 53) based on differentially-expressed RNA transcripts. Each column represents a sample and each row represents a transcript. Expression level of each gene in a single sample is depicted according to color scale (A). Principle component analysis (PCA) based on the differentially expressed genes in each myeloid subpopulation (B). Volcano plots show genes that were upregulated (shown in red), downregulated (shown in green) or remained unchanged (shown in grey) when comparing PMN-MDSC vs. APC (C), I-MDSC vs. APC (D) and PMN-MDSC vs. I-MDSC (E).





Functional Annotation Analyses of Colorectal Tumor-Infiltrating PMN-MDSCs and I-MDSC-MDSCs

APCs are responsible for antigen processing and presentation to activate adaptive immune responses, while MDSCs are known to suppress immune responses (25). In agreement with this, our RNA-Seq data confirmed these functional characteristics of myeloid subpopulations. We analyzed the differentially expressed genes in colorectal tumor-infiltrating PMN-MDSCs and I-MDSCs, compared to APCs (Figures 3A, B). Functional annotation analyses for top significantly affected transcripts, with a fold change > 2 and P value < 0.05 cutoffs, showed that genes related to immune system processes, positive regulation of immune response, and defense responses were downregulated in PMN-MDSCs, compared to APCs (Figure 3A). Additionally, genes involved in DC maturation, Fcγ receptor-mediated phagocytosis and NFAT-mediated regulation of immune response were significantly downregulated in PMN-MDSCs (Figure 2A). On the other hand, genes related to ketogenesis and potentially associated with resistance to cancer immunotherapy (anti-PD-1/PD-L1) were upregulated in PMN-MDSCs (Figure 3A). We also found that genes involved in the positive regulation of immune response, immune system processes and defense responses were downregulated in I-MDSCs (Figure 2B). Furthermore, genes related to IL-8, IL-6, CXCR4 and IL-3 signaling pathways, Toll-like receptor signaling pathways and DC maturation were significantly downregulated in I-MDSCs (Figure 3B). These data showed the functional characteristics of PMN-MDSCs and I-MDSCs as compared to APCs, and the different pathways associated with immune response regulation, which were downregulated in tumor-infiltrating PMN-MDSCs and I-MDSCs from CRC patients.




Figure 3 | Differential gene expression of PMN-MDSCs, I-MDSCs and APCs in CRC tumor microenvironment. Functional categorization of top significantly upregulated and downregulated transcripts (with a fold change > 2, P value cutoff < 0.05) from CLC analysis were analyzed through IPA. Heat maps show the TPM representing fold change relative to the mean expression in PMN-MDSC (denoted as PMN) vs. APC (A), I-MDSC (denoted as I) vs. APC (B) and PMN-MDSC vs. I-MDSC (C).



We found that genes related to oxidative phosphorylation, histamine degradation and NF‐E2‐related factor 2 (NRF2)-mediated oxidative stress response were upregulated in PMN-MDSCs, compared to I-MDSCs (Figure 3C). However, genes associated with the crosstalk between DCs and natural killer (NK) cells were significantly downregulated in PMN-MDSCs, compared to I-MDSCs (Figure 3C). These findings suggest that pathways related to metabolism, stress response and interaction between DCs and NK cells vary in colorectal tumor-infiltrating I-MDSCs vs. PMN-MDSCs.

Next, we performed protein-protein interaction (PPI) and enrichment network analysis, using STRING web-based tool, to show the interactions of proteins within the significantly affected pathways within myeloid subsets. For this analysis, we selected deregulated genes from PMN-MDSC vs. APC (Supplementary Figure 1), I-MDSC vs. APC (Supplementary Figure 2) and PMN-MDSC vs. I-MDSC (Supplementary Figure 3). For PMN-MDSC vs. APC, STRING database identified 72 nodes and 120 edges with PPI enrichment P value <1.0E-16, average clustering coefficient of 0.404 and average node degree of 3.33 (Supplementary Figure 1). Additionally, for I-MDSC vs. APC STRING database identified 76 nodes and 191 edges with PPI enrichment P value <1.0E-16, average clustering coefficient of 0.493 and average node degree of 5.03 (Supplementary Figure 2). Finally, for PMN-MDSC vs. I-MDSC, STRING database identified 37 nodes and 74 edges with PPI enrichment P value <1.0E-16, average clustering coefficient of 0.706 and average node degree of 4 (Supplementary Figure 3). In concordance with the IPA pathway analyses, we identified significant network of immune regulation in both PMN-MDCS/I-MDSC vs. APC and oxidative phosphorylation in PMN-MDSC vs. I-MDSC (Supplementary Figures 1-3). These data further confirm the significance of identified networks form IPA pathway analyses.



Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating PMN-MDSCs

Next, differentially expressed genes in colorectal tumor-infiltrating myeloid subpopulations were subjected to Ingenuity Pathway Analysis (IPA). Based on our analysis, we identified canonical and signaling pathways that were differentially upregulated or downregulated in tumor-infiltrating PMN-MDSCs and I-MDSCs (Figure 4). We found that TREM1 signaling, NFAT regulation of the immune response, Fcγ receptor-mediated phagocytosis in macrophages and monocytes and DC maturation were downregulated in PMN-MDSCs, compared to APCs (-5.0 < Z score > -3.0, Figure 4A). On the other hand, pathways related to arginine biosynthesis, cancer immunotherapy and cell cycle were upregulated in PMN-MDSCs (2.0 < Z score > 3.0, Figure 4A).




Figure 4 | Canonical and signaling pathway analyses of myeloid subpopulations in the CRC tumor microenvironment. Functional categorization of top significantly upregulated and downregulated transcripts (with a fold change > 2, P value cutoff < 0.05) from CLC analysis were analyzed through IPA. Top significantly affected (1.5 > Z score < -2.0) canonical pathways were analyzed by IPA. The horizontal bars denote the different pathways based on the Z-scores; PMN-MDSC vs. APC (A), I-MDSC vs. APC (B) and PMN-MDSC vs. I-MDSC (C).





Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating I-MDSCs

We found that pathways related to TREM1 signaling, leukocyte extravasation, DC maturation, NFAT regulation of the immune response, Fcγ receptor-mediated phagocytosis in macrophages and monocytes, IL-8 signaling, IL-6 signaling, Toll-like receptor signaling, LPS-mediated MAPK signaling, CXCR4 and IL-3 signaling were all downregulated in I-MDSCs, compared to APCs (-4.0 < Z score > -2.0, Figure 4B). On the other hand, PPAR pathway was upregulated in I-MDSCs (Figure 4B).



Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating PMN-MDSCs

Next, we compared pathways that were differentially upregulated or downregulated in PMN-MDSCs, compared to I-MDSCs. We found that pathways related to the crosstalk between DCs and NK cells were downregulated, while pathways related to oxidative phosphorylation, ketogenesis, glycolysis, glucogenesis, cholesterol biosynthesis and NRF2-mediated oxidative stress response were all upregulated in PMN-MDSC, compared with I-MDSCs (-3.0 < Z score > 6.0, Figure 4C). These findings suggest that pathways related to metabolism, stress response, histamine degradation and interaction between DCs and NK cells are different in tumor-infiltrating I-MDSCs and PMN-MDSCs. Thus, they provide novel insights into the functional pathways regulated by each MDSC subset in the colorectal TME.



qRT-PCR Validation of Selected Gene Expression in Colorectal Tumor-Infiltrating PMN-MDSC and I-MDSC

We validated the expression of selected genes from RNA-Seq data in tumor-infiltrating PMN-MDSCs, I-MDSCs and APCs (the latter used as a control) by qRT-PCR. The selected genes were amongst the top significantly affected transcripts with a fold of change >2 and P value cutoff <0.05. We validated that IL1B, IL2RA, and CD40 genes were downregulated in PMN-MDSCs (Figure 5A); these genes are important for APC and T cell activation (26–28). We validated that CSF2 and GZMB gene expressions were upregulated in PMN-MDSC (Figure 5A); these genes encode GM-CSF and granzyme B, respectively. Upregulated expression of GM-CSF and granzyme B in PMN-MDSC could be associated with their capability of recruiting neutrophils in the TME, which potentially increases tumor-associated neutrophils, and releasing cytolytic molecules to kill immune cells that positively regulate anti-tumor immunity (29). We also validated the downregulation of IL1B and the upregulation of IFNG, GZMB, CSF2, and PRF1 genes in I-MDSCs, compared to APCs (Figure 5B). Although the upregulated genes, IFNG, GZMB and PRF1 (PRF1 encodes perforin 1), have been implicated in CD8+ T cell activation and function (30), they could be also associated with the promotion of I-MDSC suppressive function to enhance PD-L1 expression and kill reactive CD8+ T cells and favor tumor growth (31–33). Finally, we validated the upregulation of IL1B and the downregulation of IFNG and IL2RA genes in PMN-MDSCs, compared to I-MDSCs (Figure 5C). This latter finding suggests that PMN-MDSCs and I-MDSCs can mediate different pathways and induce different effects on the immune response and tumor microenvironment.




Figure 5 | qRT-PCR validation of selected genes in tumor-infiltrating APCs, PMN-MDSCs and I-MDSCs from CRC tumor tissue. mRNA expression levels for selected genes in sorted tumor-infiltrating myeloid cells were validated by RT-PCR; PMN-MDSC vs. APC (A); I-MDSC vs. APC (B) and PMN-MDSC vs. I-MDSC (C). The relative gene expression was normalized to β-actin. Results obtained from two technical replicates of six CRC patients. The P values are indicated as follows; ***P < 0.001, **P < 0.01, *P < 0.05. Data are presented as the mean (Log10) ± standard error of the mean (SEM).





TCGA Analysis Revealed Gene Signatures in Tumor-Infiltrating PMN-MDSC and I-MDSC Associated With Poor Prognosis in Patients With Colorectal Adenocarcinoma

Survival analysis of top downregulated genes in PMN-MDSC vs. APC identified NPL, CATSPER1, PRAM1, SLC11A1, APOE, and TREM2 as poor OS prognostic markers in COAD using univariate analysis. High gene signature of TREM2, CATSPER1, NPL, and PRAM1 had the highest prognostic value (Log-rank P = 0.0076, HR(high)=1.9) (Figure 6A). On the other hand, high signature of RBP7, IL3RA, and TBXAS1 correlated with worse DFS in COAD. TBXAS1 alone exhibited the highest prognostic value [Log-rank P = 0.018, HR(high)=1.8] for DFS (Figure 6B). Additionally, I-MDSC vs. APC-derived gene signature was subjected to OS and DFS analysis. Using univariate analysis, we found that GPNMB, INHBA, CATSPER1, HAMP, HTRA4, NPL, PRAM1, TNNT1, SLC11A1, and TREM2 predicted worse OS, while INHBA, TNNT1, and IL3RA predicted worse DFS. Combination of TNNT1, NPL, and CATSPER1 had the strongest prognostic power for OS [Log-rank P = 7.7e−05, HR(high)=2.7], while combination of (TNNT1, IL3RA, and INHBA) was associated with worst DFS [Log-rank P = 0.00038, HR(high)=2.4] (Figures 6C, D). It is worth noting that top upregulated genes in PMN-MDSC or I-MDSC vs. APC had little impact on prognosis and survival rates, hence, they were not included in these analyses.




Figure 6 | Kaplan-Meier curves for overall survival and disease-free survival according to the identified gene signatures in tumor-infiltrating PMN-MDSCs and I-MDSCs. Patients were divided into high and low groups based on median gene expression. Kaplan-Meier curves illustrate the duration of overall survival (OS) (A, C) and disease-free survival (DFS) of 270 patients (B, D) according to the expression of identified gene signatures in cohorts of patients in the Cancer Genome Atlas (TCGA) colorectal adenocarcinoma dataset. The Log-rank test was used for curve comparison. The survival signature score is calculated by mean value of log2(TPM7nbsp;+ 1) of each gene.






Discussion

Increased MDSC numbers in CRC tumor tissues, compared to paired-normal tissues have been previously reported, implicating the importance of MDSC function in tumorigenesis and immunosuppression (14). We have previously reported the transcriptomic profiles of CRC tumor-infiltrating I-MDSCs and PMN-MDSCs, compared with APCs (14). We found that pathways related to JNK and Wnt signaling, and SNARE complex activation were upregulated in I-MDSCs. Meanwhile, pathways related to CRC progression, cell migration, and MDSC recruitment were upregulated in PMN-MDSCs (14). These findings were obtained from RNA-Seq data analyses in two CRC patients (14). In this study, we included more patient samples in order to identify additional variations and emergence of different signaling pathways. Moreover, it is noteworthy that sorting few cells of different myeloid subsets; therefore, it was challenging to perform RNA extraction from few cells and additional amplification steps were required. Few studies have reported that cryopreservation/thawing procedure can reduce the proportion of MDSC subsets in the circulation (peripheral blood mononuclear cells; PBMC) and the expression of arginase-1 (34, 35). However, the use of cryopreserved PBMC samples is acceptable as no significant changes were seen in the number of the most suppressive MDSC subset, PMN-MDSC, in fresh versus cryopreserved PBMC (36). We have also shown that expression of arginase-1 mRNA in CD33+HLA-DR- myeloid cells, presumably suppressive subsets of myeloid cells, in cryopreserved PBMC is higher than that of CD33+HLA-DR+ APCs (37). Additionally, we have sorted different MDSC subsets from tumor tissue, which could be less susceptible to be affected by freeze-thaw procedure, unlike PBMC.

Hierarchical cluster analysis and PCA showed that variations within myeloid subsets (I-MDSCs and PMN-MDSCs) are much less than those compared between myeloid subsets and APCs. These data confirm the differences in the functional characteristics of MDSCs versus APCs. In support of this, we found that genes associated with DC maturation, positive regulation of immune response, immune system processes and defense response were downregulated in PMN-MDSCs, compared with APCs. DCs, which also function as APCs, play an important role in the activation of anti-tumor immunity (15). DC maturation is very important for the activation of adaptive immunity and T cell responses (15). One of the mechanisms by which cancer cells evade anti-tumor immunity is by compromising APC function and DC maturation (38). Genetic, epigenetic and cell-mediated mechanisms can contribute to APC dysfunction and impaired DC maturation (39). Some of these cell-mediated mechanisms are driven by the action of MDSCs. Tan et al. reported that PMN-MDSCs, induced by modified vaccinia TianTan in mesothelioma mouse model, suppress DC function by releasing IL-10, resulting in the impaired induction of anti-tumor cytotoxic T cell response (40). In another study, PMN-MDSCs were shown to suppress DC maturation and T cell proliferation in autoimmune arthritis mouse model (41). In addition to DC maturation, we found that other immune response-related pathways, such as TREM1 signaling (16), NFAT-mediated regulation of immune response (17) and Fcγ receptor-mediated phagocytosis (18), were downregulated in PMN-MDSCs, compared to APCs. On the other hand, PMN-MDSCs showed an upregulation of pathways related to arginine biosynthesis, which potentially lead to increased production of arginine and its consumption by tumor cells to maintain their survival and growth (42, 43), and pathways potentially associated with resistance to cancer immunotherapy primarily anti-PD-1/anti-PD-L1 therapy (44).

In contrast to tumor-infiltrating APCs, pathways related to the positive regulation of immune and defense response, including IL-8/IL-6/IL-3/CXCR4 signaling, TREM1 signaling and leukocyte extravasation pathways were downregulated in I-MDSCs. Several cytokines signaling pathways, such as IL-8, IL-6, and IL-3 have been implicated in the positive regulation of immune response and the activation of T cell responses. IL-8 (45) and IL-6 (46) signaling pathways have a double-sword function in anti-tumor immunity. IL-8 signaling is known to recruit leukocytes to the TME via a chemoattractant gradient; these leukocytes play a role in innate immunity and could promote anti-tumor immune responses (45). It has been demonstrated that IL-6 production by TLR-activated APCs drives the activation of CD4+ T cells and B cell antibody response, suggesting a role for IL-6 signaling in the activation of immune responses (47). NFAT-mediated regulation of immune response and DC maturation pathways were found to be downregulated in both PMN- and I-MDSCs. NFAT is a key regulator for several key pathways, including IL-3 production, which is responsible for both lymphoid and myeloid differentiation (48). We found that IL-3RA gene was downregulated in both PMN- and I-MDSCs, compared with APCs (Figures 2A, B). Together, these data suggest the potential relationship between NFAT and IL-3 pathways, and may indicate that downregulation of NFAT-IL-3 pathways interfere with the maturation of myeloid cells in the CRC TME.

We also compared the transcriptional profiles of CRC tumor-infiltrating PMN-MDSCs with I-MDSCs. RNA-Seq data, canonical pathway and IPA analyses showed that genes and pathways related to the crosstalk between DCs and NK cells were downregulated in PMN-MDSCs, while metabolic pathways related to oxidative phosphorylation, ketogenesis, glycolysis, glucogenesis, cholesterol biosynthesis and NRF2-mediated oxidative stress response were all upregulated in PMN-MDSC. These pathways could lead to the increased consumption of glucose, cholesterol metabolism, reduced mitochondrial respiration, and increased generation of reactive oxygen species, which all promote tumor growth and survival (49). PMN-MDSCs could be responsible for enhancing the immunosuppressive environment within the tumor by mediating glycolysis and oxidative phosphorylation, leading to lipid accumulation (50). In turn, lipid uptake by tumor-infiltrating MDSCs enhances their immunosuppressive activities, which they exert on T cells, thereby promoting tumorigenesis (50). These results may reflect the phenotypical, molecular and functional characteristics of each MDSC subset in the CRC TME.

Based on TCGA analysis for the downregulated genes from our RNA-Seq data, high gene signature comprising of TREM2, CATSPER1, NPL, and PRAM1 in tumor-infiltrating PMN-MDSC predicted poor OS rates in COAD patients. Triggering receptor expressed on myeloid cells 2 (TREM2) gene is important for the activation of macrophages and DCs, and secretion of inflammatory cytokines, while PML-RARA Regulated Adaptor Molecule 1 (PRAM1) gene could be associated with neutrophil function, myeloid differentiation and T cell activation (51–54). Therefore, their downregulation in PMN-MDSC could negatively influence anti-tumor immune responses and favor disease progression. However, the function of CATSPER1 and NPL in myeloid cell biology and function remains unclear. Additionally, high gene signature, with only thromboxane A synthase 1 (TBXAS1), in PMN-MDSC was found to be the best predictor for short DFS in patients. The role of TBXAS1 has been implicated in DC maturation and Th response, inflammatory response in myeloid cells and lipid metabolism (50, 55). Hence, low levels of TBXAS1 could favor tumor escape from anti-tumor immunity and may also support PMN-MDSC suppressive functions. In tumor-infiltrating I-MDSC, high gene signature comprising of TNNT1, NPL and CATSPER1 predicted poor OS rates in COAD patients. Moreover, high signature of TNNT1, IL3RA and INHBA in I-MDSC predicted short DFS in COAD patients. Downregulation of IL-3 signaling pathway is associated with impairment of DC maturation and activation of adaptive immune response (56), and hence could be associated with diminished ability of tumor eradication, and poor survival rates. Like NPL and CATSPER1, the roles of TNNT1, and INHBA (gene encodes a member of TGF-β family and act as a growth/differentiation factor) in myeloid cell biology and function are not clear.

Together, our findings highlight different molecular and functional pathways regulated by PMN-MDSCs and I-MDSCs in CRC TME, compared to APCs, and provide novel insights into gene signatures for each subset, which could predict poor OS and DFS in CRC patients. Some of these genes/pathways could be targeted in MDSCs and could have a clinical benefit in CRC patients. Notably, this study included six CRC patients and there were no functional assays used to validate the findings presented in the manuscript.
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Supplementary Figure 3 | Protein-protein interaction networks for the significantly affected pathways in PMN-MDSC vs. I-MDSC. PPI networks for top significantly upregulated and downregulated transcripts (with a fold change > 2, P value cutoff < 0.05) pathways in PMN-MDSC vs. I-MDSC were obtained from STRING database as described in methods. The significance of the network and the code for Gene ontology (GO) terms (Biological Process) and False discovery rate (FDR) for each term are shown in the table.



Abbreviations

APCs, Antigen presenting cells; CRC, Colorectal cancer; DC, Dendritic Cells; I-MDSCs, Immature-myeloid derived suppressor cells; IL-3, Interleukin-3; IL-6, Interleukin-6; MDSCs, Myeloid-derived suppressor cells; MAPK, Mitogen-activated protein kinase; NFAT, Nuclear factor of activated T-cells; PMN-MDSCs, polymorphonuclear/granulocytic-myeloid derived suppressor cells; PPI network, Protein-protein interaction network; TME, Tumor microenvironment.



References

1. Gabrilovich, DI, and Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat Rev Immunol (2009) 9(3):162–74. doi: 10.1038/nri2506

2. Ostrand-Rosenberg, S, and Sinha, P. Myeloid-derived suppressor cells: linking inflammation and cancer. J Immunol (2009) 182(8):4499–506. doi: 10.4049/jimmunol.0802740

3. Toor, SM, and Elkord, E. Therapeutic prospects of targeting myeloid-derived suppressor cells and immune checkpoints in cancer. Immunol Cell Biol (2018) 96(9):888–97. doi: 10.1111/imcb.12054

4. Bronte, V, Brandau, S, Chen, SH, Colombo, MP, Frey, AB, Greten, TF, et al. Recommendations for myeloid-derived suppressor cell nomenclature and characterization standards. Nat Commun (2016) 7:12150. doi: 10.1038/ncomms12150

5. Triantafillidis, JK, Nasioulas, G, and Kosmidis, PA. Colorectal cancer and inflammatory bowel disease: epidemiology, risk factors, mechanisms of carcinogenesis and prevention strategies. Anticancer Res (2009) 29(7):2727–37.

6. Gabrilovich, DI, Bronte, V, Chen, SH, Colombo, MP, Ochoa, A, Ostrand-Rosenberg, S, et al. The terminology issue for myeloid-derived suppressor cells. Cancer Res (2007) 67(1):425; author reply 426. doi: 10.1158/0008-5472.CAN-06-3037

7. Toor, SM, Syed Khaja, AS, El Salhat, H, Bekdache, O, Kanbar, J, Jaloudi, M, et al. Increased Levels of Circulating and Tumor-Infiltrating Granulocytic Myeloid Cells in Colorectal Cancer Patients. Front Immunol (2016) 7:560. doi: 10.3389/fimmu.2016.00560

8. Sun, HL, Zhou, X, Xue, YF, Wang, K, Shen, YF, Mao, JJ, et al. Increased frequency and clinical significance of myeloid-derived suppressor cells in human colorectal carcinoma. World J Gastroenterol (2012) 18(25):3303–9. doi: 10.3748/wjg.v18.i25.3303

9. Zhang, B, Wang, Z, Wu, L, Zhang, M, Li, W, Ding, J, et al. Circulating and tumor-infiltrating myeloid-derived suppressor cells in patients with colorectal carcinoma. PloS One (2013) 8(2):e57114. doi: 10.1371/journal.pone.0057114

10. Kumar, V, Patel, S, Tcyganov, E, and Gabrilovich, DI. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol (2016) 37(3):208–20. doi: 10.1016/j.it.2016.01.004

11. Toor, SM, and Elkord, E. Myeloid-derived suppressor cells. eLS John Wiley (2015). doi: 10.1002/9780470015902.a0024245

12. Saleh, R, and Elkord, E. Acquired resistance to cancer immunotherapy: Role of tumor-mediated immunosuppression. Semin Cancer Biol (2020) 65:13–27. doi: 10.1016/j.semcancer.2019.07.017

13. 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

14. Sasidharan Nair, V, Saleh, R, Toor, SM, Taha, RZ, Ahmed, AA, Kurer, MA, et al. Transcriptomic profiling disclosed the role of DNA methylation and histone modifications in tumor-infiltrating myeloid-derived suppressor cell subsets in colorectal cancer. Clin Epigenet (2020) 12(1). doi: 10.1186/s13148-020-0808-9

15. Fu, C, and Jiang, A. Dendritic Cells and CD8 T Cell Immunity in Tumor Microenvironment. Front Immunol (2018) 9:3059. doi: 10.3389/fimmu.2018.03059

16. Arts, RJ, Joosten, LA, van der Meer, JW, and Netea, MG. TREM-1: intracellular signaling pathways and interaction with pattern recognition receptors. J Leukoc Biol (2013) 93(2):209–15. doi: 10.1189/jlb.0312145

17. Vandewalle, A, Tourneur, E, Bens, M, Chassin, C, and Werts, C. Calcineurin/NFAT signaling and innate host defence: a role for NOD1-mediated phagocytic functions. Cell Commun Signal (2014) 12:8. doi: 10.1186/1478-811X-12-8

18. Huang, ZY, Hunter, S, Chien, P, Kim, MK, Han-Kim, TH, Indik, ZK, et al. Interaction of two phagocytic host defense systems: Fcgamma receptors and complement receptor 3. J Biol Chem (2011) 286(1):160–8. doi: 10.1074/jbc.M110.163030

19. Toor, SM, Khalaf, S, Murshed, K, Abu Nada, M, and Elkord, E. Myeloid Cells in Circulation and Tumor Microenvironment of Colorectal Cancer Patients with Early and Advanced Disease Stages. J Immunol Res (2020) 2020:9678168. doi: 10.1155/2020/9678168

20. Toor, SM, Taha, RZ, Sasidharan Nair, V, Saleh, R, Murshed, K, Abu Nada, M, et al. Differential gene expression of tumor-infiltrating CD33(+) myeloid cells in advanced- versus early-stage colorectal cancer. Cancer Immunol Immunother (2020). doi: 10.1007/s00262-020-02727-0

21. Saleh, R, Sasidharan Nair, V, Toor, SM, Taha, RZ, Murshed, K, Al-Dhaheri, M, et al. Differential gene expression of tumor-infiltrating CD8(+) T cells in advanced versus early-stage colorectal cancer and identification of a gene signature of poor prognosis. J Immunother Cancer (2020) 8(2). doi: 10.1136/jitc-2020-001294

22. Vishnubalaji, R, Sasidharan Nair, V, Ouararhni, K, Elkord, E, and Alajez, NM. Integrated Transcriptome and Pathway Analyses Revealed Multiple Activated Pathways in Breast Cancer. Front Oncol (2019) 9:910. doi: 10.3389/fonc.2019.00910

23. Shaath, H, Toor, SM, Nair, VS, Elkord, E, and Alajez, NM. Transcriptomic Analyses Revealed Systemic Alterations in Gene Expression in Circulation and Tumor Microenvironment of Colorectal Cancer Patients. Cancers (2019) 11(12):1994. doi: 10.3390/cancers11121994

24. Tang, Z, Kang, B, Li, C, Chen, T, and Zhang, Z. GEPIA2: an enhanced web server for large-scale expression profiling and interactive analysis. Nucleic Acids Res (2019) 47(W1):W556–60. doi: 10.1093/nar/gkz430

25. Kondratova, M, Czerwinska, U, Sompairac, N, Amigorena, SD, Soumelis, V, Barillot, E, et al. A multiscale signalling network map of innate immune response in cancer reveals cell heterogeneity signatures. Nat Commun (2019) 10(1):4808. doi: 10.1038/s41467-019-12270-x

26. Nakae, S, Asano, M, Horai, R, and Iwakura, Y. Interleukin-1 beta, but not interleukin-1 alpha, is required for T-cell-dependent antibody production. J Immunol (2001) 104(4):402–9. doi: 10.1046/j.1365-2567.2001.01337.x

27. Cho, JH, Kim, HO, Kim, KS, Yang, DH, Surh, CD, and Sprent, J. Unique features of naive CD8+ T cell activation by IL-2. J Immunol (2013) 191(11):5559–73. doi: 10.4049/jimmunol.1302293

28. Peng, X, Kasran, A, Warmerdam, PA, de Boer, M, and Ceuppens, JL. Accessory signaling by CD40 for T cell activation: induction of Th1 and Th2 cytokines and synergy with interleukin-12 for interferon-gamma production. Eur J Immunol (1996) 26(7):1621–7. doi: 10.1002/eji.1830260732

29. Wu, L, Saxena, S, Awaji, M, and Singh, RK. Tumor-Associated Neutrophils in Cancer: Going Pro. Cancers (2019) 11(4):564. doi: 10.3390/cancers11040564

30. Bian, G, Leigh, ND, Du, W, Zhang, L, Li, L, and Cao, X. Interferon-Gamma Receptor Signaling Plays an Important Role in Restraining Murine Ovarian Tumor Progression. J Immunol Res Ther (2016) 1(1):15–21.

31. Dufait, I, Pardo, J, Escors, D, De Vlaeminck, Y, Jiang, H, Keyaerts, M, et al. Perforin and Granzyme B Expressed by Murine Myeloid-Derived Suppressor Cells: A Study on Their Role in Outgrowth of Cancer Cells. Cancers (2019) 11(6):808. doi: 10.3390/cancers11060808

32. Bogdan, C, and Schleicher, U. Production of interferon-gamma by myeloid cells–fact or fancy? Trends Immunol (2006) 27(6):282–90. doi: 10.1016/j.it.2006.04.004

33. Xiao, W, Klement, JD, Lu, C, Ibrahim, ML, and Liu, K. IFNAR1 Controls Autocrine Type I IFN Regulation of PD-L1 Expression in Myeloid-Derived Suppressor Cells. J Immunol (2018) 201(1):264–77. doi: 10.4049/jimmunol.1800129

34. Kotsakis, A, Harasymczuk, M, Schilling, B, Georgoulias, V, Argiris, A, and Whiteside, TL. Myeloid-derived suppressor cell measurements in fresh and cryopreserved blood samples. J Immunol Meth (2012) 381(1-2):14–22. doi: 10.1016/j.jim.2012.04.004

35. Heuvers, ME, Muskens, F, Bezemer, K, Lambers, M, Dingemans, AC, Groen, HJM, et al. Arginase-1 mRNA expression correlates with myeloid-derived suppressor cell levels in peripheral blood of NSCLC patients. Lung Cancer (2013) 81(3):468–74. doi: 10.1016/j.lungcan.2013.06.005

36. Duffy, A, Zhao, F, Haile, L, Gamrekelashvili, J, Fioravanti, S, Ma, C, et al. Comparative analysis of monocytic and granulocytic myeloid-derived suppressor cell subsets in patients with gastrointestinal malignancies. Cancer Immunol Immunother (2013) 62(2):299–307. doi: 10.1007/s00262-012-1332-3

37. Saleh, R, Toor, SM, Taha, RZ, Al-Ali, D, Sasidharan Nair, V, and Elkord, E. DNA methylation in the promoters of PD-L1, MMP9, ARG1, galectin-9, TIM-3, VISTA and TGF-β genes in HLA-DR(-) myeloid cells, compared with HLA-DR(+) antigen-presenting cells. Epigenetics (2020) 1–14. doi: 10.1080/15592294.2020.1767373

38. Stewart, TJ, and Abrams, SI. How tumours escape mass destruction. Oncogene (2008) 27(45):5894–903. doi: 10.1038/onc.2008.268

39. Topfer, K, Kempe, S, Muller, N, Schmitz, M, Bachmann, M, Cartellieri, M, et al. Tumor evasion from T cell surveillance. J BioMed Biotechnol (2011) 2011:918471. doi: 10.1155/2011/918471

40. Tan, Z, Liu, L, Chiu, MS, Cheung, KW, Yan, CW, Yu, Z, et al. Virotherapy-recruited PMN-MDSC infiltration of mesothelioma blocks antitumor CTL by IL-10-mediated dendritic cell suppression. Oncoimmunology (2019) 8(1):e1518672. doi: 10.1080/2162402X.2018.1518672

41. Egelston, C, Kurko, J, Besenyei, T, Tryniszewska, B, Rauch, TA, Glant, TT, et al. Suppression of dendritic cell maturation and T cell proliferation by synovial fluid myeloid cells from mice with autoimmune arthritis. Arthritis Rheum (2012) 64(10):3179–88. doi: 10.1002/art.34494

42. Patil, MD, Bhaumik, J, Babykutty, S, Banerjee, UC, and Fukumura, D. Arginine dependence of tumor cells: targeting a chink in cancer’s armor. Oncogene (2016) 35(38):4957–72. doi: 10.1038/onc.2016.37

43. Cheng, CT, Qi, Y, Wang, YC, Chi, KK, Chung, Y, Ouyang, C, et al. Arginine starvation kills tumor cells through aspartate exhaustion and mitochondrial dysfunction. Commun Biol (2018) 1. doi: 10.1038/s42003-018-0178-4

44. Weber, R, Fleming, V, Hu, X, Nagibin, V, Groth, C, Altevogt, P, et al. Myeloid-Derived Suppressor Cells Hinder the Anti-Cancer Activity of Immune Checkpoint Inhibitors. Front Immunol (2018) 9:1310. doi: 10.3389/fimmu.2018.01310

45. David, JM, Dominguez, C, Hamilton, DH, and Palena, C. The IL-8/IL-8R Axis: A Double Agent in Tumor Immune Resistance. Vaccines (Basel) (2016) 4(3):22. doi: 10.3390/vaccines4030022

46. Fisher, DT, Appenheimer, MM, and Evans, SS. The two faces of IL-6 in the tumor microenvironment. Semin Immunol (2014) 26(1):38–47. doi: 10.1016/j.smim.2014.01.008

47. Brahmakshatriya, V, Kuang, Y, Devarajan, P, Xia, J, Zhang, W, Vong, AM, et al. IL-6 Production by TLR-Activated APC Broadly Enhances Aged Cognate CD4 Helper and B Cell Antibody Responses In Vivo. J Immuno (2017) 198(7):2819–33. doi: 10.4049/jimmunol.1601119

48. Hawwari, A, Burrows, J, Vadas, MA, and Cockerill, PN. The human IL-3 locus is regulated cooperatively by two NFAT-dependent enhancers that have distinct tissue-specific activities. J Immuno (2002) 169(4):1876–86. doi: 10.4049/jimmunol.169.4.1876

49. Ribas, V, Garcia-Ruiz, C, and Fernandez-Checa, JC. Mitochondria, cholesterol and cancer cell metabolism. Clin Transl Med (2016) 5(1):22. doi: 10.1186/s40169-016-0106-5

50. Yan, D, Adeshakin, AO, Xu, M, Afolabi, LO, Zhang, G, Chen, YH, et al. Lipid Metabolic Pathways Confer the Immunosuppressive Function of Myeloid-Derived Suppressor Cells in Tumor. Front Immunol (2019) 10:1399. doi: 10.3389/fimmu.2019.01399

51. Clemens, RA, Newbrough, SA, Chung, EY, Gheith, S, Singer, AL, Koretzky, GA, et al. PRAM-1 is required for optimal integrin-dependent neutrophil function. Mol Cell Biol (2004) 24(24):10923–32. doi: 10.1128/mcb.24.24.10923-10932.2004

52. Moog-Lutz, C, Peterson, EJ, Lutz, PG, Eliason, S, Cavé-Riant, F, Singer, A, et al. PRAM-1 is a novel adaptor protein regulated by retinoic acid (RA) and promyelocytic leukemia (PML)-RA receptor alpha in acute promyelocytic leukemia cells. J Biol Chem (2001) 276(25):22375–81. doi: 10.1074/jbc.M011683200

53. Li, JT, and Zhang, Y. TREM2 regulates innate immunity in Alzheimer’s disease. J Neuroinflamm (2018) 15(1):107. doi: 10.1186/s12974-018-1148-y

54. Bouchon, A, Hernández-Munain, C, Cella, M, and Colonna, M. A DAP12-mediated pathway regulates expression of CC chemokine receptor 7 and maturation of human dendritic cells. J Exp Med (2001) 194(8):1111–22. doi: 10.1084/jem.194.8.1111

55. Hata, M, Takahara, S, Tsuzaki, H, Ishii, Y, Nakata, K, Akagawa, KS, et al. Expression of Th2-skewed pathology mediators in monocyte-derived type 2 of dendritic cells (DC2). Immunol Lett (2009) 126(1-2):29–36. doi: 10.1016/j.imlet.2009.07.008

56. Ebner, S, Hofer, S, Nguyen, VA, Fürhapter, C, Herold, M, Fritsch, P, et al. A novel role for IL-3: human monocytes cultured in the presence of IL-3 and IL-4 differentiate into dendritic cells that produce less IL-12 and shift Th cell responses toward a Th2 cytokine pattern. J Iimmunol (2002) 168(12):6199–207. doi: 10.4049/jimmunol.168.12.6199



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.

Copyright © 2020 Saleh, Sasidharan Nair, Al-Dhaheri, Khawar, Abu Nada, Alajez and Elkord. 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.


OEBPS/Images/fonc-10-604906-g005.jpg





OEBPS/Images/fonc-10-604906-g003.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        RNA-Seq Analysis of Colorectal Tumor-Infiltrating Myeloid-Derived Suppressor Cell Subsets Revealed Gene Signatures of Poor Prognosis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Sample Collection and Storage

          



          		

            Dissociation of Tissue and Cell Sorting

          



          		

            RNA Extraction and Reverse Transcription

          



          		

            Library Preparation

          



          		

            RNA Sequencing Data and Functional Annotation Analyses

          



          		

            Quantitative Real-Time Reverse Transcription PCR

          



          		

            The Cancer Genome Atlas Analysis for RNA Sequencing Data

          



          		

            Statistical Analyses

          



        



        



        		

          Results

        

          		

            Hierarchical Clustering and Comparisons of Differentially Expressed Genes in Colorectal Tumor-Infiltrating PMN-MDSC, I-MDSC-MDSC, and APCs

          



          		

            Functional Annotation Analyses of Colorectal Tumor-Infiltrating PMN-MDSCs and I-MDSC-MDSCs

          



          		

            Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating PMN-MDSCs

          



          		

            Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating I-MDSCs

          



          		

            Up/Downregulated Canonical Pathways in Colorectal Tumor-Infiltrating PMN-MDSCs

          



          		

            qRT-PCR Validation of Selected Gene Expression in Colorectal Tumor-Infiltrating PMN-MDSC and I-MDSC

          



          		

            TCGA Analysis Revealed Gene Signatures in Tumor-Infiltrating PMN-MDSC and I-MDSC Associated With Poor Prognosis in Patients With Colorectal Adenocarcinoma

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-10-604906-g004.jpg
PMN-MDSC vs. APC

TR s
ol o NEAT i oo f e Renpore
1 Roceptor adied Prgocyoss 1 ncoonage
St —
PRrSHtse—————

IMDSCvs. APC

. PMN-MDSC vs. -MDSC
R ————

heaa

s Dogrdsin.
P ——






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-10-604906-g001.jpg
= [E]
]

abr

[

b B ] e

sy s et

1

Timaia e i 3 | o e oA
ingeLE e e | i s

e e
e o s T e e s






OEBPS/Images/fonc-10-604906-g002.jpg
€ PMN-MDSC vs. APC

e

LMDSC vs. APC. E PMNMDSCvs. 1MDSC






OEBPS/Images/fonc.2020.604906_cover.jpg
’ frontiers
in Oncology

RNA-Seq Analysis of Colorectal
Tumor-Infiltrating Myeloid-Derived
Suppressor Cell Subsets Revealed
Gene Signatures of Poor Prognosis





OEBPS/Images/fonc-10-604906-g006.jpg





OEBPS/Images/table1.jpg
Number
Age
Gender
TNM stage
[
w
w
Anatomical location
Cecum
Transverse colon
Sigmoid
Rectum
Histological grade
G2~ Moderately diferentiated

R, cobrectal cancer.
iaks atiowat racessent iacen Bunoel

GRC patients

6
516765
A s

2(CRC 407 & 44
2 (CRCH0S 808)
2(CRC #09 & 53

2(CRC 407 & 44
2(CRC #08 & 59
1(CRC #09)
1(CRC #08)

Al samples:





