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Background: The clinical implementation of immune-checkpoint inhibitors (ICIs) targeting CTLA4, PD-1, and PD-L1 has revolutionized the treatment of cancer. However, the majority of patients do not derive clinical benefit. Further development is needed to optimize the approach of ICI therapy. Immunotherapy combined with other forms of treatment is a rising strategy for boosting antitumor responses. CD93 was found to sensitize tumors to immune-checkpoint blocker therapy after the blockade of its pathway. However, its role in immune and ICB therapy across pan-cancer has remained unexplored.
Methods: In this study, we provide a comprehensive investigation of CD93 expression in a pan-cancer manner involving 33 cancer types. We evaluated the association of CD93 expression with prognosis, mismatch repair, tumor mutation burden, and microsatellite instability, immune checkpoints, tumor microenvironment, and immune using multiple online datasets, including The Cancer Genome Atlas, Cancer Cell Line Encyclopedia, Genotype Tissue-Expression, cBioPortal, Tumor Immune Estimation Resource database, and Tumor Immune Single-cell Hub.
Results: CD93 expression varied strongly among cancer types, and increased CD93 gene expression was associated with poor prognosis as well as higher immune factors in most cancer types. Additionally, the level of CD93 was significantly correlated with MMR, TMB, MSI, immune checkpoints, TME, and immune cell infiltration. Noticeably, our results mediated a strong positive contact between CD93 and CAFs, endothelial cells, myeloid dendritic cells, hematopoietic stem cells, mononuclear/macrophage subsets, and neutrophils while a negative correlation with Th1, MDSC, NK, and T-cell follicular helper in almost all cancers. Function analysis on CD93 revealed a link between itself and promoting cancers, inflammation, and angiogenesis.
Conclusion: CD93 can function as a prognostic marker in various malignant tumors and is integral in TME and immune infiltration. Inhibition of the CD93 pathway may be a novel and promising strategy for immunotherapy in human cancer. Further explorations of the mechanisms of CD93 in the immune system may help improve cancer therapy methods.
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INTRODUCTION
Noncommunicable diseases, especially cancer, are responsible for most global deaths. Approximately 18.1 million new cancer cases and 9.6 million deaths occurred in 2018 (Bray et al., 2018). With the decline in the effectiveness of traditional cancer treatments, there is an urgent need to develop precise medicine to acquire better clinical outcomes. In recent years, the use of immune-checkpoint inhibitors (ICIs), such as targeting PD-1/PD-L1 or CTLA4, has markedly changed the field of cancer treatments (Passaro et al., 2020). However, there is still a significant portion of patients who showed minimal response to ICIs (Samstein et al., 2019). The tremendous differences between different patients can largely be explained by the complex tumor microenvironment (TME). The TME reportedly has a significant impact on clinical outcomes and response to therapy (Bagaev et al., 2021). It is of great significance for cancer treatments to focus on TME, explore new tumor immune targets, and develop drugs specifically targeting the TME.
CD93 may provide new opportunities for the immunotherapy of the TME. CD93 is a transmembrane protein consisting of an extracellular domain with a C-type lectin domain, five tandem EGF-like repeats, a serine-threonine-rich mucin-like domain, a transmembrane domain, and a short cytoplasmic domain prominently expressed in endothelial cells and some hematopoietic subsets (Langenkamp et al., 2015). The intracellular domain (ICD) of CD93, a regular transcription factor, is deemed to regulate gene expression with other transcription factors (Cokol et al., 2000). As one of the top 20 core genes for angiogenesis in human primary tumors, CD93 has been widely reported to play a critical role in inflammation and angiogenesis (Masiero et al., 2013; Lugano et al., 2018). Gao et al. (2021) demonstrated that a CD93-enriched subset in hematopoietic stem cells and multipotent progenitors with enhanced stem cell properties and CD93 can act as a regulatory factor in their development, revealing its critical role in hematopoiesis. More excitingly, a recent study found that blockade of the CD93 pathway could reduce hypoxia and promote drug delivery on account of vascular normalization, resulting in the enhanced antitumor. Resultingly, the antitumor efficacy of gemcitabine as well as 5-fluorouracil (5-FU) was greatly enhanced. Of particular interest is the fact that blocking of the CD93 pathway improves tumor vascular functions to promote T-cell infiltration and antitumor immunity, thereby sensitizing tumors to immune-checkpoint blocker (ICB) therapy. For instance, both CD4+ and CD8+ T-cell subsets, as well as the expression of PD-L1, were increased in CD93 mAb–treated tumors, whereas the population of myeloid-derived suppressor cells was reduced (Sun et al., 2021). This study found a safer therapeutic target for tumor vascular normalization and provided a novel remedy for oncotherapy. In addition, there are still many other inspiring studies on CD93. Huang et al. identified CD93 as an interleukin (IL)-17D receptor selectively expressed on group 3 innate lymphoid cells (ILC3s). The ILC3 function was regulated by the IL-17D-CD93 axis at the barrier surfaces, promoting homeostasis and protecting against inflammatory diseases (Huang et al., 2021). Moreover, CD93 was recognized as an important regulator of stemness of leukemia stem cells and a potential therapeutic target and the anti-emetic agent metoclopramide as a drug that blocks CD93 signaling in chronic myeloid leukemia (CML) (Riether et al., 2021). In the proliferating endothelium, the interaction between CD93 and the extracellular matrix regulated cell adhesion, migration, and vascular maturation by activating relevant signaling pathways (Barbera et al., 2021). Overall, all these findings support the central role of CD93 in carcinoma progression and treatment. It is worthwhile to look forward to exploring a brand-new therapeutic target and making greater progress in the research and clinical field via CD93. Thus, comprehensive CD93 analyses based on prognostic, TME, immunological effects, and therapeutic effects across all cancer types are acquired.
Therefore, we employed the most up-to-date data from numerous databases, including TCGA, Cancer Cell Line Encyclopedia (CCLE), Genotype Tissue-Expression (GTEx), cBioPortal, and tumor immune single-cell hub (TISCH), to systematically evaluate the correlation of CD93 with 33 types of cancer. Our results evaluated the connection between CD93 expression and prognosis, tumor mutation burden (TMB), microsatellite instability (MSI), immune checkpoints, TME, immune cell infiltration, and immune-related genes, providing supportive evidence of its vital role in the process of cancer.
MATERIALS AND METHODS
CD93 Expression Analysis
Transcriptome RNA-seq data of CD93 in 33 cancers, which include adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), acute myeloid leukemia (LAML), brain lower grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), testicular germ cell tumors (TGCT), thyroid carcinoma (THCA), thymoma (THYM), uterine corpus endometrial carcinoma (UCEC), uterine carcinosarcoma (UCS), and uveal melanoma (UVM), were downloaded from The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov) by UCSC Xena (https://xena.ucsc.edu/). To compare the CD93 expression between tumor and normal tissue, we additionally used the data of the Genotype Tissue Expression database (GTEx; https://commonfund.nih.gov/GTEx). The Tumor Immune Single-cell Hub database was used to examine the biodiversity of the tumor cell community and find heterogeneity in the TME.
Survival Analysis and ROC Analysis
Four outcome parameters downloaded from TCGA, including overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI), were incorporated in our study. To compare the overall survival (OS) rate for patients based on CD93 expression, we used Kaplan–Meier survival analysis using the log-rank test (p < 0.05). The survival and survminer R packages were used to draw survival curves. Univariate Cox analysis was used to evaluate the prognostic values across the 33 studied types of cancer (p < 0.05). The survival results were displayed with HR, 95% CI, and log-rank p values. We used the rms R package to construct baseline nomograms in KICH, LIHC, and UVM patients for clinical application and plotted receiver operating characteristic curves (ROC curves) in several types of cancer.
Analysis of MMR, TMB, and MSI in Cancers
We surveyed the correlation between CD93 expression and several essential mismatch repair (MMR) genes, including the MutL homologous gene (MLH1) and the MutS homologous gene (MSH2, MSH6), and increased separation after meiosis (PMS2) and epithelial cell adhesion molecule (EPCAM) through TCGA. TMB is the total number of nonsynonymous mutations occurring in each coding region in the tumor genome (Chalmers et al., 2017). The higher the TMB is, the better clinical benefits obtained from immunotherapy (Meléndez et al., 2018; Marabelle et al., 2020). MSI, the condition of genetic hypermutability caused by the inactivation of mismatch repair genes, is another biomarker for immunotherapy (Ward et al., 2001; Boussios et al., 2019). The data were downloaded from UCSC Xena, and the correlation between CD93 expression and TMB and MSI was analyzed via Spearman’s rank correlation coefficient.
TME and Immune Infiltration
The relationship of CD93 expression to TME was studied through evaluating the ratio of stromal and immune cells in tumors by estimate R packages, and the quantified results were displayed by tumor purity, stromal score, immune score, and estimate score. Specifically, stromal score and immune score stand for the stromal cells and the immunocyte infiltration level in tumor tissues, respectively. Estimate score was the sum of the preceding two, which infers the tumor purity. The estimated statistical significance and Spearman’s correlation coefficient were generated through correlation analysis. The Tumor Immune Estimation Resource (TIMER) database (https://cistrome.shinyapps.io/timer/) and the TIMER2.0 database (http://timer.cistrome.org/), which provided an integration of immune cells, including B cells, CD4+ T cells, CD8+ T cells, macrophages, neutrophils, and dendritic cells, for RNA sequencing samples from TCGA, were used to evaluate the abundance of tumor-infiltrating immune cells (TIICs) across diverse cancer types (Li et al., 2017). We next explored the relationship between CD93 and tumor purity as well as the abundance of TIICs by it. Finally, we explored the association between CD93 expression and immune-related genes, which includes HLA, immunostimulatory genes, immunosuppressive genes, chemokine, and chemokine receptor proteins, in 33 types of cancer.
Enrichment Analysis
To explore the biological functions of CD93 across the pan-cancer, gene set enrichment analysis (GSEA) was performed between the low-CD93 and high-CD93 groups. Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets and HALLMARK gene sets were downloaded from the official GSEA website (https://www.gsea-msigdb.org/gsea/downloads.jsp). The enriched gene sets were selected based on p < 0.05, net enrichment score (NES) of greater than 1, and a false discovery rate (FDR) < 0.25.
Statistical Analysis
All the data of gene expression were normalized by log2 transformation. The correlation analysis between the two variables used Spearman’s or Pearson’s test; p < 0.05 was considered significant. Student’s t-test and Kruskal–Wallis test were used for comparisons between two groups and for comparisons among >2 groups, respectively. All statistical analyses were processed by the R software (Version 4.0.2).
RESULTS
Expression Analysis of CD93
To explore the basic expression of CD93, we first analyzed the mRNA expression of CD93 in 31 types of normal tissues through the Genotype-Tissue Expression (GTEx) portal (Kruskal–Wallis test, p < 0.001) (Figure 1A). The data showed that the expression of CD93 was the highest in lung and breast tissues, while it was the lowest in the bone marrow. However, it was low in most normal cell lines based on the data of the Cancer Cell Line Encyclopedia (CCLE) database (Kruskal–Wallis test, p < 0.001) (Figure 1B). Next, we evaluated its expression in TCGA pan-cancer and found it highly expressed in KIRC but low in LGG and LIHC (Figure 1C). Notably, there were obvious differences in CD93 expression between some tumor tissues and corresponding adjacent noncancerous tissues. Increased expression was found in CHOL, GBM, KIRC, LGG, LIHC, STAD, and THCA while decreased expression in BLCA, BRCA, KICH, KIRP, LUAD, LUSC, and UCEC. To fully analyze the differential expression of CD93 between normal and tumor samples as compelling a manner as possible, we integrated the data of the TCGA and GTEx databases and found that they were still differentially expressed in many cancers, most of which were consistent with the previous analysis (Figure 1D). More precisely, CD93 expression was significantly increased in ACC CHOL, COAD, ESCA, GBM, KIRC, LAML, LGG, LIHC, OV, PAAD, PRAD, SKCM, STAD, TGCT, and THCA, whereas it was downregulated in BLCA, KIRP, LUAD, LUSC, and UCEC. Now we have established that CD93 is expressed differently in different cancers.
[image: Figure 1]FIGURE 1 | Expression analysis of CD93. (A) CD93 expression in various normal tissues. (B) CD93 expression in different tumor cell lines. (C) CD93 expression in the TCGA database. (D) Comparison of CD93 expressions between tumors and normal samples in the TCGA and the GTEx databases. *p < 0.05, **p < 0.01, ***p < 0.001.
Prognostic and Diagnostic Value Analysis of CD93 in Pan-Cancer
Now that CD93 is known to be differentially expressed in certain cancers, we explored whether its expression is associated with the prognosis of different cancers. We then performed a survival association analysis for each cancer. The outcome parameters assessed were OS, DSS, PFI, and DFI. The analyses of OS by Cox regression indicated that CD93 acted as a general risk factor in BLCA (p = 0.0035), KIRP (p = 0.0087), LGG (p = 0.000017), LUSC (p = 0.041), OV (p = 0.0049), STAD (p = 0.019), and UVM (p = 0.0087) (Figure 2A). Interestingly, we obtained similar result and conclusion when we used the Kaplan–Meier survival analysis, revealing that CD93 was a high-risk factor in BLCA (p = 0.013), KIRP (p = 0.002), LGG (p < 0.001), LUSC (p = 0.023), OV (p = 0.013), STAD (p = 0.002), and UVM (p = 0.004) (Figures 2B–H). However, in this way, CD93 was a protective factor in KIRC (p < 0.001) (Figure 2I). Next, a correlation analysis was applied between CD93 expression and DSS to avoid the bias from people who did not die of cancer. Cox regression analysis showed that low CD93 expression levels were associated with poorer DSS in KIRP (p = 0.00078), LGG (p < 0.0001), OV (p = 0.028), and UVM (p = 0.0043), while they were associated with better DSS in KIRC (p < 0.0001) (Figure 3A). Similarly, the Kaplan–Meier analysis revealed worse prognostic impacts in KIRP (p < 0.001), LGG (p < 0.001), OV (p = 0.035), and UVM (p = 0.001) (Figures 3B–E), while better in KIRC (p < 0.001) (Figure 3F). The following results are about the expression of CD93 and PFI. Forest plots demonstrated that high levels of CD93 expression were closely related to adverse outcomes in patients with ACC (p = 0.027), KIRP (p = 0.018), LGG (p < 0.0001), and UVM (p < 0.0001), whereas that meant a contrary result in KIRC (p = 0.0084) and THCA (p = 0.033) (Figure 4A). In accordance with the Cox regression model, KM survival analysis showed that elevated CD93 expression was significantly related to a poorer PFI in KIRP (p < 0.001), LGG (p < 0.001), and UVM (p = 0.001) (Figures 4B–D), while it was significantly related to a better PFI in KIRC (p = 0.002) and THCA (p = 0.003) (Figures 4E,F). There was no obvious correlation between CD93 and DFI but UCEC (detailed information in Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | Association between CD93 and OS. (A) Forest plot of OS associations in 33 types of tumors. (B–I) Kaplan–Meier analysis of the association between CD93 and OS in BLCA, KIRP, LGG, LUSC, OV, STAD, UVM, and KIRC.
[image: Figure 3]FIGURE 3 | Association between CD93 and DSS. (A) Forest plot of DSS associations in 33 types of tumors. (B–F) Kaplan–Meier analysis of the association between the CD93 expression and DSS in KIRP, LGG, OV, UVM, and KIRC.
[image: Figure 4]FIGURE 4 | Association between CD93 expression and PFI. (A) Forest plot of PFI associations in 33 types of tumors. (B–F) Kaplan–Meier analysis of the association between the CD93 expression and PFI in KIRP, LGG, UVM, KIRC, and THCA.
To better predict the prognosis of KIRC, LIHC, and UVM patients in a clinic, a prognostic nomogram was developed by integrating gender, tumor stage, and CD93 expression into a univariate Cox regression model. A score based on the nomogram was calculated to predict the 1-, 3-, 5-, and 7-year OS for individual patients. The calibration plot showed that the nomogram performed well in predicting the OS of patients according to an ideal model. Additionally, AUC plotted for different durations of OS showed that CD93 expression was good at predicting the OS in KICH, LIHC, and UVM (Supplementary Figures S2–S4). We also demonstrated that CD93 can be a potential diagnostic biomarker in serval types of cancer via ROC curves (Supplementary Figure S5).
All of these data implied that the expression of CD93 was significantly associated with patient prognosis in multiple cancer types, especially in patients with KIRP, LGG, UVM, and KIRC.
Correlations Between CD93 Expression and MMR, TMB, and MSI in Cancers
Microsatellites (MSs), which are simple repetitive sequences of nucleotide bases, can generate errors during DNA replication, and MMR genes can recognize and fix this process. Tumors with defects in the MMR system are vulnerable to mutations in microsatellites, leading to high levels of MSI, leading in turn to the accumulation of mutation loads in cancer-related genes and the aggravation of TMB (Yarchoan et al., 2017; Joshi and Badgwell, 2021). We surveyed the correlation between CD93 expression and several essential MMR genes. CD93 expression was closely related to MMR genes in almost all 33 cancers but ACC, CESC, CHOL, ESCA, GBM, MESO, PCPG, SARC, and UCS (Figure 5A). Given that TMB status is gradually regarded as one of the promising pan-cancer biomarkers for forecasting ICB therapeutic effect, which has already been approved by the FDA (Chan et al., 2019), we checked the correlation between CD93 expression and TMB across cancers. As shown in Figure 5B, CD93 expression was positively related to TMB in LGG and THYM while negatively related to TMB in BRCA, CESC, HNSC, KIRP, LIHC, LUAD, LUSC, PAAD, PRAD, TAD, THCA, and UVMP. As another biomarker associated with ICI response, the association of MSI with CD93 expression was evaluated in our study (Figure 5C). Based on our analysis, the expression of CD93 had a positive relation with MSI in TGCT and COAD, while it indicated a negative relation in LUSC, PAAD, SKCM, STAD, THCA, BRCA, DLBC, and HNSC.
[image: Figure 5]FIGURE 5 | Correlations between CD93 expression and MMR, TMB, and MSI in cancers. (A) Correlations between CD93 expression and MMR genes (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Correlations between CD93 expression and TMB across cancers. (C) Correlations between CD93 and MSI across cancers. The value in black reveals the range, and the curves in blue and red reveal the correlation coefficients.
CD93 and TME
As we all know, TME plays a critical role in regulating malignant progression and modulating reactions to therapies, so strategies to therapeutically target TME have emerged as a promising approach for cancer treatment in recent years (Bejarano et al., 2021). To assess the association of CD93 expression and TME, we calculated the stromal, immune scores, ESTIMATE scores, and tumor purity in 33 types of cancer (Figure 6A). As shown in this study, the expression of CD93 is positively connected with stromal scores, immune scores, as well as ESTIMATE scores in the overwhelming majority of cancers but TGCT, THCA, THYM, and UCEC. However, our analysis indicated a negative contact between CD93 and tumor purity in most cancers. Specifically, CD93 was significantly associated with StromalScores and EstimateScores in COAD, BLCA, HNSC, KICH, LUSC, MESO, PAAD, READ, and USC and with immune scores in BLCA, COAD, KICH, LAML, LUSC, PAAD, READ, and UVM. At the same time, CD93 expression was closely related to tumor purity in ACC, BLCA, COAD, PAAD, and READ. We then visualized the top three cancers in detail among these analyses (Figures 6B–J). Additionally, we found varying degrees of heterogeneity between diverse landscapes of the TME by the Tumor Immune Single-cell Hub database. As shown in Supplementary Figure S6, we found that CD93 was extremely enriched in endothelial cells and mononuclear/macrophage subsets among all of these cancers. The expression of CD93 is concentrated malignantly in STAD, DC in STAD, and SKCM.
[image: Figure 6]FIGURE 6 | Correlation of CD93 expression with ImmuneScore and StromalScore in various cancers. (A) The Spearman’s correlation analysis of CD93 expression with ImmuneScore, StromalScores, and EstimateScores in 33 cancers (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Correlation of CD93 expression with three scores in COAD (B–D), PAAD (E–G), and READ (H–J).
The Relevance of CD93 Expression and Immune Infiltrates in Pan-Cancer
As one of the crucial parts of TME, immune cells make a great contribution to the homeostasis and evolution of TME (Vitale et al., 2019). To explore the correlation between CD93 expression and immune infiltration in human pan-cancer, we mainly focused on the association between CD93 and infiltrating immune cells by the TIMER2.0 database in various cancers (Figure 7). Notably, our results demonstrated that it had a strong positive contact between CD93 and CAFs, endothelial cells, myeloid dendritic cells, hematopoietic stem cells, mononuclear/macrophage subsets, and neutrophils while it had a negative correlation with Th1, MDSC, NK, and T follicular helper cells in almost all cancers we analyzed. Noticeably, CD93 was essentially enriched in CAFs, endothelial cells, and hematopoietic stem cells among these cancers. In addition, our data showed that increased CD93 expression was related to increased B cell infiltration in PAAD, KIRP, and ESCA, while it was related to decreased B cell infiltration in TGCT. CD93 expression was positively correlated with CD8+ T cells in UVM, PAAD, and KIRP while negatively in THYM. Concurrently, CD93 is enriched in neutrophils in THYM and DLBC, and mast cells in READ and PAAD. Compared with M0-M1-like macrophages, there was a stronger relationship between CD93 expression and M2-like macrophages, especially in UVM, UCS, TGCT, READ, PAAD, and COAD. We also analyzed the correlations between CD93 and B cells, CD8 + T cells, CD4 + T cells, macrophages, neutrophils, and dendritic cells in 32 types of cancer via the TIMER database. As shown in Supplementary Table S1, CD93 expression was mainly associated with six infiltrating immune cells in ACC, CHOL, COAD, HNSC, KIRP, LGG, LIHC, LUAD, LUSC, PAAD, PRAD, READ, SKCM, THCA, and UCEC. Among these cancers, CD93 was associated with six infiltrating immune cells of all cancers.
[image: Figure 7]FIGURE 7 | The relevance of CD93 expression and immune infiltrates in pan-cancer.
Relationship Between CD93 and Immune Factors
We next explored the association between CD93 expression and immune-related genes, which includes HLA, immunostimulatory genes, immunosuppressive genes, chemokines, and chemokine receptor proteins, in 33 types of cancer. Our data showed that CD93 expression was positively correlated with almost all immune-related genes in nearly all cancers. As previously mentioned, elevated CD93 expression was related to increased immunosuppressive factors in all types of cancer except TGCT (Figure 8A). Noticeably, across the cancers we analyzed, the correlation was strongest between CD93 and KDR, and TGFBR1, TGFB1, PDCD1LG2, IL10, HAVCR2, CSF1R, and ADORA2A came second. Similar to immunosuppressive factors, CD93 expression was positively associated with immunostimulatory genes in all cancers we analyzed but TGCT (Figure 8B). In all analyzed cancers, ENTPD had the strongest correlation with CD93. Unlike other cancers, there was a more negative association between CD93 and immunostimulatory genes in TGCT. As shown by the heatmap presented in Figure 8C, there was a strong correlation between CD93 expression and almost all HLA genes in most cancers except for CHOL, DLBC, TGCT, and UCEC. Some of HLA genes, such as HLA-DMA, HLA-DOB, HLA-DQB1, and HLA-F, showed a negative correlation with CD93 in DLBC, TGCT, and THCA. In addition, we also analyzed the association between CD93 and chemokines as well as chemokine receptors (Figures 8D,E). The results showed that CD93 expression was positively correlated with chemokines and chemokine receptors, especially CXCL12 and CCR4.
[image: Figure 8]FIGURE 8 | Relationship between CD93 and (A) immunosuppressive factors, (B) immunostimulatory factors, (C) MHC genes, (D) chemokine receptors, (E) and chemokines. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Functional Analysis of CD93
Lastly, GSEA was used to study the biological role of CD93 in different tumor tissues. Our data indicated that the top three positively enriched KEGG, from a pan-cancer perspective, in the elevated expression of CD93 were cytokine–cytokine/immunodeficiency. The HALLMARK enrichment term showed that CD93 expression was positively associated with the process of promoting cancers and inflammation, including interferon gamma response, inflammatory response, TNF signaling via NF-κB, complements, angiogenesis, EMT, IL-2-STAT5 signaling, kras signaling up, myc targets V2, and hedgehog signaling, in almost all cancers we analyzed. Here we showed the results in KICH (Figures 9A,B), LIHC (Figures 9C,D), and UVM (Figures 9E,F). To further validate the link between CD93 expression and other cancer-related biological functions in pan-cancer, we analyzed additional two biological roles of CD93 in various human tumors including autophagy, EMT, TGFB1, and Wnt pathway (Supplementary Figure S7). Interestingly, there was a positive correlation between CD93 and associated genes.
[image: Figure 9]FIGURE 9 | Result of GSEA. Different KEGG and HALLMARK pathways regulated in KICH (A–B), LIHC (B–D), and UVM (E–F).
DISCUSSION
As a marker of tumor vasculature, the Group XIV family member endosialin was shown to regulate tumor growth and CD93 is homologous in structure to it (Nanda et al., 2006; Maia et al., 2011; Greenlee-Wacker et al., 2012). This suggests that CD93 may play key roles during cancer. However, despite the recent attention CD93 has received, its role in pan-cancer has remained unexplored prior to this investigation. In this study, we demonstrate that the differential expressions of CD93 in cancers help with prognosis estimation, the exploration and research of its mechanism, prediction of therapeutic effects, and the development of new treatments. It is conceivable to expect that the exploration of CD93 may therefore lead to major breakthroughs in the treatment of cancer, bringing great hope to those patients who have troubles with cancer diseases.
We first evaluated the expression levels and prognostic significance of CD93 in 33 types of cancers to explore its role across cancers and whether it can serve as a prognostic biomarker, which is a meaningful study to facilitate the translation of basic science to clinical studies. The results showed that elevated CD93 expression was found in CHOL, LGG, GBM, LIHC, and KIRC while low expression in KIRP, LUAD, and LUSC. Notably, the overexpression of CD93 was correlated with a worse prognosis in multiple cancers, such as LGG, OV, KIRP, and LUSC but KIRC. The expression of CD93 in tumors seems to make varying contributions among different types of cancer. Supporting that, CD93 overexpression was found in tumor vasculatures, and it influenced the survival of the host in PDAC, PNET, melanoma, and colon cancer (Langenkamp et al., 2015; Olsen et al., 2015; Sun et al., 2021). High CD93 levels were also found correlated with poor survival and increased proliferation capacity in leukemia (Pessoa Rodrigues and Akhtar, 2021). These findings clearly demonstrated the supporting role of CD93 in the prognosis of various cancers.
As a vital factor associated with the stability and integrity of genome, MMR has drawn considerable attention (Fishel, 2015; Russo et al., 2019). In addition, TMB and MSI are novel sensitive predictors of immunotherapy (Boland and Goel, 2010; Yarchoan et al., 2017; Lee et al., 2019). In our study, CD93 expression was enormously related to MMR genes in almost all cancers we analyzed. Additionally, CD93 also correlated with TMB and MSI in certain types of cancer. Then, the associations of CD93 expression with multiple checkpoint markers were compared across different cancer types. As expected, our data showed that CD93 was highly positively associated with almost all checkpoint genes in most cancers, which significantly indicated that CD93 may play an essential role in tumor immunity and may be the next promising marker in immunotherapy. Sun et al. observed that PD-L1 expression elevated in tumor tissues once anti-CD93 treatment and the growth of tumor were suppressed via the combination of CD93 and PD1 mAbs. Their results proved that blockade of the CD93 pathway can sensitize tumors to ICB therapy and facilitate cancer immunotherapy (Sun et al., 2021). This further demonstrated the importance of CD93 in immunotherapy.
Tumor cells exist in TME, which plays a central role in tumor initiation, development, metastasis, and clinical treatment and influences angiogenesis, tumor development, and immune escape (Lyssiotis and Kimmelman, 2017; Han et al., 2021; Hiam-Galvez et al., 2021). Our data showed that the expression of CD93 was positively connected with StromalScores, ImmuneScores, as well as ESTIMATE scores in human pan-cancer. Sun et al. (2021) also found that CD93 is selectively upregulated in tumor vasculature due to VEGF exposure in the TME, and its antibody can suppress tumor growth in mice, which hinted at the important role of CD93 in TME
However, despite its significant role in TME, the role of CD93 in immune infiltration needs to be further elucidated. Therefore, we further investigated on the role of CD93 in immune-cell infiltration levels in 33 types of cancer. Previous studies have reported that CD93 is expressed on a variety of cells such as neutrophils and endothelial cells (Greenlee-Wacker et al., 2011; Huang et al., 2021). In line with these findings, we showed that CD93 was enriched in CAFs, endothelial cells, and hematopoietic stem cells across different cancers. Supporting that, ECs are the primary cell type expressing CD93 revealed by published single-cell RNA sequencing datasets of multiple human tumor tissues (Sun et al., 2021). Single-cell transcriptomics revealed that CD93 can enrich HSC/MPP subsets with enhanced stem cell properties and regulate their development (Gao et al., 2021). In accordance with previous results on the role of CD93 in regulating immune infiltrates, we observed that CD93 was enriched in mononuclear/macrophage subsets, neutrophils, and B cells in some types of cancer. Consistently, CD93 was reported to be also expressed on several immune cell types, including monocytes, immature B cells, and platelets (Greenlee-Wacker et al., 2012). Based on the positive association of CD93 and M2 macrophages, which leads to an immunosuppressive phenotype, we can suppose that CD93 may exert an immune suppressive role in TME. More recently, numbers of works support the importance of CD93 expression in immune response during the development of cancers via alterations in immune cell phenotype, function, and infiltration (Galvagni et al., 2017; Lugano et al., 2018; Huang et al., 2021; Riether et al., 2021). For instance, CD93 was recently found to improve tumor vascular functions to promote T-cell infiltration and antitumor immunity after blockade of its pathway (Sun et al., 2021). In addition, we also found that CD93 expression was positively related to almost all immune-related genes, which are known to promote the growth of tumor cells and tumor angiogenesis as well as contribute to tumor metastasis (Li et al., 2021; Schaafsma et al., 2021) in nearly all cancers, which further demonstrated the importance of CD93 in the process of immune regulation.
To specifically address the function of CD93 in human pan-cancer, we performed enrichment analysis on CD93 and found a link between it and promoting cancers and inflammation. Concurrently, we have further validated the link between CD93 expression and autophagy, EMT, TGFB1, and the Wnt pathway. The finding that high expression of CD93 was mainly associated with inflammation and angiogenesis may imply that not only does CD93 exerts a crucial role in cancer, but it may be also important in inflammatory diseases and general homeostasis. Consistent with our data, CD93 was reported to be involved in apoptosis and inflammation and had a suggested role in angiogenesis, and thus involved in the development and dissemination of cancer (Olsen et al., 2015). CD93 also played roles in apoptosis, phagocytosis, inflammation, and cell adhesion (Nepomuceno et al., 1997; McGreal et al., 2002; Norsworthy et al., 2004). Interestingly, a key step during vascular maturation included the deposition of Multimerin-2, which acted not only as a substrate for pericyte adhesion but also as a central modifier of the expression pattern of important molecules regulating the crosstalk between ECs and pericytes and vascular stability (Fejza et al., 2021). However, as we all know, multimerin-2 is a known CD93 ligand (Galvagni et al., 2017; Khan et al., 2017). Consistently, IGFBP7, another known ligand for CD93, has been shown to promote EC angiogenesis via CD93 (Hooper et al., 2009; Komiya et al., 2014; Sun et al., 2021). These results suggest that CD93 is strongly associated with tumor invasion and metastasis.
These promising findings suggest that applying CD93 to the clinic is a feasible goal. Despite the provided new insights into CD93, more research will be required to understand how CD93 could modulate immune response. This would improve the efficiency of newer immunotherapy drugs, notably in combination with immunomodulatory therapies, which showed promising antitumor effects in some types of cancer in recent years. Nonetheless, our study identified a role for CD93 in regulating TME, influencing clinical prognosis and immunoregulation effect, particularly immune infiltration, and expanding our understanding of CD93 biology and tissue–immune system interaction, which may lead to new treatments for inflammatory diseases and cancer.
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