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The prognoses of sarcomas are poor and the responses of them to systemic therapies are limited and controversial. Thus, there is an urgent need to stratify the risk factors and identify the patients who may benefit from systemic therapies. Here, we developed a reliable, complement-based gene signature to predict the prognosis of sarcoma patients. Survival-related complement genes were identified by univariate Cox analyses and were used to build a gene signature, which was further selected using the least absolute shrinkage and selection operator model, and determined using a stepwise Cox proportional hazards regression model. The whole sarcoma cohort of TCGA was randomly divided into a training set and a test set. The signature was constructed using the training set and validated subsequently in the test set, the whole TCGA sarcoma cohort, and another two independent cohorts from the TARGET and GEO databases, respectively. Furthermore, the prognostic value of the signature was also validated in an independent cohort from our center. This model effectively predicted prognoses across the training set, different validation cohorts, and different clinical subgroups. Next, immune cell infiltration analysis, GO and KEGG analysis, and gene set enrichment analysis were performed to explore possible underlying mechanisms of this signature. Moreover, this signature may predict the response to immunotherapy. Collectively, the current complement-related gene signature can predict overall survival and possible immunotherapy response of sarcoma patients; it may serve as a powerful prognostic tool to further optimize clinical treatment and prognosis management for sarcoma patients.
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HIGHLIGHTS

• The complement-based gene signature involved 425 cases from 3 datasets and can predict the survival of sarcoma patients.
• The predictive performance of the signature was further confirmed by meta-analyses and an independent cohort from our center.
• The complement gene-related signature was based on the biological basis of sarcoma pathogenesis and immunologic mechanisms.
• The signature may predict sarcoma patients’ response to immunotherapy.
• The result of this research implicated an important and protective role of the complement classical pathway in sarcoma prognosis.
INTRODUCTION
Sarcomas are relatively rare malignant tumors that constitute about 1% of all malignancies and could be divided into soft-tissue and bone sarcomas (Zhu et al., 2020). They consist of more than 100 different histologic subtypes, with the extra complexity of anatomic locations from head to toes (Schaefer et al., 2018). Sarcomas were not studied as extensively as carcinomas due to their low incidence; while the optimal treatment remained to be surgical resection when tumors are resectable, chemotherapy and radiotherapy have limited and controversial values (Riggi et al., 2007; Haas et al., 2018; Graham et al., 2020). The 5-year relative survival rate for patients with distant metastasis is 16% (Zhu, et al., 2020). Moreover, reports from clinical trials treating sarcomas with immunotherapy demonstrate only a few positive responses (Zhu, et al., 2020). The limited efficacy of current systemic treatment plans has highlighted the urgent need for a model for stratification of risk and prediction of survival.
Complement is a key player in the innate immune defence against pathogens and in the maintenance of host homeostasis (Ricklin et al., 2010). Research evidence has proved that complement exerts dual roles in cancer and modulates the fate of tumor; meanwhile, the expression of complement genes is related to survival in various tumors, including sarcoma (Reis et al., 2018; Roumenina et al., 2019). With the innate characteristic to mediate cytotoxicity effects, complement remains to be cytocidal in antibody-mediated immunotherapy; meanwhile, the activation of complement in the tumor microenvironment (TME) can be protumoral by promoting immunosuppression and chronic inflammation (Reis et al., 2018). Previously, complement C3 deposition and activation of the terminal pathway have been proven to be essential for tumor-promoting inflammation in sarcoma (Bonavita et al., 2015). Recently, a systematic assessment was conducted in a study to evaluate complement activation and effector pathways in the carcinogenesis of sarcoma; the study showed that the lectin pathway and the C3a receptor were important components of tumor promotion, recruiting tumor-associated macrophages and driving immunosuppression (Magrini et al., 2021). The tumor-promoting effect of complement in sarcoma enlightened us to construct a model for prognosis prediction and stratification using complement-related genes (CRGs) that may reflect the inherent biological characteristics of sarcomas.
Despite the protumoral effect of complement, the analysis of the expression of the complement genes across human cancers using unsupervised hierarchical clustering revealed that stronger expressions of genes encoding components of the classical and alternative pathways are associated with a favorable prognosis in sarcomas (Roumenina et al., 2019). Thus, the exact role of complement in sarcoma still needs further exploration. In this study, we used transcriptomic data from The Cancer Genome Atlas (TCGA) database to systemically explore the expression and prognostic values of the CRGs. Then, we developed a complement-related gene signature for prediction of prognosis. The signature was subsequently validated in the whole TCGA sarcoma cohort (TCGA-SARC), the osteosarcoma cohort from the TARGET database (TARGET-OS), a Ewing sarcoma cohort from the GEO database (GSE63157), and our own cohort. Furthermore, the possible mechanisms supporting the signature and its potential predictive role in immunotherapy were investigated. The signature had prognostic significance across different cohorts and subgroups, and its underlying mechanisms might be related to complement activation, immune response, and macrophage activation in low-risk sarcoma patients. We expected this signature to help guide prognosis management and immunotherapy response prediction in patients with sarcoma.
MATERIALS AND METHODS
Publicly Available Datasets
Data from three publicly available datasets were incorporated into our study. RNA sequencing data and clinical information for TCGA were obtained from the Cancer Genomics Browser of The University of California Santa Cruz (UCSC) (https://genomecancer.ucsc.edu). Entrez IDs from gene expression data were converted to official gene symbols by using a GTF file downloaded from GENCODE (https://www.gencodegenes.org/). The patients in TCGA-SARC were randomly assigned to a training set and a test set by a ratio of 1:1. One GEO dataset (GSE63157) with mRNA microarray data and clinical data were collected from GEO datasets (http://www.ncbi.nlm.nih.gov/geo). The dataset of GSE63157 was performed on the Affymetrix Human Exon 1.0 ST Array GPL5175 platform. The normalized expression matrix and the annotation file can be directly downloaded from the website. Another dataset derived from the TARGET database (TARGET-OS) was also downloaded from UCSC.
Complement-Related Genes
The list of CRGs was acquired from the AmiGO 2 Web portal (http://amigo.geneontology.org/amigo/landing). The list was further supplemented by genes gathered from published reviews (Merle et al., 2015a; Merle et al., 2015b; Ricklin, et al., 2010) and confirmed using the Gene database (https://www.ncbi.nlm.nih.gov/gene/?term=). Finally, the CRGs were identified and incorporated into the analyses.
Signature Generation
After matching CRGs with the sarcoma mRNA expression profile from the training set of TCGA, the association between each gene and overall survival (OS) was calculated by univariate Cox analysis. The genes with a p value <0.05 were considered OS-related genes. Next, the least absolute shrinkage and selection operator (LASSO) method was applied to minimize the probability of overfitting using the “glmnet” package (Friedman et al., 2010). To optimize the model, a stepwise Cox proportional hazards regression model was used and one standard error above the minimum criteria was selected. Finally, the significant genes were incorporated into the multivariate Cox analysis for model construction. A risk score formula was calculated by taking into account the expression of optimized genes and correlation estimated Cox regression coefficients: risk score = (Gene1 expression * Gene1 coefficient) + (Gene2 expression * Gene2 coefficient). The sarcoma patients in the training set were classified into the high- or low-risk groups according to the median risk score. The performance of the signature was evaluated by the Kaplan-Meier survival curve and the time-dependent receiver operating characteristic (ROC) curves.
Signature Validation
For internal validation of the signature, the test set and TCGA-SARC were used. The risk scores of patients were calculated using the formula generated above, and patients were categorized into high- and low-risk groups with the median risk score generated above (the test set) or an optimal cutoff (TCGA-SARC). For external validation, TARGET-OS, GSE63157, and an independent sarcoma cohort from our center were used, with the optimal cutoff points.
Sample Collection
Specimens of sarcomas were obtained from patients with available clinical outcomes and surgical specimens at Cancer Hospital, Chinese Academy of Medical Sciences. The study was performed with the approval of the Ethics Committee of Cancer Hospital, Chinese Academy of Medical Sciences. A waiver of informed consent was obtained from the same committee in consideration of the retrospective nature of the study.
Immunohistochemistry and Quantification
After deparaffinization, rehydration, and antigen retrieval, tissues were incubated with primary rabbit C1S (dilution 1:200; Abcam, ab134943) or C1QBP (dilution 1:1,000; CST, #6502) overnight at 4°C. The tissues were then incubated with anti-rabbit secondary antibody (dilution 1:200; SeraCare, 5220-0336), followed by chromogen DAB staining and haematoxylin counterstaining, and mounted with xylene-based medium. The staining of tissues was quantitated using an H-score, as was applied previously (Baine et al., 2020; Wang Wei et al., 2021). The H-score had a range of 0–300 and was recorded as the product of two parameters: the percent of positive cells (1–100%) and the intensity of staining (1 = weak, 2 = moderate, 3 = strong). Two pathologists (Z.C. and X.F.) who were blinded to the clinical outcomes independently validated the results of the scoring system.
Immune Infiltration Analysis
The immune cell infiltration proportion in the TME of all tumor tissues from TCGA was calculated by CIBERSORT using the LM22 algorithm (Newman et al., 2015). The distribution of 22 types of tumor-infiltrating immune cells was estimated using TIMER 2.0 (http://timer.comp-genomics.org/) and the differences were compared between low-and high-risk groups.
Function Enrichment and Pathway Analysis
To analyze the enriched gene sets and pathways, the correlation of genes and the signature was calculated using the “limma” package of the R software (Ritchie et al., 2015). The top 100 negatively-and positively-correlated genes were selected for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses using Metascape (http://metascape.org/gp/index.html). A p value of <0.05 was considered statistically significant.
Gene Set Enrichment Analysis
A Gene Set Enrichment Analysis (GSEA) was performed to identify the potential biological pathways. The whole set of 256 SARC samples was divided into two risk groups based on the optimal cutoff point discussed above. Then, GSEA 4.1.0 (http://www.gsea-msigdb.org/) was applied. The annotated gene sets c5.go.v7.3.symbols.gmt and c2.cp.kegg.v7.3.symbols.gmt were chosen as the reference to calculate enrichment scores. The number of permutations was set at 1,000. Gene sizes smaller than 15 or larger than 500 were excluded. A gene set was considered an enriched group when the normalized p value <0.05 and the adjusted p value <0.05.
Prediction of Immunotherapy Efficacy
The expressions of several prominent checkpoints were extracted from the expression matrix. The mutation data of sarcoma patients were downloaded and stored as MAF format in TCGA data portal (https://portal.gdc.cancer.gov/). Tumor mutation burden (TMB) was analyzed by the R package of “maftools” and was defined as mutations per million bases (Mayakonda et al., 2018). Estimation of STromal and Immune Cells in MAlignant Tumours using Expression Data (ESTIMATE) score was assessed through the “estimate” R package (Yoshihara et al., 2013).
Statistical Analysis
R version 4.0.5 and GraphPad Prism 8.0.2 were used for data analysis. Univariate and multivariate Cox regression analyses were conducted via the R package “survival” (https://cran.r-project.org/package=survival), along with hazard ratios and 95% confidence intervals. Moreover, the differences of various clinical factors were compared by the independent t test. A p value <0.05 was considered statistically significant.
RESULTS
Fifteen CRGs had Prognostic Values in Sarcoma
A flow chart was constructed in order to show the whole process of this research (Supplementary Figure S1). For the purpose of constructing a complement-related prognostic signature, expression profiles of the CRGs were separated from those of the TCGA-SARC cohort. The correlations of these genes are shown in Supplementary Figure S2. Correlation analyses revealed that most of the complement genes in the classical pathway (CP) were positively correlated with each other. Then, the gene expression data of CRGs in 256 sarcoma patients and their matched OS data were used to evaluate the prognostic significance of these candidate genes (Supplementary Table S1). Among the genes listed, 15 were significantly related to OS; according to the hazard ratio (HR), two of them are risk factors, and the rest, 13 are protective factors.
The Complement-Related Gene Signature was Constructed Based on the TCGA Training Cohort
In order to build a prognostic model, LASSO analysis was applied and lambda.min was used to minimize overfitting using a training cohort. The analysis resulted in a model with four genes: C1QBP, C1S, ITGAX, and SERPING1 (Supplementary Figures S3A,B). Next, multivariate Cox analysis was used to build a stepwise Cox proportional hazards regression model that included 2 CRGs: C1QBP and C1S; the risk score formula was as follows: risk score = (0.568945965×C1QBP) + (−0.338438143×C1S) (Supplementary Figure S3C). The correlation between C1QBP and C1S was negative in TCGA-SARC, and their respective prognostic values in sarcoma were inverse (Supplementary Figures S3D–F). Consistently, TCGA-SARC patients in the low-risk group have lower C1QBP and higher C1S expressions than those in the high-risk group (Supplementary Figures S3G,H).
The Signature Predicted Prognosis Effectively in TCGA Cohorts
To explore the prognostic efficacy of the signature, the training cohort of TCGA was used. The Kaplan-Meier analysis revealed that patients with a high risk score had significantly worse survival (Figure 1A). Moreover, for predicting survival in the training cohort at 1, 3, and 5 years, the signature had area under the curve (AUC) values of 0.740, 0.702, and 0.756, respectively (Figure 1D). The distribution of risk scores, survival status, and expression profiles of signature genes of each patient is shown in Figure 1G.
[image: Figure 1]FIGURE 1 | Construction of the complement-related gene signature for predicting overall survival in the training set and validation of it in the test set, whole set, and different clinical subgroups of TCGA-SARC. The Kaplan-Meier curves estimate overall survival for the low and high-risk groups based on the risk score in the training set (A), test set (B), and whole set (C). ROCs of complement-related genes signature for prediction of overall survival at 1, 3, and 5 years in the training set (D), the test set (E), and the whole set (F). The distribution of risk score, survival status, and the two-gene expression panel in the training set (G), test set (H), and whole set (I). Kaplan-Meier curves estimating overall survival for the low and high risk groups based on the risk score in patients with different ages (J,K), genders (L,M), metastatic status (N,O), or disease types (P–R). TCGA, The Cancer Genome Atlas; TCGA-SARC, the whole TCGA sarcoma cohort; ROC, receiver operating characteristic curve; AUC, area under the curve.
To validate the efficacy of the signature, the test cohort of TCGA was used. The patients in the low-risk group had significantly better OS than the high-risk group (Figure 1B). The prognostic value for survival in the test cohort was also acceptable; the AUCs of the signature at 1, 3, and 5 years were 0.675, 0.639, and 0.624, respectively (Figure 1E). The distribution of risk scores, survival status, and expression profiles of signature genes in each patient is shown in Figure 1H.
For further validation, the signature was applied to TCGA-SARC with the optimal cutoff point (optimal risk score: 0.9803994). Not surprisingly, better OS was observed in the low-risk group (Figure 1C) and the AUCs at 1, 3, and 5 years were 0.714, 0.665, and 0.678 (Figure 1F). The distribution of risk scores, survival status, and expression profiles of signature genes of each patient is shown in Figure 1I. The expressions of CRGs in different risk groups of TCGA-SARC are shown in Supplementary Figure S4 and listed in Supplementary Table S2.
The Signature Predicted Prognosis Effectively in Different Subgroups
To further confirm the predictive value of this model in patients with different clinicopathological characteristics, we evaluated its efficacy in different subgroups of patients. Patients from TCGA-SARC were divided into different subgroups according to these parameters: gender (male and female), age (≥65 and <65), metastatic diagnosis (metastatic and non-metastatic), and disease type (fibromatous, lipomatous, and myomatous). In 8 of the 9 subgroups, significantly better survival was observed in low-risk group patients compared to high-risk group patients (Figures 1J–R). Moreover, the predictive performance of the signature in these subgroups was evaluated, with acceptable AUCs at 1, 3, and 5 years (Supplementary Figure S5).
The Signature Predicted Prognosis Effectively in Different Validation Cohorts
To further test the reliability of the signature, two sarcoma cohorts were enrolled from the TARGET database and the GEO database. The risk score of patients from these two cohorts was calculated ditto, and the risk group of patients was confirmed using the optimal cutoff points (2.389251 for TARGET-OS and 2.803147 for GSE63157, respectively). In TARGET-OS, the signature showed favorable discriminating power in OS, with the 1, 3, and 5-year AUCs being 0.719, 0.648, and 0.590 (Figure 2A). In GSE63157, the low-risk group also had better OS than the high-risk group; the AUCs at 1, 3, and 5 years were 0.730, 0.673, and 0.630 (Figure 2B). The distribution of risk scores, survival status, and expression profiles of signature genes of each patient is shown in Figures 2C,D.
[image: Figure 2]FIGURE 2 | Validation of the complement-related gene signature for predicting overall survival in TARGET-OS, GSE63157, and meta-analyses of the performances. Survival curve and ROC (A), risk score distribution, survival status, and the two-gene expression panel (C) in TARGET-OS. Survival curve and ROC (B), risk score distribution, survival status and the two-gene expression panel (D) in GSE63157. Meta-analyses of prognostic values of complement-related gene signature (E), C1QBP (F) and C1S (G) in sarcoma patients from three databases. p values of TCGA-SARC (n = 256), TARGET-OS (n = 84) GSE63157 (n = 85) were calculated by Kaplan-Meier analyses. p value of all included (n = 425) patients was calculated by meta-analyses. TARGET-OS, the osteosarcoma cohort from the TARGET database; ROC, receiver operating characteristic curve; AUC, area under the curve; TCGA, The Cancer Genome Atlas; TCGA-SARC, the whole TCGA sarcoma cohort; TE, estimate of treatment effect; seTE, standard error of TE.
In order to investigate the comprehensive predictive value of the signature in these cohorts, we then performed a prognostic meta-analysis (Figure 2E). The results showed that a high risk score based on the complement-related signature was a significant risk factor for the OS of patients with sarcoma (combined HR = 2.53, 95% CI = 1.82–3.52, p < 0.0001). In addition, the predictive values of C1QBP and C1S in these cohorts were also investigated through meta-analyses, in which a high C1QBP expression was proved to be a risk factor for survival and high C1S was a protective factor (Figures 2F,G).
For further validation, we retrospectively collected samples of 50 sarcoma patients at our center. The clinical features of the patients are summarized in Supplementary Table S3. Immunohistochemical staining and H-score analyses showed that a higher expression of C1S, and a lower expression of C1QBP were correlated with better survival, although the correlation for the latter was not significant (Supplementary Figures S6A,B). The risk score was also calculated using the above-mentioned formula, and a significant difference of OS between the low-risk group and the high-risk group was observed (Supplementary Figure S6C). The AUCs at 1, 3, and 5 years were 0.776, 0.681, and 0.708, respectively (Supplementary Figure S6D). Representative images of high and low C1S and C1QBP expressions were shown in Supplementary Figure S6E.
Immune Cell Infiltration Analysis Revealed Potential Mechanisms of the Signature
To understand the mechanism of performance of the signature, we explored the relationship between the signature and immune cell infiltration using TCGA-SARC. The proportions of immune cells were estimated by CIBERSORT, using the LM22 algorithm. The barplot showed the proportions of immune cells for each patient, and the violin plot indicated differences in immune cell distributions between high- and low-risk patients (Figures 3A,B). It could be observed that the proportions of memory B cells, CD8 T cells, resting CD4 memory T cells, regulatory T cells, gamma delta T cells, activated NK cells, monocytes, M1 macrophages, M2 macrophages, and activated mast cells are higher in the low-risk group, while the proportions of M0 macrophages are higher in the high-risk group (Figure 3B). Among these cells, resting CD4+ memory T cells, activated NK cells, M1 macrophages, and activated mast cells are significantly related to OS (Figures 3C–F), while the correlations between CD8+ T cells, gamma delta T cells, and OS are only marginally significant (Supplementary Figures S7B,D). The correlations between other cells and OS are not significant (Supplementary Figure S7). The data of TARGET-OS were also analyzed using CIBERSORT, and the result was similar to TCGA-SARC (Supplementary Figure S7H); existing differences may be attributed to differences in patients’ characteristics such as age, and race between the two datasets.
[image: Figure 3]FIGURE 3 | Immune infiltration analyses in TCGA-SARC patients. The proportions of 22 immune cells in 256 sarcoma patients (A) and the comparison of their infiltration in high and low-risk groups (B). The relationships between overall survival and resting memory CD4+ T cell (C), activated NK cell (D), M1 macrophage (E), and activated mast cell (F) in these patients. TCGA, The Cancer Genome Atlas; TCGA-SARC, the whole TCGA sarcoma cohort.
Biological Feature and Pathway Enrichment Analyses Gave Further Insights Into the Signature
To further explore the underlying mechanism for signature prognostic performance, we performed a correlation analysis between genes and risk scores in TCGA-SARC. The details of the top 100 correlated genes were shown in Figure 4A and listed in Supplementary Table S4. The genes were then selected for GO and KEGG analysis using Metascape. The top 20 GO terms and KEGG pathways positively correlated to risk score are shown in Figure 4B. The top 20 GO terms and KEGG pathways negatively correlated to risk score are shown in Figure 4C.
[image: Figure 4]FIGURE 4 | Biological features and pathway analyses of the complement-related gene signature. (A) The relationship between risk, different clinical features, and the top 100 risk score-related genes; red names indicate genes involved in complement classical pathway. (B) GO and KEGG analyses of genes positively correlated with risk score. (C) GO and KEGG analyses of genes negatively correlated with risk score. GSEA of GO terms (D) and KEGG pathways (E) correlated with risk score. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis.
In order to better understand the molecular mechanisms underlying the complement-based signature, GSEA was performed. The most significantly enriched GO terms in high-risk and low-risk groups were listed in Supplementary Table S5. The most significant KEGG pathways enriched in these groups were listed in Supplementary Table S6. Representative enriched gene sets were shown in Figures 4D,E.
The Signature had the Potential for Immunotherapy Response Prediction
Immunotherapy is an emerging treatment for tumor patients, but the biomarker for efficacy prediction is still under exploration. Therefore, we further investigated the association of the complement-based signature and immune checkpoints in TCGA-SARC. As shown in Figures 5A–D, the expression of PDL1, PDL2, TIGIT, and TIM3 were significantly higher in the low-risk group than the high-risk group, which implies that the patients might be more likely to respond to immunotherapy. Meanwhile, although the expressions of PD1, CTLA-4, and LAG3 seemed higher in the low-risk group, the differences were not significant (Figures 5E–G); no significant difference was observed in TMB, either (Figure 5H). The expressions of these checkpoint proteins between different risk groups were also compared in TARGET-OS and GSE63157 cohorts (Supplementary Figure S8). Significantly higher expressions of PDL1, PDL2 and TIM3 were observed in the low-risk group compared with the high-risk group in TARGET-OS (Supplementary Figures S8A,B,D). The differences of the rest checkpoint proteins were not significant (Supplementary Figures S8C,E–G). No significant difference was observed in these immune checkpoints in GSE63157, either (Supplementary Figures S8H–M).
[image: Figure 5]FIGURE 5 | Prediction of the immunotherapy response in TCGA-SARC patients. The expression of PDL1 (A), PDL2 (B), TIGIT (C), TIM3 (D), PD1 (E), CTLA4 (F), LAG3 (G) and distribution of TMB (H) score in low and high risk groups. Estimation of STromal and Immune cells in MAlignant Tumours using Expression data (ESTIMATE) analyses of TCGA-SARC (I–L). TCGA, The Cancer Genome Atlas; TCGA-SARC, the whole TCGA sarcoma cohort.
Next, we used ESTIMATE for analyses of the infiltration level of stromal cells and immune cells. The ESTIMATE score, immune score, and stromal score were higher, while the tumor purity was lower in the low-risk group compared with those in the high-risk group (Figures 5I–L). While similar results were observed in TARGET-OS, the differences of the scores in GSE63157 were not significant (Supplementary Figure S9). The results might have suggested an immune-inflamed microenvironment in the low-risk group, indicating the possible susceptibility to immunotherapy.
DISCUSSION
Complement originates from and acts on several cell types in the TME (Reis et al., 2018). Studies have suggested a dual role of complement in tumors and the effect of complement in each tumor type is dependent on the sites of complement activation, the composition of the TME, and the tumor cell sensitivity to complement attack (Roumenina et al., 2019). Recent research has suggested a promotive role for the complement lectin pathway in macrophage-mediated sarcoma promotion and immunosuppression (Magrini et al., 2021). Given the limited benefit that sarcoma patients gain from systemic therapies, there is an urgent need to develop a signature to predict prognosis and response to immunotherapy (Zhu et al., 2020). For this purpose, we analyzed the relationship between the CRGs and OS of sarcoma patients from TCGA database and obtained genes that were significantly correlated with OS. Based on the significant genes, we developed a complement-related signature for prediction of prognosis based on the training set of TCGA-SARC. The risk score was proved to be an independent risk factor for patients with sarcoma. Furthermore, the signature was well validated in TCGA-SARC, another two public datasets, and our independent sarcoma cohort. Through meta-analyses, the signature and its included genes still had prognostic significance across the public datasets. Afterwards, the potential molecular mechanism of this signature for its performance was explored by immune infiltration analyses in the TME, GO, KEGG analyses, and GSEA. Additionally, we observed that the risk score was significantly related to different immunotherapy biomarkers. To the best of our knowledge, this is the first study that described the predictive value for prognosis and immunotherapy response of a complement-based signature in patients with sarcoma, which might facilitate the individualized tumor treatment of these patients.
To globally understand the prognostic values of the CRGs, we performed univariate Cox regression analyses and found 15 genes significantly correlated with OS. Interestingly, of the 13 protective genes with HR < 1, most were important components or regulators of complement CP. C1QA, C1QB, and C1QC encodes proteins that constitute C1q, the recognition molecule of CP; C1r and C1s were activated by C1q after special patterns were recognized; C4b was produced after the cleavage of C4 by activated C1s, and constituted an indispensible part of the C3 convertase of CP; C3 is the center of all complement pathways and is the source of C3b, an important component of C5 convertase; SERPING1 encodes C1Inh, which binds to and stabilizes unactivated C1r and C1s in the C1 complex, preventing their spontaneous activation; C1RL encodes a serine protease which is homologous to C1r and has been shown to possess catalytic activity against pro-C1s (Ligoudistianou et al., 2005; Ricklin et al., 2010; Merle et al., 2015a; Merle et al., 2015b). In addition, CFB and CFP are components or regulators of the alternative pathway.6, 11, 12 In a previous study, sarcoma was also classified in the group in which stronger expression of the classical and alternative pathway genes was associated with longer survival (Roumenina et al., 2019). In a recent analysis, complement classical pathway genes C1QA, C1QB, C1QC were proved to be protective factors for survival in osteosarcoma (Chen et al., 2021). The results have suggested that while the lectin pathway facilitates progression and immunosuppression of sarcoma (Magrini et al., 2021), the classical pathway might have played more of a tumoricidal role and thus benefits patients’ survival.
After LASSO regression and stepwise multivariate Cox analyses, C1S and C1QBP were included in the final model. Consistent with the coefficients of the two genes, the correlation between their expressions in sarcoma is negative, their correlations with OS are inverse, and their expression trends in two risk groups are opposite. C1QBP is a C1q-binding protein, with an aliase of gC1qR; C1s is the recognition molecule of CP, and is formed by six globular target recognition domains (gC1q) (Merle et al., 2015a). C1QBP interacts with gC1q of C1q, and is involved in the regulation of T cell immunity and regulation of cytokines (Ricklin et al., 2010). C1QBP was found to be closely related to tumorigenesis or metastasis of various cancers (Bai et al., 2019; Xie et al., 2019; Peerschke et al., 2020; Egusquiza-Alvarez et al., 2021; Xie et al., 2021). C1S was also observed to promote tumor growth and survival in renal cancer and cutaneous squamous cell carcinoma (Riihila et al., 2020; Daugan et al., 2021). The two genes are both mainly involved in the complement CP and are protumoral. However, the combination effect of them still needs further exploration.
To validate the robustness of the signature, we verified the model in the whole set of TCGA cohort, another two public cohorts, and our own independent sarcoma cohort; finally, the prognostic significance of the signature in the public cohorts was confirmed by a meta-analysis. Before our study, signatures based on autophagy-related genes (ARG) and ferroptosis-related genes (FRG) were established in sarcoma (Huang et al., 2021; Wang Yuanhe et al., 2021). In TCGA-SARC, the ARG-based signature discriminated high-and low-risk patients with a p = 0.001, and the AUCs for 3 and 5 year survival were 0.744 and 0.744; in TARGET-OS, the p was 0.035, and the AUCs were 0.674 and 0.656 (WangYuanhe et al., 2021). In contrast, the FRG-based signature discriminated TCGA-SARC patients with a p < 0.0001, and AUCs at 1 year, 3 years of 0.708, 0.748; in GSE63157, the p = 0.0091, and AUCs at 1 year, 3 years are 0.622 and 0.571 (Huang et al., 2021). Compared with the previous two signatures on sarcoma, ours was validated in both two external cohorts and its performance was further verified through a meta-analysis. Furthermore, the performance was also validated in our independent sarcoma cohort.
Since the signature provided good predictions of outcomes across different cohorts and subgroups, we sought to investigate the underlying possible mechanisms. We first analyzed the immune infiltration in the TME; the patients in the low-risk group were characterized by high proportions of memory B cells, CD8+ T cells, CD4+ memory resting T cells, regulatory T cells, gamma delta T cells, activated NK cells, monocytes, M1 macrophages, M2 macrophages and activated mast cells. This suggests that infiltration of these cells may contribute to an anti-tumor TME and lower the risk of fatality. Consistently, ESTIMATE analyses showed a higher immune score, a higher stromal score, and lower tumor purity in the low-risk group. In addition, while complement classical pathway genes were enriched in low-risk patients, GO and KEGG analysis implicated that signaling pathways such as inflammatory response, response to interferon-gamma, and positive regulation of immune response were negatively correlated with risk score, implicating that the increased levels of immune and inflammatory response might facilitate anti-tumor activities and result in better survival in low-risk patients. Next, GSEA was performed to provide more insight into possible underlying mechanisms. The results showed that pathways such as complement and coagulation cascades, complement activation alternative pathways, chemokine signaling, and toll-like receptor signaling, macrophage activation were enriched in the low-risk group. The results are consistent with immune infiltration analysis, and GO, KEGG analysis, suggesting that patients with a low risk score may have orchestrated these inflammation- and immune-related pathways to fight against tumors and reduce their risk of fatality. The result also corresponded to the univariate Cox result, implicating that the tumoricidal role of the classical pathway might be important in the TME of sarcoma patients.
The emergence of immunotherapy has shed light on cancer therapy; TMB and immune checkpoints, such as PD-L1, CTLA-4, LAG3, TIM3, and TIGIT, act as gatekeepers or biomarkers of immune responses (Kim et al., 2019; He and Xu, 2020). However, the few responses of sarcoma patients to immunotherapy have highlighted the urgent need for the identification of potential responders (Zhu et al., 2020). To predict the reactivity of immune checkpoint inhibitors, we compared the expressions of the above genes and TMB between the two risk groups. The results showed that levels of PD-L1, PD-L2 were significantly higher in the low-risk group, while the difference in PD-1 expressions was not significant. It has been illustrated that PD-1 is expressed mostly on immune cells and its ligand PD-L1 is expressed on tumor cells (Sharpe and Pauken, 2018). Thus, these patients may still be more likely to respond to PD-1/PD-L1 inhibitors. In addition, expression levels of TIGIT and TIM-3 were also higher in the low-risk group, which might indicate their potential responsiveness to these checkpoint inhibitors. ESTIMATE analyses of TCGA-SARC and TARGET-OS indicated a higher level of immune infiltration in the low-risk group, indicating a higher possibility of response to immunotherapy. However, further investigation is needed to prove that the presence of infiltrating immune cells is a biomarker for immunotherapy response (Yoshihara et al., 2013). The different results of GSE63157 may be attributed to its microarray data type.
There are some limitations. Firstly, the study was retrospective; prospective clinical studies are warranted to further verify the robustness of the signature. Secondly, the results of bioinformatic analyses might be influenced by noise. Thirdly, the prediction of immunotherapy response was estimated indirectly and requires clinical validation.
In conclusion, we have constructed a complement-based signature that can predict the overall survival and possible immunotherapy response of sarcoma patients. The signature was validated in cohorts from three databases, and an independent cohort from our center; the signature could be a clinical tool for prediction. Future verification of this model will further improve its validity.
DATA AVAILABILITY STATEMENT
The public data presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material. Other data in this study are available from the corresponding authors upon reasonable request.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics Committee of Cancer Hospital, Chinese Academy of Medical Sciences. Written informed consent for participation was not required for this study in accordance with the national legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
All the authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
ACKNOWLEDGMENTS
This work was supported by National Key R&D Program of China (2021YFF1201300), National Natural Science Foundation of China (82122053, 82188102), CAMS Initiative for Innovative Medicine (2021-1-I2M-012, 2021-1-I2M-015), and Non-profit Central Research Institute Fund of Chinese Academy of Medical Sciences (2021-PT310-001).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.765062/full#supplementary-material
REFERENCES
 Bai, Y., Wang, W., Li, S., Zhan, J., Li, H., Zhao, M., et al. (2019). C1QBP Promotes Homologous Recombination by Stabilizing MRE11 and Controlling the Assembly and Activation of MRE11/RAD50/NBS1 Complex. Mol. Cel 75, 1299–1314.e6. doi:10.1016/j.molcel.2019.06.023
 Baine, M. K., Hsieh, M.-S., Lai, W. V., Egger, J. V., Jungbluth, A. A., Daneshbod, Y., et al. (2020). SCLC Subtypes Defined by ASCL1, NEUROD1, POU2F3, and YAP1: A Comprehensive Immunohistochemical and Histopathologic Characterization. J. Thorac. Oncol. 15, 1823–1835. doi:10.1016/j.jtho.2020.09.009
 Bonavita, E., Gentile, S., Rubino, M., Maina, V., Papait, R., Kunderfranco, P., et al. (2015). PTX3 Is an Extrinsic Oncosuppressor Regulating Complement-dependent Inflammation in Cancer. Cell 160, 700–714. doi:10.1016/j.cell.2015.01.004
 Chen, L.-h., Liu, J.-F., Lu, Y., He, X.-y., Zhang, C., and Zhou, H.-h. (2021). Complement C1q (C1qA, C1qB, and C1qC) May Be a Potential Prognostic Factor and an Index of Tumor Microenvironment Remodeling in Osteosarcoma. Front. Oncol. 11, 642144. doi:10.3389/fonc.2021.642144
 Daugan, M. V., Revel, M., Russick, J., Dragon-Durey, M.-A., Gaboriaud, C., Robe-Rybkine, T., et al. (2021). Complement C1s and C4d as Prognostic Biomarkers in Renal Cancer: Emergence of Noncanonical Functions of C1s. Cancer Immunol. Res. 9, 891–908. doi:10.1158/2326-6066.CIR-20-0532
 Egusquiza-Alvarez, C. A., Castañeda-Patlán, M. C., Albarran-Gutierrez, S., Gonzalez-Aguilar, H., Moreno-Londoño, A. P., Maldonado, V., et al. (2021). Overexpression of Multifunctional Protein P32 Promotes a Malignant Phenotype in Colorectal Cancer Cells. Front. Oncol. 11, 642940. doi:10.3389/fonc.2021.642940
 Friedman, J., Hastie, T., and Tibshirani, R. (2010). Regularization Paths for Generalized Linear Models via Coordinate Descent. J. Stat. Softw. 33, 1–22. doi:10.18637/jss.v033.i01
 Graham, D. S., Onyshchenko, M., Eckardt, M. A., DiPardo, B. J., Venigalla, S., Nelson, S. D., et al. (2020). Low Rates of Chemotherapy Use for Primary, High-Grade Soft Tissue Sarcoma: A National Cancer Database Analysis. J. Natl. Compr. Canc. Netw. 18, 1055–1065. doi:10.6004/jnccn.2020.7553
 Haas, R. L., Gronchi, A., van de Sande, M. A. J., Baldini, E. H., Gelderblom, H., Messiou, C., et al. (2018). Perioperative Management of Extremity Soft Tissue Sarcomas. Jco 36, 118–124. doi:10.1200/JCO.2017.74.7527
 He, X., and Xu, C. (2020). Immune Checkpoint Signaling and Cancer Immunotherapy. Cell Res 30, 660–669. doi:10.1038/s41422-020-0343-4
 Huang, W., Duan, Y., Yang, X., Shang, C., Chen, X., Zhang, H., et al. (2021). Identification of Novel Prognostic Risk Signatures of Soft Tissue Sarcoma Based on Ferroptosis-Related Genes. Front. Oncol. 11. doi:10.3389/fonc.2021.629868
 Kim, H. S., Cha, H., Kim, J., Park, W.-Y., Choi, Y.-L., Sun, J.-M., et al. (2019). Genomic Scoring to Determine Clinical Benefit of Immunotherapy by Targeted Sequencing. Eur. J. Cancer 120, 65–74. doi:10.1016/j.ejca.2019.08.001
 Ligoudistianou, C., Xu, Y., Garnier, G., Circolo, A., and Volanakis, J. E. (2005). A Novel Human Complement-Related Protein, C1r-like Protease (C1r-LP), Specifically Cleaves Pro-c1s. Biochem. J. 387, 165–173. doi:10.1042/BJ20041196
 Magrini, E., Di Marco, S., Mapelli, S. N., Perucchini, C., Pasqualini, F., Donato, A., et al. (2021). Complement Activation Promoted by the Lectin Pathway Mediates C3aR-dependent Sarcoma Progression and Immunosuppression. Nat. Cancer 2, 218–232. doi:10.1038/s43018-021-00173-0
 Mayakonda, A., Lin, D.-C., Assenov, Y., Plass, C., and Koeffler, H. P. (2018). Maftools: Efficient and Comprehensive Analysis of Somatic Variants in Cancer. Genome Res. 28, 1747–1756. doi:10.1101/gr.239244.118
 Merle, N. S., Church, S. E., Fremeaux-Bacchi, V., and Roumenina, L. T. (2015a). Complement System Part I Â€" Molecular Mechanisms of Activation and Regulation. Front. Immunol. 6, 262. doi:10.3389/fimmu.2015.00262
 Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V., and Roumenina, L. T. (2015b). Complement System Part II: Role in Immunity. Front. Immunol. 6. doi:10.3389/fimmu.2015.00257
 Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al. (2015). Robust Enumeration of Cell Subsets from Tissue Expression Profiles. Nat. Methods 12, 453–457. doi:10.1038/nmeth.3337
 Peerschke, E., Stier, K., Li, X., Kandov, E., de Stanchina, E., Chang, Q., et al. (2020). gC1qR/HABP1/p32 Is a Potential New Therapeutic Target against Mesothelioma. Front. Oncol. 10. doi:10.3389/fonc.2020.01413
 Reis, E. S., Mastellos, D. C., Ricklin, D., Mantovani, A., and Lambris, J. D. (2018). Complement in Cancer: Untangling an Intricate Relationship. Nat. Rev. Immunol. 18, 5–18. doi:10.1038/nri.2017.97
 Ricklin, D., Hajishengallis, G., Yang, K., and Lambris, J. D. (2010). Complement: a Key System for Immune Surveillance and Homeostasis. Nat. Immunol. 11, 785–797. doi:10.1038/ni.1923
 Riggi, N., Cironi, L., Suvà, M.-L., and Stamenkovic, I. (2007). Sarcomas: Genetics, Signalling, and Cellular Origins. Part 1: The Fellowship of TET. J. Pathol. 213, 4–20. doi:10.1002/path.2209
 Riihilä, P., Viiklepp, K., Nissinen, L., Farshchian, M., Kallajoki, M., Kivisaari, A., et al. (2020). Tumour‐cell‐derived Complement Components C1r and C1s Promote Growth of Cutaneous Squamous Cell Carcinoma. Br. J. Dermatol. 182, 658–670. doi:10.1111/bjd.18095
 Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). Limma powers Differential Expression Analyses for RNA-Sequencing and Microarray Studies. Nucleic Acids Res. 43, e47. doi:10.1093/nar/gkv007
 Roumenina, L. T., Daugan, M. V., Petitprez, F., Sautès-Fridman, C., and Fridman, W. H. (2019). Context-dependent Roles of Complement in Cancer. Nat. Rev. Cancer 19, 698–715. doi:10.1038/s41568-019-0210-0
 Schaefer, I.-M., Cote, G. M., and Hornick, J. L. (2018). Contemporary Sarcoma Diagnosis, Genetics, and Genomics. Jco 36, 101–110. doi:10.1200/JCO.2017.74.9374
 Sharpe, A. H., and Pauken, K. E. (2018). The Diverse Functions of the PD1 Inhibitory Pathway. Nat. Rev. Immunol. 18, 153–167. doi:10.1038/nri.2017.108
 Wang, W., Shao, F., Yang, X., Wang, J., Zhu, R., Yang, Y., et al. (2021). METTL3 Promotes Tumour Development by Decreasing APC Expression Mediated by APC mRNA N6-methyladenosine-dependent YTHDF Binding. Nat. Commun. 12, 3803. doi:10.1038/s41467-021-23501-5
 Wang, Y., Li, J., Shao, C., Tang, X., Du, Y., Xu, T., et al. (2021). Systematic Profiling of Diagnostic and Prognostic Value of Autophagy-Related Genes for Sarcoma Patients. BMC Cancer 21. doi:10.1186/s12885-020-07596-5
 Xie, Z.-B., Yao, L., Jin, C., Zhang, Y.-F., and Fu, D.-L. (2019). High Cytoplasm HABP1 Expression as a Predictor of Poor Survival and Late Tumor Stage in Pancreatic Ductal Adenocarcinoma Patients. Eur. J. Surg. Oncol. 45, 207–212. doi:10.1016/j.ejso.2018.09.020
 Xie, Z., Gao, Y., Ho, C., Li, L., Jin, C., Wang, X., et al. (2021). Exosome-delivered CD44v6/C1QBP Complex Drives Pancreatic Cancer Liver Metastasis by Promoting Fibrotic Liver Microenvironment. Gut 71, 568–579. doi:10.1136/gutjnl-2020-323014
 Yoshihara, K., Shahmoradgoli, M., Martínez, E., Vegesna, R., Kim, H., Torres-Garcia, W., et al. (2013). Inferring Tumour Purity and Stromal and Immune Cell Admixture from Expression Data. Nat. Commun. 4, 2612. doi:10.1038/ncomms3612
 Zhu, M. M. T., Shenasa, E., and Nielsen, T. O. (2020). Sarcomas: Immune Biomarker Expression and Checkpoint Inhibitor Trials. Cancer Treat. Rev. 91, 102115. doi:10.1016/j.ctrv.2020.102115
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 © 2022 Zhang, Lin, Zhou, Shao, Gao and He. 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.
OPS/images/fcell-10-765062-g005.gif





OPS/images/fcell-10-765062-g003.gif





OPS/images/fcell-10-765062-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		A Complement-Related Gene Signature for Predicting Overall Survival and Immunotherapy Efficacy in Sarcoma Patients		Highlights

		Introduction

		Materials and Methods		Publicly Available Datasets

		Complement-Related Genes

		Signature Generation

		Signature Validation

		Sample Collection

		Immunohistochemistry and Quantification

		Immune Infiltration Analysis

		Function Enrichment and Pathway Analysis

		Gene Set Enrichment Analysis

		Prediction of Immunotherapy Efficacy

		Statistical Analysis





		Results		Fifteen CRGs had Prognostic Values in Sarcoma

		The Complement-Related Gene Signature was Constructed Based on the TCGA Training Cohort

		The Signature Predicted Prognosis Effectively in TCGA Cohorts

		The Signature Predicted Prognosis Effectively in Different Subgroups

		The Signature Predicted Prognosis Effectively in Different Validation Cohorts

		Immune Cell Infiltration Analysis Revealed Potential Mechanisms of the Signature

		Biological Feature and Pathway Enrichment Analyses Gave Further Insights Into the Signature

		The Signature had the Potential for Immunotherapy Response Prediction





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		ACKNOWLEDGMENTS

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

A Complement-Related Gene
Signature for Predicting Overall
Survival and Immunotherapy
Efficacy in Sarcoma Patients





OPS/images/fcell-10-765062-g001.gif





OPS/images/fcell-10-765062-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





