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Immune checkpoint blockade (ICB), mainly anti-CTLA-4 and anti-PD-1/PD-L1 therapy, has showed promising clinical benefits in the treatment of some cancer types; however, its application in ovarian cancer is still in the primary stage. Immunophenotyping can help us understand the clinical characteristics and immune status of cancer, and thus benefit immunotherapy and personalized therapy. In this study, we clustered 907 ovarian cancer patients into three immune molecular subtypes (IMMSs) based on 48 genes. Expression data were downloaded from the Gene Expression Omnibus database. Unsupervised consensus clustering was used to identify IMMS. Clinical and immunological characteristics and gene expression patterns of different IMMS were compared, and associations between IMMS and tumor microenvironment immune types were explored. Three IMMSs with different clinical and immunological characteristics were identified, in which type I and II ovarian cancer patients were similar to each other. There were more serous and low-grade tumors in type I and II ovarian cancer. IMMS was associated with disease-free survival before and after adjusting for clinical characteristics and ICB-related genes. Among the differentially expressed genes identified in our study, about 90% (25/28) were highly expressed in type I and II ovarian cancer. Genes related to ICB (CTLA-4, PD-L1, and PD-L2) and cytotoxic lymphocytes (CD8A, GZMA, and PRF1) were all highly expressed in type I and II ovarian cancer. Patients with type I and II ovarian cancer may be more sensitive to anti-CTLA-4 therapy, anti-PD-1/PD-L1 therapy, and a combination of immunotherapies. In contrast, patients with type III ovarian cancer may be insensitive to these treatments and require new therapies.
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INTRODUCTION

Immune checkpoint blockade (ICB) is a new strategy of immunotherapy that has shown promising clinical benefits in the treatment of some cancer types (1, 2). Anti-CTLA-4 and anti-PD-1/PD-L1 therapy are the two main cancer treatments for ICB. In 2011, the US Food and Drug Administration (FDA) approved the first checkpoint-blocking antibody Yervoy, an anti-CTLA-4 antibody, for the treatment of patients with advanced melanoma (3). In 2014, the FDA approved the first anti-PD-1 antibody, Keytruda, for advanced melanoma (4). After that, the FDA approved application of this drug to other types of cancers, such as advanced non-small cell lung cancer and head and neck squamous cell cancer (5, 6). After these breakthroughs, new checkpoint-blocking antibodies (e.g., Opdivo, Tecentriq, Imfinzi, and Bavencio) have been approved or are undergoing clinical trials for many other cancers (e.g., breast cancer, colorectal cancer, and gastric cancer) (7–10).

Ovarian cancer is the most common cause of gynecological cancer-associated deaths in developed countries (11, 12). Clinical trials of anti-CTLA-4 antibody (NCT02571725), anti-PD-1/PD-L1 antibody (NCT02498600 NCT02674061), or a combination of these (NCT03249142) are undergoing for ovarian cancer. Therefore, it is important to evaluate and understand the response to ICB for ovarian cancer patients. According to previous study, CTLA-4, PD-L2, GZMA, and PRF1 genes were related to anti-CTLA-4 therapy, and PD-L1, CD8A, GZMA, and PRF1 genes were related to anti-PD-1/PD-L1 therapy (13–15).

The sensitivity to anti-PD-L1 therapy can also be evaluated by tumor microenvironment immune types (TMIT), which is a tumor classification method based on the PD-L1 status and the presence or absence of tumor-infiltrating lymphocytes (TILs) (16). TIL was represent by RNA-based metric of immune cell cytolytic activity (CYT) proposed by Rooney et al. (17). CYT can be measured by calculating the geometric mean of expression of two cytolytic effectors, GZMA and PRF1. Tumors can be divided into four TMITs based on expression levels of PD-L1 and CD8A/CYT as follows: TMIT I, PD-L1 high expression and CD8A/CYT high expression; TMIT II, PD-L1 low expression, and CD8A/CYT low expression; TMIT III, PD-L1 high expression, and CD8A/CYT low expression; and TMIT IV, PD-L1 low expression, and CD8A/CYT high expression. According to TMIT, various combination cancer therapy approaches can be considered. This stratification of cancers, which is applied to stratified cancer into four types based on their immune reactions, sets a framework to identify which pathways should be targeted to elicit the best response for each tumor type (18).

In our study, we analyzed 907 ovarian cancer patients from eight Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) datasets measured by the Affymetrix Human Genome U133A Plus 2.0 Array microarray platform. We performed unsupervised consensus clustering based on the expression levels of 48 genes related to CTLA-4, PD-1/PD-L1, and cytotoxic lymphocyte (CL). We then investigated the different clinical and immunological characteristics of different immune molecular subtypes (IMMSs) of ovarian cancer. In addition, we explored the relationship between IMMS and TMIT.

MATERIALS AND METHODS

Datasets and Gene Set

Gene expression and clinical data of eight public ovarian cancer datasets (GSE2109, GSE9891, GSE18520, GSE19829, GSE20565, GSE26193, GSE30161, and GSE44104) measured by Affymetrix HG-U133A 2.0 were extracted from the R curatedOvarianData Bioconductor package (19–25). After removal of healthy people, 907 ovarian cancer patients were enrolled in this study. We analyzed 30 CTLA-4-related genes, 9 PD-1/PD-L1-related genes, 6 genes related to both, and 3 CL-related genes. Genes related to anti-CTLA-4 therapy were CTLA-4, PD-L2, GZMA, and PRF1, as reported by Van Allen et al. (13). Genes related to anti-PD-1/PD-L1 therapy were PD-L1, CD8A, GZMA, and PRF1, as reported by Ock et al. and Chen et al. (14, 15). TCGA RNA-Seq data were used as independent validation cohort, which included 261 serous ovarian cancer patients.

Statistical Analysis

The downloaded gene expression data were normalized using the robust multi-array average method (26). Batch effects between different datasets were removed by parametric empirical Bayes method (27). ConsensusClusterPlus R-package was used to conduct unsupervised consensus clustering, which can identify clusters (IMMS) in the expression data (28). The parameters were set as follows: 1,000 iterations, 80% sample resampling, a maximum of 10 clusters, hierarchical clustering with average inner and final linkage, and Pearson correlation as the similarity metric. Kaplan–Meier (K-M) survival curves were used to estimate disease-free survival and overall survival for patients in different IMMSs, and the differences in survival curves were assessed using the log-rank test. The association of clinical characteristics, genes, and disease-free survival were assessed by univariate and multivariate cox regression. Histology type, tumor stage, and grade of different IMMSs were compared using χ2 test. One-way analysis of variance was performed to test the difference in gene expression levels of IMMSs. Student–Newman–Keuls-q test was used for multiple comparisons. All statistical analyses were performed in the R platform (version 3.3.2). All statistical tests were two-sided and a P-value less than 0.05 was considered statistically significant unless specified otherwise.

RESULTS

In total, 907 ovarian cancer patients from 8 GEO datasets and 48 immunological genes were analyzed in our study (Tables S1 and S2 in Supplementary Material).

IMMSs Identified by Consensus Clustering

Using the parameters above, consensus clustering can identify 2–10 IMMSs. According to the consensus cumulative distribution function (CDF) plot, cluster-consensus values, and item-consensus values, three IMMSs were identified (Figure S1A in Supplementary Material). These three IMMSs showed the best values, because the CDF reached an approximate maximum (Figures S1B,C in Supplementary Material), and cluster-consensus values (Figure S1D in Supplementary Material) and item-consensus values for one cluster (Figure S1E in Supplementary Material) were large enough to maintain the stable clusters.

Clinical and Immunological Genes Related to Characteristics of Three IMMSs

Some important clinical characteristics, including age, histology type, stage, and grade, were compared across three IMMSs (Table 1). There was no significant difference in age among the IMMSs; however, differences in histology type, stage, and grade were statistically significant. The proportion of serous ovarian cancer in type I and II ovarian cancer (75.35 and 71.62%, respectively) was similar to the value of 75% reported in previous studies. The proportion of type III ovarian cancer (55.62%) was about 20% lower than 75%, whereas the proportions of other types were higher than those of types I and II to varying extents. Compared with type II and III ovarian cancer, type I cancer had more patients in stage IV and fewer patients in stage I. Regarding tumor grade, there were more patients with grade 3 and fewer patients with grade 1 and 2 in type I ovarian cancer compared with types II and III.

TABLE 1 | Clinical characteristics of patients.
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We also explored the relationships between IMMSs, overall survival, and disease-free survival. As shown in Figure 1A and Figure S2 in Supplementary Material, the differences of survival curves for overall survival and disease-free survival were not statistically significant but patients with type I ovarian cancer tended to have a worse disease-free survival. We further studied the relationship between IMMSs and disease-free survival in different tumor stages and histology types. The differences of survival curves tended to be significant (stage I, stage III, and serous patients) in some subtypes of patients (Figures 1B–I). After adjusting for clinical characteristics and ICB-related genes, IMMSs were associated with disease-free survival (Table 2).
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FIGURE 1 | The association between immune molecular subtypes and disease-free survival. (A) Kaplan–Meier (K-M) curve for all patients (N = 418). (B) K-M curve for stage I patients (N = 36). (C) K-M curve for stage II patients (N = 23). (D) K-M curve for stage III patients (N = 315). (E) K-M curve for stage IV patients (N = 43). (F) K-M curve for serous patients (N = 362). (G) K-M curve for endometrioid patients (N = 26). (H) K-M curve for clear cell patients (N = 11). (I) K-M curve for mucinous patients (N = 9).



TABLE 2 | Univariate and multivariate cox regression analyses of disease-free survival for clinical characteristics and immune checkpoint blockade-related genes.
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Among the 48 genes in our study, 32 genes showed highest expression in type I ovarian cancer, 6 in type II ovarian cancer, and 10 in type III ovarian cancer (Figure 2). At the level of 0.001, the expression levels of 24, 1, and 3 genes were highest in type I, II, and III, respectively (Table S2 in Supplementary Material). The 24 genes that were highly expressed in type I ovarian were related to CTLA-4, PD-1/PD-L1, and CL, and the four genes highly expressed in type II and III ovarian cancer were all related to CTLA-4.
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FIGURE 2 | Heatmap plot of 48 genes across 3 immune molecular subtypes (IMMSs). Samples were sorted by IMMSs. Genes were divided into three groups according to highest expression in three IMMSs. Red indicated high expression and blue indicated low expression.



Gene Expression Related to ICB in Three IMMSs

The differences in CTLA-4, PD-L2, GZMA, and PRF1 genes, which are related to anti-CTLA-4 therapy, among the three IMMSs were statistically significant. The expression of CTLA-4 was highest in type I ovarian cancer followed by type II, and was lowest in type III ovarian cancer (Figure 3A). The expression of PD-L2, GZMA, and PRF1 in type I and II ovarian cancer was higher than that in type III ovarian cancer (Figures 3B,H,I). After dividing the patients into low- and high-expression groups by median expression values, there were more high-expression patients in types I and II compared with type III ovarian cancer (Figures 3D,E,K,L). These results indicate that type I and II ovarian cancer may respond to anti-CTLA-4 therapy better than type III ovarian cancer.
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FIGURE 3 | The different expression of genes associated with anti-CTLA-4 and anti-PD-1/PD-L1 therapy among three immune molecular subtypes (IMMSs). (A) Boxplot of CTLA-4 expression across three IMMSs (P = 1.97E−12). The expression levels were different in each two IMMSs. (B) Boxplot of PD-L2 across three IMMSs (P = 7.67E−15). The expression level in type I and II ovarian cancer was higher than type III ovarian cancer. (C) Boxplot of PD-L1 expression across three IMMSs (P = 1.52E−34). The expression level in type I and II ovarian cancer was higher than type III ovarian cancer. (D) Percentage bar chart of low- and high expression of CTLA-4 across 3 IMMSs (P = 5.86E−8). (E) Percentage bar chart of low- and high expression of PD-L2 across three IMMSs (P = 5.76E−10). (F) Percentage bar chart of low- and high expression of PD-L1 across three IMMSs (P < 2.2E−16). (G) Boxplot of CD8A across three IMMSs (P = 3.98E−45). The expression level in type I and II ovarian cancer was higher than type III ovarian cancer. (H) Boxplot of GZMA across three IMMSs (P = 9.43E−61). The expression level in type I and II ovarian cancer was higher than type III ovarian cancer. (I) Boxplot of PRF1 across three IMMSs (P = 4.01E−40). The expression level in type I and II ovarian cancer was higher than type III ovarian cancer. (J) Percentage bar chart of low- and high expression of CD8A across three IMMSs (P < 2.2E−16). (K) Percentage bar chart of low- and high expression of GZMA across three IMMSs (P < 2.2E−16). (L) Percentage bar chart of low- and high expression of PRF1 across three IMMSs (P < 2.2E−16).



The differences in PD-L1, CD8A, GZMA, and PRF1 genes, which are related to anti-PD-1/PD-L1 therapy, in the three IMMSs were also statistically significant. The expression of each gene in type I and II ovarian cancer was higher than that in type III ovarian cancer (Figures 3C,G,H,I).

As shown in Figures 3F,J,K,L, the proportion of high-expression patients in type I and II ovarian cancer (about 60–70%) was obviously higher than that in type III ovarian cancer (about 10–20%). The higher expression of PD-L1, CD8A, GZMA, and PRF1 in type I and II ovarian cancer indicated that these patients would tend to gain more benefit from anti-PD-1/PD-L1 therapy.

The Association Between IMMS and TMIT

Tumor microenvironment immune types I cancer was characterized as sensitive to anti-CTLA-4 therapy. In contrast, TMIT II cancer tended to be insensitive to this therapy. As shown in Figure 4, the proportion of TMIT I cancer in type I and II ovarian cancer was about 50–60% whereas the proportion in type III ovarian cancer was less than 10%. For TMIT II cancer, the proportion in type I and II ovarian cancer was about 10–20%, which was much lower than that in type III ovarian cancer (50–70%). These results also supported the notion that type I and II ovarian cancer is more sensitive to anti-CTLA-4 therapy than type III ovarian cancer.
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FIGURE 4 | The association between immune molecular subtype (IMMS) and tumor microenvironment immune types (TMIT). (A) A summary of four TMITs (PD-L1 + CD8A) in three IMMSs. (B) A summary of four TMITs (PD-L1 + CYT) in three IMMSs. (C) Scatter plot of four TMITs (PD-L1 + CD8A) in type I ovarian cancer. (D) Scatter plot of four TMITs (PD-L1 + CD8A) in type II ovarian cancer. (E) Scatter plot of four TMITs (PD-L1 + CD8A) in type III ovarian cancer. (F) Scatter plot of four TMITs (PD-L1 + CYT) in type I ovarian cancer. (G) Scatter plot of four TMITs (PD-L1 + CYT) in type II ovarian cancer. (H) Scatter plot of four TMITs (PD-L1 + CYT) in type III ovarian cancer.



Validation of IMMS in TCGA RNA-Seq Cohort

We further validated IMMSs by applying the same stratification criteria in TCGA validation cohort. As a result, 126, 19, and 116 patients were identified as type I, II, and III, respectively. Except for the small sample size of type II ovarian cancer, the expression pattern of patients in validation cohort was highly consistent with our findings (Figure S3 in Supplementary Material). Genes related with ICB, including CTLA-4, PD-L2, PD-L1, CD8A, GZMA, and PRF1, were all lowly expressed in type III ovarian cancer (Figure S4 in Supplementary Material). Besides, fewer TMIT I individuals were observed in type III ovarian cancer (Figure S5 in Supplementary Material).

DISCUSSION

Immune checkpoint blockade was an important breakthrough for cancer immunotherapy in recent years (2). The application of ICB in ovarian cancer is currently being examined. However, like other tumors, many patients with ovarian cancer will be insensitive to ICB. Therefore, understanding the immunological characteristics of ovarian cancer is critical for ICB and identification of patients who are sensitive to ICB. In our study, we clustered ovarian cancer patients into three IMMSs with different clinical and immunological characteristics. There were more serous and low-grade tumors in type I and II ovarian cancer. Among the differentially expressed genes identified in our study, about 90% (25/28) were highly expressed in type I and II ovarian cancer. All analyses, including immune gene markers studied, cytotoxic function, and TMIT classification, suggested that type I and II categories of patients were similar to each other and distinct from type III. This result suggested that the pathogenesis of type III ovarian cancer may be dominated by other genes and pathways.

Despite the similarity of type I and II ovarian cancer, HLA-DQA1 showed a completely different expression pattern, in which the expression level in type II ovarian cancer was obviously higher than that in type I ovarian cancer. HLA-DQA1 encoded α chain of receptor protein HLA-DQ on APC. Previous studies have proved the expression of HLA-DQA1 decreased in cancer tissue compared with corresponding adjacent tissue and high expression of it was related with better prognosis (29, 30). This phenomenon may explain the shorter disease-free survival time of type I ovarian cancer.

CTLA-4 is a transmembrane receptor on T cells that shares the B7 ligand (CD80/CD86) with CD28 but binds with a higher avidity (Figure 5A) (31). In contrast to the function of CD80/CD86, CTLA-4 can transmit an inhibitory signal to T cells to avoid some autoimmune diseases in normal people (32). However, the increase of the expression level of CTLA-4 in some cancer patients (type I and II ovarian cancer) will block the signaling pathway of CD28 and B7 (33). As a result, CD28 cannot promote T-cell activation to inhibit proliferation of cancer cells. Anti-CTLA-4 antibody selectively acts on CTLA-4 in these patients. B7 can bind to CD28 to promote T-cell proliferation and kill cancer cells (34). However, cancer patients with low-expression levels of CTLA-4 (type III ovarian cancer) will be not sensitive to anti-CTLA-4 therapy. There may also be other mechanisms of anti-CTLA-4 therapy. For example, some antibodies can remove tumor-induced regulatory T cells (35). Yervoy, the first anti-CTLA-4 antibody, can deplete regulatory T cells by engaging ex vivo Fc gamma receptor IIIA-expressing, non-classical monocytes in melanoma patients (36).
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FIGURE 5 | The mechanisms of CTLA-4, PD-1/PD-L1, anti-CTLA-4, and anti-PD-1/PD-L1 therapy in cancer. (A) CTLA-4 and anti-CTLA-4 therapy. (B) PD-1/PD-L1 and anti-PD-1/PD-L1 therapy. APC, antigen-presenting cell; MHC, major histocompatibility complex; TCR, T-cell receptor.



PD-1 is a member of the CD28 family on T cells. PD-L1, also known as CD274 and B7-H1, is the ligand of PD-1 and is often highly expressed on antigen-presenting cells (37). The binding of PD-1 and PD-L1 plays an important role in downregulating the immune system and promoting self-tolerance of T-cell inflammatory activity (Figure 5B). PD-L1 was upregulated in ovarian cancers, and anti-PD-L1 therapy could increase the proportion of CD4+ and CD8+ T cell (about 20%) and reduce regulatory T cell (about 5%) in mouse ovarian cancer model to promote tumor rejection (38, 39). Some studies also indicated that combination treatment can further improve antitumor microenvironment, including PD-1/PD-L1 blockade plus CTLA-4 blockade, vaccine, or irradiation (39–41). However, this effect may be positively related to expression level of PD-L1. Cancer cells with high expression of PD-L1 (type I and II ovarian cancer) may inhibit T-cell proliferation by binding PD-1 on T cells. Thus, anti-PD-L1 antibodies can bind to PD-L1 on cancer cells and T cells to promote T-cell proliferation. As for type III ovarian cancers with low-expression level of PD-L1, anti-PD-1/PD-L1 therapy may not be successful and a combination treatment would be considered.

The expression of genes related with tumor microenvironment (CD8A, GZMA, and PRF1) can also affect anti-CTLA-4 and anti-PD-1/PD-L1 therapy (17, 42). The expression level of these genes was increased in type I and II ovarian cancer, indicating an appropriate microenvironment for anti-CTLA-4 and anti-PD-1/PD-L1 therapy. However, the tumor microenvironment in type III ovarian cancers may decrease the sensitivity of therapy.

The targets of anti-CTLA-4 and anti-PD-1/PD-L1 therapy described here are all members of the B7-CD28 superfamily (43). Therefore, a synergistic effect might be achieved by combination of these agents. In our study, the expression patterns of genes associated with anti-CTLA-4 therapy, anti-PD-1/PD-L1, and TILs were highly consistent: all genes were highly expressed in type I and II ovarian cancer. Thus, these patients can benefit from combined therapy of anti-CTLA-4 and anti-PD-1/PD-L1 therapy or other immunotherapies.

There were several limitations in our study. The most prominent limitation is that some type I and II ovarian cancer patients may also be insensitive to anti-CTLA-4 and anti-PD-1/PD-L1 therapy. There was no gold standard for these patients who did not undergo ICB, therefore their real responses to the therapy were unknown. We used the expression of ICB-related genes and TMIT to evaluate ICB sensitivity. Our results can only identify those patients who are more likely to be sensitive to ICB.

In conclusion, we used unsupervised consensus clustering to identify three IMMSs of ovarian cancer with different clinical and immunological characteristics. Types I and II with more serous and low-grade tumors were similar to each other and had higher expression levels of genes related to ICB. These patients were likely to be more sensitive to anti-CTLA-4 therapy, anti-PD-1/PD-L1 therapy, and combination immunotherapy. However, the expression of these genes in type III ovarian cancer was low, suggesting that patients with type III disease may be insensitive to these treatments. New therapies for this group of patients should be explored. Overall, our study provides new information for the selection of patients suitable for ICB and personalized therapy of ovarian cancer.
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