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Background

Accumulating evidences suggested that immune checkpoints (ICPs) played an important role in malignancies including breast cancer (BRCA). We aimed to investigate whether inhibitory-to-stimulatory immune checkpoint ratio (ISICPR) could be used as a prognostic marker for BRCA.





Methods

BRCA patients were enrolled from The Cancer Genome Atlas (TCGA). Survival analysis was performed with Kaplan-Meier (KM) methods. X-tile was used to calculate the optimal cut-off values of ISICPRs. Univariate and multivariate Cox regression analysis were carried out to identify prognostic factors for BRCA patients. Tissue microarray was used to validate our findings.





Results

In total, 586 BRCA patients were collected, including 104 cases of stage I, 330 of stage II, 139 of stage III, and 13 of stage IV. Univariate analysis showed that four ISICPRs (PDCD1/CD27 ratio, PDCD1/TNFSF4 ratio, IDO1/TMIGD2 ratio, and IDO1/TNFSF4 ratio) were significantly associated with the survival of BRCA patients. After adjusting for confounders, multivariate analysis indicated that only the IDO1/TMIGD2 ratio was an independent prognostic factor. The optimal cut-off values for the IDO1/TMIGD2 ratio were set at 4.4 and 6.3. Survival analysis indicated that the high-ratio group (ratio > 6.3) had a worse prognosis than both the low-ratio (ratio < 4.4) and medium-ratio group (4.4 < ratio < 6.3) (P < 0.001), which was further validated by BRCA tissue microarray.





Conclusions

We found that IDO1/TMIGD2 ratio was an independent prognostic factor for BRCA. On one hand, dual targeting of IDO1 and TMIGD2 may be a more effective therapeutic strategy for patients with a high IDO1/TMIGD2 ratio. On the other hand, ISICPR was a promising indicator with high clinical values and worthy of further promotion in other cancers.
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Introduction

Breast cancer (BRCA) is the most common malignancy in women but is rare in men (1, 2). According to global cancer statistics, BRCA had the second-highest incidence worldwide (after lung cancer), with an estimated 2,088,849 new cases in 2018 (3). BRCA is characterized by remarkable heterogeneity and is broadly divided into four subtypes based on estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2 (HER2) status: luminal A (ER+/PR+/HER2–), luminal B (ER+/PR+/HER2+), HER2-enriched (ER–/PR–/HER2+) and triple-negative BRCA (ER−/PR−/HER2−) (4). Among the four subtypes, triple-negative BRCA generally carries the worst prognosis (5). Although luminal A BRCA usually has a favorable outcome, the occurrence of metastatic disease also leads to a poor prognosis. Therefore, there is an urgent need to further explore the molecular mechanisms underlying BRCA initiation and development and to search for new biological markers.

Accumulating evidence suggests that immunotherapies targeting immune checkpoints (ICPs) have exhibited promising therapeutic effects in malignancies including BRCA (6–8). ICPs can be divided into two major categories: stimulatory and inhibitory ICPs (9). Most research has focused on inhibitory ICPs including PDCD1. In the large clinical trial IMpassion130, Atezolizumab (a PD-1 inhibitor) plus nab-paclitaxel significantly improved the prognosis of PD-L1-positive metastatic triple-negative BRCA patients (10). The TONIC trial demonstrated that doxorubicin and cisplatin induction enhanced the antitumor immune response to PDCD1 blockade in triple-negative BRCA (11). In addition to the PD-1/PD-L1 pathway, other immune checkpoints such as CTLA-4 and LAG-3 have also garnered attention in BRCA (12–14). In contrast, fewer studies investigated the molecular mechanisms and clinical applications of stimulatory ICPs. A CD40L bystander vaccine successfully controlled BRCA cell growth in an in vivo animal study (15). These findings indicate that both stimulatory and inhibitory ICPs play important roles in maintaining immune balance. In line with this, we speculate that an imbalance in the inhibitory-to-stimulatory immune checkpoint ratio (ISICPR) may be a key indicator of tumor initiation and development.

In this study, we investigated whether ISICPRs could be used as prognostic markers for BRCA.





Methods




Prognostic evaluation of ISICPRs

BRCA patients were enrolled from The Cancer Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcga/), a large database that includes both clinical and gene expression data. The inclusion criteria were as follows: (1) Patients aged 18 years or older; (2) Patients with confirmed ER status, PR status, and HER2 status; (3) Patients with definite American Joint Committee on Cancer (AJCC) tumor-node-metastasis (TNM) staging information; (4) Patients with available gene expression data for candidate genes; and (5) Patients who were available follow-up information. Baseline clinical characteristics included age, gender, ER status, PR status, HER2 status, TNM stage, mRNA expression levels, survival time, and status. The study was conducted in compliance with local and federal regulations and was approved by the ethics committee of Xuzhou Central Hospital. Informed consent from patients was obtained by the TCGA consortium.

Common ICPs include CD274, CD276, CTLA4, HHLA2, ICOS, ICOSLG, PDCD1, PDCD1LG2, TMIGD2, VTCN1, BTLA, CD27, CD40L, CD40, CD70, TNFRSF18, TNFRSF4, TNFRSF9, TNFSF14, TNFSF4, TNFSF9, HAVCR2, IDO1, LAG3, FGL1, ENTPD1, NT5E, SIGLEC15, VSIR, NCR3 (16).





Characteristics of key ISICPRs

Clinical characteristics between the low/medium IDO1/TMIGD2 ratio and high IDO1/TMIGD2 ratio groups were compared using the χ2 test and Fisher’s Exact test. Survival analysis was performed using Kaplan-Meier (KM) methods. The primary study endpoint was overall survival (OS), defined as the time from initial diagnosis of BRCA to all-cause death or the last follow-up. Univariate and multivariate Cox regression analyses were conducted to identify prognostic factors for BRCA patients. Age was treated as a categorical variable and divided into two groups based on the median age. Correlation analysis between IDO1 and TMIGD2 was performed using the GEPIA database (gepia.cancer-pku.cn/). Immune correlation analysis was conducted using the online TIMER database (https://cistrome.shinyapps.io/timer/).





Validation of tissue microarray

The tissue microarray for BRCA was purchased from Youluze BioTech (China). The follow-up period ranged from 4 to 101 months, with 39 deaths occurring during the follow-up. It should be noted that 17 patients were lost to follow-up and were therefore excluded from the analysis. There was a total of 118 BRCA patients included. IDO1 (Cat No.: ab211017) and TMIGD2 (Cat No.: ab121333) antibodies were purchased from Abcam (Abcam, UK). The staining was scored by two independent pathologists, and discrepancies were further assessed by a third pathologist. The staining intensity was graded as follows: negative (−); low (+) and medium (++). No high staining (+++) was observed in the assessment. An IDO1medium/TMIGD2 low/negative was defined as a high ratio, and the other categories were defined as low/medium ratio, including IDO1medium/TMIGD2medium, IDO1low/negative/TMIGD2low/negative, and IDO1low/negative/TMIGD2medium.





Statistical analysis

The statistical analysis was performed using SPSS (version 19.0). X-tile (Yale University, New Haven, CT, USA, version 3.6.1) was used to determine the cut-off values for ISICPRs. X-tile employs a recursive partitioning algorithm to identify the optimal cut-off points for continuous variables by maximizing the statistical significance of survival differences. In this study, all possible cut-off points within the range of ISICPR values were evaluated. *P < 0.05: indicates statistical significance; **P < 0.01: indicates high significance; ***P < 0.001: indicates extreme significance.






Results




Identification of key ISICPRs

Using the TCGA database, we conducted a batch survival analysis of 30 common genes and identified 9 genes associated with the OS of BRCA patients (Figure 1), including TMIGD2, CD27, CD40L, TNFRSF18, TNFSF4, NCR3, PDCD1, IDO1, and SIGLEC15. Of these, TMIGD2, CD27, CD40L, TNFRSF18, TNFSF4, and NCR3 were classified as stimulatory ICP molecules, while PDCD1, IDO1, and SIGLEC15 were inhibitory ICP molecules. These 9 genes were then used to generate 18 potential ISICPRs, including PDCD1/TMIGD2, PDCD1/CD27, PDCD1/CD40L, PDCD1/TNFRSF18, PDCD1/TNFSF4, PDCD1/NCR3, IDO1/TMIGD2, IDO1/CD27, IDO1/CD40L, IDO1/TNFRSF18, IDO1/TNFSF4, IDO1/NCR3, SIGLEC15/TMIGD2, SIGLEC15/CD27, SIGLEC15/CD40L, SIGLEC15/TNFRSF18, SIGLEC15/TNFSF4, and SIGLEC15/NCR3.




Figure 1 | Forest plot of 30 common ICPs in BRCA. *P < 0.05; **P < 0.01; ***P < 0.001.



To assess the prognostic value of ISICPRs, a rigorous participant screening process was implemented (Figure 2). A total of 586 BRCA patients were included, with baseline clinical characteristics summarized in Table 1. The study cohort included participants aged between 26 and 90 years, with a median age of 57 years. The vast majority of patients were female (580, 99.0%) and had not undergone neoadjuvant treatment (577, 98.6%). Patients were distributed across clinical stages as follows: stage I (n=104), stage II (n=330), stage III (n=139), and stage IV (n=13). The initial weight of tumor ranged from 20 to 1,740g, with a median weight of 220g. In terms of biomarkers, 455 patients had ER-positive BRCA, 399 had PR-positive BRCA, and 89 had HER2-postive BRCA. During the follow-up period, 71 all-cause deaths were recorded.




Figure 2 | A flow-diagram of the screening procedure.




Table 1 | Baseline characteristics of entire cohort.



Based on the median values of ISICPRs, the cohort was divided into two groups: low-ratio and high-ratio. KM survival analysis showed that the PDCD1/CD27 ratio, PDCD1/TNFSF4 ratio, IDO1/TMIGD2 ratio, and IDO1/TNFSF4 ratio were significantly associated with the survival of BRCA patients (Figures 3A–D, P < 0.05). The other 14 candidate ISICPRs showed no association with clinical outcomes
(Supplementary Figure 1).




Figure 3 | Survival curves based on ISICPRs. (A) PDCD1/CD27 ratio; (B) PDCD1/TNFSF4 ratio; (C) IDO1/TMIGD2 ratio; (D) IDO1/TNFSF4 ratio.



Next, in light of the prognostic significance of these ISICPRs, we further analyzed their optimal cutoff values using X-tile software. The cohort was further divided into three groups based on these optimal cut-off values: low-ratio, medium-ratio, and high-ratio groups. For the PDCD1/CD27 ratio, the optimal cut-off values were 0.6 and 0.8 (Figure 4A). The low-ratio group had worse outcomes compared to the high-ratio group (Figure 4A, P=0.016). For the PDCD1/TNFSF4 ratio, the optimal cut-off values were 0.4 and 0.8 (Figure 4B). The low-ratio group exhibited significantly shorter OS compared to the high-ratio group (Figure 4B, P < 0.001). For the IDO1/TMIGD2 ratio, the optimal cut-off values were 4.4 and 6.3 (Figure 4C). The high-ratio group had a worse prognosis than both the low- and medium-ratio groups (Figure 4C, P < 0.001). Finally, for the IDO1/TNFSF4 ratio, the optimal cut-off values were 0.6 and 1.2 (Figure 4D). Both the low- and medium-ratio groups had worse prognoses compared to the high-ratio group (Figure 4D, P < 0.01).




Figure 4 | Optimal cut-off values for ISICPRs. (A) PDCD1/CD27 ratio; (B) PDCD1/TNFSF4 ratio; (C) IDO1/TMIGD2 ratio; (D) IDO1/TNFSF4 ratio.







IDO1/TMIGD2 ratio

Univariate analysis demonstrated that age, the PDCD1/CD27 ratio (low vs. high), the PDCD1/TNFSF4 ratio, the IDO1/TMIGD2 ratio (low vs. high), the IDO1/TNFSF4 ratio (low vs. high), neoadjuvant treatment (no vs. yes), and TNM stage significantly influenced prognosis (Table 2). Notably, as TNM stage increased, there was a progressive rise in mortality risk for BRCA patients. Subsequently, all factors identified from the univariate analysis were included in the multivariate analysis: age, PDCD1/CD27 ratio, PDCD1/TNFSF4 ratio, IDO1/TMIGD2 ratio, IDO1/TNFSF4 ratio, neoadjuvant treatment, initial weight of tumor, ER status, PR status, HER2 status, and TNM stage. Multivariate analysis revealed that age, the IDO1/TMIGD2 ratio (low/medium vs. high), PR status, neoadjuvant treatment (no vs. yes), and TNM stage were independent prognostic factors (Table 3). In particular, a high IDO1/TMIGD2 ratio emerged as a risk factor for BRCA. We further used the tissue microarray to validate the prognostic value of IDO1/TMIGD2 ratio (Figures 5A, B), and found that patients with a high IDO1/TMIGD2 ratio also had worse outcomes (Figure 5C).


Table 2 | Univariate analysis for BRCA patients.




Table 3 | Multivariate analysis for BRCA patients.






Figure 5 | Tissue microarray. (A) Representative images of IDO1 and TMIGD2 staining. (B) Slide images. (C) KM survival analysis.



Patients with a high IDO1/TMIGD2 ratio tended to be older and had a higher percentage of HER2-positive tumors (Table 4). There were no significant differences observed regarding gender, ER status, PR status, neoadjuvant treatment, initial weight of tumor, or TNM stage.


Table 4 | Comparison between the low/medium IDO1/TMIGD2 ratio and high IDO1/TMIGD2 ratio.



Given the close association between ICPs and immune cells, we further explored the relationship between IDO1 and TMIGD2 with immune cell infiltration. Compared to normal tissues, IDO1 expression was significantly elevated in BRCA tissues, while TMIGD2 expression did not show any significant difference (Figures 6A, B). Correlation analysis indicated a significantly positive correlation between IDO1 and TMIGD2 (Figure 6C, R = 0.35, P < 0.001). Immune correlation analysis showed that both IDO1 and TMIGD2 were positively correlated with almost all major immune cell subtypes, except macrophages (Figure 6D, P < 0.001).




Figure 6 | Correlation analysis. (A) Comparison of the expression levels of IDO1 in BRCA tissues and normal tissues; (B) Comparison of the expression levels of TMIGD2 in BRCA tissues and normal tissues; (C) Correlation analysis between IDO1 and TMIGD2; (D) Immune correlation analysis of IDO1 and TMIGD2. *P < 0.05; **P < 0.01; ***P < 0.001.








Discussion

Research on immunotherapies in BRCA began relatively late, as BRCA was long considered a non-immunogenic neoplasm. However, a significant presence of tumor-infiltrating lymphocytes has been observed in BRCA tumors (17). The imbalance of various immunologic factors contributes to the immune evasion of malignant cells. In this study, we investigated the prognostic value of common ISICPRs and identified the IDO1/TMIGD2 ratio as an independent prognostic factor for BRCA. ISICPRs could reflect the balance of the immune system more accurately compared to immune checkpoints. These findings suggest that the disproportion between inhibitory and stimulatory ICPs may be a potential mechanism underlying BRCA initiation and progression, and that ISICPRs could serve as novel prognostic biomarkers in clinical practice. Through accurately predicting clinical outcomes of BRCA patients, clinicians can develop more personalized treatment strategies for individuals, potentially improving survival rates and reducing unnecessary treatments.

IDO1 (full name: indoleamine 2,3-dioxygenase 1) is upregulated in most malignancies, including BRCA, and plays a role in various pathophysiological processes (18, 19). As an immune modulator, IDO1 not only inhibits the function of effector T and NK cells but also activates myeloid-derived suppressor cells and promotes their differentiation (20). In triple-negative BRCA, elevated IDO1 levels were associated with regulatory T cell infiltration and worse survival outcomes (21). Targeting IDO1 selectively has demonstrated enhanced anti-tumor effects when combined with EpCAM/CD3-bispecific antibodies in BRCA with high IDO1 expression, underscoring its clinical importance (22). In this study, we found that the mRNA expression levels of IDO1 were higher than those of TMIGD2 in nearly all patients, indicating that both the activation of inhibitory immune pathways and the weakening of stimulatory pathways promote tumor immune evasion. Notably, the proportion of HER2-positive BRCA was relatively higher in patients with a high IDO1/TMIGD2 ratio. This could be attributed to the enhanced immunosuppressive features of HER2-positive BRCA (23–25). Future clinical trials could use the IDO1/TMIGD2 ratio as a reliable stratification biomarker. For patients with a high ratio, dual targeting of IDO1 and TMIGD2 may be a more effective therapeutic strategy.

TMIGD2, transmembrane and immunoglobulin domain containing 2, is mainly expressed in endothelial and epithelial cells (26). Zhu et al. (27) reported that TMIGD2 was expressed by all naive T cells, though chronic antigen exposure resulted in the loss of TMIGD2 expression in many T cells. The restricted expression pattern of TMIGD2 weakens the stimulatory immune pathways, contributing to tumor immune evasion, which may explain the relatively low TMIGD2 expression levels observed in BRCA.

While other ISICPRs such as PDCD1/CD27 showed significant associations with survival in the univariate analysis, they failed to achieve statistical significance as independent prognostic factors in the multivariate analysis. This may be related to multiple factors. For example, the specific tumor microenvironment of BRCA might limit the significance of their combined effects. Additionally, ISICPRs may be influenced by various confounding factors (e.g. tumor stage and hormone receptor status), and their independent prognostic value may be weakened after adjusting for these factors.

Age has been associated with immunity decline (28, 29). A recent large-scale study indicated that aging leads to widespread up-regulation of ICPs in cancer patients (30). In our study, BRCA patients with a high IDO1/TMIGD2 ratio were generally older. This could be related to the activation of the IDO1-KYN-AhR pathway, which is known to increase with the aging process (31). Given the significant impact of age on immune status in elderly cancer patients, it is essential to consider age as a variable when defining inclusion and exclusion criteria for clinical trials.

There were several limitations to this study. First, all data were retrospective, which may introduce selection bias. The TCGA dataset only includes data from Western populations, which may limit the generalizability of our findings to other ethnic groups. Moreover, a considerable amount of gene data on immune checkpoints is missing due to the retrospective nature of the data. Prospective validation studies with larger sample sizes would strengthen our conclusions. For example, prospective and multicenter clinical studies should be conducted in China to better account for the genetic, physiological, and environmental differences between Chinese and Western populations. Second, the role of ISICPRs in specific pathological subtypes was not evaluated, which limited the applicability of the findings for precision medicine. Third, we did not include other clinical or biological parameters, including immune cell infiltration, tumor markers, disease-specific survival or progression-free survival, which could affect the clinical relevance of ISICPRs. Fourth, although a variety of potential confounding factors were included in our study, these factors may not be comprehensive. Finally, the limited number of male participants may reduce the generalizability of our findings.

In summary, we found the IDO1/TMIGD2 ratio to be an independent prognostic factor for BRCA. On one hand, this novel biomarker could contribute to improved management of BRCA patients. On the other hand, the ISICPR was demonstrated to be a promising indicator with high clinical value, warranting further exploration in other cancer types.
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