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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 andmultivariate 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
Frontiers in Oncology 02
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

c2 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
frontiersin.org
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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,
Frontiers in Oncology 03
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.

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),
FIGURE 1

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

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).

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-
Frontiers in Oncology 04
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).
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,
FIGURE 2

A flow-diagram of the screening procedure.
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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
Frontiers in Oncology 05
further used the tissue microarray to validate the prognostic value

of IDO1/TMIGD2 ratio (Figures 5A, B), and found that patients

w i t h a h i gh IDO1 /TMIGD2 ra t i o a l s o had wo r s e

outcomes (Figure 5C).

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.

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).
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
TABLE 1 Baseline characteristics of entire cohort.

Variables N

Total 586

Gender

Male 6

Female 580

Age, yrs

< 60 331

≥ 60 255

Median (range) 57 (26-90)

ER status

Positive 455

Negative 131

PR status

Positive 399

Negative 187

HER2 status

Positive 89

Negative 497

TNM stage

I 104

II 330

III 139

IV 13

Vital status

Dead 71

Live 515

History of neoadjuvant treatmenta

No 577

Yes 8

Initial weight of tumorb, g

Median (range) 220 (20-1740)
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor
receptor-2; TNM, tumor-node-metastasis. yrs, years; g, gram.
aone case missing. b84 cases missing.
frontiersin.org

https://doi.org/10.3389/fonc.2025.1524861
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Tang et al. 10.3389/fonc.2025.1524861
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
Frontiers in Oncology 06
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.
frontiersin.o
FIGURE 3
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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
Frontiers in Oncology 07
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
FIGURE 4

Optimal cut-off values for ISICPRs. (A) PDCD1/CD27 ratio; (B) PDCD1/TNFSF4 ratio; (C) IDO1/TMIGD2 ratio; (D) IDO1/TNFSF4 ratio.
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TABLE 2 Univariate analysis for BRCA patients.

Variables HR 95% CI P-value

Age, yrs

< 60 Reference

≥ 60 2.681 1.664-4.321 <0.001***

PDCD1/CD27 ratio 0.039*

Low Reference

Medium 0.640 0.393-1.043 0.073

High 0.338 0.131-0.873 0.025*

PDCD1/TNFSF4 ratio <0.001***

Low Reference

Medium 0.524 0.312-0.881 0.015*

High 0.185 0.079-0.434 <0.001**

IDO1/TMIGD2 ratio 0.001**

Low Reference

Medium 1.102 0.585-2.074 0.765

High 2.790 1.606-4.847 <0.001***

IDO1/TNFSF4 ratio 0.013*

Low Reference

Medium 0.722 0.392-1.327 0.294

High 0.236 0.089-0.623 0.004**

ER status

Negative Reference

Positive 1.096 0.619-1.938 0.754

HER2 status

Negative Reference

Positive 0.827 0.411-1.666 0.595

PR status

Negative Reference

Positive 0.866 0.534-1.406 0.561

TNM stage <0.001***

I Reference

II 1.257 0.595-2.657 0.549

III 2.320 1.072-5.022 0.033*

IV 9.054 3.649-22.468 <0.001***

History of neoadjuvant treatment

No Reference

Yes 9.036 2.721-30.005 <0.001***

Initial weight of tumor, g

Median (range) 1.000 0.999-1.001 0.434
F
rontiers in Oncology
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor
receptor-2; TNM, tumor-node-metastasis. yrs, years; BRCA, breast cancer; HR, hazard ratio;
95% CI, confidence interval. *P < 0.05; **P < 0.01; ***P < 0.001.
08
TABLE 3 Multivariate analysis for BRCA patients.

Variables HR 95% CI P-value

Age, yrs

< 60 Reference

≥ 60 3.692 2.052-6.642 <0.001***

PDCD1/CD27 ratio 0.277

Low Reference

Medium 1.635 0.824-3.245 0.160

High 0.958 0.266-3.448 0.948

PDCD1/TNFSF4 ratio 0.092

Low Reference

Medium 0.625 0.302-1.297 0.207

High 0.202 0.064-1.006 0.053

IDO1/TMIGD2 ratio 0.065

Low Reference

Medium 0.953 0.474-1.916 0.892

High 2.040 1.080-3.854 0.028*

IDO1/TNFSF4 ratio 0.157

Low Reference

Medium 0.600 0.290-1.240 0.168

High 0.265 0.066-1.066 0.061

ER status

Negative Reference

Positive 0.583 0.261-1.302 0.188

HER2 status

Negative Reference

Positive 0.563 0.260-1.221 0.146

PR status

Negative Reference

Positive 0.407 0.203-0.815 0.011*

TNM stage 0.022*

I Reference

II 1.276 0.569-2.862 0.554

III 2.201 0.971-4.990 0.059

IV 3.816 1.363-10.683 0.011*

History of neoadjuvant treatment

No Reference

Yes 8.913 2.359-33.672 0.001**

Initial weight of tumor

Median (range) 1.001 1.000-1.002 0.203
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor
receptor-2; TNM, tumor-node-metastasis. yrs, years; BRCA, breast cancer; HR, hazard ratio;
95% CI, confidence interval. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 5

Tissue microarray. (A) Representative images of IDO1 and TMIGD2 staining. (B) Slide images. (C) KM survival analysis.
TABLE 4 Comparison between the low/medium IDO1/TMIGD2 ratio and high IDO1/TMIGD2 ratio.

Variables Low/medium IDO1/TMIGD2 ratio High IDO1/TMIGD2 ratio P-value

Total 462 124

Gender 0.463

Male 4 2

Female 458 122

Age, yrs 0.014*

< 60 273 58

≥ 60 189 66

ER status 0.061

Positive 351 104

Negative 111 20

(Continued)
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TABLE 4 Continued

Variables Low/medium IDO1/TMIGD2 ratio High IDO1/TMIGD2 ratio P-value

PR status 0.577

Positive 312 87

Negative 150 37

HER2 status 0.043*

Positive 63 26

Negative 399 98

TNM stage 0.053

I 87 17

II 247 83

III 118 21

IV 10 3

History of neoadjuvant treatment 1.000

No 454 123

Yes 7 1

Initial weight of tumor, g 304.194 ± 251.931 282.523 ± 203.199 0.406
F
rontiers in Oncology
 10
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor-2; TNM, tumor-node-metastasis. yrs, years; g, gram.
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.
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promising indicator with high clinical value, warranting further

exploration in other cancer types.
Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found here: https://tcga-data.nci.nih.gov/tcga/.
Ethics statement

The studies involving humans were approved by the ethics

committee of Xuzhou Central Hospital. The studies were

conducted in accordance with the local legislation and institutional

requirements. The human samples used in this study were acquired

from a by- product of routine care or industry. Written informed

consent for participation was not required from the participants or

the participants’ legal guardians/next of kin in accordance with the

national legislation and institutional requirements.
Author contributions

CT: Data curation, Formal analysis, Investigation, Software,

Writing – original draft. XH: Investigation, Methodology, Project

administration, Software, Writing – original draft. DH: Methodology,

Resources, Software, Supervision, Writing – original draft.

TC: Project administration, Resources, Software, Validation,

Visualization, Writing – original draft. PW: Data curation,

Investigation, Methodology, Writing – original draft. CL: Data

curation, Formal analysis, Methodology, Supervision, Writing –

original draft. CC: Data curation, Investigation, Methodology,

Software, Supervision, Writing – original draft. YL: Data curation,

Formal analysis, Investigation, Resources, Writing – review & editing.

XWH: Conceptualization, Methodology, Supervision, Validation,

Visualization, Writing – review & editing. ZY: Conceptualization,

Project administration, Supervision, Validation, Visualization,

Writing – review & editing.
Frontiers in Oncology 11
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
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.

The reviewer ZL declared a shared parent affiliation with the

author ZY to the handling editor at the time of review.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
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/fonc.2025.1524861/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

ISICPR candidates unrelated to BRCA outcomes.
References
1. Massarweh SA, Sledge GW, Miller DP, McCullough D, Petkov VI, Shak S.
Molecular characterization and mortality from breast cancer in men. J Clin Oncol.
(2018) 36:1396–404. doi: 10.1200/JCO.2017.76.8861

2. Liu X, Sun C, Jin X, Li P, Ye F, Zhao T, et al. Genistein enhances the
radiosensitivity of breast cancer cells via G(2)/M cell cycle arrest and apoptosis.
Molecules. (2013) 18:13200–17. doi: 10.3390/molecules181113200

3. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. (2018) 68:394–424. doi: 10.3322/caac.21492

4. Lu X, Yang R, Zhang L, Xi Y, Zhao J, Wang F, et al. Macrophage colony-
stimulating factor mediates the recruitment of macrophages in triple negative breast
cancer. Int J Biol Sci. (2019) 15:2859–71. doi: 10.7150/ijbs.39063

5. Sharma P, Barlow WE, Godwin AK, Parkes EE, Knight LA, Walker SM, et al.
Validation of the DNA damage immune response signature in patients with triple-
negative breast cancer from the SWOG 9313c trial. J Clin Oncol. (2019) 37:3484–92.
doi: 10.1200/JCO.19.00693

6. Larroquette M, Guegan JP, Besse B, Cousin S, Brunet M, Le Moulec S, et al. Spatial
transcriptomics of macrophage infiltration in non-small cell lung cancer reveals
determinants of sensitivity and resistance to anti-PD1/PD-L1 antibodies. J
Immunother Cancer. (2022) 10:e003890. doi: 10.1136/jitc-2021-003890

7. Roh W, Chen PL, Reuben A, Spencer CN, Prieto PA, Miller JP, et al. Integrated
molecular analysis of tumor biopsies on sequential CTLA-4 and PD-1 blockade reveals
markers of response and resistance. Sci Transl Med. (2017) 9:eaah3560. doi: 10.1126/
scitranslmed.aah3560

8. Gomez-Aleza C, Nguyen B, Yoldi G, Ciscar M, Barranco A, Hernandez-Jimenez
E, et al. Inhibition of RANK signaling in breast cancer induces an anti-tumor immune
response orchestrated by CD8+ T cells. Nat Commun. (2020) 11:6335. doi: 10.1038/
s41467-020-20138-8
frontiersin.org

https://tcga-data.nci.nih.gov/tcga/
https://www.frontiersin.org/articles/10.3389/fonc.2025.1524861/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1524861/full#supplementary-material
https://doi.org/10.1200/JCO.2017.76.8861
https://doi.org/10.3390/molecules181113200
https://doi.org/10.3322/caac.21492
https://doi.org/10.7150/ijbs.39063
https://doi.org/10.1200/JCO.19.00693
https://doi.org/10.1136/jitc-2021-003890
https://doi.org/10.1126/scitranslmed.aah3560
https://doi.org/10.1126/scitranslmed.aah3560
https://doi.org/10.1038/s41467-020-20138-8
https://doi.org/10.1038/s41467-020-20138-8
https://doi.org/10.3389/fonc.2025.1524861
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Tang et al. 10.3389/fonc.2025.1524861
9. Hassanian H, Asadzadeh Z, Baghbanzadeh A, Derakhshani A, Dufour A, Rostami
Khosroshahi N, et al. The expression pattern of Immune checkpoints after chemo/
radiotherapy in the tumor microenvironment. Front Immunol. (2022) 13:938063.
doi: 10.3389/fimmu.2022.938063

10. Schmid P, Rugo HS, Adams S, Schneeweiss A, Barrios CH, Iwata H, et al.
Atezolizumab plus nab-paclitaxel as first-line treatment for unresectable, locally
advanced or metastatic triple-negative breast cancer (IMpassion130): updated
efficacy results from a randomised, double-blind, placebo-controlled, phase 3 trial.
Lancet Oncol. (2020) 21:44–59. doi: 10.1016/S1470-2045(19)30689-8

11. Voorwerk L, Slagter M, Horlings HM, Sikorska K, van de Vijver KK, de Maaker
M, et al. Immune induction strategies in metastatic triple-negative breast cancer to
enhance the sensitivity to PD-1 blockade: the TONIC trial. Nat Med. (2019) 25:920–8.
doi: 10.1038/s41591-019-0432-4

12. Li Q, Liu J, Zhang Q, Ouyang Q, Zhang Y, Liu Q, et al. The anti-PD-L1/CTLA-4
bispecific antibody KN046 in combination with nab-paclitaxel in first-line treatment of
metastatic triple-negative breast cancer: a multicenter phase II trial. Nat Commun.
(2024) 15:1015. doi: 10.1038/s41467-024-45160-y

13. Liu L, Wang Y, Miao L, Liu Q, Musetti S, Li J, et al. Combination
immunotherapy of MUC1 mRNA nano-vaccine and CTLA-4 blockade effectively
inhibits growth of triple negative breast cancer. Mol Ther. (2018) 26:45–55.
doi: 10.1016/j.ymthe.2017.10.020

14. Wildiers H, Armstrong A, Cuypere E, Dalenc F, Dirix L, Chan S, et al. Paclitaxel
plus eftilagimod alpha, a soluble LAG-3 protein, in metastatic, HR+ Breast cancer:
results from AIPAC, a randomized, placebo controlled phase IIb trial. Clin Cancer Res.
(2024) 30:532–41. doi: 10.1158/1078-0432.CCR-23-1173

15. Soliman H, Mediavilla-Varela M, Antonia SJ. A GM-CSF and CD40L bystander
vaccine is effective in a murine breast cancer model. Breast Cancer (Dove Med Press).
(2015) 7:389–97. doi: 10.2147/BCTT.S89563

16. Zhang J, Zhang J, Yuan C, Luo Y, Li Y, Dai P, et al. Establishment of the
prognostic index of lung squamous cell carcinoma based on immunogenomic
landscape analysis. Cancer Cell Int. (2020) 20:330. doi: 10.1186/s12935-020-01429-y

17. Cimino-Mathews A, Thompson E, Taube JM, Ye X, Lu Y, Meeker A, et al. PD-L1
(B7-H1) expression and the immune tumor microenvironment in primary andmetastatic
breast carcinomas. Hum Pathol. (2016) 47:52–63. doi: 10.1016/j.humpath.2015.09.003

18. Tang K, Wu YH, Song Y, Yu B. Indoleamine 2,3-dioxygenase 1 (IDO1)
inhibitors in clinical trials for cancer immunotherapy. J Hematol Oncol. (2021)
14:68. doi: 10.1186/s13045-021-01080-8

19. Feng X, Tang R, Zhang R, Wang H, Ji Z, Shao Y, et al. A comprehensive analysis
of IDO1 expression with tumour-infiltrating immune cells and mutation burden in
gynaecologic and breast cancers. J Cell Mol Med. (2020) 24:5238–48. doi: 10.1111/
jcmm.15176
Frontiers in Oncology 12
20. Liu M, Wang X, Wang L, Ma X, Gong Z, Zhang S, et al. Targeting the IDO1
pathway in cancer: from bench to bedside. J Hematol Oncol. (2018) 11:100.
doi: 10.1186/s13045-018-0644-y

21. Wei JL, Wu SY, Yang YS, Xiao Y, Jin X, Xu XE, et al. GCH1 induces
immunosuppression through metabolic reprogramming and IDO1 upregulation in
triple-negative breast cancer. J Immunother Cancer. (2021) 9:e002383. doi: 10.1136/jitc-
2021-002383

22. Hong R, Zhou Y, Tian X, Wang L, Wu X. Selective inhibition of IDO1, D-1-
methyl-tryptophan (D-1MT), effectively increased EpCAM/CD3-bispecific BiTE
antibody MT110 efficacy against IDO1(hi)breast cancer via enhancing immune cells
activity. Int Immunopharmacol. (2018) 54:118–24. doi: 10.1016/j.intimp.2017.10.008

23. Honkanen TJ, Moilanen T, Karihtala P, Tiainen S, Auvinen P, Vayrynen JP, et al.
Prognostic and predictive role of spatially positioned tumour infiltrating lymphocytes
in metastatic HER2 positive breast cancer treated with trastuzumab. Sci Rep. (2017)
7:18027. doi: 10.1038/s41598-017-18266-1

24. Martinez VG, O'Neill S, Salimu J, Breslin S, Clayton A, Crown J, et al. Resistance
to HER2-targeted anti-cancer drugs is associated with immune evasion in cancer cells
and their derived extracellular vesicles. Oncoimmunology. (2017) 6:e1362530.
doi: 10.1080/2162402X.2017.1362530

25. Kardousha A, Shehada W, Basha A, Nasser S, El Mistiri M, Hamad A, et al.
HER2-low non-metastatic breast cancer in Qatar-a nationwide retrospective cohort
study to evaluate the response to neoadjuvant chemotherapy: a real-world analysis.
Front Oncol. (2024) 14:1398100. doi: 10.3389/fonc.2024.1398100

26. Rahimi N, Rezazadeh K, Mahoney JE, Hartsough E, Meyer RD. Identification of
IGPR-1 as a novel adhesion molecule involved in angiogenesis. Mol Biol Cell. (2012)
23:1646–56. doi: 10.1091/mbc.E11-11-0934

27. Zhu Y, Yao S, Iliopoulou BP, Han X, Augustine MM, Xu H, et al. B7-H5
costimulates human T cells via CD28H. Nat Commun. (2013) 4:2043. doi: 10.1038/
ncomms3043

28. Gardner ID. The effect of aging on susceptibility to infection. Rev Infect Dis.
(1980) 2:801–10. doi: 10.1093/clinids/2.5.801

29. Aw D, Silva AB, Palmer DB. Immunosenescence: emerging challenges for an
ageing population. Immunology. (2007) 120:435–46. doi: 10.1111/j.1365-
2567.2007.02555.x

30. Erbe R, Wang Z, Wu S, Xiu J, Zaidi N, La J, et al. Evaluating the impact of age on
immune checkpoint therapy biomarkers. Cell Rep. (2021) 36:109599. doi: 10.1016/
j.celrep.2021.109599

31. Salminen A. Role of indoleamine 2,3-dioxygenase 1 (IDO1) and kynurenine
pathway in the regulation of the aging process. Ageing Res Rev. (2022) 75:101573.
doi: 10.1016/j.arr.2022.101573
frontiersin.org

https://doi.org/10.3389/fimmu.2022.938063
https://doi.org/10.1016/S1470-2045(19)30689-8
https://doi.org/10.1038/s41591-019-0432-4
https://doi.org/10.1038/s41467-024-45160-y
https://doi.org/10.1016/j.ymthe.2017.10.020
https://doi.org/10.1158/1078-0432.CCR-23-1173
https://doi.org/10.2147/BCTT.S89563
https://doi.org/10.1186/s12935-020-01429-y
https://doi.org/10.1016/j.humpath.2015.09.003
https://doi.org/10.1186/s13045-021-01080-8
https://doi.org/10.1111/jcmm.15176
https://doi.org/10.1111/jcmm.15176
https://doi.org/10.1186/s13045-018-0644-y
https://doi.org/10.1136/jitc-2021-002383
https://doi.org/10.1136/jitc-2021-002383
https://doi.org/10.1016/j.intimp.2017.10.008
https://doi.org/10.1038/s41598-017-18266-1
https://doi.org/10.1080/2162402X.2017.1362530
https://doi.org/10.3389/fonc.2024.1398100
https://doi.org/10.1091/mbc.E11-11-0934
https://doi.org/10.1038/ncomms3043
https://doi.org/10.1038/ncomms3043
https://doi.org/10.1093/clinids/2.5.801
https://doi.org/10.1111/j.1365-2567.2007.02555.x
https://doi.org/10.1111/j.1365-2567.2007.02555.x
https://doi.org/10.1016/j.celrep.2021.109599
https://doi.org/10.1016/j.celrep.2021.109599
https://doi.org/10.1016/j.arr.2022.101573
https://doi.org/10.3389/fonc.2025.1524861
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Prognostic significance of the inhibitory-to-stimulatory immune checkpoint ratio in patients with breast cancer
	Introduction
	Methods
	Prognostic evaluation of ISICPRs
	Characteristics of key ISICPRs
	Validation of tissue microarray
	Statistical analysis

	Results
	Identification of key ISICPRs
	IDO1/TMIGD2 ratio

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


