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genes combined with tumour mutational burden and
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Abstract. Triple-negative breast cancer (TNBC) is one of
the most aggressive molecular subtypes of breast cancer and
immune-checkpoint blockade therapy has markedly changed
the treatment landscape for this malignancy. Tumour-infiltrating
lymphocytes (TILs) and tumour mutational burden (TMB)
predict patient response to treatment with immune checkpoint
inhibitors and reflect patient outcomes. The present study
aimed to develop a TIL-based prognostic model, create a
list of immune-related genes (IRGs) to inform clinicians of
possible outcome predictions and generate a clinically relevant
estimate of potential benefit from immunotherapy in TNBC.
The present study included a cohort of 130 patients that were
classified into two groups, namely TMB"&"/CD8* T-cell-rich
and TMB"**/CD8* T-cell-poor. Differential expression analysis
using the ‘edgeR’ package identified IRGs associated with

Correspondence to: Dr Wen-Jie Wang, Department of
Radio-oncology, Suzhou Municipal Hospital, The Affiliated Suzhou
Hospital of Nanjing Medical University, 16 Baita West Road,
Suzhou, Jiangsu 215001, P.R. China
E-mail: suda_wangwenjie@163.com

Dr Lian Lian, Department of Oncology, Suzhou Xiangcheng People's
Hospital, 1060 Zhenghuayuan Road, Suzhou, Jiangsu 215131, PR. China
E-mail: dr_lianlian@163.com

*Contributed equally
Key words: C-X-C motif chemokine ligand 13, immune-related

gene, immune cell infiltration transporter associated with antigen
processing binding protein-like, triple-negative breast cancer

survival. The identified IRGs were included in a univariate
Cox analysis to derive a prognostic signature. In addition, the
present study examined how the signature genes were associ-
ated with immune cell infiltration using the Tumour IMmune
Estimation Resource database. The final four-gene signature,
C-X-C motif chemokine ligand 13 (CXCL13), latent TGF-f§
binding protein 2, placental growth factor and transporter asso-
ciated with antigen processing binding protein-like (TAPBPL),
stratified risk robustly: Patients in the high-risk group had
significantly worse overall survival compared with low-risk
patients in both prognostic and validation models. Compared
with high-risk patients, low-risk patients had greater infiltra-
tion of CD8* T cells, M1 macrophages, resting dendritic cells
and activated CD4* T cells and less infiltration of both MO and
M2 macrophages. Higher CXCL13 and TAPBPL expression
levels were significantly associated with higher CD8* T-cell
counts and inversely associated with MO and M2 macrophage
counts. The overall risk score and CXCL13 expressions were
all positively correlated with multiple immune checkpoint
genes, while TAPBPL expression correlated positively with
CTLA4, TIM3 and TIGIT. In summary, the present study
provided a TMB- and T-cell infiltration-based IRG signature
that is prognostic and may potentially support the prediction of
immunotherapy responsiveness in TNBC in the future.

Introduction

With estimated 2.3 million new cases and 670,000 deaths glob-
ally, breast cancer accounted for ~25% of new female cancer
diagnoses and 15.5% of cancer-related mortality in 2022 (1).
Breast cancer is classified histopathologically and molecularly
into luminal A/B, HER-2-enriched and triple negative breast
cancer (TNBC). TNBC accounts for 10-20% of global breast
cancer cases (2). TNBC is characterised by a poor prognosis
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that is associated with its aggressive behaviour, intrinsic
chemoresistance and tendency to early relapse/metastatic
spread (3). Further molecular sub-stratification has separated
TNBC into basal-like, immunomodulatory, mesenchymal,
mesenchymal stem-like and luminal androgen receptor (4).
TNBC exhibits higher immunogenicity compared with other
subtypes, characterized by increased tumour-infiltrating
lymphocytes (TILs), programmed death-ligand 1 (PD-L1)
expression and tumour mutational burden (TMB) (5). Key
immune-related genes (IRGs) influencing prognosis and
response to immunotherapy include programmed cell death
protein 1 (PD-1), PD-L1, cytotoxic T-lymphocyte-associated
protein 4 (CTLA4), and genes involved in antigen presentation
(human leukocyte antigen), cytokine signalling [interferon-y
(IFNG) and CXCL chemokines] and T-cell function (gran-
zyme B and perforin-1), highlighting potential therapeutic
targets (6).

Treatment strategies for breast cancer have made certain
notable advancements in the past two decades. Fibroblast
growth factor receptor 4 promotes TNBC progression by
activating the AKT/ryanodine receptor type 2 axis, repro-
gramming fatty acid metabolism (7). Separately, circXPO6
stabilizes c-Myc to enhance glycolysis (glucose transporter
type 1/hexokinase 2/monocarboxylate transporter 4), driving
tumour growth (8). Both pathways are associated with poor
prognosis and offer therapeutic targets. However, for patients
with metastatic TNBC, immune-checkpoint blockade,
particularly targeting PD-1/PD-L1, demonstrated promising
results (9).

TILs are key effectors and regulatory factors of the tumour
microenvironment and they have been closely associated with
clinical outcomes in patients with breast cancer, particularly
those achieving complete pathological response after neoad-
juvant chemotherapy (10,11). In TNBC, increased TIL density
is associated with chemosensitivity and lower likelihood of
recurrence (12,13). While CD8* cytotoxic T cells comprise one
component, one of the strongest relationships with survival in
breast cancer cohorts is the frequency of CD8* TILs (14).
TIL levels can also predict sensitivity to immune-checkpoint
inhibitors (ICIs): PD-1 expression is frequently high in the
presence of rich lymphocyte infiltration, which enhances
therapeutic response benefit (15-17).

TMB is defined as the number of somatic sequence
variants per megabase of tumour DNA. A higher TMB
should create neo-antigens that sharpen immune recogni-
tion, increase sensitivity to immune-checkpoint blockade
and provide improved response rates and survival (18-20).
As with TILs, TMB is an accepted biological marker in
predicting the effectiveness of ICIs (21,22). Assessments
of transcriptomic data on a large scale also suggest that
groups of co-expressed genes predict the number and func-
tion of TILs and are prognostic markers (23-25). Recently,
ICIs have exhibited promising activity in TNBC treat-
ment (26,27). Furthermore, previous studies (28,29) have
demonstrated that high TMB is notably associated with
enhanced T cell infiltration, improved response to ICIs and
prolonged survival in TNBC. Considering the prognostic
role of TMB and TILs in cancer outcome and immuno-
therapy response, the present study chose TMB and TILs as
the entry point (28,30).

Despite progress in therapies and prognostic markers, the
majority of patients with TNBC still have a poor outcome.
Therefore, the present study aimed to identify differentially
expressed IRGs (DEIRGs), associating with survival, by
using a combination of TMB and the density of CD8*
T lymphocytes; ii) develop a personalised, TIL-based prog-
nostic model; iii) create a list of IRGs to inform clinicians
of possible outcome predictions; and iv) generate a clinically
relevant estimate of potential benefit from immunotherapy in
TNBC.

Material and methods

Data acquisition and processing. RNA-sequencing data
and clinical details for TNBC were downloaded from The
Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/)
database. After quality control (selecting ‘RNA-sequence’,
‘prognosis’ and ‘TNBC’ in TCGA database), 130 cases (age
range, 26-90 years; all female) were evaluated. Tumours
were stratified according to the median values for both
TMB and CD8* T-cell infiltration into TMB"€"/CD8"¢" and
TMB™"/CD8"". The baseline characteristics are shown in
Table I. IRGs from the Immunology Database and
Analysis Portal (ImmPort) database (https://immport.niaid.
nih.gov/home) were used for the present analysis (31). For
external validation, the expression profiles from 107 TNBC
samples in the Gene Expression Omnibus (GEO) database
(GSE58812) were analysed (ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE58812 (32).

Identification of differentially expressed genes (DEGs),
DEIRGs and survival-associated DEIRGs. The ‘edgeR’
package (http://bioconductor.org/packages/edgeR/) in R
software (R Development Core Team, version 4.2.2) was
applied to screen out DEGs. Statistical significance was
defined based on criteria such as log, (fold-change) >0.5
and a false-discovery rate-adjusted P<0.05 (33). Volcano
plots and heatmaps were produced using the ‘gplots’
(cran.r-project.org/web/packages/gplots/) and ‘heatmap’
(stat.ethz.ch/R-manual/R-devel/library/stats/html/heatmap.html)
functions. By mapping the significant genes in the ImmPort
catalogue, DEIRGs were derived. Univariate Cox propor-
tional-hazards modelling was used to identify DEIRGs which
were associated with overall survival (OS) and cross-validated
in the GSE58812 dataset.

Building the immune-related gene prognostic index (IRGPI).
Survival-associated IRGs were refined using the least absolute
shrinkage and selection operator-penalized Cox regression
and transformed into a composite risk score. Patients from the
GSES58812 dataset were split into high- and low-risk groups
according to the median IRGPI and Kaplan-Meier curves
were used to compare survival between strata. The risk-score

formula was calculated as follows (34):

k

SurvivalRiskScore (SRS) = Z (C; x V)

i=1
In the formula, ‘k’ represents the number of prognostic
indicators involved in the model, ‘C;’ represents the coefficient
of the prognostic indicators in multivariate Cox regression
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Table I. Clinical features of patients with TNBC in TCGA.

Patients (n=130),

Clinical features n (%)
Median age (range), years 53 (26-90)
T stage
T1 33 (25.38)
T2 82 (63.08)
T3 11 (8.46)
T4 4 (3.08)
N stage
0 87 (66.92)
1 28 (21.54)
2 10 (7.69)
3 5(3.85)
G3 39 (30.00)
AJCC stage
1 22 (16.92)
2 87 (66.92)
3 21 (16.16)

AJCC, American Joint Committee on Cancer; G3, poorly differenti-
ated (high grade); N, lymph node; T, tumour; TCGA, The Cancer
Genome Atlas; TNBC, triple-negative breast cancer.

analysis and ‘V;” represents the specific value of the prognostic
indicator.

Relationship between survival-associated IRGs and
immune cell infiltration. Using the Tumour IMmune
Estimation Resource (TIMER) database (cistrome.shinyapps.
io/timer/) (35), the infiltration landscape of immune cells in
tumour-resident immune cells was investigated. The TIMER
repository consists of 10,897 TCGA samples across 15 tumour
types and quantifies the densities of eight immune subsets
[B cells, CD4* and CD8* T cells, natural-killer (NK) cells,
regulatory T cells (Tregs), macrophages, dendritic cells (DCs)
and monocytes]. For each patient with TNBC, the infiltration
values were derived and correlated with the IRGPI.

Relationship between the immune prognostic model and
clinical characteristics and outcome. The present study evalu-
ated whether the IRGPI offered prognostic value over standard
variables by performing both univariate and multivariate Cox
regression for age, American Joint Committee on Cancer
(AJCC) stage and tumour (T) and lymph node (N) status (36).

Tumour dysfunction and exclusion (TIDE) score analysis.
Potential for immune-escape was assessed using TIDE
analysis (tide.dfci.harvard.edu/login), which integrates T-cell
dysfunction and exclusion markers to predict the response to
checkpoint blockade.

Immunohistochemistry (IHC). TNBC tissues collected
from 10 female patients at Suzhou Municipal Hospital from
June 2016 to May 2018 (Suzhou, China; aged 30-78 years;
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median age of 53 years; initial diagnosis of TNBC in post-
operative or puncture specimens; not received any treatment
and provided written informed consent) were fixed for 24 h
in 4% paraformaldehyde/PBS and at 4°C. The tissues were
sliced into 3-5 um-thick sections. The slides were treated
with 0.3% H,0,/PBS at room temperature for 10 min to
eliminate endogenous peroxidase activity. The slides were
treated with 5% goat serum (cat. no. 16210064; Thermo
Fisher Scientific, Inc.) for 30 min at room temperature.
The slides were further stained for CD8, C-X-C motif
chemokine ligand 13 (CXCL13), TAP binding protein like
(TAPBPL), latent TGF-f binding protein 2 (LTBP2) and
placental growth factor (PGF). TNBC tissues were incu-
bated overnight at 4°C with primary antibodies against CD8
(1:1,000; cat. no. GB12068; Wuhan Servicebio Technology
Co., Ltd.), CXCL13 (1:1,000; cat. no. GB11919; Wuhan
Servicebio Technology Co., Ltd.), TAPBPL (1:200; cat.
no. 201030-T08; Sino Biological, Inc.), LTBP2 (1:200;
cat. no. OACDO05363; Beijing Aovia Biotechnology Co.,
Ltd.) and PGF (1:500; cat. no. 10642-1-AP; Proteintech
Group, Inc.), which was followed by incubation with
HRP-conjugated secondary antibodies (goat anti-rabbit
IgG, 1:1,000; cat. no. G1301; Wuhan Servicebio Technology
Co., Ltd.) at room temperature for 30 min. Tissue sections
were stained with 3,3'-diaminobenzidine at room tempera-
ture for 10 min, counterstained with haematoxylin at room
temperature for 15 min, dehydrated using a series of ethanol
and then mounted. Two pathologists, blinded to clinical
information, scored staining intensity using the histochem-
istry Score) semi-quantitative system by light microscope
(Olympus CX33 Corporation) (37).

Statistical analysis. Survival curves were generated using
the ‘survival’ R package and differences were assessed
using the log-rank test. Time-dependent areas under the
curves were generated using the ‘survivalROC’ package
(v1.0.3, cran.r-project.org/web/packages/survivalROC/index.
html). A two-sided P<0.05 was considered to indicate a statis-
tically significant difference. The present study conducted
association analyses of the risk score, CXCL13, TAPBPL,
PGF and LTBP2 with immune cell infiltration separately,
employing the unpaired t-test, Mann-Whitney U test and
Pearson's correlation analysis. Each independent experiment
was repeated three times, and normality test was conducted
using the Kolmogorov-Smirnov test. Data are presented as
the mean.

Results

Patients in the TMB™"/CD8"" group exhibited worse outcomes.
By using median values as cut-offs, there was no significant
survival difference between the TMB"e" and TMB"" (Fig. 1A),
and between the CD8"&" and CD8°" cohorts (Fig. 1B). Patients
classified as TMB¥/CD8°" were associated with significantly
worse OS compared with the TMB""/CD8"¢" cohort (Fig. 1C).

Identification of DEIRGs. A total of 225 immune genes with
altered expression were identified using ‘edgeR’, with 88 IRGs
identified as being upregulated and 137 IRGs identified as
being downregulated (Fig. S1).
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Table II. Univariate Cox regression analysis of TCGA and GEO databases.

Overall survival

TCGA GEO
Gene OR (95% CI) P-value OR (95% CI) P-value
CXCL13 0.352 (0.122-0.979) 0.047* 0.253 (0.108-0.593) 0.002°
CXCL10 0.328 (0.114-0.949) 0.040* 0.434 (0.201-0.934) 0.033*
TAPBPL 0.191 (0.054-0.678) 0.010* 0.426 (0.194-0.937) 0.034*
IDO1 0.334 (0.116-0.965) 0.043* 0.356 (0.162-0.783) 0.010*
IFNG 0.265 (0.085-0.827) 0.022* 0.390 (0.177-0.857) 0.019*
APOBEC3C 0.304 (0.098-0.944) 0.039* 0.509 (0.240-1.078) 0.078
CCL5 0.339 (0.118-0.978) 0.045* 0.519 (0.245-1.100) 0.087
CCL13 0.150 (0.034-0.978) 0.013* 0.537 (0.254-1.139) 0.105
FABP7 0.284 (0.090-0.896) 0.032* 1.485 (0.709-3.110) 0.294
FOS 3.514 (1.107-11.151) 0.033* 1.339 (0.644-2.784) 0434
LTBP2 3.328 (1.041-10.644) 0.043* 0.821 (0.395-1.706) 0.597
PDCD1 0.283 (0.091-0.879) 0.029* 0.353 (0.707-1.470) 0.353
PGF 3.361 (1.080-10.460) 0.036* 1.285 (0.618-2.672) 0.502
PSMEI1 0.192 (0.054-0.673) 0.010* 0.629 (0.300-1.318) 0219

1P<0.05; °P<0.01. OR, odds ratio; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; CXCL, C-X-C chemokine motif ligand;
TAPBPL, transporter associated with antigen processing binding protein-like; IDO1, indoleamine 2,3-dioxygenase 1; IFNG, interferon-v;
APOBEC3C, apolipoprotein B mRNA editing enzyme catalytic subunit 3C; CCL, C-C motif chemokine ligand; FABP7, fatty acid binding
protein 7; FOS, Fos proto-oncogene, AP-1 transcription factor subunit; LTBP2, latent TGF-f binding protein 2; PDCDI, programmed cell
death protein 1; PGF, placental growth factor; PSMEI, proteasome activator subunit 1.

Screening for prognosis-related genes. Out of a total of 63
IRGs, univariate Cox analysis was performed on 14 IRGs that
were significantly associated with survival in TCGA dataset
(Table II).

Low risk-score group demonstrates improved OS in both
prognostic and validation model. In TCGA prognostic
model, the low risk-score group had improved OS compared
with the high risk-score group (Fig. S2A; OS limited to
20 years). In the validation model, the high-risk group had
worse OS compared with the low-risk score group (Fig. S2B).
The formula of risk score was as follows: (Expression level
of CXCL13 x-0.009833) + (expression level of TAPBPL x
-0.016158) + (expression level of LTBP2 x 0.016080) +
(expression level of PGF x 0.096733). The present study
separated patients with TNBC into two groups (high- and
low-risk score groups) with median risk score in TCGA model
(Fig. S3A, C and E). The prognostic model was verified by
a validation prognostic model based on the GEO database
(Fig. S3B, D and F). Patients with a lower T stage (T1-2) had
a significantly lower risk score compared with patients with
stage T3-4 (Fig. S4).

Univariate and multivariate Cox regression analysis of
prognostic model. Using univariate Cox regression analysis,
advanced T stage [hazard ratio (HR)=4.384; 95% CI,
1.388-13.850], N Stage (HR=3.543; 95% CI, 1.282-9.794),
AJCC stage (HR=7.210; 95% CI, 2.586-20.104) and risk score
(HR=6.302; 95% CI, 1.786-22.235) were associated with an

unfavourable prognosis (Table III). Multivariate analysis
determined that the risk score was an independent prognostic
factor for overall survival (HR=4.944; 95 % CI, 1.323-18.479;
Table III).

Validation of the accuracy of the prognostic model. To
substantiate the model, a nomogram was established from the
multivariate Cox model that could compare predictive perfor-
mance across age, AJCC, T and N stages and risk score. The
receiver-operating characteristic curves shown in Fig. S5A
demonstrated improved discrimination for the composite
model. The nomogram, which included the five variables
outlined earlier, generated a point value for each variable and
higher total scores indicated lower 3-, 5- and 10-year survival
probabilities (Fig. S5B).

Analysis of risk score and immune cell infiltration. Individuals
classified into the low-risk cohort had a significantly higher
immune score (IS; Fig. 2A). However, TMB values were
not statistically different between high- and low-risk groups
(Fig. 2B). Low-risk patients also had significantly higher CD8*
T lymphocyte infiltration (Fig. 2C), M1 macrophages (Fig. 2F),
resting DCs (Fig. 2M) and activated CD4* T lymphocytes
(Fig. 2L), while both MO (Fig. 2E) and M2 (Fig. 2G) macro-
phage densities were significantly lower (both P<0.001). Tregs
(Fig. 2D), resting NK cells (Fig. 2H), risk score (Fig. 2I), naive
B lymphocytes (Fig. 2J), resting CD4* T cells (Fig. 2K), acti-
vated DCs (Fig. 2N) and monocytes (Fig. 20) infiltration did
not differ between risk groups.
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Table III. Univariate and multivariate Cox regression analysis of TCGA prognostic model.

Overall survival

Univariate Multivariate
Clinical feature OR (95% CI) P-value OR (95% CI) P-value
Age 0.517 (0.179-1.494) 0.223 - -
T stage 4.384 (1.388-13.850) 0.012* 0917 (0.218-3.851) 0.562
N stage 3.543 (1.282-9.794) 0.015* 2.135 (0.612-7.450) 0.234
AJCC stage 7.210 (2.586-20.104) <0.01* 3.015 (0.690-13.176) 0.142
Risk score 6.302 (1.786-22.235) 0.004* 4944 (1.323-18.479) 0.018*

*P<0.05. AJCC, American Joint Committee on Cancer; N, lymph node; T, tumour; TCGA, The Cancer Genome Atlas; TNBC, triple-negative

breast cancer; OR, odds ratio.
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Higher transcription levels of CXCL13 were accompanied
by significantly higher IS (Fig. 3A) but were not associated
with TMB (Fig. 3B). Samples with high CXCL13 levels had
significantly greater recruitments of CD8* T cells (Fig. 3C),
activated CD4* T cells (Fig. 3L) and M1 macrophages
(Fig. 3F) and significantly lower levels of MO (Fig. 3E) and M2
macrophages compared with those with low CXCL13 levels

(Fig. 3G). Treg cells (Fig. 3D), resting NK cells (Fig. 3H), risk
score (Fig. 3I), naive B cells (Fig. 3J), resting CD4* T cells
(Fig. 3K), resting DCs (Fig. 3M), activated DCs (Fig. 3N)
and monocytes (Fig. 30) concentrations did not appear to be
impacted by the level of CXCL13.

Similarly, enhanced levels of TAPBPL were significantly
associated with higher IS (Fig. 4A) and not associated with
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mutation burden; Treg, regulatory T cell; NK, natural killer; DC, dendritic cell.

TMB (Fig. 4B). Increased levels of TAPBPL transcripts
were significantly associated with greater infiltration of
CDS8* T lymphocytes (Fig. 4C) and with lower propor-
tions of MO (Fig. 4E) and M2 (Fig. 4G) macrophages. Treg
cells (Fig. 4D), M1 macrophages (Fig. 4F), resting NK
cells (Fig. 4H), risk score (Fig. 41), naive B cells (Fig. 4J),
resting CD4* T cells (Fig. 4K), activated CD4* T cells
(Fig. 4L), resting DCs (Fig. 4M), activated DCs (Fig. 4N)
and monocytes (Fig. 40) concentrations were not affected by
whether TAPBPL was expressed.

Increased PGF expression, by contrast, was significantly
associated with greater infiltration of MO (Fig. SE) and lower
infiltration of M1 macrophages (Fig. 5SF). PGF levels were not
associated with IS (Fig. 5SA) or TMB (Fig. 5B). PGF expres-
sion was also not associated with CD8* T cells (Fig. 5C),
Treg cells (Fig. 5D), M2 macrophages (Fig. 5G), resting NK
cells (Fig. SH), risk score (Fig. 51), naive B cells (Fig. 5J),
resting CD4* T cells (Fig. 5K), activated CD4* T cells (Fig. 5L),
resting DCs (Fig. 5M), activated DCs (Fig. 5N) and mono-
cytes (Fig. 50) as well.

Increased LTBP2 expression was significantly
associated with greater infiltration of resting CD4* T

lymphocytes (Fig. 6K) and independent of IS (Fig. 6A) and
TMB (Fig. 6B). LTBP2 levels did not influence infiltra-
tion of CD8* T lymphocytes (Fig. 6C), Treg cells (Fig. 6D),
MO macrophages (Fig. 6E), M1 macrophages (Fig. 6F), M2
macrophages (Fig. 6G), resting NK cells (Fig. 6H), risk
score (Fig. 61), naive B cells (Fig. 6J), activated CD4* T
cells (Fig. 6L), resting DCs (Fig. 6M), activated DCs (Fig. 6N)
or monocytes (Fig. 60).

Immune checkpoint-related genes correlation analysis.
The composite risk score indicated a positive correlation
with immune-checkpoint genes PD-L1, T-cell immuno-
globulin and cytotoxic T-lymphocyte antigen 4 (CTLA-4)
and TIGIT, but negatively with lymphocyte activation
gene 3 (LAG3) (Fig.7). CXCL13 levels were also posi-
tively correlated with each of these immune-checkpoint
genes (Fig. 8). TAPBPL levels correlated positively with
mucin domain-containing protein 3 (TIM3), CTLA-4 and
TIGIT, negatively with LAG3, (Fig. 9). PGF levels were not
significantly correlated with PD-L1, TIM3, LAG3, CTLA-4
or TIGIT transcript levels either (Fig. 10). Lastly, LTBP2
levels correlated negatively with LAG3 levels, while no
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correlation was observed between PD-L1, TIM3, TIGIT,
CTLA-4 and LTBP2 (Fig. 11).

TIDE score analysis of survival-associated IRGs. Individuals
classified as low-risk had a markedly lower TIDE score
compared with the high-risk group (Fig. 12A). Higher levels

of CXCLI13 expression were associated with lower TIDE
scores (Fig. 12B). Similarly, individuals with higher levels of
TAPBPL expression had lower TIDE scores compared with
low levels of TAPBPL expression (Fig. 12C). By contrast,
higher levels of PGF expression were associated with higher
TIDE scores (Fig. 12D). There was no significant difference
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in the TIDE score between risk categories with LTBP2
expression (Fig. 12E).

Validation of survival-associated IRGs expression in
TNBC tissues. To assess protein expression levels of
CXCL13, TAPBPL, LTBP2 and PGF, IHC analysis was
performed on TNBC samples. In support of the immune cell
infiltrating data, TNBC tissues with high CD8 expression

levels demonstrated strong CXCL13 and TAPBPL expres-
sion, while LTBP2 and PGF demonstrated weak IHC
signals (Fig. S6).

Discussion

The host immune system demonstrates a well-established
double-edged sword effect on neoplasia. Immune elements can
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potentially drive malignancy yet provide strong antitumour and
cytotoxic functions (38). Therefore, ICIs have become standard
treatment for certain relapsed or metastatic diseases, such as
TNBC. Clinical trials such as KEYNOTE-522 (NCT03036488)
and IMpassion-130 (NCT02425891) led to the regulatory
approval of pembrolizumab and atezolizumab for recurrent or
metastatic TNBC (39-41); however, while there were notable
clinical benefits in these studies, they were mostly confined
to tumours with a high combined positive score (CPS). Since
CPS-high lesions are a small subset of all breast cancer types,

it is key to find novel predictive biomarkers to improve the
precision and population-wide benefit of treatment in TNBC.
Notable evidence has demonstrated that a high TMB is notably
correlated with enhanced T-cell infiltration, higher neoantigen
burden, improved response to ICIs and prolonged survival in
TNBC (42,43). Considering the value of TMB and TILs in
evaluating the efficacy of ICIs (44.,45), the present study there-
fore focused on their prognostic value in TNBC.

In the present study, 130 patients with TNBC were assigned
to TMB"eh/CD8* T-cell™s" or TMB**/CD8* T-cell'™ groups.
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Kaplan-Meier analysis indicated that the TMB"&"/CD8*
T-cell™e" cohort had a significantly improved survival outcome
compared with the TMB""/CD8" T-cell group. Higher
TMB and CD8* T cell levels may create neo-antigens
that enhance immune recognition, increase sensitivity to
immune-checkpoint blockade and provide improved response
rates and survival. Therefore, individuals with high TMB and
CD8* expression have improved prognosis (46,47). Further
investigation revealed 14 genes were differentially expressed,
immune-related and had prognostic value. To corroborate
these observations, external validation was performed using
the GEO dataset GSE58812 to reduce the applicable genes to
obtain a prognostic model based on five IRGs.

Subsequently, differential transcripts between defined
risk strata were used to perform classification across these
two groups to create a prognostic signature. Tumour immune
microenvironment (TIME) characterisation revealed that
low-risk tumours had a denser intratumoral CD8* T-cell
infiltration with a higher global IS but richer M2-polarised
macrophages in the high-risk tumours. Previous studies
established that CD8* T effector cells are the predomi-
nant lymphocyte infiltrate in breast tumours (14,48).
Furthermore, heightened T-cell infiltration is associated
with objective response rates among patients with TNBC
who receive ICI therapy (49) and the intratumoral vs.
stromal compartment of CD8* T-lymphocytes is associ-
ated with enhanced relapse-free survival (50). By contrast,
IL-6, IL-17 and TGF-f cytokines have demonstrated the
ability to activate tumour-associated macrophages and
Tregs to inhibit CD8* T cell proliferation, migration and
cytolytic function by releasing immunosuppressive media-
tors (51-53). Macrophages themselves exhibit two main
activation states: i) Classically activated (M1), providing
antimicrobial defence; and ii) alternatively activated (M2),
promoting metastases, an immunosuppressive environment
and angiogenesis (54-57). Therefore, the accumulation of
M1 macrophages and CD8* T cells from the low-risk cluster
could explain their improved clinical course.

The present study identified four immune-related prog-
nostic genes including CXCL13, TAPBPL, LTBP2 and
PGF. CXCL13, also known as B-lymphocyte attracting
chemokine 1, attracts CXC receptor 5* B cells and promotes
germinal-centre activity (58). Several studies associate
elevated CXCL13 levels with improved disease-free
survival and higher pathologic complete response rates
after neoadjuvant chemotherapy treatment in patients with
TNBC (59,60). Lv et al (61) demonstrated that there was a
greater chemotherapy response in patients with high expres-
sion of CXCL13 than those with low expression of CXCL13
in TNBCs. TAPBPL is expressed by resting and activated T
cells, B cells, DCs and monocytes. Experimental investiga-
tions demonstrated that TAPBPL inhibits T cell activation
in vitro and its inhibition enhances antitumour immunity in
culture and mice (62). CXCL10 was recognised as a strong
T cell chemoattractant and orchestrates migration, differen-
tiation and activation of immune cells (63,64). Yi et al (65)
demonstrated CXCLI10 is a key regulatory immune molecule
and prognostic factor for TNBC; Katsuta et al (66) identified
high CXCLI10 expression levels facilitated antitumour immu-
nity and improved survival. Indoleamine 2,3-dioxygenase

1 (IDO1) mRNA is upregulated in several cancer types,
inhibiting T-cell infiltration and limiting pharmacological
approaches targeting IDO1 (67,68). In TNBC, high IDO1
transcription is associated with recurrence <5 years after
chemotherapy administration (69). IFNG remains one of
the original effector cytokines for antitumour immunity and
one of the most continuously associated predictors for ICI
candidate-responding tumours (70,71). Increased transcrip-
tion of IFNG was reported to be strongly associated with
improved disease-free survival in TNBC (HR=0.38) (72).

The present risk-score analysis indicated that high CXCL13
expression in TNBC samples is associated with significantly
higher IS scores, increased overall CD8* T cells and increased
M1 macrophages and significantly lower M2 macrophages,
indicating a more pro-immunogenic antitumour immune envi-
ronment. CXCL13 demonstrated strong positive correlations
with multiple immune-checkpoint genes (PD-L1, TIM3, LAG3,
CTLA-4 and TIGIT), indicating that CXCL13 reflects TIME
state and predicts ICI response. Increased TAPBPL expression
was also positively correlated with increased IS score and CD8*
T-cell density and inversely correlated with increased MO and
M2 macrophages. Furthermore, increased TAPBPL expression
demonstrated positive correlations with CTLA4, TIM3 and
LAG3. PGF is a member of the vascular endothelial growth
factor family that promotes neovascularisation and inflam-
mation (72); here, increased PGF expression was significantly
associated with greater infiltration of MO and lower infiltration of
M1 macrophages. LTBP2, which has been implicated in various
malignancies (73), indicated significantly inverse correlations
with LAG3. Due to the contrasting pro- and anti-differentiation
functions of M1 and M2 macrophages in cancer biology, these
IRGs might represent actionable biomarkers that could be used
for treatment decisions and prognosis in TNBC.

Finally, to validate the accuracy of this prognostic model,
we constructed ROC curves and a nomogram to compare the
predictive efficacy across different ages, AJCC, T stages, N
stages, and risk scores. In the ROC analysis, both the risk
score and N stage yielded AUC values greater than 0.8,
demonstrating excellent diagnostic performance. Meanwhile,
the nomogram clearly indicates that a lower total score
corresponds to higher 3, 5, and 10-year survival rates, which
aligns with clinical expectations. In summary, compared with
conventional methods, the present prognostic model exhibits
superior predictive accuracy.

To further explore immune evasion mechanisms, the
present study also calculated TIDE scores, with larger scores
representing an increased propensity to immune escape
and resistance to ICI therapy. Low-risk TNBC tumours and
tumours with high CXCL13, TAPBPL or PGF expression
demonstrated statistically lower TIDE scores, indicating these
tumours might be more susceptible to checkpoint blockade.

To the best of our knowledge, the present study is the first to
combine TMB status with CD8* T-cell infiltration in an overall
immunogenomic context to produce an overall risk model of
IRGs for TNBC.In addition, the present study demonstrated that
the risk signature is closely associated multiple immune-check-
point mediators, advancing the current understanding of the
TNBC immune landscape and providing a potential biomarker
for the prospective prediction of immunotherapy benefit in this
aggressive subtype of breast cancer.
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There are still certain limitations in the present study.
Firstly, the prognostic index in the present study was based
on gene expression data provided by TCGA, and the high
price and long testing time might limit the application of
the prognostic index in clinical practice. Secondly, despite
the approval of ICIs for the first-line treatment of recurrent
and metastatic TNBC, the number of patients receiving
ICI treatment is currently limited. Thus, more cases
undergoing ICI treatment are warranted in future inves-
tigations. Furthermore, due to the relatively low incidence
rate of TNBC, the present study did not have sufficient
samples to quantitatively analyse the association between
the expression levels of PD-L1 and immune-related genes
in the tumour immune microenvironment. Future studies
may include a larger sample size to verify the present study
findings.
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