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A B S T R A C T

Immune checkpoint blockade has shown benefit in some Triple-negative breast cancer (TNBC) patients, but 
responses are variable. BRCA1-mutated TNBC represents a biologically distinct subgroup, potentially differing in 
immunogenicity and immunotherapy responsiveness. However, immune microenvironment differences between 
BRCA1-mutated and sporadic TNBC remain incompletely understood. By performing single-cell RNA sequencing 
analysis on sporadic TNBC and BRCA1 mutant TNBC, we assessed immune cell composition, transcriptional 
program, pathways, stemness, differentiation, and transcription factor regulatory networks. B cell and plasma 
cell subtypes were further explored using AUCell, CytoTRACE, Monocle2, and Slingshot. Compared to sporadic 
TNBC, BRCA1-mutated TNBC exhibited a distinct immune landscape with enriched naïve and memory B cells, 
while sporadic TNBC was dominated by terminally differentiated plasma cells, including IgA plasma cells. 
Functional enrichment analyses showed enhanced adaptive immune signaling, antigen presentation, and B cell 
receptor pathways in BRCA1-mutated TNBC, while sporadic TNBC had humoral effector and immunoregulatory 
programs. Trajectory and stemness analyses indicated enhanced cellular plasticity and decreased differentiation 
in B cells derived from BRCA1-mutated triple-negative breast cancer. Analysis of transcription factors revealed 
JUND and ETV1 in BRCA1-mutated TNBC, and MEIS1 and CEBPB in sporadic TNBC. Our findings underscore 
disparities in the immune ecosystem between BRCA1-mutated and spontaneous TNBC, indicating that the B cell- 
centric immunological milieu in BRCA1-mutated TNBC may offer a more advantageous setting for immuno
therapy. Sporadic TNBC, by contrast, exhibits an immunological state characterized by plasma cells, which may 
restrict immune reactivation. These data indicate that B cell-based immunological stratification may guide 
precision immunotherapy approaches.

Introduction

Triple-negative breast cancer (TNBC) lacks specific targeted treat
ment options due to the absence of estrogen receptor, progesterone re
ceptor, and HER2 expression [1,2]. Its highly aggressive nature and poor 
prognosis make it one of the major challenges in clinical treatment [3,4]. 
The intrinsic molecular heterogeneity and dynamic regulation of the 
tumor immune microenvironment (TME) in TNBC form a crucial basis 
for its heterogeneous therapeutic response [5–8]. In recent years, im
mune checkpoint inhibitors (ICIs) have progressively established their 
role in TNBC therapy. Their introduction offers novel strategies for 
treating this refractory disease [9–13]. TNBC generally demonstrates 

increased numbers of tumor-infiltrating lymphocytes (TILs) and PD-L1 
expression, which, along with its heightened tumor mutational 
burden, indicates enhanced immunogenicity [14–17]. Despite this, only 
a subset of TNBC patients achieve durable responses or significant sur
vival benefits from ICIs therapy [18,19]. Responses to immune therapy 
in TNBC are highly heterogeneous, and monotherapy yields limited 
overall survival benefits in previously treated populations [20], sug
gesting that the receptor-level classification of TNBC masks fundamental 
differences in immune ecosystems [21,22].

Within the genetic heterogeneity of TNBC, BRCA1 mutations 
constitute a subgroup with unique biological traits [23]. 
BRCA1-mutated TNBC is thought to exhibit distinct molecular 

* Corresponding author to: College of First Clinical Medicine, Shandong University of Traditional Chinese Medicine, Jinan, Shandong, 250000, China.
E-mail address: 2023100062@sdutcm.edu.cn (C. Sun). 

1 Qi Sun and Yuting Zhong contributed equally to this work.

Contents lists available at ScienceDirect

Translational Oncology

journal homepage: www.elsevier.com/locate/tranon

https://doi.org/10.1016/j.tranon.2026.102805
Received 2 March 2026; Received in revised form 18 April 2026; Accepted 30 April 2026  

Translational Oncology 69 (2026) 102805 

1936-5233/© 2026 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:2023100062@sdutcm.edu.cn
www.sciencedirect.com/science/journal/19365233
https://www.elsevier.com/locate/tranon
https://doi.org/10.1016/j.tranon.2026.102805
https://doi.org/10.1016/j.tranon.2026.102805
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


mechanisms concerning immunotherapy in contrast to non-mutated 
triple-negative breast cancer [24]. Genomic instability arising from 
homologous recombination deficiency and the consequent rise in neo
antigens may augment tumor immunogenicity, thereby enhancing the 
efficacy of immunotherapy. Conversely, clinical combination therapy 
utilizing PARP inhibitors and immunotherapy has shown efficacy in 
triple-negative breast cancer, especially in individuals with BRCA mu
tations or homologous recombination deficiency. Research indicates 
that the combination of niraparib and pembrolizumab yields significant 
disease control rates in advanced or metastatic TNBC, with response 
rates notably elevated in BRCA-mutated tumors [25]. These findings 
suggest that BRCA-mutated TNBC not only exhibits greater immuno
genicity but also possesses an immune microenvironment structure 
potentially better suited for “reactivation” by ICIs.

With the maturation of single-cell RNA sequencing (scRNA-seq) 
technology, researchers can now resolve the complex heterogeneity of 
the TME at single-cell resolution [26–29]. scRNA-seq systematically 
delineates discrete subpopulations of immune cells and their associated 
transcriptional states [30], which is essential for comprehending the 
properties and roles of immune cells in TNBC. Current research has 
employed scRNA-seq to create comprehensive maps of the breast cancer 
tumor microenvironment, revealing various immune cell populations, 
unique NK cell statuses, and intricate immune regulatory pathways [31]. 
These studies illustrate the significant variability of immune cell 
composition and functional states within the tumor microenvironment 
[32]. Particularly in TNBC, scRNA-seq analyses reveal substantial het
erogeneity in immune cell lineages across distinct TNBC subtypes, 
closely associated with tumor progression, immune activation, or 
immunosuppression programs [33].

Although existing single-cell studies have revealed the complexity of 
the TNBC immune microenvironment, systematic comparisons of dif
ferences in immune composition, immune status, and immunotherapy 
sensitivity between common TNBC and BRCA1-mutated TNBC remain 
insufficient [34]. The fundamental distinctions between the immune 
ecosystem structure of BRCA1-mutated TNBC and that of common TNBC 
lack in-depth analysis. In this context, doing comparative analyses uti
lizing extensive single-cell immunoscale data to discern variations in 
immune cell composition, functional states, and differentiation path
ways between typical TNBC and BRCA1-mutant TNBC is critically 
important. This not only aids in revealing the mechanistic factors un
derlying the disparate responses to immunotherapy between the two 
TNBC subtypes but may also provide theoretical foundations and po
tential biomarkers for TNBC immune subtyping and precision immu
notherapy strategies.

Methods

Single-cell sequencing data sources

The scRNA-seq data used in this study were obtained from the Gene 
Expression Omnibus database [35], with the dataset identifier 
GSE161529. This dataset comprised single-cell transcriptome 
sequencing data from breast cancer patients, covering multiple molec
ular subtypes of breast cancer. It involved systematic collection and 
sequencing of tumor tissues and corresponding control samples. All data 
used in this study can be accessed without restriction.

scRNA-seq data processing

The analysis was performed using the Seurat R package (version 
4.4.0) [36,37]. Quality control was conducted utilizing the Doublet
Finder R package (version 2.0.3) [38]. Subsequently, gene expression 
matrices for the remaining cells were generated using logarithmic 
normalization and linear regression techniques, utilizing the "Normal
izeData" and "ScaleData" functions from the Seurat R package (version 
4.4.0) [39]. The "FindVariableFeatures" function was then applied to 

identify the top 2000 most variable genes and perform principal 
component analysis [40]. The Harmony package (version 1.2.0) was 
employed for batch effect correction [41].

Determination of cell and pathway enrichment analysis

Cell clusters were initially identified using the "FindNeighbors" and 
"FindClusters" functions implemented in Seurat [42]. The Seurat "Fin
dAllMarkers" function was used to conduct the Wilcoxon rank-sum test 
for the assessment of differentially expressed genes (DEGs) across 
various cellular clusters [43].

Enrichment analyses of DEGs in various cell types were conducted 
using Gene Ontology (GO) and Gene Set Enrichment Analysis (GSEA) 
(http://software.broadinstitute.org/gsea/msigdb) tools using Cluster
Profiler R package (version 4.14.0) [44].

Developmental trajectory inference

Cell differentiation trajectories were constructed with Monocle R 
package (version 2.24.0) [45]. Visualization facilitated by the "plot_
cell_trajectory" function. The different cell subpopulations were then 
sorted based on their pseudotime order.

The slingshot R package (version 2.10.0) was used for inferring cell 
lineages and pseudotime. The "getCurves" function was employed to 
obtain smoothed trajectory curves.

SCENIC analysis

To calculate the regulon activity scores of cells, we used the SCENIC 
R package (version 0.10.0) within the Python (version 3.7) for SCENIC 
analysis. First, GRNBoost2 was used to infer the co-expression modules 
between transcription factor (TFs) and candidate target genes. Then, 
RcisTarget was used to analyze the genes in each co-expression module 
to identify the enriched motifs (a TF and its potential direct target genes 
were defined as a regulon). The AUCell method was applied to quantify 
regulon activity at the single-cell level.

Statistical analysis

R software and Python software were used for database data anal
ysis. All mentioned p-values were two-tailed, with values below 0.05 
considered statistically significant. Values below 0.001 were deemed 
highly significant, while those below 0.0001 were considered extremely 
significant.

Results

Construction of a comprehensive single-cell atlas of the breast immune 
microenvironment

To obtain a comprehensive single-cell atlas of the breast immune 
microenvironment, we collected single-cell sequencing data from 17 
ER+ tumors (T-ER), 6 HER+ tumors (T-HER2), 1 PR+ tumor (T-PR), 4 
TNBCs (TN), and 4 BRCA1+ TNBCs (TN-BRCA1) from 52 patients, as 
well as whole-breast cells from 13 healthy controls without breast 
cancer and normal epithelial breast cells from 11 patients (HC). After 
quality control and filtering of the sequencing data, 295,804 cells were 
obtained. Following unsupervised clustering and reference to classical 
cellular markers, these cells were classified into nine cell types: 
epithelial cells (EPCs), T and NK cells, fibroblasts, smooth muscle cells, 
myeloid cells, endothelial cells (ECs), B and Plasma cells, pericytes, and 
mast cells (MCs)(Fig. 1A). Fig. 1B showed the distribution of these nine 
cell types and different tissue origins on UMAP, while also displaying the 
proportion of cells in the cell cycle and grouping across the nine cell 
types. EPCs, myeloid cells, ECs and Fibroblasts exhibited a higher pro
portion of cells in the G1 phase, indicating a relatively quiescent 
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Figure 1. Single-cell landscape of breast tumors and normal tissues. (A) UMAP clustering plot, with pie charts showing the cell phase scores from RNA sequencing. 
(B) UMAP plot showing the clustering of different groups. (C) Violin plots showing the expression levels of IGKC across different cell types. (D) Violin plots showing 
the expression levels of IGKC across different groups, where *** indicates P < 0.001 and ns indicates no statistically significant difference. (E) UMAP plot showing the 
expression density distribution of the IGKC gene in the single-cell UMAP embedding. (F) Bubble plots showing the differential expression of the top 5 marker genes 
across cell types and tissue origins. (G) Stacked bar charts showing the proportion of each cell type in different groups. (H) Heatmap of Ro/e scores used to evaluate 
the tissue origin preference of different cell types.
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transcriptional state rather than active proliferation. Conversely, B and 
Plasma cells exhibited a higher proportion in the G2/M phase, consistent 
with a proliferative cellular state, potentially indicated the presence of 
tumor immune responses within the microenvironment. To validate the 
accuracy of our cell type annotation, we visualized IGKC, one of the 
classic markers for B and Plasma cells (Figs. 1C-E). IGKC was differen
tially highly expressed in B and Plasma cells, and we observed its nearly 
complete absence in both the HC and TN groups, while it exhibited high 
expression levels in the T-HER2 and TN-BRCA1 group. Fig. 1F further 
demonstrated the top five markers for all cell types, consistent with their 
biological context. Additionally, the stacked proportion plots and tissue 
preference maps revealed that breast cancer tumor tissues exhibited 
significant immune infiltration compared to normal tissues, with 
markedly increased proportions of T and NK cells and B and Plasma 
cells, these cells also demonstrated a preference for different tumor 
types. (Figs. 1G-H). The proportions of immune cells also varied within 
different tumor types. B and Plasma cells, T and NK cells, and myeloid 
cells were all significantly enriched in T-HER2, T-PR, and TN-BRCA1 
tissues, while T-ER and TN tissues show comparatively lower levels. 
Notably, although both TN and TN-BRCA1 belong to the TNBC spec
trum, their immune infiltration patterns were clearly distinct, indicating 
that different molecular backgrounds within TNBC may shape divergent 
immune microenvironments. Thus, the differences in the immune 
microenvironment between the TN and TN-BRCA1 groups particularly 
caught our attention.

Functional characterization of major cell types in the breast tumor 
microenvironment

Next, we performed DEGs analysis and enriched pathway analysis on 
the nine cell types obtained from breast tissue samples, and present the 
results (Fig. 2A). In EPCs, elevated expression of mitochondrial respi
ratory chain complex I genes, including NDUFA1, NDUFC2, and 
NDUFB6, signifies a substantial enhancement in mitochondrial energy 
metabolism mostly driven by oxidative phosphorylation (NDUFC2). This 
signified their heightened metabolic requirements and functional ac
tivity, presumably providing sustained energy support for tumor 
epithelial cells during proliferation, biosynthesis, and adaptation to the 
microenvironment. In B and Plasma cells, genes like HLA-DRB1 [46], 
CD74 [47], and PTPRC exhibited significant activation, indicating that 
this cell type possesses distinct antigen-presenting capabilities and 
mature immune cell characteristics. In myeloid cells, inflammatory and 
innate immunity-related genes, including TNF and TLR4, were markedly 
activated, alongside elevated expression of the immune regulating re
ceptor TREM2. This indicated that this cell population is in a functional 
state marked by simultaneous inflammatory activation and immuno
logical control. In T and NK cells, immunological activation and 
effector-related genes, including PTPRC and IFNG, were markedly 
elevated, alongside increased HMGB1 activity, indicating that this 
population is in a highly activated effector state with the capacity for 
inflammatory amplification . Following this, we presented the pathway 
enrichment of each cell type in the GO-BP entries, highlighting the three 
immune cell types of interest separately (Figs. 2B-C). All three were 
enriched in pathways related to immune activation and regulation, such 
as “lymphocyte activation”, “regulation of immune response”, and 
“immune effector process”. We performed GSEA to visualize pathways 
associated with B and Plasma cells exhibiting significant proportion 
differences between the TN and TN-BRCA1 groups (Fig. 2D). Results 
demonstrated that B and Plasma cells dramatically enriched and 
elevated various pathways linked to adaptive immunity, including 
"adaptive immune response," "BCR signaling," "antigen processing and 
presentation," and "immunoglobulin production." In contrast, pathways 
linked to “neutrophil chemotaxis” and “granulocyte migration” 
demonstrated a downregulated trend, indicating that this B and Plasma 
cell population displays a pronounced inclination towards humoral 
immunity and antigen presentation functions, while innate immune 

chemotactic mechanisms associated with granulocyte recruitment were 
comparatively reduced. The adaptive immunological features, mostly 
influenced by B and Plasma cells, identified in the TN and TN-BRCA1 
cohorts may elucidate their varied responses to immunotherapy, 
underscoring the significance of B cell-mediated immune control in 
TNBC.

B and plasma cell heterogeneity underlies differential immune landscapes 
in TN and TN-BRCA1 tumors

The preceding analysis piqued our interest in B and Plasma cells. 
Therefore, we performed dimensionality reduction clustering specif
ically on B and Plasma cells from the TN and TN-BRCA1 groups, iden
tifying 2 naïve B cell subtypes, 2 memory B cell subtypes, 9 IgG plasma 
cell subtypes, and 1 IgA plasma cell subtype (Fig. 3A). We then used a 
faceted plot to visualize the UMAP-based dimensionality reduction 
distributions of the two TNBC subtypes and different TNBC patients 
(Figs. 3B-C). Fig. 3D illustrated the five principal marker genes for each 
B and Plasma cell subtype. Plasma cells were chiefly defined by 
immunoglobulin-associated genes, whereas naïve B cells and memory B 
cells are mainly distinguished by immunological activation-associated 
genes. Next, we analyzed and visualized the enrichment differences 
between the two groups (Fig. 3E). Notably, the TN group primarily 
enriched genes highly associated with plasma cells, while the TN-BRCA1 
group enriched genes associated with naïve B cells. To further identify 
biological distinctions between these two groups, we visualized the 
distribution proportions of these B and Plasma subtypes across different 
groups (Figs. 3F-G). It was evident that C0 CD83+ Naïve B cells, C2 
MS4A1+ Memory B cells, C4 CD69+ Naïve B cells, and C7 CD52+
Memory B cells were significantly more prevalent in the TN-BRCA1 
group compared to the TN group. Conversely, the TN group exhibited 
a higher proportion of plasma cells(Fig. 3H). Overall, TN-BRCA1 tumors 
exhibited an immune composition characterized primarily by naïve/ 
memory B cell expansion and activation-related phenotypes, whereas 
TN tumors tended toward a humoral effector state associated with ter
minal B cell differentiation.

Functional pathway enrichment analysis reveals heterogeneity among B 
and plasma cell subtypes

Next, we presented the DEGs obtained from four cell subtypes 
derived from B and Plasma cells: C0 CD83+ Naïve B cells, C1 MZB1+
IgG plasma cells, C2 MS4A1+ memory B cells, and C9 IGHA2+ IgA 
plasma cells (Fig. 4A). Each B and Plasma cell subtype demonstrated 
transcriptional features that align with its cellular identity at the level of 
DEGs. In C0 CD83+ Naïve B cells, CD69 and CD83 exhibited upregula
tion, but XBP1 and MZB1, linked to plasma cell development and 
secretory pathways, demonstrated downregulation, indicating that this 
population signifies active, antigen-presenting naïve-like B cells. C2 
MS4A1+ Memory B cells demonstrated an increase of MS4A1 and a 
downregulation of MZB1, aligning with the characteristics of mature 
non-plasma cell lineage B cells. Conversely, plasma cell subtypes 
exhibited isotype-specific immunoglobulin expression: C1 MZB1+ IgG 
plasma cells upregulated IGHG3/IGHGP and downregulated MS4A1, 
whereas C9 IGHA2+ IgA plasma cells upregulated IGHA2 and JCHAIN 
while downregulating IGHG4, thereby reinforcing the molecular char
acterization of IgG and IgA plasma cells. At the enriched route level, 
these four subgroups equally displayed traits aligned with their bio
logical contexts (Fig. 4B). C0 CD83+ Naïve B cells and C2 MS4A1+
Memory B cells have enhanced activity in leukocyte and immunological- 
related pathways, indicating their principal role in immune recognition, 
antigen presentation, and the control of adaptive immunity. C1 MZB1+
IgG plasma cells and C9 IGHA2+ IgA plasma cells demonstrated 
increased activity in endoplasmic reticulum-associated pathways, 
indicative of their robust protein synthesis and antibody production 
capabilities. Applying this characteristic to further subtypes of the same 
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Figure 2. Cell-type-specific transcriptional programs reveal immune activation heterogeneity across breast cancer subtypes. (A)Word cloud plots intuitively show 
the core marker genes and their functional pathway preferences across different cell types. (B) Bar plots of GO-BP enrichment analysis for T and NK cells, myeloid 
cells, and B and Plasma cells. (C) Bubble plots showing the GO-BP pathway enrichment analysis across different cell types. (D) GSEA plot of immune pathways in B 
and Plasma cells.
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Figure 3. Heterogeneity and subtype composition of B and Plasma cells in TN and TN-BRCA1 tumors. (A) Single-cell circular clustering plot of the B and Plasma cell 
lineage. (B) UMAP clustering of the TN and TN-BRCA1 groups. (C) UMAP plots showing the clustering of 8 triple-negative breast cancer samples. (D) Heatmap 
showing marker genes of 14 B and Plasma cell subtypes. (E) Heatmap showing DEGs of the TN and TN-BRCA1 groups. (F) Stacked bar plot of cell proportions across 8 
sample group. (G) Stacked bar plot of cell type proportions in TN and TN-BRCA1 samples. (H) Bar graphs showing the proportions of different B and Plasma cell 
subtypes in TN and TN-BRCA1 groups.
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Figure 4. Pathway enrichment characteristics of B and Plasma cell subtypes. (A) Volcano plots illustrated the DEGs in four B and Plasma cell subtypes (C0 CD83⁺ 
Naïve B cells, C1 MZB1⁺ IgG plasma cells, C2 MS4A1⁺ memory B cells, and C9 IGHA2⁺ IgA plasma cells). (B) Word cloud showing the gene expression levels in C0, C1, 
C2, and C9 cell subtypes. (C) Heatmap of characteristic gene expression patterns and corresponding GO-BP enrichment results across 14 B and Plasma cell subtypes. 
(D) Bubble plot displaying the pathway enrichment results of 14 B and Plasma cell subtypes. (E) GSEA plots of key biological processes in four representative B and 
Plasma cell subtypes(C0 CD83⁺ Naïve B cells, C1 MZB1⁺ IgG plasma cells, C2 MS4A1⁺ memory B cells, and C9 IGHA2⁺ IgA plasma cells).
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category produced uniform outcomes (Figs. 4C-E). Memory B cells and 
naïve B cells significantly enhance pathways linked to cytoplasmic 
translation, indicating they are in an active state primarily dedicated to 
manufacturing proteins related to immune activity. Conversely, plasma 
cells markedly enhanced pathways associated with the endoplasmic 
reticulum and endoplasmic reticulum-associated degradation, signi
fying their highly active state of antibody synthesis and dependence on 
endoplasmic reticulum-associated protein quality control mechanisms 
to sustain secretory homeostasis. These findings indicated functional 
variations in protein synthesis and secretion patterns during different 
stages of B and Plasma cell development.

Subtype-specific stemness features reveal differential B and plasma cell 
state plasticity in TN and TN-BRCA1 tumors

After defining the functional characteristics of different B and Plasma 
cell subtypes, we further assessed their state features from the 
perspective of cell stemness to explore differences in cellular differen
tiation potential between TN and TN-BRCA1 tumors. We first scored cell 
stemness using AUC (Fig. 5A). Although no significant difference in 
overall cellular pluripotency AUC scores was observed between the TN 
and TN-BRCA1 groups, elevated expression levels of multiple 
pluripotency-related genes (such as CD44, CTNNB1, and HIF1A) were 
detected in memory B cells and naïve B cells (Figs. 5B-C). CD44, 
CTNNB1, and HIF1A respectively indicated cellular state plasticity and 
non-terminal differentiation traits via cell adhesion and migration, dif
ferentiation regulation, and microenvironment adaption. The markedly 
elevated proportion of these B and Plasma cell subtypes in the TN- 
BRCA1 group indicates that TN-BRCA1 malignancies may contain 
enriched populations of B and Plasma cell exhibiting greater state flex
ibility. Immunological cell stated displaying these properties are 
acknowledged as factors in prolonged immunological activation and 
antigen presentation [48]. These factors were increasingly recognized in 
the context of immune therapy responses in triple-negative breast can
cer. Despite the absence of a notable difference in overall stemness 
scores between the TN and TN-BRCA1 groups, the concentration of 
pertinent gene programs in particular B and Plasma cell subtypes indi
cated that the plasticity of immune cell states may influence the vari
ability of immune treatment responses in TNBC. Subsequently, we 
evaluated the differentiation status of B and Plasma cell subtypes with 
CytoTRACE (Fig. 5D). The results indicated notable disparities in dif
ferentiation levels among several B cell subtypes, with C4 CD69+ Naïve 
B cells displaying the highest CytoTRACE scores. This indicated that this 
subtype may exist at an initial phase of the B and Plasma cell differen
tiation pathway, marked by less differentiation and increased state 
flexibility. In conclusion, while no notable differences in overall cellular 
pluripotency scores were detected between the TN and TN-BRCA1 
groups, subtype analysis revealed that naïve B cells and memory B 
cells demonstrated elevated expression of pluripotency-associated genes 
and CytoTRACE scores, indicating reduced differentiation and enhanced 
state plasticity. Conversely, plasma cells exhibited signs of terminal 
differentiation. In light of these findings, we subsequently performed 
trajectory and differentiation analyses to thoroughly delineate the dy
namic shift of B and Plasma cells from initial stages to terminally 
differentiated states.

Monocle2 and slingshot studied highlight continuous paths of B and plasma 
cell development

We comprehensively examined the ongoing process of B and Plasma 
cell development from naïve/Memory states to IgG/IgA plasma cells 
using Monocle2 and Slingshot trajectory analysis methods. Monocle2 
analysis in Figs. 6A-B revealed that subtypes C0, C2, C4, and C7 reside 
on early branches of the differentiation trajectory, representing the 
naïve/Memory B cell stage; subtype C1 occupies the mid-stage of the 
trajectory, while all other plasma cell subtypes were located at the 

terminal differentiation stage. Subsequent Slingshot analysis revealed 
four rather autonomous differentiation lineages (Figs. 6C-D). All line
ages arose from the C4 CD69+ Naïve B cell subtype and progress via an 
intermediate C1 state, indicating that C4 may function as the initiation 
point for differentiation, whereas C1 signified a common transitional 
phase in B cell-to-plasma cell maturation. The principal distinction 
across lineages resided in their differentiation endpoints: The lineage 
culminated in the C9 IgA plasma cell subtype, whereas the other three 
lineages concluded in the IgG plasma cell subtype. Consequently, line
age 2 was chosen as the representative trajectory for characterizing IgG 
plasma cell differentiation. Lineage 1 directly differentiates into C9 IgA 
plasma cells after progressing through C1, while lineage 2 successively 
differentiates into C5 IgG plasma cells before ultimately reaching C11 
IgG plasma cells. Fig. 6E illustrated the dynamic alterations in the 
expression of memory B cell markers MS4A1 and CD52, naïve B cell 
marker CD69, and IgG plasma cell marker IGHG2 throughout the dif
ferentiation process. MS4A1, CD69, and CD52 all showed significant 
increases at early stages of the trajectory before declining later. 
Conversely, IGHG2 gradually increased during the later stages. 
Furthermore, we compared the functional pathway dynamics of lineage 
1 and lineage 2 during differentiation trajectories (Fig. 6F). Enriched 
pathways in the early differentiation stage primarily involved junctions 
and actin, whereas later stages featured pathways related to the endo
plasmic reticulum. This further reflected the shift in B and Plasma cell 
from immune regulatory functions to high-level antibody secretion ca
pabilities during differentiation.

Transcription factor heterogeneity in B and plasma cell reflects distinct 
immune regulatory landscapes in TN and TN-BRCA1 tumors

To explore the potential molecular basis underlying the differential 
immunotherapy response between TN and TN-BRCA1, we performed a 
visualization analysis of TFs differences across subtypes and groups 
within B and Plasma-related cell subtypes (Fig. 7A). The results indi
cated that naïve and memory B cells displayed highly analogous tran
scription factor expression profiles, whereas various plasma cell 
subtypes demonstrated relatively uniform transcription factor charac
teristics, implying that the differentiation stage of B and Plasma cells is 
the principal factor influencing their transcriptional regulatory pro
grams. At the subtype level, naïve/memory B cells typically overex
pressed transcription factors including REL, IRF8, and EGR3, which were 
intricately linked to B and Plasma cell activation, immune response 
modulation, and differentiation plasticity. Conversely, plasma cell sub
types markedly overexpreseds transcription factors such as PRDM1, 
XBP1, and JUN, aligning with their traits of terminal differentiation and 
active antibody secretion pathways. Subsequent intergroup comparative 
study indicated markedly increased MEIS1 and CEBPB expression in the 
TN group, whereas the TN-BRCA1 group exhibited enhanced JUND and 
ETV1 expression, implying divergent B and Plasma cell transcriptional 
regulatory networks between the two groups (Fig. 7B). MEIS1 expres
sion was significantly elevated in C9 IgA plasma cells compared to other 
B and Plasma cell subtypes, indicating a possible correlation with dif
ferentiation or functional states unique to IgA plasma cells. Prior 
research suggested that IgA plasma cells may have unique functions in 
the tumor immunological milieu, in contrast to IgG-dominant humoral 
immune responses [49]. IgA was generally linked to mucosal immune 
responses, prioritizing immunological control rather than direct cyto
toxicity. In the context of tumors, augmented IgA responses has been 
observed to correlate with characteristics of an immunosuppressive 
milieu, potentially affecting myeloid cell function and T cell-mediated 
antitumor immunity [50,51]. The proliferation of IgA plasma cells in 
the TN group and the elevated expression of the particular transcription 
factor MEIS1 indicated a potential bias in B and Plasma cell development 
towards IgA production states. This differentiation bias may shape 
unique immune regulatory patterns and alter responses to immune 
checkpoint inhibitor therapy, however its exacted functional relevance 
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Figure 5. Stemness characteristics of B and Plasma cell subtypes. (A) The distribution of cell stemness scores (cell stemness AUC) was visualized via single-cell UMAP 
plots and violin plots, with violin plots further showing the cell stemness score differences between the two groups. (B) Bubble plot showing the expression of 
stemness-related marker genes across 14 distinct B and Plasma cell subtypes and 2 groups. (C) UMAP clustering plots and violin plots showing the density of CD44, 
CTNNB1, HIF1A genes and their expression levels across 14 B and Plasma cell subtypes, respectively. (D) Box plot showing B and Plasma cell subtypes arranged 
according to the CytoTRACE prediction order.
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Figure 6. B and Plasma cell differentiation trajectories inferred by Monocle2 and Slingshot. (A) Pseudotime trajectory analysis of 14 B and Plasma cell subtypes 
based on Seurat clustering. (B) Monocle2 trajectory analysis based on Seurat clustering. (C) Distribution of differentiation trajectories of 14 B and Plasma cell 
subtypes. (D) Pseudotime trajectories of distinct differentiation lineages across 14 B and Plasma cell subtypes. (E) Dynamic expression of key genes (MS4A1, CD52, 
IGHG2, CD69). (F) Pseudotime multi-dimensional feature analysis of B and Plasma cell differentiation lineages (Lineage1, Lineage2).
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Figure 7. Transcription factor landscape of B and Plasma cell subtypes in TN and TN-BRCA1 tumors. (A) Heatmap showing transcription factor expression across 14 
B and Plasma cell subtypes. (B) Heatmap showing transcription factor expression across the TN and TN-BRCA1 groups. (C-D) UMAP plot showing the distribution of 
transcriptional factors REL and PRDM1. (E) Transcriptional factors highly expressed in C0, C1 and C9 cell subtypes. (F) UMAP plot showing the distribution of 
transcription factors (MEIS1,CEBPB,ERG,JUND,ETV1 and CEBPG).
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necessitates further validation. Furthermore, Figs. 7C-D depicted the 
expression distribution of certain transcription factors on the UMAP 
plot, indicating notable differential expression. TFs activity ranking 
revealed that the top three factors in C0 naïve B cells were REL, IRF8, 
and EGR3; in C1 IgG plasma cells, they were primarily PRDM1, XBP1, 
and CREB3L2; while in C9 IgA plasma cells, MEIS1, PRDM1, and 
CREB3L2 dominated (Fig. 7E). These findings further validated the 
differentiation continuity and functional specificity of distinct B cell 
subtypes at the transcriptional regulatory level. Finally, Fig. 7F illus
trated the expression distribution of TFs highly expressed in the TN 
group (MEIS1, CEBPβ, ERG) and those highly expressed in the 
TN-BRCA1 group (JUND, ETV1, CEBPG) on the UMAP plot.

Discussion

In this study, we constructed a breast cancer immune microenvi
ronment atlas based on single-cell transcriptome technology, which has 
been proven to be a key method for resolving tumor immune hetero
geneity [52–55]. We systematically compared the immune cell compo
sition, functional status, and differentiation trajectory of common TNBC 
and BRCA1-mutated TNBC. We found that although the two belonged to 
TNBC at the receptor subtyping level, they showed significant differ
ences in the immune ecological structure, especially in the composition 
and functional bias of the B cell lineage [33,56]. This discovery provided 
a new perspective for understanding the differences in immunotherapy 
responses among different TNBC subtypes.

Previous studies have generally believed that BRCA1-mutated TNBC 
was more sensitive to immunotherapy, mainly because the homologous 
recombination repair defect leaded to high mutation load, genomic 
instability and increased neoantigens [57,58]. In addition, 
BRCA1-mutated TNBC was often accompanied by higher levels of 
tumor-infiltrating lymphocytes, a feature that was closely related to the 
efficacy of ICIs [59,60]. Nevertheless, the mutation burden alone cannot 
entirely account for the variations in immunotherapy response; the 
cellular state and functional composition of the tumor immune micro
environment were also crucial factors.

In addition to the intrinsic genomic characteristics of tumors, the 
differentiation status and functional composition of immune cells, 
especially the state heterogeneity of B cells, may also be important 
factors in determining the efficacy of immunotherapy [61–63]. The 
current view was that B cells may play both pro-tumor and anti-tumor 
roles, depending on their phenotype, secreted antibodies, and sur
rounding TME [64,65]. These controversial results may be attributed to 
the heterogeneity of B cell subtypes and functions in different types of 
breast cancer. With the recent approval of immunotherapeutic agents as 
treatment options for patients with TNBC in early and metastatic stages, 
B cell populations or tertiary lymphoid structures (TLS) may become 
valuable biomarkers for immunotherapeutic responses in certain breast 
cancer subsets [66].

Our study found that naïve B cells and memory B cells were signif
icantly enriched in BRCA1-mutated TNBC, while ordinary TNBC was 
dominated by terminally differentiated plasma cells. In recent years, a 
number of studies have shown that naïve and memory B cells were key 
components of TLS, and the formation of TLS is significantly associated 
with the efficacy of ICIs in a variety of solid tumors. In TNBC, the 
presence of TLS was considered an important biological marker for 
predicting immunotherapy response and long-term survival [67]. It was 
worth emphasizing that the difference in B cell status is often closely 
coupled with TLS. TLSs was considered tumor-localized "lymph node-
like" structures that can promote antigen presentation, T cell initiation, 
and humoral immune maturation, and their presence usually indicates a 
more "mobilizable" immune microenvironment [68]. In TNBC, TLS has 
been shown to have prognostic value [69], and evidence is accumulating 
that TLS maturity or heterogeneity is associated with treatment 
response. Evidence from the broader field of cancer immunotherapy also 
supports the critical role of TLS and B cells in response to immune 

checkpoint blockade therapy, with Helmink et al. finding that 
TLS-related B cell features were significantly associated with response in 
a multi-cancer ICB cohort [70]. Therefore, BRCA1-mutated TNBCs 
showed a greater enrichment of naïve and memory B cells, suggesting 
that these tumors may provide a cellular context more conducive to TLS 
formation, thus making it easier to form an effective immune initiation 
and amplification circuit in ICB therapy. Therefore, the B cell state 
enriched in BRCA1-mutated TNBC may provide a more favorable 
immunological basis for immunotherapy.

In contrast, the dominance of plasma cells in common TNBC did not 
necessarily equate to "stronger anti-tumor". Plasma cells can exhibit a 
dual role in different tumors: in some cases, they indicate active humoral 
immunity and better prognosis, while in other cases, they may be 
coupled with immunosuppressive ecology. Classical mechanistic studies 
have shown that IgA+ plasma cells can inhibit CTL-mediated anti-tumor 
immunity by expressing PD-L1 and secreting IL-10, leading to treatment 
resistance [71,72]; in the context of chronic inflammation-related 
tumorigenesis, the accumulation of IgA+ cells can also weaken 
anti-tumor immune surveillance [73]. It was worth noting that this 
study observed an increase in the proportion of IgA plasma cells in or
dinary TNBC, accompanied by a significant up-regulation of the tran
scription factor MEIS1. Therefore, if IgA plasma cells were enriched and 
terminally differentiated in common TNBC, it may mean that the im
mune response was more inclined to "regulatory or exhausted humoral 
immunity", thus limiting the reactivation effect of ICB on cytotoxic im
munity. This feature may partially explain the poor response of ordinary 
TNBC to immunotherapy in clinical practice.

In addition to the differences in the composition of immune cells, this 
study further revealed the essential differences between the two types of 
TNBC from the perspective of cell differentiation plasticity. Previous 
studies have confirmed that the differentiation state and stemness 
characteristics of immune cells are of great significance in determining 
the persistence of immune response [74]. The naïve and memory B cells 
enriched in BRCA1-mutated TNBCs showed higher expression levels of 
pluripotency-related genes such as CD44, CTNNB1, and HIF1A, and had 
higher CytoTRACE scores, suggesting that they were in a lower differ
entiation and more plastic immune state, thereby playing a role in T cell 
activation. In contrast, plasma cells enriched in TNBC showed obvious 
terminal differentiation characteristics and lacked the potential for state 
transition. Previous studies have also shown that B cells in TNBC tend to 
differentiate into plasma cells, playing a role in humoral immunity [75]. 
Transcriptional regulation analysis further supported the above 
conclusion. The transcription factors JUND and ETV1, which are 
enriched in BRCA1-mutated TNBC, were associated with immune acti
vation and cell state plasticity [76,77], while MEIS1 and CEBPB, which 
are highly expressed in common TNBC, were mainly concentrated in the 
IgA plasma cell subgroup, suggesting that there are different transcrip
tional regulatory networks in B cells in different TNBC subtypes. This 
regulatory difference may profoundly affect the overall functional state 
of the tumor immune microenvironment and ultimately determine the 
degree of response to immunotherapy.

Conclusion

In summary, this study systematically revealed the key differences 
between common TNBC and BRCA1-mutated TNBC at the level of the 
immune microenvironment from single-cell resolution. We proposed 
that BRCA1-mutated TNBC presented an immune ecosystem dominated 
by naïve and memory B cells with strong antigen presentation ability 
and state plasticity, which was more conducive to the efficacy of ICIs; 
while ordinary TNBC tended to form a humoral immune state dominated 
by plasma cells, terminally differentiated and limited in plasticity, which 
may limit the effect of immunotherapy. These findings have important 
clinical implications. In the future, immunotyping based on B cell dif
ferentiation status rather than simple immune cell abundance may be 
used to optimize patient screening strategies for TNBC immunotherapy. 
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Furthermore, therapies aimed at the B cell differentiation pathway, such 
as enhancing TLS formation or obstructing premature plasma cell ter
minal differentiation, may offer novel therapeutic strategies to augment 
the efficacy of immunotherapy for prevalent TNBC. Further studies were 
needed to combine spatial transcriptome, functional experiments and 
clinical immunotherapy cohorts to further verify and transform the 
above mechanisms.
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