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Background: Granulomatous lobular mastitis (GLM) is a refractory chronic
inflammatory breast disease characterized by granuloma formation and
recurrent abscesses, yet its molecular pathogenesis remains poorly
understood. To address this knowledge gap, we aimed to systematically
compare the immune microenvironment between GLM and healthy breast
tissues, reveal disease-associated cellular subpopulations, and characterize key
dysregulated genes and pathways driving GLM pathogenesis.

Methods: We performed single-cell RNA sequencing (scRNA-seq) on breast
tissue samples from 3 patients with GLM and 3 healthy controls. The sequencing
data were subjected to cell clustering, cell abundance comparison, and
differential gene analysis to assess immune microenvironment differences. We
performed macrophage subtyping and revealed differentially expressed genes.
Using GO/KEGG analysis, we characterized signaling pathway disparities in M1
macrophages to investigate potential pathogenic mechanisms.

Results: 11 major cell types were detected through scRNA-seq. In GLM tissues,
immune cell infiltration was significantly increased (P < 0.05), with macrophages
and neutrophils showing predominant infiltration. Macrophages were further
classified into M1, M2a, M2b, and M2c subtypes, with M1 being the most
predominant. In M1 macrophages, we observed marked upregulation of:
FCGRIA (CD64), CYBB and NCF1 (core NADPH oxidase components), TNFSF10
(TRAIL). Cytokine signaling and phagocytosis-related pathways were significantly
enriched in M1 macrophages.

Conclusion: To our knowledge, this is the first scRNA-seq study of GLM,
identifying 11 major cellular populations and implicating macrophages—
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especially M1 subtype—as central to disease immunopathology. We report
dysregulated expression of CD64, NADPH oxidase components, and TRAIL,
prompting the hypothesis that phagocytic function may be impaired and
nominating this axis as a potential therapeutic target.

single-cell RNA-seq, granulomatous lobular mastitis, immune system, macrophage,
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GRAPHICAL ABSTRACT

1 Introduction

Granulomatous lobular mastitis (GLM) is a chronic, idiopathic
inflammatory condition of the mammary gland, characterized by
significant pain and a high tendency for recurrence. The incidence
of GLM has been gradually increasing, making it a serious breast
disease that should not be ignored (1). Pathological examination is
typically used to diagnose GLM, which manifests as granulomatous
lesions and fused lesions centered in the breast lobules,
accompanied by an abundance of lymphocytes, plasma cells,
neutrophils, and abscess. Characteristic cells of the granulomas
include macrophage-derived epithelioid histiocytes and Langhans
giant cells (2).

The pathogenesis of GLM remains poorly defined. Previous
studies indicate that factors such as nipple invagination, elevated
prolactin levels, and other elements related to ductal secretions are
major predisposing factors for GLM (3). Increased permeability of
breast ducts allows immunogenic substances, such as retained milk,
to enter the lobular mesenchyme, triggering local inflammation.
This inflammation induces the infiltration of immunocompetent
cells, leading to delayed-type hypersensitivity and granuloma
formation (3, 4). Notably, Corynebacterium kroppenstedtii (CK)
and C. parakroppenstedtii (CPK) (5) have been identified as key
pathogens in GLM (6-8). Nevertheless, the specific mechanisms by
which the above factors trigger inflammatory immunity are
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unknown, resulting in poor empirical management effects.
Although corticosteroids provide transient symptomatic relief,
their long-term use can cause serious systemic complications, and
severe side effects and breast destruction caused by surgery greatly
affect the physical and mental health of patients (9). These clinical
challenges underscore the urgent need for mechanism-driven
therapies targeting core pathogenic pathways.

Conventional investigative approaches relying on marker gene
expression and cellular morphology often fall short in capturing
subtle yet pathologically significant alterations in cellular behavior
and functional states during disease progression. Furthermore, no
studies have comprehensively analyzed all cell types and their
genetic activity across the entire breast tissue in GLM. This
limitation makes it difficult to fully understand the complex
pathological mechanisms of GLM during inflammatory and
immune processes. In the pursuit of comprehensive insights,
single-cell RNA sequencing (scRNA-seq) has emerged as a
powerful tool for simultaneously profiling cell subset
compositions and cell type-specific transcriptional states (10-12),
facilitating the discovery of critical cell subsets and biomarkers that
drive pathological changes (13, 14).

Given the limited understanding of immune disorders in GLM
and the urgent need to elucidate its pathogenesis, we conducted a
comprehensive analysis of GLM and normal breast tissues using
scRNA-seq. Our primary objective was to investigate differences in
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the immune environment of GLM tissues and identify key genes
and pathogenic pathways at the cell subset level, offering novel
insights into the disease’s pathogenesis.

2 Materials and methods
2.1 Study design

Three GLM patients and three healthy controls (HC) were
enrolled in this single cell sequencing study from the Department
of Breast at Beijing Hospital of Traditional Chinese Medicine. GLM
patients met the diagnostic criteria outlined in the “Management of
granulomatous lobular mastitis: an international multidisciplinary
consensus (2021).” The research procedure flowchart is presented in
Figure 1. All patients completed the relevant medical records,
including age, lactation history, main symptoms and signs, white
blood cell count, and NEUT%. Serum prolactin, erythrocyte
sedimentation rate (ESR), CRP, complement C3 (C3), complement
C4 (C4), complement Clq (Clq), B-factor (BF), immunoglobulin M
(IgM), immunoglobulin A (IgA), immunoglobulin G (IgG),
immunoglobulin G4 (IgG4), and immunoglobulin E (IgE) were
also measured in the GLM group. Paraffin-embedded tissue
sections from GLM patients were stained with hematoxylin and
eosin (HE). The single-cell sequencing study was approved by the
Ethics Committee of Beijing Hospital of Traditional Chinese

10.3389/fimmu.2025.1624640

Medicine, and all enrolled patients and healthy controls provided
informed consent (N0.2023BL02-120-02).

2.2 Tissue samples from the 3 GLM
patients and 3 healthy controls were
profiled using the 10X Genomics
Chromium Single Cell 3" platform

Fresh tissue samples were surgically obtained. SCRNA-seq was
performed using the 10X Chromium microfluidics system (10X
Genomic). Tissue samples from the 3 GLM patients and 3 healthy
controls were profiled using the 10X Genomics Chromium Single Cell 3'
platform. Barcoded cDNA libraries were prepared using the Single Cell
3'mRNA kit. Cell Ranger v3 (3.1.0) was used to demultiplex cellular
barcodes and map reads to the human genome (GRCh38-3.0.0) (15).

2.3 Processing of single-cell RNA
sequencing data

2.3.1 Data integration and quality control

Raw scRNA-seq data were integrated and filtered using the
Seurat R package (v3.0.0) (16). Cells were retained based on the
following criteria: 1) More than 15% of the transcriptome genes
were mapped to mitochondrial genes; 2) the total number of unique
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transcribed genes in a cell was less than 500; and 3) the total number
of unique transcribed genes in a cell was more than 4000.
Hemoglobin genes present in scRNA objects were identified based
on the following genes: “HBAI”, “HBA2”, “HBB”, “HBD”, “HBEI”,
“HBGI”, “HBG2”, “HBM”, “HBQI”, and “HBZ”. The relative
expression percentage of these genes in each cell was calculated.
Cells meeting these criteria were selected for subsequent analysis.

2.3.2 Normalization and dimensionality reduction

The NormalizeData function was employed to normalize the
sequencing data, and 2000 highly variable genes were selected for
scaling and principal component analysis (PCA). The Harmony R
package (v0.1.0) was utilized to correct for batch effects (17). The
appropriate dimensions of Harmony embeddings were then used
for downstream uniform manifold approximation and projection
(UMAP) visualization and clustering.

2.3.3 Cell type annotation

Cells were broadly classified into three categories: immune cells
(PTPRC+), epithelial cells (EPCAM+), and stromal cells (MME
+/PECAM1I+). Subclustering within these categories detected 11
major cell types, including T cells, B cells, macrophages, dendritic
cells (DCs), and fibroblasts, among others (Table 1).

In the macrophage subtyping, we used predefined marker genes
in combination with multi-marker panels, UMAP clustering, and
differential expression analysis to annotate subtypes between the
GLM group and healthy control group. The marker genes for M1
macrophages include FCGR3A, CD80, CD86, CD68, ILIRI, IL1B,
TNF, IL6, TLR2, and IFNG, while M2a is characterized by TGFBI,
M2b by CDI163 and CD86, M2c by CD68 and CD163, and M2d by
VEGFA (Table 2). Dot Plot and UMAP plot further illustrate the
expression patterns of these markers and the distribution of the cells
(Supplementary Figures S1A, B).

TABLE 1 Major cell type marker genes.

Cell type Markers

FIB DCN, APOD, LUM, COL1A2, COL1A1

END PECAM1, VWF, ENG, CLDN5, RAMP2, CDH5

LUM AR, KRT19, KRT18, KRT8

PVC ACTA2, RGS5, IGFBP5, STEAP4, MYL9

B Cell CD19, CD79A, CD79B, MS4A1

PLA IGLC2, IGLC3, IGHA1, IGHA2, IGHM, IGHGI, JCHAIN,
IGHG3, MZB1

T Cell CD7, CD2, CD3G, CD3E, CD3D

NEU S100A8, S100A9, CSF3R, FCGR3B, AQP9, SMCHD1, CXCL8

MAC FCGR3A, CD163, SPP1, GPNMB, ACP5, LIPA, C1QA, CD14

pDC LILRA4, IL3RA, TCL1A, CLEC4C, CLIC3, IRF8

DC CD83, CD86, CCR7, HLA-DPBI1, BIRC3

FIB, fibroblasts; END, endothelial cells; LUM, luminal cells; PVC, perivascular cells; B, B cells;
PLA, plasma cells, T, T cells; NEU, neutrophils; MAC, macrophages; pDC, plasmacytoid
dendritic cells; DC, Dendritic cells.
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In the annotation of T cell subtypes, we follow the same strategy
as for macrophages and use a predefined set of marker genes for
determination. Markers included CD8" effector (GZMB, PRFI,
NKG7, CCL5), CD8" naive (CCR7, SELL), CD4" memory
(S100A4, IL7R, GPR183) and CD4" naive (CCR7, SELL, TCF7,
IL7R). When fine-grained signatures were ambiguous, generalized
labels CD4" (CD4, IL7R, CCR7, TCF7, LEF1) and CD8" (CDS8A,
CD8B, GZMB, PRF1, NKG7, CCL5) were retained. Marker panels
are listed in Supplementary Table S1.

2.3.4 Definition of differential genes

Differentially expressed genes (DEGs) in this single-cell
sequencing analysis were identified using the FindMarkers
function in the Seurat package, with the default parameter set to
test.use=wilcox. Differentially expressed genes were defined by a
Log2(Fold Change)>1 and corrected P-value <0.05, and were
subsequently ranked according to their log2(fold change)
after screening.

2.3.5 Gene function enrichment analysis

Gene Ontology (GO) functional enrichment analysis was
primarily conducted using the clusterProfiler R package for the
target genes. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) serves as a resource database that catalogs biological
systems and their associated gene functions. By enriching the
differentially expressed genes, we can predict the potential
functions and pathways involved in this study. Functional
enrichment was conducted using the clusterProfiler R package.
We performed over-representation analysis (ORA) on the set of
differentially expressed genes (DEGs) identified by Seurat
(Wilcoxon rank-sum test with Benjamini-Hochberg correction).
GO analysis was performed with enrichGO (ontology = BP),
parameters: pAdjustMethod = “BH”, pvalueCutoff = 0.05,
qvalueCutoff = 0.05. KEGG pathway analysis used enrichKEGG
(organism = “hsa”), with the same multiple-testing adjustment and
gene set size parameters. Enriched pathways were considered
significant at FDR (q-value) < 0.05.

2.3.6 Intercellular communication network

We used CellChat (R) to infer and compare intercellular
communication between the GLM and healthy control groups.
Starting from standardized and annotated Seurat objects, we
constructed CellChat objects for each group using cell type as the
identity label and loaded CellChatDB.human as the prior database.

TABLE 2 Macrophage subtype marker genes.

Subtype  Markers

Ml FCGR3A, CD80, CD86, CD68, IL1R1, IL1B, TNF, IL6, TLR2, IFNG
M2a TGFB1

M2b CD163, CD86

M2c CD68, CD163

Mad VEGFA
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For each group, we applied identifyOverExpressedGenes and
identifyOverExpressedInteractions for preprocessing and enrichment
screening, then used computeCommunProb to estimate
communication probabilities between cell-type pairs and removed
interactions with low cell counts. At the pathway level, we further
aggregated the network using computeCommunProbPathway and
aggregateNet. The two group-level objects were merged and aligned
for between-group comparison; differential bar plots were used to
quantify interaction number and interaction strength, and circle plots
together with differential heatmaps were used to visualize the number
and strength of interactions among different cell populations.

3 Results
3.1 Demographic characteristics

Three patients with GLM and three healthy controls were
included in this study. There were no significant differences in
gender, age, lactation history, WBC and NEUT% between the two
groups (P>0.05). This indicates that the baseline characteristics of
the two groups were comparable, allowing for subsequent analysis.
All patients in the GLM group exhibited clinical manifestations of
breast mass, swelling and pain, and increased local skin
temperature. Among them, two patients had breast abscesses, and
one patient had erythema and arthralgia of the lower limbs. The
healthy control group did not show any of these symptoms.
Significant differences were observed between the two groups in
the clinical manifestations of breast mass, swelling and pain, and
increased local skin temperature (P = 0.014) (Table 3). In the GLM
group, serum prolactin, ESR, CRP, C3, C4, Clq, BF, IgM, IgA, IgG,
IgG4, and IgE levels were measured. Among them, ESR, CRP, C3
and Clq were significantly elevated (Table 4). Hematoxylin and
eosin (HE) staining was performed on pathological breast tissue
samples from three patients with GLM. The affected mammary
tissue exhibited features of chronic active inflammation,

10.3389/fimmu.2025.1624640

TABLE 4 Hematological inflammatory and immune-related indicators in
GLM patients.

Markers GLM(n=3) plormat
range
Serum prolactin 12.08 + 1.53 2.8-292 ng\ml
ESR 56.50 £ 57.28 (H) | 0-20 mm\h
CRP 14.40 +19.86 (H) | 0.0-8.0 mg\L
C3 1.53 £ 0.40 (H) 0.75 - 1.40 g\L
C4 0.30 + 0.08 0.10 - 0.40 g\L
Clq ?12_3;;.80 * 9860 159.0 - 233.0 mg\L
BF 348.50 + 82.59 105.0 - 395.0 mg\L
IgM 197 +0.15 0.40 - 2.30 g/L
IgA 3.08 + 1.60 0.70 - 4.00 g/L
IgG 1548 + 4.44 7.00 - 16.00 g/L
1gG4 0.50 + 0.39 0.00 - 2.00 g/L
IgE 58.40 * 42.56 0.0 - 100.0 1U/mL
H, High.

characterized by extensive infiltration of neutrophils, histiocytes,
multinucleated giant cells, lymphocytes, and plasma cells. The
lobular architecture of the breast was largely obscured. Numerous
clusters of histiocytes of varying sizes were observed, with some
granulomas merging into confluent sheets. Microabscess formation
was noted in the centers of some granulomas, accompanied by
resorptive cystic cavities (Figure 2).

3.2 ldentification of major cell types

To understand the mechanism of GLM at single-cell resolution,
we collected tissue samples from six individuals (three GLM

TABLE 3 Clinical characteristics of patients with GLM patients and health controls.

GLM (n=3)

Demographic Characteristics

P value

Sex (%) Female (100%) Female (100%) n.s.

Age (years) (mean + SD) 33.00 + 3.46 3333+ 11.72 0.965
(L;C;ittf:; ?:l:;;yi o) 15.33 £ 8.50 222 +329 0.067
WBC (10~9/L) [3.50-9.50] 7.68 +£2.21 5.36 = 1.09 0.179
NEUT%(%) [40.0-75.0] 70.10 + 11.02 63.57 % 7.20 0.438
Breast mass (%) 3 (100%) 0 (0%) 0.014*
Swelling and pain (%) 3 (100%) 0 (0%) 0.014*
High local skin temperature (%) 3 (100%) 0 (0%) 0.014*
Breast abscess (%) 2 (66.67%) 0 (0%) 0.083
Erythema and arthritis (%) 1 (33.33%) 0 (0%) 0.273

n.s.: non-significant; 2) *P < 0.05; 3) WBC, white blood cell; 4) NEUT%, neutrophil percentage.
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FIGURE 2
HE staining of pathological tissues from patients with GLM (10X).

patients and three healthy controls) and performed scRNA-seq. We
detected 22 subclusters from the scRNA-seq profiles using a
UMAP-based clustering method (Methods). Based on the
expression of PTPRC, EPCAM, MME, and PECAM]I (Figure 3A),
the cell populations were categorized into three groups: immune
cells, epithelial cells, and stromal cells (Figure 3B). Following cluster
analysis, we further annotated 11 major cell types, including T cells,
B cells, plasma cells, neutrophils, macrophages, DC cells, pDC cells,

endothelial cells, perivascular cells, fibroblasts, and luminal cells.
(Figure 3C). The distribution of these cell types is shown through
UMAP plots (Figure 3D). Luminal epithelial cells were the only
epithelial subtype robustly identified. We did evaluate canonical
myoepithelial markers (KRT14, KRT5, TP63, MME) within the
epithelial subset; however, these markers showed low/patchy
expression and did not yield a stable myoepithelial cluster upon
reclustering(Supplementary Figure S2).
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FIGURE 3
Identification of 11 major cell types. (A) Using scRNA-seq data, cells from patients with GLM (n = 3) and healthy controls (n = 3) were labeled as
immune cells, epithelial cells, and stromal cells, using marker genes; (B) UMAP embeddings depict cells categorized as immune cells, epithelial cells,
and stromal cells; (C) Marker gene expression for 11 major cell types is illustrated, where dot size and color represent the percentage of marker gene
expression (pct. exp) and the averaged scaled expression (avg. exp. scale) value, respectively; (D) UMAP embeddings show the 11 major cell types.
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Intergroup differences in cell population abundance and group-specific transcriptional signatures. (A) Stacked bar plot showing the proportion of 11
cell populations across samples; (B) Comparison of cell population distributions between GLM and healthy controls; (C) Statistical analysis of
differences in cell abundance between GLM and healthy controls; (D) Fold changes between the two groups; (E) Heat maps showing cell type—
specific gene expression. * indicates a statistically significant difference, *** indicates a difference with high statistical significance.

3.3 Intergroup differences in cell
population abundance

We compared the abundance of cell populations between the
GLM and healthy groups (Figure 4A). The three GLM samples
exhibited consistent cellular distributions, predominantly
composed of immune cells, with significantly higher abundances
of macrophages and neutrophils compared to the healthy group.
(Figure 4B). Similarly, the three healthy samples showed consistent
cellular distributions, mainly consisting of fibroblasts and luminal
cells (Figure 4B). Chi-square analysis revealed statistically
significant abundance differences across all 11 cellular populations
between GLM patients and healthy controls (P < 0.05), with each
population exhibiting disease-specific transcriptional alterations
(Figure 4C). Macrophages and neutrophils showed the largest
fold changes between the two groups (Figure 4D).

3.4 Group-specific transcriptional
signatures

We conducted a comprehensive analysis of cell type-specific
gene expression patterns in GLM (Figure 4E). For example, T cells

Frontiers in Immunology

exhibited high expression of core T cell receptor (TCR) signaling
genes (CD3D, CD3E, CD3G) and cytotoxic effector molecules
(GZMA, GZMK, GZMM), indicating T cell activation and
potential tissue damage mediated by granzymes. Macrophages
showed elevated expression of immune-regulatory receptors
(LILRB4), matrix-degrading enzymes (ADAMDECI), and
complement pathway genes (C1QC), along with increased levels
of inflammatory cytokines (IL18) and chemokines (CCL18). These
findings suggest that macrophages may play a crucial role in the
early inflammatory response and in tissue repair and immune
regulation, particularly in the context of chronic inflammation or
fibrosis. Dendritic cells (DCs) demonstrated high expression of
antigen presentation-related genes (HLA-DPBI, CD86) and
chemokines (CCL3L1). HLA-DPBI is essential for antigen
presentation, CD86 functions as a co-stimulatory molecule for T
cell activation, and CCL3LI facilitates DC migration and T cell
recruitment. These results underscore the role of DCs in bridging T
cell recruitment and activation. Plasmacytoid dendritic cells (pDCs)
exhibited high expression of inhibitory receptors (LILRA4,
CLEC4C). Through distinct molecular mechanisms, they regulate
pDC activation and functional responses, playing essential roles in
modulating immune reactions, preventing excessive immune

activation, and maintaining immune homeostasis.
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Macrophage subtype heterogeneity and subtype-specific signature genes. (A) Identification of Four Macrophage Subtypes in GLM; (B) UMAP Plot
Showing the Distribution of Macrophage Subtypes; (C) Specific Gene Expression of Macrophage Subsets; (D) Differentially Expressed Genes Between

GLM and HC Groups in M1 Macrophages.

3.5 T cell and macrophage heterogeneity

3.5.1 Major T cell subtypes

We subdivided T cells based on the supplementary marker gene
sets (Supplementary Table S1) using a two-stage decision strategy
(first CD4/CD8 lineage, then within each lineage distinguishing
naive/memory or effector, with a fallback threshold of 0.05). We
ultimately identified CD8" effector T cell, CD8" naive T cell, CD4"
memory T cell, CD4" naive T cell, and generalized CD4"'/CD8" T
cell retained when differences were not significant. The distributions
of each subtype in the UMAP space are shown in Supplementary
Figure S3.

3.5.2 Major macrophage subtypes
Using the marker genes listed in Table 2, we successfully
detected four macrophage subtypes—M1, M2a, M2b, and M2c—
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in GLM tissues (Figure 5A). In contrast, M2d macrophages were
not prominently detected. The distribution of these macrophage
subtypes was visualized using a UMAP plot (Figure 5B). Applying
the same criteria to healthy tissues, we also detected M1, M2a, M2b,
and M2, but the abundance of M2 subtypes was markedly lower in
controls. Because M2a/M2b/M2c counts were very low in healthy
samples, statistical power for formal differential testing and
inclusion in main figures was limited. To make this explicit, we
added side-by-side bar plots and stacked bar plots comparing
subtype composition between GLM and healthy groups
(Supplementary Figures S4A, B). These plots show that M2a/
M2b/M2c are present but rare in healthy tissue, whereas they are
expanded in GLM, consistent with the inflammatory milieu.
However, whether in GLM tissues or healthy breast tissues, M1
macrophages were predominant, accounting for 64.5% and
73.1% respectively.
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3.5.3 Functional characterization of macrophage
subtypes in GLM

Our study revealed distinct transcriptional features of
macrophage subtypes in GLM tissues (Figure 5C). M1
macrophages specifically highly expressed SPPI, CCL20,
TNFAIP6, etc. SPP1, which encodes osteopontin, promotes the
recruitment of monocytes/macrophages and the production of
cytokines. In certain contexts, SPPI" macrophages exhibit a pro-
inflammatory phenotype. CCL20 is upregulated in various
inflammatory diseases and is involved in the recruitment of both
pro-inflammatory IL-17-producing helper T cells (Th17) and
regulatory T cells (Treg) to sites of inflammation. TNFAIP6
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expression can be induced by pro-inflammatory cytokines such as
TNF-o and IL-1.

In contrast, M2a macrophages exhibited high expression of the
anti-inflammatory molecule interleukin-1 receptor antagonist
(ILIRN), alongside upregulation of the NLRP3 inflammasome.
These findings suggest that M2a cells may exert both pro-
inflammatory and immunoregulatory functions in the context of
chronic inflammation in GLM. Additionally, M2a macrophages
showed significant enrichment of Thl-associated chemokines
CXCL9, CXCLI10, and CXCLI1I, indicating a potential role in Thl
cell recruitment and the propagation of inflammation. Notably,
M2a cells also exhibited elevated expression of resistin (RETN) and
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ficolin-1 (FCNI), both of which have been previously associated
with chronic inflammation and fibrotic processes (18-20).

Further analysis revealed that M2b macrophages exhibited high
expression of MERTK and IGFI, suggesting potential involvement
in anti-inflammatory signaling regulation and cell survival. In
contrast, M2c macrophages showed elevated expression of
COLIA1, indicating a possible role in collagen synthesis and
tissue repair.

Subsequently, we conducted an in-depth analysis of
differentially expressed genes between the GLM and HC groups
in M1 macrophages (Figure 5D). In the GLM group, Ml
macrophages were characterized by high expression of the
complement component C2, suggesting that complement-
mediated immune activation plays an important role in GLM.
Additionally, M1 macrophages were enriched for the Thl-
associated chemokine CXCL9 and the Treg-recruiting chemokine
CCL18, indicating a potential role in T cell recruitment and shaping
of the inflammatory microenvironment. Furthermore, the elevated
expression of TNFSF10 (TRAIL), a TNF-related apoptotic ligand,
could affect the activity of NF-xB (nuclear factor-xB) and the
expression of its downstream proinflammatory cytokines IL-1f,
IL-6, and TNF-o0 in macrophages (21).

Collectively, our transcriptional profiling allows for a functional
characterization of each macrophage subtype in GLM (Figures 5C,
D). M1 macrophages display a pro-inflammatory signature, marked
by genes involved in complement activation (C2) and the
recruitment of T cells (CXCL9, CCL18, CCL20). M2a
macrophages present a complex phenotype, blending anti-
inflammatory potential (ILIRN) and markers linked to fibrosis
(RETN, FCNI), suggesting a role in chronic inflammation and
tissue remodeling. M2b macrophages, with high expression of
MERTK and IGF1, appear poised for immunoregulatory
functions and promoting cell survival. Finally, M2c macrophages
express COL1A1, indicating a primary role in collagen deposition
and tissue repair. This functional heterogeneity underscores the
multifaceted contribution of macrophages to GLM pathogenesis.

3.6 Functional enrichment analysis of M1
macrophage

The KEGG pathway enrichment analysis (Figure 6A) revealed
that M1 macrophages were predominantly enriched in pathways
related to cytokine signaling, chemokine signaling, and
phagocytosis. The enrichment in cytokine-cytokine receptor
interaction and chemokine signaling pathways suggests that M1
macrophages may recruit other immune cells by secreting
cytokines and chemokines, thereby amplifying the inflammatory
response. Additionally, the enrichment in the phagosome and
NOD-like receptor signaling pathways indicates that M1 cells
may have enhanced capacities for phagocytosis and danger
signal recognition.

Gene Ontology (GO) enrichment analysis (Figure 6B) indicated
that M1 macrophages in GLM tissues may mediate inflammatory
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responses through both innate and adaptive immune pathways, and
regulate the immune microenvironment via signal transduction
processes. Notably, GO enrichment also showed that M1
macrophages were significantly enriched in phagocytosis-related
cellular components (P < 0.05), consistent with the findings from
the KEGG pathway analysis.

3.7 Phagocytosis related gene expression

To investigate phagocytic dysfunction in M1 macrophages, we
focused on key components of phagosome maturation and Fcy
receptor signaling and performed t-tests. The upregulation of
FCGRIA (CD64) (P < 0.05, Figure 7A) was accompanied by
overexpression of NADPH oxidase components CYBB and NCFI
(P < 0.05, Figures 7B, C), with concurrent elevation of TNFSF10
(TRAIL) expression (P < 0.05, Figure 7D). To avoid compositional
confounding from immune-cell enrichment in GLM, we compared
FCGRIA, CYBB, NCFI, and TNFSFI10 within macrophages only.
The dot plot shows higher percent expressed and higher average
expression for all four genes in GLM relative to healthy controls
(Supplementary Figure S5).

3.8 Intercellular communication network

By analyzing the differences in intercellular communication
networks under GLM and healthy conditions, we observed two key
differential features. Quantitative analysis (Supplementary Figure
S6A) showed that the GLM group exhibited a more complex cell-
cell communication network, with a significantly higher number of
interactions than the healthy group (2142 vs 958). In terms of
interaction strength, the GLM group displayed a much higher
signaling capacity than the healthy group, with a 156% increase
in average interaction strength (57.644 vs 22.505). The dual
advantage in both number and strength indicates the presence of
hyperactive intercellular communication in GLM lesions. The
differences in the number (Supplementary Figure S6B) and
strength (Supplementary Figure S6C) of interactions between
different cell populations in the two groups were visualized using
circle plots, in which red lines indicate enhanced signaling in the
GLM group relative to the healthy control group and blue lines
indicate reduced signaling, further confirming that, in the disease
state of GLM, more complex communication connections are
established between cells and reflecting abnormal activation of
immune cells such as macrophages, T cells, and pDCs.
Differential heatmap (Supplementary Figure S6D) analysis
showed that macrophages, as a key cell type, exhibited significant
enhancement in both signaling sending and receiving activities.
Meanwhile, interactions between macrophages and immune cells
such as T cells, pDCs, and B cells were also markedly enhanced,
forming a dense immune cell communication network. Notably,
stromal cells such as fibroblasts and endothelial cells also showed
increased communication activity.
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Comparative analysis of phagocytosis-related gene expression patterns with statistical validation. (A) Significantly Elevated Expression of FCGR1A; (B)
Significantly Elevated Expression of CYBB; (C) Significantly Elevated Expression of NCF1; (D) Significantly Elevated Expression of TNFSF10.

4 Discussion

Currently, the pathogenesis of GLM remains unclear. To our
knowledge, this study represents the first application of single-cell
RNA sequencing to investigate granulomatous mastitis at cellular
resolution, providing mechanistic insights while establishing a
systematic compare with healthy mammary tissue. We detected

Frontiers in Immunology

11

distinct immune and stromal cell populations and characterized
genes involved in inflammatory responses in GLM.

The study revealed significant differences in cell composition
between GLM and control groups. The GLM group was
characterized by a significant enrichment of immune cells,
particularly macrophages and neutrophils. Studies have shown that
various stimuli, including infectious agents and foreign bodies, as well
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as numerous inflammatory and autoimmune diseases of unknown
etiology, can promote granuloma formation (22). Some granulomas
form in response to infectious agents as a mechanism to contain the
infection and prevent the spread of microorganisms (23). Typically,
granulomas form when macrophages cannot eliminate foreign agents,
such as infectious agents or foreign bodies like self-antigens (22, 24, 25).
Granuloma formation begins with the failure of phagocytosis upon the
first stimulus (22). During the progression of granulomatous
inflammation, macrophages transform into epithelioid and giant
multinucleated cells (Langhans cells). The loss of phagocytic function
leads to increased antigen expression on the surface of macrophages
(22, 24). These antigens activate Th-lymphocytes, and helper T cells
(Th1) release chemokines and cytokines to recruit more macrophages
to the site of inflammation (26). At sites of active granuloma formation,
elevated numbers of activated helper T cells stimulate B cells and
secrete key pro-inflammatory cytokines (26). Cytokine overexpression
exacerbates immune hyperactivity, perpetuating disease progression. In
GLM, aberrant immune responses involving macrophages, T cells, B
cells, and natural killer (NK) cells, together with increased secretion of
pro-inflammatory cytokines, play a pivotal role in disease pathogenesis
(27). While the immune mechanisms of infectious granulomas are well
characterized, the factors contributing to noninfectious granulomatous
inflammation remain poorly defined (28, 29).

The cellular and molecular mechanisms underlying GLM have
garnered substantial attention, with immune dysregulation
emerging as a key contributing factor. Zhang et al (30). reported
that membrane attack complex (MAC) composed of complement
localized to the epithelial membrane cells through immunoelectron
microscopy, finding a significant increase in MAC expression in
GLM. This increase could be an essential reason for the injury to
mammary duct epithelial cells. Ucaryilmaz (31) et al. reported
immune cell imbalances in GLM, including a reduced T helper
lymphocyte ratio, an elevated effector T cell (Teff) ratio, and an
increased natural killer (NK) cell ratio. Furthermore, regulatory B
cells (Bregs) were lower in GLM patients with active disease
compared to those in remission, although no significant
differences were observed in Bregs and B cell subsets.
Pro-inflammatory cytokines such as IL- 6, IL- 8 and IL- 17 were
upregulated in GLM patients, alongside increased serum
concentrations of TNF- o, IL- 1§, IL- 2, IL- 12p70, and IL- 16
(32-34). Notably, the upregulation of IL- 1ot and IL- 1B may have
induced the significant increase in production of MIP- 1, including
MIP- 10 (CCL3), MIP- 1B (CCL4), and MIP- 18 (CCL15) (33, 35).

Neutrophils and macrophages exhibited the most pronounced
differences between the GLM and healthy control groups.
Neutrophils are inflammatory cells that infiltrate the initiation sites
of inflammation and play a crucial role in innate immune responses
(36). Beyond their canonical functions in innate immunity, neutrophils
and macrophages play key roles in the activation and regulation of
adaptive immune responses, while also bridging crosstalk between
innate and adaptive immunity (37, 38).

Inflammatory stimuli trigger neutrophil activation and
migration, enabling them to exert immune defense functions at
lesion sites through phagocytosis, degranulation, and the formation
of neutrophil extracellular traps (NETs) (39). Activated neutrophils
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adhere to the vascular endothelium and mediate local vascular
damage and histopathological alterations via the excessive release of
reactive oxygen species (ROS) and proteases (40). NETs are DNA-
protein complexes released by activated neutrophils during early
inflammation and are characterized by decondensed chromatin
DNA backbone, citrullinated histone H3 (CitH3), and
myeloperoxidase (MPO), which serve as a critical interface
between innate and adaptive immunity (39).

Mechanistically, NETs induced by autoimmune stimuli activate
pDCs via TLR9 and TLR7 signaling, which promotes type I IFN
expression and drives autoimmune pathology (39). This antigen-
presenting capacity positions NETs as amplifiers of adaptive
immune responses during chronic inflammation. Excessive NETs
accumulation and associated extracellular histoproteins can lead to
endothelial cell damage, extracellular matrix degradation, pro-
fibrotic factor release, and sustained macrophage activation, and
ultimately establishing a vicious cycle (41).

Interestingly, our transcriptional data do not support a
dominant involvement of NETs in GLM pathogenesis, NET-
associated genes, including MPO, ELANE and PADI4, H3CI, were
not significantly different in GLM neutrophils compared to
controls. This finding suggests that NETs formation associated
with neutrophil-driven inflammation is not a major feature of
GLM, challenging previous studies that have linked NETs to GLM.

In addition, although both neutrophils and macrophages
showed infiltration, the magnitude of macrophage expansion in
GLM lesions was significantly greater than that of neutrophils
compared to healthy controls, highlighting macrophages as the
more prominently altered cellular population. Moreover, our
comprehensive analysis of the intercellular communication
network (Supplementary Figure S6) revealed that macrophages
act as central signaling hubs. In contrast, neutrophils
demonstrated limited and weak outgoing and incoming signaling
interactions. In terms of the number and strength of interactions,
intercellular communication by neutrophils is not extensive.
Therefore, macrophages may represent a more important and
informative cell type that deserves further investigation.

The high abundance and significant fold change of
macrophages in the GLM group support the hypothesis that
macrophages play a pivotal role in the pathogenesis of GLM (42).
Studies have shown that the infiltration and proliferation of
macrophages are directly responsible for inducing granuloma
development and play a crucial role in GLM by releasing
inflammatory factors and modulating the M1/M2 phenotype (29,
43). Macrophages are key components of the innate immune
system, responsible for eliminating foreign substances through
phagocytosis (24, 44). Defective phagocytic activity of
macrophages initiates granulomatous inflammation (28, 29, 44).
Whole-exome sequencing of GLM revealed that most identified
variants are enriched in genes involved in innate immunity,
particularly those regulating macrophage activity and phagocytic
processes (45). However, our study revealed that macrophages not
only contribute to innate immunity but also play a critical role in
orchestrating adaptive immune responses within the context
of GLM.
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Macrophage activation states are classically categorized into
pro-inflammatory M1 and anti-inflammatory M2 phenotypes
based on their interaction with helper T (Th) cells (46), a process
termed macrophage polarization. M1 macrophages, activated by
Thl cells, mediate Thl-type immune responses by releasing pro-
inflammatory cytokines that drive early tissue injury and
inflammation (47). In contrast, M2 macrophages, induced by
Th2-derived cytokines, exert anti-inflammatory functions by
secreting regulatory cytokines, growth, and repair factors, thereby
facilitating immune tolerance, tissue regeneration, and, in some
contexts, tumor progression (48). M2a macrophages assist in tissue
remodeling, and immune regulation. M2b macrophages, which are
activated by immune complexes and TLR signaling, as well as ILIR
activation, release factors that exert an inhibitory effect on the
immune response. M2c macrophages are involved in phagocytosis
and angiogenesis through the scavenging of pro-inflammatory
factors. M2d macrophages, derived from polarized Ml
macrophages, are anti-inflammatory and angiogenic, with
increasing levels of extracellular adenosine reported to be a key
factor in M2d polarization (49).

As shown in Supplementary Figure S4, M1 macrophages are the
predominant subtype in both groups—accounting for 64.5% in
GLM and 73.1% in healthy breast tissue. M2 subtypes are present in
both groups but at lower proportions (GLM: M2a 5.1%, M2b 10.1%,
M2c 20.3%; Healthy: M2a 9.6%, M2b 3.8%, M2c 13.5%). While M1
macrophages remain the numerical majority in both groups, our
data also indicate meaningful shifts within M2 macrophages. M2
macrophages, induced by Th2-derived cytokines, exert anti-
inflammatory functions by secreting regulatory cytokines, growth,
and repair factors, thereby facilitating immune tolerance, tissue
regeneration. In GLM, M2b and M2c are selectively expanded,
suggesting active immunologic reprogramming of the tissue
microenvironment. Transcriptional features are consistent with
this interpretation: M2b macrophages exhibited high expression
of MERTK and IGFI, suggesting potential involvement in anti-
inflammatory signaling regulation and cell survival. In contrast,
M2c macrophages showed elevated expression of COLIAI,
indicating a possible role in collagen synthesis and tissue repair.
Together, these changes are compatible with the transition from
acute to chronic granulomatous inflammation, in which persistent
stimuli drive parallel pro-inflammatory (M1) and resolving (M2)
programs within the macrophage compartment.

During postnatal mammary development, macrophages are
recruited to the terminal end buds, where they play key roles in
sensing tissue damage and preserving homeostasis (42, 48, 50).
Under physiological conditions, resident macrophages maintain a
dynamic balance; however, pathological stimuli may disrupt this
equilibrium, leading to the dominance of a specific subtype—a shift
known as M1/M2 drift—which may contribute to the initiation and
progression of GLM (42). KEGG enrichment analysis showed that
M1 macrophages were primarily enriched in pathways related to
cytokine signaling, chemokine signaling, and phagocytosis.
Similarly, GO enrichment analysis revealed significant enrichment
of M1 macrophages in phagocytosis-related cellular components
(P < 0.05), aligning with the KEGG results. Previous studies have
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reported pathogenic variants in genes associated with macrophage
function and phagocytosis—such as FCGRIA, MPO, FV, PROC,
and IFI30—in GLM patients (45), further supporting the hypothesis
that the phagosome pathway may play a crucial role in the
pathogenesis of GLM.

Notably, our single-cell RNA sequencing data revealed that
macrophages in GLM patients exhibited elevated expression of
FCGRIA (CD64), the high-affinity IgG receptor, thereby
enhancing phagocytic activity and activating the NADPH oxidase
pathway. Expression levels of NADPH oxidase complex genes
CYBB and NCFI were significantly upregulated. Upon antigen
uptake, downstream signaling cascades lead to the
phosphorylation of cytosolic components—particularly NCFI (51)
—which cooperatively activate NOX2 and trigger a robust
inflammatory immune response (52). NADPH oxidase-derived
reactive oxygen species (ROS) have been demonstrated to
upregulate TNFSF10 (TRAIL) expression (53), a finding that
aligns with the observed co-upregulation of NADPH oxidase core
components (CYBB/NCFI) and TNFSF10 (TRAIL) in our study.
TRAIL could affect the activity of NF-xB and the expression of its
downstream proinflammatory cytokines IL-1f3, IL-6, and TNF-o in
macrophages (21), thereby exacerbating the inflammatory response
(54-56). The association between IL-6, TNF-o, and GLM has been
confirmed by multiple studies. Serum levels of pro-inflammatory
cytokines such as IL-6 and TNF-o. are significantly elevated in GLM
patients (55, 57).

M1 macrophages can activate multiple inflammatory signaling
pathways, including the NADPH pathway, to generate nitric oxide
(NO) and ROS. These molecules, in turn, activate downstream
TRAIL, stimulating the secretion of pro-inflammatory cytokines
such as IL-6 and TNF-q, thereby exacerbating the inflammatory
response. Consequently, regulating the CD64 - NADPH - TRAIL
signaling pathway in macrophages may be a key strategy to mitigate
the inflammatory pathogenesis of GLM. A recent study by Min et al.
demonstrated that the use of anti-CD64 antibodies inhibited anti-
citrullinated protein antibody induced osteoclastogenesis in
rheumatoid arthritis (RA) patients (58). Similarly, Liu et al.
showed that Sinomenine (SIN), an anti-inflammatory drug used
in RA treatment, attenuated CD64+ macrophages in synovial tissue
and CD11b+F4/80+CD64+ resident macrophages in RA tissues and
lymphoid organs, further supporting CD64 as a therapeutic target
in RA (59). These findings further bolster our hypothesis that the
CD64-NADPH-TRAIL axis could be a promising therapeutic target
for GLM, particularly in the context of macrophage-
driven inflammation.

Similarly, the significant upregulation of MHC II in GLM
macrophages suggests an enhanced antigen presentation function.
In adaptive immune responses, major histocompatibility complex
class IT (MHC II) molecules present antigens to CD4" T cells. Under
the regulation of co-stimulatory signals and cytokines, this process
induces their differentiation into various Th subsets. Ml
macrophages are activated by Thl cells, contributing to the Thl
immune response and the release of pro-inflammatory cytokines.
Antigen-presenting cells (APCs), including dendritic cells,
macrophages, and B cells, uptake and process antigens, loading
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their peptide fragments onto MHC II molecules for presentation on
the cell surface (60). During phagosome maturation, macrophages
process engulfed antigens into peptide fragments, which are then
presented to CD4" T cells via MHC II molecules. CD4" T cells
recognize MHC II-antigen complexes through their T cell receptor
(TCR), with CD4 molecules enhancing signal transduction to
promote T cell activation. During this process, co-stimulatory
signals provided by APCs and cytokines from the local
microenvironment determine the differentiation direction of
CD4" T cells (61). Th cells, particularly follicular helper T (Tfh)
cells, play a crucial role in the differentiation of B cells into plasma
cells (62). Within the germinal center, Tth cells guide B cells
through CD40-CD40L interactions and IL-21 signaling, driving
affinity maturation and class switching. This process ultimately
results in the differentiation of B cells into plasma cells responsible
for secreting high-affinity antibodies (63). These IgG antibodies
then enhance phagocytosis via Fcy receptors (FcyR).

This study has certain limitations. The sample size of this study
is relatively small, based only on 3 GLM samples and 3 healthy
control samples, which may limit its universality. Despite this, the
high consistency in cell composition and key pathogenic pathways
among the three GLM patients in this study strongly supports the
reliability of our core findings. Future research needs to verify the
universality and heterogeneity of these cell subpopulations in larger
cohorts. Moreover, the findings presented here are predominantly
derived from transcriptional data. In the future, we need to analyze
larger samples of GLM and healthy tissues at the protein level.

5 Conclusion

To our knowledge, this is the first scRNA-seq study of GLM,
identifying 11 major cellular populations and implicating
macrophages—especially M1 subtype—as central to disease
immunopathology. We report dysregulated expression of CD64,
NADPH oxidase components, and TRAIL, prompting the
hypothesis that phagocytic function may be impaired and
nominating this axis as a potential therapeutic target.
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