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Abstract
To understand the heterogeneity of single-B cell responses to Metabolic Dysfunction-Associated Steatohepatitis 
(MASH), we performed Single-cell RNA sequencing (scRNA-seq) on single-B cells isolated from control and MCD-
fed mice livers. Subsequent analyses included clustering, identification of differentially expressed genes (DEGs) 
and enrichment analysis. The expressions of high specific DEGs were validated using quantitative real-time PCR 
(qRT-PCR), immunofluorescence staining and function study. Four single-B cell clusters (3, 14, 16 and 20) were 
identified. The total number and proportion of B cells significantly decreased in MASH mice livers. In cluster 3, the 
decreasing Fcer2α+ mature B cells were supposed with anti-inflammatory role associated with B cell activation and 
differentiation of other immune cells in MASH. The DEGs (Fcer2α, Cd22, Cr2 and Fcmr) of cluster 3 were consistently 
downregulated in B cells cocultued with lipotoxic hepatocytes. And the portal area of livers contained fewer 
Fcer2α+ B cells in MASH patients and mice compared with controls. Fcer2α+ B cells attenuated lipotoxicity-driven 
inflammation by enhancing anti-inflammatory factor (IL-10, IL-35) secretion and inhibiting T cell inflammatory factor 
(IFN-γ, TNF-α, IL-17) production and proliferation. The other 3 clusters (14, 16 and 20) contained small numbers 
of single-B cell. Tnfrsf17+ plasmacytes (PCs) of cluster 14 were identified with the effect related to endoplasmic 
reticulum stress and N-Glycan biosynthesis. Klk1+ B cells of cluster 16 were implicated in regulating immune 
response in MASH. Apol7c+ B cells of cluster 20 participated in apoptosis, NF-κB, TNF and JAK-STAT signaling 
pathway in MASH. Thus, a subgroup of Fcer2α+ mature B cells, diminished in MASH, may exerted anti-inflammatory 
or immunosuppressive effects.
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Introduction
Metabolic dysfunction-associated steatotic liver disease 
(MASLD) affects approximately 38% of the global popu-
lation and represents the most prevalent chronic liver 
disease worldwide [1]. Up to 20% of MASLD cases prog-
ress to non-alcoholic steatohepatitis (MASH), which is 
characterized by sustained hepatocellular injury, chronic 
inflammation, and fibrogenesis, ultimately predisposing 
patients to cirrhosis, hepatocellular carcinoma, and liver-
related mortality [2].

Emerging evidence implicates hepatic B cells in the 
pathogenesis of MASH, particularly through modulation 
of the B cell–activating factor axis and promotion of oxi-
dative stress [3]. Nevertheless, the precise mechanisms by 
which B cells contribute to MASH remain incompletely 
understood. Single-cell RNA sequencing (scRNA-seq), a 
powerful tool enabling transcriptomic profiling at single-
cell resolution, has recently been leveraged to unravel 
novel immune cell heterogeneity and functional states 
in MASH [4, 5]. For instance, Barrow et al. identified 
three distinct hepatic B cell clusters, including mature B 
cells, immature B cells, and metabolically active subsets 
enriched in mitochondrial genes [4]. In parallel, Kotsiliti 
et al. reported increased intestinally derived activated B 
cells in both murine and human MASH, accompanied 
by elevated IgA levels and enhanced FcRg⁺ myeloid cell 
activity, which correlated positively with fibrosis severity 
[5]. These findings underscore the multifaceted roles of 
B cells in shaping the immunopathological landscape of 
MASH.

Here, we performed scRNA-seq of liver nonparenchy-
mal cells (NPCs) from MASH and control mice to sys-
tematically dissect intrahepatic B cell heterogeneity. We 
identified four transcriptionally distinct B cell subsets 
and observed marked compositional changes in MASH. 
Notably, Fcer2α⁺ B cells were significantly reduced, sug-
gesting a loss of their potential anti-inflammatory capac-
ity. In addition, we characterized Tnfrsf17 + plasmacytes, 
Klk1⁺ B cells, and Apol7c⁺ B cells, each exhibiting unique 
transcriptional signatures and functional enrichment 
patterns, whose potential roles in MASH remain to be 
experimentally validated. Collectively, these findings pro-
vide new insights into B cell biology in fatty liver disease 
and establish a framework for exploring their functional 
relevance as potential immunotherapeutic targets.

Methods and materials
Human samples
A total of six MASLD patients were enrolled. All patients 
underwent biopsy confirming MASLD diagnosis based 
on pathological steatosis scores. Patients were divided 
into two groups: mild MASLD and advanced MASH 
(n = 3 per group). Cohort details are provided in Table 
S1. Written informed consent was obtained from all 

participants, and the study was approved by the ethics 
committee of Shanghai East Hospital.

MASH mouse model
Twelve C57BL/6N mice (8 weeks of age, male) were fed 
with a standard diet (control group) or a methionine-
choline deficient diet (MCD, MASH group) for 6 weeks 
(n = 6 per group).The experimental animals were pur-
chased from Shanghai Slek Laboratory Animal Co., Ltd. 
and the mice were sacrificed by cervical dislocation. 
Three pairs were used for scRNA-seq and three pairs for 
immunofluorescence staining.

Histological identification of MASH patients and mice
Human liver tissue sections were prepared and stained 
with hematoxylin–eosin (H&E). Mouse liver tissue sec-
tions were stained with H&E, Masson's trichrome (Mas-
son) and Oil Red O (ORO). Immunohistochemistry 
(IHC) for liver macrophages was performed using an 
anti-mouse F4/80 antibody, and F4/80-positive cells 
were counted. Steatohepatitis, lipid droplets, fibrosis 
and inflammatory infiltration of liver were assessed by 
light microscopy (Leica Microsystems, Wetzlar, Ger-
many). Images were analyzed using Image J 1.8.0 soft-
ware (National Institutes of Health, USA). MASH activity 
scores were evaluated by a pathologist based on estab-
lished criteria [6], considering steatosis, inflammation, 
and ballooning degeneration.

scRNA-seq and data analysis
Liver tissues from MASH and control mice (n = 3 per 
group) were subjected to scRNA-seq (Sinotech Genom-
ics Co. Ltd., Shanghai, China) as our previous research 
[7]. Details on single-cell suspension preparation, tran-
scriptome processing, library construction, and sequenc-
ing are provided in the supplemental file. Single cell data 
dimensionality reduction was performed using t-dis-
tributed stochastic neighborhood embedding (t-SNE). 
Feature plots, violin plots and heatmap were used to visu-
alize the expression of the differentially expressed genes 
(DEGs). Specific marker genes for each cluster were iden-
tified using the FindAllMarkers function (Wilcoxon test; 
criteria: |log2-fold change|> 0.25, min. percentage > 0.25) 
in Seurat 4.0. Cell type annotation for the cell subpopu-
lations was performed using the built-in mouse RNA-
sequencing reference dataset within the R package Single 
R 1.4.1. B cells were identified based on the expression of 
cluster of differentiation 79a (Cd79a), cluster of differen-
tiation 19 (Cd19) and membrane spanning 4-domains α l 
(Ms4α1). The average of logFC (avg-logFC) and the per-
centage of FC (pct_FC) represented the enrichment of 
the DEGs in corresponding cluster. To explore the related 
function and signal pathways of DEGs, gene ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
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(KEGG) were analyzed by Cluster Profiler package. GO 
analysis contained biological process (BP), cellular com-
ponent (CC) and molecular function (MF).

Cell line and culture
For cell culture, HepG2 cells, GM12878 cells and Jurkat 
cell lines were obtained from the Shanghai Cell Bank in 
the Chinese Academy of Sciences. HepG2 cells (human 
hepatocellular carcinoma cell line) were cultured in Dul-
becco's Modified Eagle Medium (DMEM, Gibco, CA, 
USA) with 10% Fetal Bovine Serum (FBS, Gibco) and 
1% penicillin–streptomycin (Invitrogen, Carlsbad, CA). 
GM12878 cells (human B lymphocyte line) were cul-
tured in complete Roswell Park Memorial Institute-1640 
(RPMI-1640, Gibco) containing 15% FBS and 1% penicil-
lin–streptomycin. Jurkat cells (human T lymphocyte line) 
were cultured in RPMI-1640 with 10% FBS (Gibco). All 
cells were grown at 37 °C with 5% CO2.

B cell line (GM12878 cells) transfection
The pCMV-MCS-3flag vector (HANBIO, Shanghai, 
China) and the full-length fragments of Fcer2α were 
double digested and ligated with T4 DNA ligase (Takara, 
Kyoto, Japan). After construction, the plasmids were veri-
fied by sequencing. GM12878 cells (1 × 105 cells/well) in 
6-well plates were transfected with Fcer2α overexpression 
plasmid (ov-Fcer2α) or negative control plasmid (ov-NC) 
using Lipofectamine 3000 (Invitrogen, Carlsbad, US) for 
48 h in accordance with the manufacturer's instructions.

B cells-hepatocytes coculture
To assess the effects of hepatocyte-derived factors on B 
cells in lipotoxic environment, HepG2 cells were incu-
bated for 24 h with serum-free DMEM containing either 
bovine serum albumin (BSA, BioFroxx; CM-BSA group) 
or palmitic acid (PA, 200 μmol/L, Sigma; CM-PA group). 
The conditioned medium (CM) was collected and fil-
tered (0.22  μm). GM12878 cells (2 × 105 cells/well in 
6-well plates) were cultured for 24 h with a 1:1 mixture 
of CM (CM-BSA or CM-PA) and RPMI-1640 complete 
medium.This conditioned-medium design was conceptu-
ally informed by prior HepG2-based immune-interaction 
models used in MASLD/MASH research to interrogate 
hepatocyte-to-immune inflammatory signaling [8].

To verify the function of Fcer2α+ B cells in a lipotoxic 
environment, ov-Fcer2α or ov-NC GM12878 cells were 
established. After 24  h, transfected cells were treated 
with CM-PA (1:1 with RPMI-1640) for an additional 24 h. 
Then, GM12878 cells were harvested for RNA extraction.

B cells-T cells coculture
B cell-T cell interactions were assessed using a Tran-
swell coculture system (0.4  µm pore polyester mem-
brane, Corning Inc., Corning, NY, USA). GM12878 cells 

(2.5 × 105) transfected with either ov-Fcer2α or ov-NC 
plasmids and pre-conditioned with CM-PA were seeded 
in the upper chamber of 24-well plates. Jurkat cells 
(5 × 105) were placed in the lower chamber. After 24  h 
coculture at 37  °C/5% CO₂, Jurkat cells were harvested 
for parallel analyses: (1) Total RNA was extracted for 
qPCR quantification of pro-inflammatory cytokine. (2) 
EdU⁺ cell proliferation assessment. All conditions were 
run in technical triplicates with three independent bio-
logical replicates.

EdU cell proliferation assay
Cellular proliferation was quantified using the Click-iT 
EdU-594 kit (Servicebio, Wuhan, China) according to 
the manufacturer's protocol. Briefly, cells were pulsed 
with 10  µM EdU for 2  h prior to fixation. After wash-
ing with PBS, cells were fixed with 4% paraformaldehyde 
(15 min), permeabilized with 0.5% Triton X-100 (20 min), 
and incubated with click reaction solution containing 
fluorescent dye iF594 for 30  min protected from light. 
Nuclei were counterstained with Hoechst 33,342 staining 
solution (1  µg/mL, 10  min). Images were acquired on a 
TCS SP8 CARS fluorescence microscope (Leica Micro-
systems) and analyzed using ImageJ (v1.8.0) to calculate 
the EdU⁺/Hoechst⁺ ratio.For flow cytometric detection of 
EdU, after EdU labeling, cells were harvested and centri-
fuged at 1000 rpm for 5 min, fixed with 4% paraformal-
dehyde for 15  min at room temperature, washed three 
times, permeabilized with PBS containing 0.3% Triton 
X-100 for 15 min, and washed twice. The Click reaction 
solution (iF594) was freshly prepared according to the 
manufacturer’s instructions and used within 15 min; cells 
were incubated with 0.5 mL reaction solution for 30 min 
at room temperature in the dark. After three washes, 
EdU-positive cells were quantified by flow cytometry on 
the FL3 (PerCP) channel, and data were analyzed using 
FlowJo (v10.8.1).

Quantitative real-time PCR (qRT-PCR)
QRT-PCR used the SYBR Green PCR Kit (Yeasen Biotech 
Co. Ltd., Shanghai, China). The primers were showed 
(Sangon Biotech Co., Ltd., Shanghai, China, Table S2).

Immunofluorescence (IF) assay
IF staining of liver tissues was examined employ-
ing of anti-Cd79a (as B cell marker), anti-Fcer2α and 
anti-Tnfrsf17 at a 1:200 dilution (Table S3). Nucleus 
were stained with DAPI. Images were captured (TCS 
SP8 CARS fluorescence microscope, Leica Microsys-
tems), and relative percentage of positive cell area was 
calculated.
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Flow cytometric analysis of hepatic B Cell Subsets
Liver tissues were mechanically minced into approxi-
mately 1  mm pieces and washed with PBS. The tissue 
fragments were digested with collagenase (50–200 U/
mL) in RPMI 1640 (Gibco) at 37 °C for 10 min with inter-
mittent agitation. Digestion was terminated with 3% FBS 
(Gibco), and the suspension was filtered through a 70-µm 
cell strainer (Biosharp, Beijing, China) to remove debris. 
After centrifugation (1000 rpm, 5 min), cells were resus-
pended in PBS to a density of 1 × 10⁷ cells/mL. The cell 
suspension (125 µL/well) was seeded in 96-well plates, 
supplemented with complete RPMI-1640, and stimu-
lated with PMA and BFA for 4–6  h at 37  °C. Following 
incubation, cells were stained with fluorochrome-con-
jugated antibodies, including FITC Anti-Mouse CD45 
(Proteintech, Wuhan, China), APC Anti-Mouse CD19 
(Elabscience, Wuhan, China), and PE Anti-Mouse CD23 
(Elabscience) for 30  min at 4  °C in the dark. Unstained 
and single-stained controls were established for compen-
sation. Cells were then washed and subjected to fixation 
and permeabilization followed by data acquisition using 
a flow cytometer.

Statistical analysis
For scRNA-seq, wilcoxon test and Bonferroni correction 
built in Seurat package (version 4.0) of R software were 
used to analyze DEGs; fisher exact test and false discov-
ery rate correction were performed on GO and KEGG 
data using ClusterProfiler package. In qRT-PCR and IF 
experiments, differences between 2 groups were analyzed 
with unpaired Student’s t test (p-value < 0.05 was statisti-
cally different).

Results
Identification of single-B cell clusters in livers of MASH 
mice
The MASH activity score, degree of liver fibrosis and lipid 
deposition, as well as the percentage of F4/80-positive 
area, were markedly higher in the livers of MCD-fed mice 
compared with controls (Fig. S1), confirming the success-
ful establishment of the MASH model. The MCD model 
was selected because previous studies confirmed that 
the MCD diet can reproduce liver lymphocyte responses 
associated with human MASLD/MASH [9, 10]. Our 
study focused on investigating the intrahepatic immune 
microenvironment, particularly the phenotypic and func-
tional alterations of liver-resident B cell subsets during 
steatohepatitis. The MCD model remains a useful tool 
for probing local immune mechanisms that contribute to 
disease progression. However, it is important to note that 
the MCD model does not fully recapitulate the metabolic 
dysregulation characteristic of human MASLD/MASH.

Nonparenchymal cells (NPCs) isolated from liver tis-
sues of MASH and control mice were subjected to 

scRNA-seq, as described previously [7]. B cells were 
identified based on the expression of canonical mark-
ers Cd79a, Cd19, and Ms4a1 (CD20) (Fig.  1C). A total 
of 1,106 and 581 B cells were obtained from control and 
MASH livers, respectively, revealing a significant reduc-
tion in both the absolute number and proportion of B 
cells in MASH.

To further characterize B cell alterations, t-SNE analysis 
was applied to cluster single B cells. Four subsets (clusters 
3, 14, 16, and 20) were identified, each displaying distinct 
abundance patterns between control and MASH groups 
(Fig.  1A). The proportions of clusters 3 and 14 within 
NPCs were decreased in MASH, whereas cluster 20 was 
increased (cluster 3: 10.45% vs. 14.64%; cluster 14: 3.72% 
vs. 5.80%; cluster 20: 2.12% vs. 1.44%; MASH vs. control, 
Fig.  1B). Notably, the distribution of clusters 3, 14, and 
16 within the total B cell population remained largely 
unchanged, except for cluster 20, which was enriched in 
MASH (Fig.  1B). An unsupervised heatmap highlighted 
the top 10 differentially expressed genes (DEGs) for each 
subset, based on relative expression intensity (Fig. 1D).

The characteristics of a cluster of Fcer2α + B cells
The proportion of cluster 3 B cells was markedly reduced 
in MASH. Notably, cluster 3 represented the predomi-
nant B cell population among the four subsets (Fig. 1B). 
This cluster annotation was primarily supported by the 
literature-based interpretation of the four top marker 
genes (Fcer2α, Cr2, Fcmr, and Cd22), and was character-
ized by enriched expression of these markers together 
with six additional differentially expressed genes (Cxcr5, 
Bank1, B3gnt5, Serpinb1a, Zfp318, and Ighd), as visu-
alized by t-SNE and violin plots (Fig.  2A–D; Table S4). 
Fcer2α (also known as Cd23), a low-affinity IgE recep-
tor, is highly expressed on mature B cells, particularly 
the B2 subset [11]. Cr2 (Cd21) expression is dynami-
cally regulated during B lymphopoiesis and coincides 
with B cell maturation [12]. Fcmr (also termed TOSO/
FAIM3), selectively expressed by lymphocytes, modu-
lates B cell receptor (BCR) signaling through interactions 
with spleen tyrosine kinase [13]. Cd22 (Siglec-2), another 
classical B cell marker, is also frequently used in identify-
ing malignant B cells [14]. Approximately 60% of cluster 
3 B cells expressed Fcer2α, supporting its designation as 
the most specific marker gene for this cluster (Table S4), 
thereby identifying it as a Fcer2α+ B cell subset.

Gene Ontology (GO) enrichment analysis revealed 
biological processes (BP) associated with B cell activa-
tion, B cell differentiation, lymphocyte differentiation, 
lymphocyte proliferation, and T cell activation; cellular 
components (CC) enriched for major histocompatibility 
complex (MHC) protein complex, membrane raft, and 
immunological synapse; and molecular functions (MF) 
including MHC protein complex binding, transcriptional 
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co-regulator activity, transcriptional co-activator activity, 
and NF-kappaB binding (Fig. 2E). KEGG pathway analy-
sis further demonstrated significant enrichment in Th1/
Th2/Th17 cell differentiation, BCR signaling pathways, 
and NF-kappaB signaling pathway. (Fig. 2E).

Together, these findings indicate that MASH is associ-
ated with a depletion of Fcer2α⁺ B cells.Functional enrich-
ment analyses suggest that this subset is transcriptionally 
linked to B-cell activation/differentiation and pathways 
related to T-cell differentiation and immune signaling, 
supporting a potential role in modulating the inflamma-
tory microenvironment in MASH.

The characteristics of a cluster of Tnfrsf17 + plasmacytes 
(PCs)
The proportion of cluster 14 B cells was also reduced in 
MASH (Fig.  1B). Cluster 14 distinctly expressed Asns, 
Pycr1, Dnm3, Ccr10 and other 6 DEGs [TNF recep-
tor superfamily 17(Tnfrsf17), dynein axonemal heavy 
chain 3(Dnah3), Cpeb3, PR domain-containing protein 
1(Prdm1), Derlin-3(Derl3) and Selenom], as revealed 
by t-SNE and violin plot analyses (Fig. 3A–D; Table S5). 
Among these, four DEGs (Tnfrsf17, Dnah3, Prdm1, and 
Derl3) were expressed in more than 50% of B cells in this 
cluster (Table S5). Tnfrsf17, encoding for B cell matura-
tion antigen, is a receptor involved in B cell activating 
factor affecting on cells [15] and predominates on plas-
mablasts and PCs [16]. Prdm1-IRF4 signaling activation 

would encode Blimp1 in B lineage cells and initiate PCs 
differentiation [17]. Derl3 was enriched in PCs of the B 
cells [18]. Dnah3 is a spermatogenesis related gene; its 
role in B cells is still unclear. Nearly 72% of cluster 14 
cells expressed Tnfrsf17, ranking fifth in pct-FC values 
(Table S5), thereby establishing Tnfrsf17 as the defining 
marker gene of this cluster and identifying it as a plasma 
cell subset.

GO enrichment analysis highlighted BP related to 
endoplasmic reticulum (ER) stress responses, including 
unfolded and misfolded protein processing; CC enriched 
in the ER chaperone complex, ER lumen, smooth and 
rough ER; and MF associated with misfolded/unfolded 
protein binding, mannosidase activity, and ubiquitin-spe-
cific protease binding (Fig. 3E). KEGG pathway analysis 
revealed significant enrichment in ER protein processing 
and N-glycan biosynthesis pathways (Fig. 3E).

Collectively, these findings identify an intrahepatic 
Tnfrsf17⁺ plasma cell subset that is reduced in MASH. 
Transcriptomic enrichment suggests an association with 
ER stress responses and N-glycan biosynthesis; how-
ever, the functional contribution of this subset to MASH 
pathogenesis requires further protein-level or functional 
validation.

The characteristics of a cluster of Klk1 + B cells
The proportion of cluster 16 B cells was comparable 
between MASH and control groups (Fig.  1B). Cluster 

Fig. 1  Four B cell subsets isolated from mouse livers. A t-SNE plots of B cells in liver tissue from control and MASH mice by scRNA-seq (each group, n = 3). 
B Comparison of B cell percentage of NPCs or total B cells in each cluster between the control and MASH groups. C The t-SNE plots showed the expression 
levels of the B cell markers of Cd79a, Cd 19 and Ms4α1.D Heatmap of the top 10 specific DEGs in 4 B cell clusters (3, 14, 16 and 20)
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16 specifically expressed Klk1 (kallikrein related pep-
tidase 1), Chdh (choline dehydrogenase), Dntt (termi-
nal deoxynucleotidyl transferase), Paqr5 and other six 
DEGs (Gm21762, Klk1b27, Cd209d, Obscn, Atp2a1 and 
Smim5),as revealed by t-SNE and violin plot analyses 
(Fig. 4A–C; Table S6). Among them, three genes—Klk1, 
Chdh, and Dntt—were expressed in more than 55% of 
B cells within this cluster (Table S6). Klk1 (tissue kal-
likrein), a widespread serine protease, typically inhibits 
kallistatin activity [19]. Nearly 71% of cells in cluster 16 
expressed Klk1, with the highest pct-FC value among all 
DEGs (Table S6), thereby establishing Klk1 as the defin-
ing marker gene of this cluster.

GO enrichment analysis indicated BP related to T cell 
activation, T cell differentiation, and regulation of T cell 
activation; CC associated with lysosome, lytic vacuole, 
MHC protein complex, phagocytic vesicle, and endocytic 
vesicle; and MF including transcription coregulator/core-
pressor activity, cytokine receptor activity, unfolded pro-
tein binding, and MHC protein binding (Fig. 4D). KEGG 
pathway analysis further revealed significant enrichment 
in protein processing in ER, antigen processing and pre-
sentation, BCR signaling, Lysosome and Phagosome 
(Fig. 4D).

Taken together, these data identify a hepatic Klk1⁺ B 
cell subset in MASH.Its putative involvement in antigen 
presentation, BCR signaling, and T-cell–related pathways 
is inferred from GO/KEGG enrichment and should be 
interpreted cautiously until supported by direct func-
tional validation.

The characteristics of a cluster of very few Apol7c + B cells
The proportion of cluster 20 B cells, which represented 
the smallest subset, was further reduced in MASH 
(Fig.  1B).Cluster 20 specifically expressed of Apol7c 
(apolipoproteins L7c), Lad1 (leukocyte adhesion defi-
ciency 1), Arhgap22 (Rho GTPase activating protein 
22), Arhgap28 and other 6 DEGs (Gm10851, Il12b, H2-
M2, Dnah2, Avpi1 and Lpar3),as revealed by t-SNE and 
violin plot analyses (Fig.  5A–C; Table S7). Three major 
DEGs (Apol7c, Lad1, Arhgap22) were enriched in > 50% 
B cells of this cluster (Table S7). Apol7c (in mouse, or 
Apol1 in human) was found to bind Bcl-xL (anti-apop-
tosis) to mediate cell death [20]. The functions of these 
DEGs were unclear in B cells and MASH. Notably, 57% 
of cluster 20 cells expressed Apol7c, which also exhibited 
the highest pct-FC (Table S7), establishing Apol7c as the 
defining marker gene of this cluster.

Fig. 2  Characteristics and biological functions of B cells in cluster 3. A-D Paired t-SNE plots (left) and violin plots (right) showed the expression levels 
of specific DEGs including Fcer2a (A), Cd22 (B), Cr2 (C) and Fcmr (D) in cluster 3. (E) GO analysis and KEGG pathway enrichment of B cells distributed in 
cluster 3
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GO enrichment analysis revealed BP related to 
interferon-γ response, cytokine-mediated signaling path-
way, antigen processing and presentation, leukocyte cell–
cell adhesion, and T cell activation; CC associated with 
lysosome, lytic vacuole, late endosome, MHC protein 
complex, and endosome membrane; and MF including 
enzyme activator activity, actin binding, cytokine recep-
tor activity(Fig.  5D). KEGG pathway analysis further 
demonstrated enrichment in apoptosis, NF-κB, TNF, and 
JAK-STAT signaling pathways (Fig. 5D).

These findings identify a rare intrahepatic Apol7c⁺ 
B cell subset that is diminished in MASH. Enrich-
ment analyses indicate associations with apoptosis and 
inflammatory signaling pathways (NF-κB, TNF, and 
JAK-STAT), but the biological function of this subset in 
MASH remains to be experimentally validated.

The expressions of 4 sets of DEGs in each B cell cluster 
through hepatocytes-B cells coculture study
To further investigate the expressions of four sets of high 
specific DEGs in each cluster through hepatocytes-B 
cells coculture systems to understand whether lipotoxic 
hepatocytes mediating the inhibitory immune effect on 
B cells. GM12878 B cells were cultured in conditioned 
medium (CM) from HepG2 cells stimulated with 200μM 

PA (CM-PA) or BSA (CM-BSA). The mRNA of Fcer2α, 
Cd22, Cr2 and Fcmr of cluster 3 were unifiedly down-
regulated in GM12878 cells incubated in the CM-PA 
versus CM-BSA (p < 0.05, Fig.  6A). In cluster 14, the 
mRNA of Tnfrsf17, Prdm1 and Derl3 were consistently 
downregulated in CM-PA group compared with CM-
BSA, except for Dnah3 (p < 0.05, Fig.  6B). Compared to 
CM-BSA, CM-PA exhibited a downregulated effect on 
Chdh, whereas an upregulated effect on Dntt and Klk1 
in cluster 16 (p < 0.05, Fig.  6C). In cluster 20, CM-PA 
coculture resulted in lower mRNA levels of  Apol1 
(Apol7c)  and  Arhgap22  compared to CM-BSA, except 
for Lad1 (p < 0.05, Fig.  6D). PA-HepG2–conditioned 
medium altered multiple cluster-associated B-cell tran-
scripts, supporting hepatocyte-mediated regulation of B 
cells under lipotoxic stress; however, the causal relation-
ship in vivo remains unclear. As cluster 3 represents the 
major hepatic B-cell subset and all four of its DEGs were 
consistently downregulated, we next focused on Fcer2α 
for further validation.

Presence of Fcer2α + B cells subpopulation in MASH mice 
livers
To determine the alteration of Fcer2α+ B cells in MASH, 
we assessed the percentage of Fcer2α+Cd79a+ cells in liver 

Fig. 3  Characteristics and biological functions of B cells in cluster 14. A-D Paired t-SNE plots (left) and violin plots (right) showed the expression levels of 
specific DEGs including Tnfrsf17 (A), Dnah3 (B), Prdm1 (C) and Derl3 (D) in cluster 14. E GO analysis and KEGG pathway enrichment of B cells distributed 
in cluster 14
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Fig. 5  Characteristics and biological functions of B cells in cluster 20. A-C Paired t-SNE plots (left) and violin plots (right) showing the expression levels of 
specific DEGs including Apol7c (A), Lad1 (B) and Arhgap22 (C) in cluster 20. D GO analysis and KEGG pathway enrichment of B cells distributed in cluster 20

 

Fig. 4  Characteristics and biological functions of B cells in cluster 16. A-C Paired t-SNE plots (left) and violin plots (right) showed the expression levels 
of specific DEGs including Klk1 (A), Chdh (B) and Dntt (C) in cluster 16. D GO analysis and KEGG pathway enrichment of B cells distributed in cluster 16
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tissues of MASH mice by IF staining (n = 3 per group). 
Cd79a served as a B cell marker. Nuclei were visualized 
by DAPI (blue IF). The portal area of liver tissues con-
tained abundant Fcer2α+ (green IF) Cd79a+ (red IF) cells 
in control mice, but contained rare Fcer2α+Cd79a+ cells 
in MASH mice (MASH vs control group: 23.64 ± 10.88% 
vs 64.92 ± 6.87%, p < 0.05, Fig.  6E-F).To independently 
validate this observation at the single-cell level, we per-
formed flow cytometric analysis of liver-resident B cells. 
Consistent with the IF findings, the proportion of CD23⁺ 
(Fcer2α+) B cells was significantly lower in MASH mice 
than in controls (MASH vs control group: 55.93% ± 2.73% 

vs 75.79% ± 5.27%, p < 0.05, Fig.  6G-H), corroborating a 
substantial reduction of the Fcer2α+ B-cell population in 
MASH.

Then we checked the percentage of Fcer2α+Cd79a+ 
cells in liver tissues of MASH patients by IF staining.
Mild MASLD and advanced MASH was distinguished 
through H&E staining of liver tissues from patients 
(F  ig.  6I-J). IF staining of human liver tissues showed a 
substantial decrease in  Fcer2α⁺Cd79a⁺ cells in advanced 
MASH patients compared to mild MASLD controls 
(advanced MASH vs mild MASLD group: 9.50 ± 0.63% 
vs 26.70 ± 8.93%, p < 0.05, Fig.  6K-L). These findings, 

Fig. 6  Expression of cluster-specific DEGs and presence of Fcer2a⁺ B cells in MASH livers. The mRNA expressions of highly specific DEGs in each B cell 
cluster through hepatocytes-B cells coculture. GM12878 B cells cultured in CM-PA (from PA-treated HepG2) or CM-BSA (BSA-treated). The mRNA expres-
sions of (A) Fcer2a, Cd22, Cr2 and Fcmr of cluster 3; (B) Tnfrsf17, Dnah3, Prdm1 and Derl3 of cluster 14; (C) Chdh, Dntt and Klk1 of cluster 16; (D) Apol7c, Lad1 
and Arhgap22 of cluster 20 were examined by qRT-PCR. The presence of Fcer2a+ B cells in MASH livers was evaluated by IF staining. Two groups were 
established of MASH and control mice (each group, n = 3). (E–F) Representative images and calculation of IF staining for Fcer2α (green IF) and Cd79a 
(red IF) in liver tissues (× 400). Two groups were established of mild MASLD and advanced MASH patients (each group, n = 3). (G-H) Representative flow 
cytometry plots and quantification of the proportion of Fcer2α+(CD23⁺) cells within the CD19⁺ B cell population(each group, n = 3).Representative images 
and calculation of (I-J) H&E staining and (K-L) IF staining for Fcer2α (green IF) and Cd79a (red IF) of liver tissues from patient (× 400). DAPI (blue) was used 
for nuclear staining. DAPI (blue) was used for nuclear staining
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consistent with scRNA-seq results, suggested the dimin-
ished  Fcer2α⁺ B cell subgroup was involved in MASH 
pathogenesis.

Fcer2α + B cells could attenuate inflammation in MASH
We further aimed to clarify the function of Fcer2α+ B 
cells in MASH. Given that Fcer2α⁺ B cells constituted 
the predominant hepatic B cell subset yet were signifi-
cantly reduced in the livers of MASH, we established 
Fcer2α overexpressing (ov-Fcer2α) and the control (ov-
NC) GM12878 cells in a  lipotoxic model (cocultured in 

CM-PA from HepG2 cells).  In lipotxic environment, 
Fcer2α-overexpressing B cells exhibited enhanced anti-
inflammatory capacity, secreting 2.76-fold more IL-10 
and 1.96-fold more IL-35 versus ov-NC cells (p < 0.05; 
Fig. 7A-B).

Then KEGG pathway analysis implicated the Fcer2α 
signaling of B cells mainly regulated T cell differentiation; 
we next cocultured T cells (Jurkat cells) with ov-Fcer2α or 
ov-NC B cells (GM12878 cells) in the  lipotoxic CM-PA. 
While coculturing with ov-Fcer2α B cells in the  lipo-
toxic CM-PA, suppressed T cell-driven inflammation 

Fig. 7  Fcer2α.+ B cells attenuated inflammation in the lipotoxic environment. A-B The mRNA expression of IL-10 and IL-35 in ov-Fcer2α B cells (ov-Fcer2α) 
versus control (ov-NC) cultured in CM-PA from PA-treated HepG2 cells (each group, n = 3). C-E The mRNA levels of pro-inflammatory cytokines (IFN-γ, TNF-
α, IL-17) of T cells and F-G Representative IF EdU staining (× 400) and semi-quantification of T cells coculturing with ov-Fcer2α and ov-NC B cell groups in 
CM-PA (each group, n = 3). H-I Representative flow cytometry histograms of EdU incorporation in T cells after coculture with ov-NC or ov-Fcer2α B cells in 
CM-PA, and quantification of the percentage of EdU⁺T cells(each group, n = 3)
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occurred, as reducing IFN-γ, TNF-α, and IL-17 secretion 
of T cells (ov-Fcer2α group vs. ov-NC group by IFN-γ: 
61.07 ± 4.40%, TNF-α: 54.90 ± 2.12%, IL-17: 69.07 ± 2.20%; 
p < 0.05; Fig.  7C-E) and diminishing T cell prolifera-
tion (EdU⁺ cells in ov-Fcer2α group vs. ov-NC group: 
11.55 ± 2.86% vs. 25.76 ± 4.49%; p < 0.05; Fig.  7F-G). 
Importantly, unbiased flow cytometric analysis further 
corroborated the reduction in T cell proliferation, show-
ing a lower percentage of EdU+ T cells in the ov-Fcer2α 
group compared with the ov-NC group (45.87 ± 4.26% vs. 
28.72 ± 3.92%; p < 0.05; F  ig.  7H-I).Therefore,in this lipo-
toxic coculture system,Fcer2α overexpression in B cells 
is associated with increased anti-inflammatory cytokine 
expression and a concomitant attenuation of T cell pro-
liferative and pro-inflammatory responses, supporting 
a potential immunomodulatory role of Fcer2α+ B cells 
under lipotoxic stress.

Discussion
MASLD/MASH is increasingly recognized as a major 
contributor to end-stage liver disease and is tightly linked 
to cardiometabolic comorbidities [21]. Rather than reit-
erating epidemiologic background, here we focus on 
interpreting how our scRNA-seq findings refine the 
understanding of intrahepatic B-cell states in MASH.

B cells participate in MASLD/MASH through cyto-
kine/antibody secretion and regulation of immune 
activation. Prior work in diet-induced MASH models 
reported intrahepatic B-cell accumulation with inflam-
matory cytokine expression and T-cell activation [22], 
and Barrow et al. demonstrated B2 cell accumulation 
with increased IL-6 and TNF-α that promotes inflam-
mation and fibrogenesis [4]. Recent scRNA-seq studies 
further support B-cell heterogeneity in MASH, includ-
ing specific B-cell clusters [4], a Cxcl12/Cxcr4-high sub-
set with fibrogenic features [23], and an overall reduction 
of hepatic B cells in MCD-induced MASH [24]. In our 
study, 21 major clusters of single-NPC were identified 
between MCD-induced MASH and control livers, with 
four single-B cell clusters characterized. Consistent with 
Deczkowska et al. [24], we observed a significant reduc-
tion in total hepatic B-cell proportion in MASH, indicat-
ing model-dependent remodeling rather than uniform 
expansion of B cells across MASH settings.

Interestingly, cluster 3 constituted the major hepatic 
B-cell cluster and displayed transcriptional features 
consistent with a Fcer2α (Cd23)-enriched B-cell state, 
together with functional annotations related to B-cell 
activation/differentiation, lymphocyte differentiation, 
lymphocyte proliferation, and T cell activation. Notably, 
this cluster was dominated by Fcer2α+ B cells, and its 
proportion was markedly decreased in MASH. Although 
Fcer2α/CD23 has been reported in regulatory B-cell con-
texts with anti-inflammatory effects, such properties are 

context-dependent and CD23 expression alone is insuf-
ficient to define a canonical Breg population [25, 26]. In 
our study, we observed Fcer2α mRNA downregulation 
in lipotoxic B cells and a reduced abundance of por-
tal Fcer2α+ B cells in MASH patients/mice compared 
with controls. Moreover, functional assays showed that 
enhancing Fcer2α signaling in B cells was associated with 
an anti-inflammatory shift (increased anti-inflammatory 
mediator expression) and suppressed T-cell prolifera-
tion, supporting a potential immunomodulatory role of 
this Fcer2α+ B-cell subset in a lipotoxic environment. 
Consistently, Ge et al. reported that CD20+Fcer2α+IL10+ 
Breg-like cells can exert immunosuppressive effects 
[27]. Together, these findings suggest that depletion 
of the Fcer2α+ B-cell-enriched cluster may contribute 
to an inflammatory milieu in MASH; however, in vivo 
causal validation will be required to firmly establish this 
mechanism.In addition to Fcer2α, cluster 3 also exhibited 
enrichment of Cr2, Fcmr, and Cd22, all of which were 
consistently downregulated in lipotoxic B cells. Cr2 has 
been proposed to be selected during B-cell transition and 
maturation under BCR-related signaling [28]. Fcmr defi-
ciency has been linked to impaired B-cell tolerance with 
increased autoantibody production [29], and Cd22 func-
tions as an inhibitory receptor that helps restrain B-cell 
activation and is implicated in protection against auto-
immunity and B-cell malignancies [30]. Therefore, the 
coordinated reduction of these inhibitory/immune-mod-
ulatory signals in cluster 3 may be relevant to MASH-
associated immune dysregulation and warrants further 
mechanistic investigation.

Activated B cells can differentiate into antibody-pro-
ducing PCs. Antibodies mediate their effector functions 
by binding to Fc receptors on target cells or activating 
the complement system [31]. In mice fed a MCD diet to 
induce MASH, hepatic B2 cells can develop into IgG-
producing plasma cells, which generate IgG against oxi-
dative stress-derived epitopes (OSEs) [9]. The production 
of anti-OSE IgG is positively correlated with the severity 
of liver injury and lobular inflammation [10]. The cel-
lular function of cluster 14 maybe related to ER stress 
and N-glycan biosynthesis. Cluster 14 mainly contained 
with Tnfrsf17+ B cells and the proportion of them was 
decreased in MASH. Based on these observations, we 
preliminarily infer that although this plasma cell sub-
set is decreased in overall number, the residual cells 
may exist in a highly activated and antibody-producing 
state.Indeed, Tnfrsf17+ B cells typically induce pro-
inflammatory cytokines (e.g., IL-6, TNF-α) in autoim-
mune diseases, thereby activating chronic inflammatory 
responses. Levels et al. reported that Tnfrsf17 was upreg-
ulated in synovial tissue B cells from rheumatoid arthri-
tis patients, where they promoted synovitis progression 
via the production of pathogenic autoantibodies [32]. 
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Similarly, Kim et al. found systemic lupus erythemato-
sus patients exhibited increasing Tnfrsf17 expression on 
B cells, and enabled Tnfrsf17+ B cells to drive inflamma-
tory progression by enhancing TLR9-triggered secretion 
of anti-dsDNA and ANA autoantibodies [33].The role 
of Tnfrsf17⁺ PCs requires further investigation.

Cluster 16, also a minor B cell group, was identified. 
In the same way, the cell function is activate, differenti-
ate and regulate T cells. In our study, Klk1 mRNA was 
upregulated in lipotoxic B cells. Zhang et al. identified 
Klk1 inhibition in the inflamed prostates; exogenous Klk1 
restored endothelial function and exerted anti-inflam-
matory, antifibrotic, and antioxidative stress effects in 
the rat chronic-inflamed prostate [34]. The mechanism 
of Klk1+ B cells remains unclear in MASH. Finally, the 
very small cluster 20 was enriched, and the cell func-
tion was inferred in dysregulation of apoptosis, NF-κB, 
TNF and JAK-STAT. Apol7c mRNA was downregulated 
in lipotoxic B cells in our study. Uzureau et al. previ-
ously linked  Apol7  knockdown to increased dendritic 
cell survival and  Apol7c  interaction with Bcl-xL [16]. 
But Apol7c+ B cells were undefined in MASH. Overall, 
the roles of Klk1+ and Apol7c+ B-cell subsets in MASH 
remain undefined and should be tested in targeted pro-
tein-level and functional studies.

Several limitations of this study warrant mention. First, 
the number of captured B cells (1,106 in controls and 581 
in MASH) restricts the resolution for identifying rare 
subpopulations and limits the assessment of biological 
variability across animals. Second, although we inferred 
cluster identities and potential functions using tran-
scriptional signatures and in vitro assays, these findings 
remain largely correlative; in this context, our HepG2–
GM12878 conditioned-medium coculture is a reduction-
ist system that captures only hepatocyte-derived soluble 
factors and cannot fully recapitulate complex intrahe-
patic crosstalk in vivo. Third, while the MCD diet model 
reproduces steatohepatitis and fibrosis, it does not fully 
recapitulate the systemic metabolic features central to 
human MASLD/MASH, limiting its ability to model the 
metabolic inflammation that drives human disease and 
potentially constraining clinical translatability. Fourth, 
the human validation cohort is small (n = 6), which lim-
its statistical power and the generalizability of the human 
IF observations. Future studies should expand cohort 
sizes, incorporate more physiologically relevant models 
(high-fat diet and Western diet) alongside human sam-
ples, and perform targeted in vivo perturbation experi-
ments to better reflect human pathology and rigorously 
validate the translational relevance of the proposed B-cell 
functions.

In summary, the composition of four undefined sin-
gle-B cell subsets is altered in MASH. We identified a 
predominant Fcer2α+ B-cell subset that is significantly 

reduced in MASH and may be linked to impaired immu-
nomodulatory tone under lipotoxic stress, whereas the 
roles of the rarer subsets (clusters 14, 16, and 20) remain 
to be established.
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