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Abstract

Background: Monocyte-derived macrophages (MoMFs) play key roles in
liver inflammation and fibrogenesis, with their heterogeneity affecting
metabolic dysfunction—associated steatotic liver disease (MASLD) progres-
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sion. However, current therapeutic strategies targeting macrophage-

mediated inflammation have shown limited clinical efficacy in MASLD.

Methods: We conducted single-cell RNA sequencing (scRNA-seq) of liver-
infiltrating 7AAD~CD45*Ly6G~CD11b"F4/80"™ MoMFs from NCD-fed and
MCD-fed mice. Monocle 2 and CellChat analyses explored developmental

trajectories and intercellular interactions, respectively.

Guangyong Sun, 8 South GongTi Road, Results: Seven distinct clusters (c0—c6) with unique molecular signatures
Eﬁ',’;’;f’ Chacyang Distriet, Beljing 100020, were identified. Beyond the classical CD206* M2-polarized MoMFs, we
Email: sungy@cemu.edu.cn identified 2 distinct subsets: CCR3* (c3) MoMFs with enhanced pro-
inflammatory and oxidative stress activities, and CCR7* (c4) MoMFs with
specialized antigen-presenting capacity in MASLD mouse livers. Although
CCR2* MoMFs are classically considered pro-inflammatory, our study
revealed that the predominant CD14*CCR2" (c0) MoMFs exhibit additional
functional roles in fibrosis, lipid accumulation, and antigen presentation. Our
pseudotime and in vitro data demonstrate that resident basal c1 MoMFs are
phenotypically plastic, capable of acquiring CD14*/CCR7* markers and
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transitioning toward cO-like and c4-like states, implying a potential intra-
hepatic origin for these subsets in diet-induced steatohepatitis. Notably,
these MoMFs subsets and their dynamic changes during disease progres-
sion were conserved between the mouse models and human MASLD
samples.

Conclusions: Our study systematically characterized the heterogeneity
and dynamic changes in intrahepatic MoMFs during MASLD progression.
Resident c1 MoMFs are plastic and could be a local source for CD14/
CCRY7* subsets in MASLD without relying solely on bone marrow recruit-
ment. These findings provide new insights into the therapeutic strategies
that target macrophage-mediated inflammation in MASLD.

Keywords: CCR2, CCR3, CCRY7, cell plasticity, MASLD, single-cell RNA

sequencing

INTRODUCTION

Metabolic dysfunction—associated steatotic liver dis-
ease (MASLD), a progressive precursor to metabolic
dysfunction—associated steatohepatitis (MASH), affects
~24% of the global population, posing a substantial
health burden.'-3 Immune dysregulation critically
drives disease pathogenesis, wherein macrophages
centrally coordinate disease progression.[4-¢!

Hepatic macrophages comprise 2 distinct popula-
tions: tissue-resident Kupffer cells (KCs), which main-
tain liver homeostasis under physiological conditions,
and recruited monocyte-derived  macrophages
(MoMFs), which exhibit remarkable functional plasticity
and represent an important subset in liver immunology
and pathology.l"-° Macrophages play dynamic roles in
liver disease progression, such as through M1/M2
polarization, lipid processing, and interactions with
hepatic cells, critically influencing liver homeostasis
and steatosis development.®! The CCR2-CCL2 axis
has been identified as a predominant chemotactic
pathway for monocyte recruitment to the injured liver,
with CCR2* monocytes constituting a significant pro-
portion of infiltrating cells in experimental models of
liver injury.l'% However, clinical trials targeting this
pathway have yielded disappointing results, suggesting
a more complex mechanism than initially proposed.['"]

Recent studies have identified specialized MoMFs
populations, including TREM2* lipid-associated macro-
phages accumulating in response to lipid overload, 213!
and S100A4* MoMFs involved in promoting liver
fibrosis.'"Y The emergence of these functionally distinct
subpopulations highlights the remarkable heterogeneity
within the MoMFs compartment that may not be
effectively targeted by broad CCR2 inhibition strate-
gies. With the emergence of single-cell RNA

sequencing (scRNA-seq) technologies, there is now
an opportunity to systematically characterize the
heterogeneity of MoMFs throughout MASLD progres-
sion, potentially uncovering novel therapeutic targets
and disease mechanisms.['%]

This study aims to elucidate the heterogeneity of
liver MoMFs and their functions during the progression
of MASLD using scRNA-seq. Through analysis of
publicly available human MASLD datasets, we inves-
tigate whether these MoMFs subsets are conserved
across species. Our findings seek to advance the
understanding of MASLD pathogenesis and reveal
potential therapeutic targets for modulating MoMF
functions in liver disease.

METHODS
Animal studies

Weight-matched 8-week-old male C57BL/6 wild-type
mice were purchased from the Jackson Laboratory
(USA). Animals were randomly assigned to receive
either a normal control diet (NCD) or one of the
following: choline-deficient high-fat diet (CDHFD,
D05010402, Research Diets), methionine/choline-defi-
cient diet (MCD, H10401, Beijing HFK Bioscience), or
high-fat diet (HFD, D12492, Research Diets). All
procedures involving animals conformed to the
approved guidelines for animal care and use and were
conducted under the ethical approval granted by the
Institutional Animal Care and Ethics Committee of
Capital Medical University (IACUC approval number:
AEEI-2023-282). The study is reported in accordance
with the ARRIVE (Animals in Research: Reporting In
vivo Experiments) guidelines.
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Intrahepatic immune cell isolation and flow
cytometry analysis

Intrahepatic immune cells were collected as previously
described.['®! Cell surface markers were stained with
fluorochrome-conjugated antibodies (30 min, 4 °C). For
intracellular/nuclear antigens, cells were fixed and
permeabilized before staining. To evaluate cytokine
production, cells were stimulated with a cell activation
cocktail (423304, BioLegend) for 4—6 hours at 37 °C
before staining. Samples were analyzed on BD FACS
Aria Il (BD Biosciences), and data were analyzed using
FlowJo software (Tree Star Inc.).

RNA extraction and quantitative real-time
PCR (qRT-PCR)

Total RNA was obtained from liver tissue using TRIzol
reagent (Invitrogen) and converted to cDNA via Prime-
Script RT Master Mix (Takara). qRT-PCR was con-
ducted on a 7500 Fast Real-time PCR System (Applied
Biosystems) using SYBR Green Master Mix (Applied
Biosystems). Gene expression was normalized to
GAPDH and analyzed using the 2724Ct method. The
primer sequences are provided in Supplemental Table
S1, http://links.lww.com/HC9/C280.

Single-cell RNA sequencing analysis

Intrahepatic MoMFs (7AAD~CD45*Ly6G~CD11b"F4/
80" from NCD-fed or MCD-fed mice (n=2 per group)
were processed using the 10x Genomics Chromium
Single-Cell 3’ platform (v3) for cDNA library construc-
tion. Sequencing was performed on an lllumina
NovaSeq 6000 system, and raw FASTQ data were
analyzed with Cell Ranger (v3.0.2) using the mm10
reference genome.

Count matrices were processed in R (v4.3.1) using
Seurat (v4.9.9). Cells with mitochondrial gene expres-
sion below 20% and with more than 500 genes
detected were retained for downstream analysis. B-cell
clusters (identified by Cd79 expression) and clusters
containing <70 cells were further excluded, resulting in
10,962 high-quality cells for downstream analyses.

Data were log-normalized (scale factor =10,000) and
scaled after regressing out mitochondrial gene expres-
sion. Highly variable features (top 2000) were identified
using the “vst” method. Principal component analysis
(PCA) was performed, and the first 30 principal
components were used for downstream steps. UMAP
was applied for dimensionality reduction (dims=1:30),
and a resolution of 0.15 was selected based on marker-
gene expression coherence and biological interpret-
ability. Cell clusters were manually annotated according
to cluster-specific marker-gene profiles.

Cluster-specific marker genes were identified using
the FindAllMarkers function (Wilcoxon rank-sum test,
min.pct=0.25, logfc.threshold =0.25), retaining genes
with an adjusted p-value <0.05 after Bonferroni
correction. Differential expression between dietary
conditions within each MoMFs cluster was assessed
with FindMarkers (Wilcoxon rank-sum test, min.pct=
0.25, logfc.threshold =0). Genes with an adjusted p-
value <0.05 and |log> FC| >0.25 were considered
significant. Functional enrichment analysis was per-
formed with clusterProfiler (v4.8.3) using the compar-
eCluster function for Gene Ontology (GO) (ont="ALL”",
pool=TRUE) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways.

Trajectory analysis

Differentiation trajectories were reconstructed using
Monocle 2 (v2.30.0) for selected clusters (cO, c1, c4,
c5). Ordering genes were identified by differential
expression testing (g-value <0.01) using differential-
GeneTest. Trajectory inference used DDRTree dimen-
sionality reduction (max_components=2) with root_-
state=4. All analyses used default parameters unless
otherwise specified.

Cell communication analysis

Cell-cell communication networks were compared
between normal and MASLD conditions using CellChat
(v2.1.2) on human and mouse single-cell resolution
datasets. Following cell annotation based on clus-
ter-specific marker genes, normalized expression
matrices and metadata were extracted from Seurat
objects. Species-specific ligand—receptor databases
were used for network inference. Communication
probabilities were calculated via computeCommunProb
and filtered for interactions (min.cells = 10), then aggre-
gated at the pathway level with compute Commun Prob
Pathway.

For comparison, CellChat objects from the NCD and
MCD groups were merged using mergeCellChat.
Differentially expressed ligand—receptor pairs were
identified with identifyOverExpressedGenes (thresh.
pc=0.1, thresh.fc=0.1, thresh.P=1). Upregulated
interactions were defined as ligand log, fold-change
> (0.2 for downstream analysis.

CCR7 and CCR2 targeted interventions in
MCD-fed mice

For intervention studies targeting distinct MoMFs
subsets in MCD-fed mice, the following reagents and
protocols were employed. To target CCR7* MoMFs,
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mice received twice-weekly intravenous (i.v.) injections
of an anti-mouse CCR7 neutralizing antibody
(MAB3477, R&D Systems) at 10 yg per mouse or an
IgG2A  isotype control (clone 4B12, R&D
Systems).[7.18]

To target CCR2* MoMFs, mice were fed an MCD
diet for 4 weeks. During the final 2 weeks, they received
daily intraperitoneal (i.p.) injections of the CCR2
antagonist RS102895 (5 mg/kg, HY-18611A, MedChe-
mExpress) or vehicle control.9201 RS102895 was
prepared as a 25 mg/mL stock in DMSO and diluted
to 1 mg/mL in a vehicle of 40% PEG300 (HY-Y0873,
MedChemExpress), 5% Tween 80 (HY-Y1891, Med-
ChemExpress), and 51% saline. The vehicle control
contained 4% DMSO in the same formulation. Corre-
sponding NCD-fed groups served as healthy controls in
both intervention settings.

Statistical analysis

Data analysis was performed using GraphPad Prism
9.0 (GraphPad Software), with results expressed as
mean * SD. The Shapiro—Wilk test determined data
normality. For normally distributed data, we applied the
Student f test for 2-group comparisons and one-way
ANOVA with appropriate post hoc testing for multiple
groups. Non-normally distributed data were analyzed
using the Mann—-Whitney U test for 2 groups or the
Kruskal-Wallis test followed by the Dunn post hoc test
for multiple group comparisons. A 2-tailed p-value
<0.05 was considered statistically significant.

RESULTS

scRNA-seq delineates the remodeled
landscape of MoMFs in MCD diet-induced
murine livers

To explore the heterogeneity of liver MoMFs during
steatohepatitis progression, we isolated 7AAD™C-
D45*Ly6G~CD11b"F4/80 cells from the livers of
NCD and MCD-fed mice for scRNA-seq (Figure 1A
and Supplemental Figure S1A, http:/links.lww.com/
HC9/C281). After quality control, uniform manifold
approximation and projection (UMAP) analysis
revealed 7 distinct clusters (c0—c6) annotated by
specific marker genes (Figures 1B, C and Supplemen-
tal Figures S1B-D, http://links.lww.com/HC9/C281).
c0 exhibited high expression of coagulation factor
Xl A chain (F13af), haptoglobin (Hp), fibronectin 1
(Fn1), and CD14 antigen (Cd14), suggesting that the
monocytes primarily originated from bone marrow and
myeloid lineage cells (Figures 1D, E).[2"22l GO enrich-
ment analysis revealed that this cluster is associated
with various metabolic and inflammatory pathways,

including lipid catabolism, reactive oxygen species
(ROS) metabolism, and interleukin-1 production
(Figure 1F). Notably, cO emerged as the most abundant
cluster in the MCD group and showed a marked
increase compared with the NCD group, indicating its
potential involvement in diet-induced steatohepatitis
progression (Figure 1G). c1, which represents the
predominant cluster in the NCD group, showed higher
expression of ribosome-associated genes, defining it as
a basal population (Figures 1D-G). The relative
proportion of this cluster is substantially reduced in
the MCD group (Figure 1G).

c2 expressed high levels of mannose receptor
C-type 1 (Mrc1), kinase insert domain protein receptor
(Kdr), and stabilin 1 (Stab?) (Figures 1D, E). GO
analysis suggested that this cluster has anti-inflamma-
tory functions, implying a role in maintaining liver
homeostasis (Figure 1F).[2324] The reduced proportion
of c2 in MCD-fed mice may indicate impaired anti-
inflammatory responses during diet-induced steatohe-
patitis progression (Figure 1G). Conversely, c3 dis-
played high expression of C-C motif chemokine
receptor 3 (Ccr3) and resistin-like gamma (Retnlg),
and GO analysis indicated a link to NF-xB pathway
activation, suggesting a pro-inflammatory role (Figures
1D—F).[2526] The increase in ¢3 proportion in the MCD
group aligns with the inflammatory characteristics of the
disease (Figure 1G). The antigen-presenting cluster 4
(Cer7* and Cd209a*) increased in MASLD, suggesting
enhanced adaptive immune interactions (Figures 1D—
G).12627] ¢c5 and c¢6 showed distinct molecular signa-
tures but minimal changes in proportion between
groups. c¢5 was characterized by high expression of
topoisomerase |l alpha (Top2a) and antigen identified
by monoclonal antibody Ki67 (Mki67), indicating prolif-
erative activity (Figures 1D-G). c6 exhibited elevated
expression of Cd3d and granzyme B (Gzmb), with GO
analysis revealing associations with T cell functionality
(Figures 1D-G).[28.29]

Collectively, these findings reveal a comprehensive
remodeling of the hepatic MoMFs landscape, marked
by a shift from homeostasis-sustaining populations to
pro-inflammatory, metabolically active, and immune-
interactive subsets during diet-induced steatohepatitis
(Figures 1F, G).

Lipid overload drives mitochondrial
dysfunction and apoptosis in CD206* (c2)
MoMFs during MASLD progression

To elucidate the mechanisms underlying the significant
alterations in MoMFs subsets distributions during
MASLD progression, we conducted a comprehensive
analysis of each cluster. Feature plots revealed high
expression of anti-inflammatory Kdr, Mrc1 (encoding
CD206), and Stab1 in c2, and we employed CD206 as
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FIGURE 1

scRNA-seq analysis of the MoMFs landscape in the liver of mice fed with NCD and MCD diets. (A) The experimental procedure of

scRNA-seq of intrahepatic MoMFs in NCD-fed (NCD) and MCD-fed (MCD) mice. (B) Uniform manifold approximation and projection (UMAP) plot
depicting clustering patterns of MoMFs from mouse liver. (C) UMAP plots displaying major subsets identified in NCD and MCD. (D, E) Heatmap
(D) and violin plots (E) displaying the expression of representative marker genes of each cluster. (F) Dot plots depicting the enriched biological
process (BP) terms for all markers identified in each MoMFs cluster. (G) The percentage (upper) and the magnitude (lower, expressed as
log2FC) of 7 clusters among total MoMFs. Abbreviations: MCD, methionine/choline-deficient diet; MoMFs, monocyte-derived macrophages;

NCD, normal control diet; scRNA-seq, single-cell RNA sequencing.

a definitive marker for this cluster in subsequent flow
cytometric validation (Figure 2A). Flow cytometric
analysis demonstrated that the proportion of CD206*
MoMFs was significantly decreased in the livers of
CDHFD-fed, MCD-fed, and HFD-fed mice compared
with that in NCD-fed mice, consistent with the results of
scRNA-seq analysis (Figure 2B). Histopathological
examination by Hematoxylin and Eosin (H&E) staining
confirmed the development of hepatic steatosis and
inflammation in MCD-fed mice (Figure 2C). Notably,
correlation analysis revealed a significant negative
correlation between the proportion of CD206™ MoMFs
and the NAFLD activity score (NAS) in the livers of
NCD-fed and MCD-fed mice, indicating that the
reduction of this anti-inflammatory macrophage subset
is closely associated with disease severity (Figure 2D).
Analysis of differentially expressed genes (DEGs)
between MCD and NCD groups in ¢2 revealed 3481
upregulated and 1110 downregulated genes, notably
including decreased expression of mitochondria-asso-
ciated genes (Supplemental Figure S2A, http://links.
lww.com/HC9/C281). GO and KEGG pathway enrich-
ment analyses demonstrated significant upregulation of
phagocytosis-related, autophagy-related, and apopto-
sis-related pathways (Figures 2E, F). Molecular char-
acterization revealed decreased expression of
mitochondria-associated genes concurrent with ele-
vated expression of phagocytosis-related, autophagy-
related, and apoptosis-related genes in the MCD group
(Figure 2G). Further flow cytometry analysis confirmed
increased lipid accumulation, impaired mitochondrial
function, and elevated apoptosis in CD206" MoMFs
from both CDHFD-fed and MCD-fed mice, suggesting
that lipid overload drives mitochondrial dysfunction and
promotes apoptosis in these cells (Figures 2H-J).

CCR3" (c3) MoMFs drive MASLD
progression through lipid accumulation,
oxidative stress, and CCL5-mediated
recruitment

A distinctive MoMFs cluster (¢3) was identified through
scRNA-seq analysis, which showed prominent expres-
sion of Ccr3, Retnlg, Cd24a, and GO0s2 (Figure 3A).
Flow cytometry validation confirmed a significant
increase in CCR3* MoMFs in the livers of CDHFD-
fed, MCD-fed, and HFD-fed mice compared with NCD-
fed mice (Figure 3B). Importantly, the proportion of

CCR3* MoMFs positively correlated with NAS
(Figure 3C), suggesting their pathogenic contribution
scales with disease severity. DEGs analysis of c3,
coupled with GO and KEGG pathway enrichment,
revealed upregulation of pathways related to immune
response activation, lymphocyte chemotaxis, and oxi-
dative stress in MCD-fed mice (Figure 3D and
Supplemental Figure S2B, http://links.lww.com/HC9/
C281). Specifically, genes involved in lipid metabolism
and cell activation showed elevated expression
(Figure 3E). Using flow cytometry, we observed
markedly elevated CCL2 levels in ¢3 from CDHFD-fed
mice, indicating enhanced pro-inflammatory responses
(Figure 3F). Compared with the NCD group, CDHFD-
fed and HFD-fed groups exhibited significantly
enhanced BODIPY staining, suggesting markedly
increased lipid accumulation; concurrently, ROS levels
were significantly elevated in CDHFD-fed and MCD-fed
groups, indicating intensified oxidative stress during
MASLD progression (Figures 3G, H). These findings
suggest that CCR3* MoMFs represent a pathogenic
subset that contributes to MASLD progression through
enhanced lipid accumulation, oxidative stress, and pro-
inflammatory responses. Consistent with this notion,
our prior work demonstrated that CCR3* MoMFs
depletion via a neutralizing antibody significantly
alleviated hepatic steatosis, lobular inflammation, and
glucose intolerance in CDHFD-fed and MCD-fed
murine models,?°! further supporting the pathogenic
role of this subset in MASLD.

Given the significant expansion of CCR3™ MoMFs in
MASLD livers, we next investigated the mechanisms
underlying their accumulation. Notably, proliferation
and apoptosis levels of CCR3"™ MoMFs remained
unchanged among the NCD-fed, CDHFD-fed, and
HFD-fed groups (Supplemental Figures S2C, D, http://
links.lww.com/HC9/C281), suggesting that the
increased abundance of this subset is not attributable
to local proliferation or reduced cell death. Conse-
quently, we hypothesized that enhanced recruitment is
the primary driver. To explore potential recruitment
mechanisms, we analyzed publicly available scRNA-
seq data (GSE212837) from healthy individuals and
MASLD patients.3% CellChat analysis revealed that
macrophages actively interact with hepatocytes (Hep),
endothelial cells (EC), cholangiocytes (Cholangio),
monocyte/macrophages (Mono/Mac), and B cells in
the liver through CCR3-CCL5 ligand—receptor pairs
(Figure 3I). Moreover, analysis of a public mouse
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FIGURE 2 Lipid lation impai itochondrial functi dp t poptosis in hepatic CD206* (c2) MoMFs. (A) Feat plot:

displaying the expression of Kdr, Mrc1, and Stab1. (B) Flow cytometry analysis showing CD206* MoMFs proportions among total MoMFs across
NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice, with representative plots (upper) and quantitative data (lower). (C) Representative images
of H&E staining in liver paraffin sections. Scale bars, 200 upm. (D) Correlation between the proportion of CD206" MoMFs and the NAFLD activity
score in the combined cohort of NCD-fed and MCD-fed mice. (E, F) Dot plots show the enriched GO (E) and KEGG (F) terms of DEGs in CD206™*

MoMFs between the NCD and MCD groups. Dot size denotes the enriched gene counts. The color bar denotes the adjusted p-value of

enrichment. (G) Dot plots show the average expression levels of selected DEGs. Dot size denotes the percentage of expressed cells, and the
color bar denotes scaled average expression. (H-J) Representative flow cytometry plots (left) and corresponding statistical analysis (right) of
BODIPY (H), MitoTracker (l), and Annexin V (J) in CD206* MoMFs from NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice. Abbreviations:
CDHFD, choline-deficient high-fat diet; DEGs, differentially expressed genes; GO, Gene Ontology; HFD, high-fat diet; H&E, Hematoxylin and
Eosin; KEGG, Kyoto Encyclopedia of Genes and Genomes; MCD, methionine/choline-deficient diet; MoMFs, monocyte-derived macrophages;

NAFLD, nonalcoholic fatty liver disease; NCD, normal control diet.
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FIGURE 3 CCR3* (c3) MoMFs promote MASLD progression via CCL5-mediated recruitment, leading to lipid accumulation and oxidative
stress. (A) Feature plots displaying the expression of Ccr3, Retnlg, Cd24a, and G0s2. (B) Flow cytometry analysis showing CCR3* MoMFs
proportions among total MoMFs across NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice, with representative plots (left) and quantitative data
(right). (C) Correlation between the proportion of CCR3* MoMFs and the NAFLD activity score in the combined cohort of NCD-fed and MCD-fed
mice. (D) Dot plots show the enriched GO and KEGG terms of DEGs in CCR3* MoMFs between the NCD and MCD groups. Dot size denotes the
enriched gene counts. The color bar denotes the adjusted p-value of enrichment. (E) Dot plots show the average expression levels of selected
DEGs. Dot size denotes the percentage of expressed cells, and the color bar denotes scaled average expression. (F) Flow cytometry analysis
showing the proportion of CCL2" cells among CCR3* MoMFs in NCD-fed and CDHFD-fed mice. (G, H) Flow cytometric analysis showing relative
BODIPY MFI (G) and relative DCFH-DA MFI (H) in CCR3* MoMFs from NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice. (I) Cell—cell
interactions between liver cell subsets and Mono/Mac subsets in healthy controls and MASLD patients, analyzed using CellChat v2 based on
GSE212837 data. Dot size indicates p-value significance, and color represents communication probability. (J) Relative mRNA levels of Cc/5 in
liver tissues of NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice. Abbreviations: CDHFD, choline-deficient high-fat diet; DEGs, differentially
expressed genes; GO, Gene Ontology; HFD, high-fat diet; H&E, Hematoxylin and Eosin; KEGG, Kyoto Encyclopedia of Genes and Genomes;
MASLD, metabolic dysfunction—associated steatotic liver disease; MCD, methionine/choline-deficient diet; MoMFs, monocyte-derived macro-

phages; mMRNA, messenger RNA; NAFLD, nonalcoholic fatty liver disease; NCD, normal control diet.

MASLD scRNA-seq dataset (GSE232182) also
revealed enhanced CCL5-CCR3 interactions, with
CCLS5 secreted by hepatocytes, cholangiocytes, den-
dritic cells, and neutrophils, and CCR3 expressed on
Mono/Mac (Supplemental Figure S2E, http://links.lww.
com/HC9/C281), indicating a conserved role of this axis
across species. Of note, cell clusters in the dataset
were annotated based on canonical marker-gene
expression; specifically, the Mono/Mac cluster was
defined by high expression of CD14, CD68, CSF1R,
and FCGR3A, which encompasses both liver-resident
KCs and MoMFs, potentially introducing bias into the
cell—cell interaction.

To validate this hypothesis, we conducted preliminary
experimental validation using qPCR. Notably, Ccl/5
expression was significantly upregulated in the livers of
CDHFD-fed, MCD-fed, and HFD-fed mice (Figure 3J),
supporting the notion that elevated hepatic CCL5
promotes CCR3* MoMFs recruitment and amplifies the
inflammatory response in MASLD progression.

CCL19/CCL21-recruited CCR7* (c4) MoMFs
exacerbate MASLD pathogenesis through
enhanced antigen presentation

To investigate the role of CCR7* MoMFs in MASLD
progression, we first characterized this subset and exam-
ined its functional involvement in the disease. Feature plots
analysis demonstrated elevated expression of multiple
genes, including histocompatibility 2 class Il antigen E
beta2 (H2-Eb2), Ccr7, and Cd209a in c4 (Figure 4A).
Subsequently, we identified CCR7 as a characteristic
marker gene for this cluster and validated the presence of
CCR7* MoMFs through flow cytometry analysis, which
revealed an increased proportion of this cluster in CDHFD-
fed, MCD-fed, and HFD-fed mice livers (Figure 4B). This
expansion correlated with disease severity, as the propor-
ton of CCR7* MoMFs showed a significant positive
correlation with the NAS (Figure 4C). DEGs analysis
followed by pathway enrichment analysis demonstrated

upregulation of antigen presentation signaling pathways in
the MCD group (Figures 4D, E, and Supplemental Figure
S2F, http://links.lww.com/HCO/C281). Consistently, genes
associated with antigen presentation exhibited heightened
expression in ¢4 from the MCD group (Figure 4F). Flow
cytometric analysis further confirmed elevated MHC-II
levels in this cluster within CDHFD-fed, MCD-fed, and
HFD-fed mouse livers (Figure 4G).

To further determine the functional contribution of CCR7*
MoMFs, we administered a neutralizing antibody against
CCR7 (MAB3477, R&D Systems) or an IgG2A isotype
(clone 4B12, R&D Systems) to MCD-fed mice. This CCR7
intervention significantly reduced the intrahepatic abun-
dance of CCR7* MoMFs (Figure 4H) and led to a
concomitant improvement in disease parameters, including
lower serum ALT and AST levels (Figures 4l, J), a lower
NAS (Figures 4K, L), and attenuated fibrosis as assessed by
Sirius red staining (Figures 4K, M). These results demon-
strate that CCR7* MoMFs represent a distinct pathogenic
subset critical for diet-induced steatohepatitis progression.

CellChat analysis of the public human dataset
(GSE212837) revealed that Mono/Mac interact with
HSCs and exhibit self-communication within the Mono/
Mac population through the CCR7-CCL19 ligand—
receptor pair, while communicating with endothelial cells
and HSCs via CCR7—CCL21 (Figure 3l). gPCR analysis
confirmed elevated expression levels of Cc/19 and Ccl21
in CDHFD-fed, MCD-fed, and HFD-fed mouse livers
(Figure 4N). These findings suggest that during MASLD
progression, CCR7* (c4) MoMFs are recruited to the
liver via CCL19/CCL21 signaling and exert pathogenic
effects through elevated antigen presentation activity.

For ¢5 and c6, feature plots showed that c5 highly
expressed proliferation-related genes (including Mki67,
TopZ2a, and Stmn1), while c6 expressed TCR function-
related genes (such as Cd3d, Gzma, and Gzmb)
(Figures 40, R). Using Ki67 and CD3 as markers for
c5 and c6, respectively, flow cytometry analysis
revealed no significant differences in the proportions
of these subsets among the NCD-fed, CDHFD-fed,
MCD-fed, and HFD-fed groups (Figures 4P, S,
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FIGURE 4 CCR7" (c4) MoMFs drive MASLD progression through enhanced antigen presentation and are recruited via the CCL19/CCL21
axis. (A) Feature plots displaying the expression of H2-Eb2, Ccr7, Cd209a, and Ciita. (B) Flow cytometry analysis showing CCR7* MoMFs
proportions among total MoMFs across NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice, with representative plots (left) and quantitative data
(right). (C) Correlation between the proportion of CCR7* MoMFs and the NAFLD activity score in the combined cohort of NCD-fed and MCD-fed
mice. (D, E) Dot plots show the enriched GO (D) and KEGG (E) terms of DEGs in CCR7* MoMFs between the NCD and MCD groups. Dot size
denotes the enriched gene counts. The color bar denotes the adjusted p-value of enrichment. (F) Dot plots show the average expression levels
of selected DEGs. Dot size denotes the percentage of expressed cells, and the color bar denotes scaled average expression. (G) Flow cytometry
analysis showing MHC-II expression levels in CCR7* MoMFs across NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice, with representative
plots (left) and quantitative data (right). (H) Percentage of CCR7" cells among total intrahepatic MoMFs in mice. (I, J) Plasma ALT and AST
levels in each group. (K-M) Representative images (K) and quantification of H&E staining (L) and Sirius red staining (M) in liver paraffin sections.
Scale bars, 200 um. (N) Relative mRNA levels of Ccl19 (left) and Ccl21 (right) in liver tissues of NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed
mice. (O) Feature plots displaying the expression of Top2a, Mki67, and Stmn1. (P) Flow cytometry analysis showing Ki67* MoMFs proportions
among total MoMFs across NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice, with representative plots (left) and quantitative data (right). (Q)
Dot plots show the enriched GO terms of DEGs in Ki67* MoMFs between the NCD and MCD groups. Dot size denotes the enriched gene counts.
The color bar denotes the adjusted p-value of enrichment. (R) Feature plots displaying the expression of Cd3d, Gzma, and Gzmb. (S) Flow
cytometry analysis showing CD3* MoMFs proportions among total MoMFs across NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice, with
representative plots (left) and quantitative data (right). (T) Dot plots show the enriched GO terms of DEGs in CD3* MoMFs between the NCD and
MCD groups. Dot size denotes the enriched gene counts. The color bar denotes the adjusted p-value of enrichment. Abbreviations: ALT, alanine
transaminase; AST, aspartate aminotransferase; CDHFD, choline-deficient high-fat diet; HFD, high-fat diet; H&E, Hematoxylin and Eosin;
MASLD, metabolic dysfunction—associated steatotic liver disease; MCD, methionine/choline-deficient diet; MoMFs, monocyte-derived macro-

phages; NAFLD, nonalcoholic fatty liver disease; NCD, normal control diet; UMAP, uniform manifold approximation and projection.

http://links.lww.com/HC9/C281). To further investigate
the functional changes in these subsets during MASLD
progression, we performed GO enrichment analysis on
DEGs between the MCD and NCD groups. The results
revealed that in ¢5, both DNA replication and apoptosis-
related pathways were significantly upregulated in MCD-
fed mice (Figure 4Q). Similarly, in c6, cytotoxicity-related
pathways were significantly enriched in the MCD group
(Figure 4T). These findings suggest that although ¢5 and
¢6 MoMFs maintain stable proportions during diet-induced
steatohepatitis progression, they undergo functional
reprogramming characterized by enhanced proliferative
turnover and elevated cytotoxic activity, respectively.

CD14*CCR2* (c0) MoMFs harbor
functionally distinct subpopulations
contributing to fibrosis, inflammation, lipid
accumulation, and antigen presentation in
MASLD

We focused on cluster 0, as it represented the cluster
that exhibited the largest increase in proportion during
MASLD progression. Feature plots indicated that this
cluster was distinguished by high expression of genes
such as F13a1, Hp, Cd14, and Trem2, with CD14
serving as a marker for this subset (Figure 5A). Flow
cytometry results demonstrated a marked elevation in
the proportion of CD14* MoMFs in CDHFD-fed, MCD-
fed, and HFD-fed groups (Figure 5B). Furthermore,
correlation analysis using the pooled data from NCD-fed
and MCD-fed mice revealed a significant positive
correlation between the proportion of CD14* MoMFs
and NAS, underscoring the association of this subset
with disease severity (Figure 5C). Notably, CCR2*
MoMFs are traditionally regarded as the predominant
subset of MoMFs in MASLD liver.3'! Consistent with this,

our feature plot analysis revealed that Ccr2 is also highly
expressed in c0, particularly in the MASLD group,
suggesting that CD14* (c0) MoMFs correspond to the
classically defined CCR2* MoMFs (Figures 5A, D).

To explore the functional heterogeneity within this
cluster, we further performed subclustering analysis,
identifying seven distinct subclusters (scO-sc6) (Sup-
plemental Figure S2G, http://links.lww.com/HC9/C281).
Feature plots and violin plots revealed that scO was
enriched for pro-fibrotic genes, including matrix metal-
lopeptidase 8 (Mmp8), selectin (Sell), and S100
calcium binding protein A10 (S700a10); sc2 exhibited
high expression of pro-inflammatory genes such as G
protein-coupled receptor 84 (Gpr84), C-type lectin
domain family 5 member a (Clecba), and Tnf, sc3
was characterized by high expression of genes
involved in lipid accumulation, including triggering
receptor expressed on myeloid cells-like 4 (Treml4),
scavenger receptor Cd36, and triggering receptor
expressed on myeloid cells 3 (Trem3); and sc4 showed
high expression of genes related to antigen presenta-
tion (Figures 5E, F). In addition, three minor subpopu-
lations showed unique signatures, including interferon
response genes (sc1) and metabolic regulators (sc5
and sc6) (Supplemental Figure S2H, http://links.lww.
com/HC9/C281). To validate these transcriptomic
findings, flow cytometry analysis was performed, which
revealed distinct alterations in CD14" MoMFs subpo-
pulations across different dietary models. Compared
with NCD controls, both MCD-fed and CDHFD-fed mice
demonstrated significant increases in CD14*Mmp8*
(sc0, pro-fibrotic), CD14*TNFa* (sc2, pro-inflamma-
tory), CD14*DCFH-DA* (sc2, oxidative stress),
CD14*CD36™" (sc3, lipid-accumulating), and
CD14*MHC-II* (sc4, antigen-presenting) cell popula-
tions (Figures 5G-L). Moreover, CD14*BODIPY™* (sc3,
lipid-accumulating) cells showed a specific increase in
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FIGURE 5 CD14*CCR2* (c0) MoMFs represent a functionally heterogeneous population driving fibrosis, inflammation, and lipid accumu-
lation in MASLD. (A) Feature plots displaying the expression of F13a1, Hp, Fn1, Cd14, Trem2, and Ccr2. (B) Flow cytometry analysis showing
CD14* MoMFs proportions among total MoMFs across NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice, with representative plots (upper)
and quantitative data (lower). (C) Correlation between the proportion of CD14* MoMFs and the NAFLD activity score in the combined cohort of
NCD-fed and MCD-fed mice. (D) Feature plots displaying the expression of Ccr2 in NCD and MCD. (E) Feature plots displaying the expression of
Mmp8, Sell, S100a10, Clec5a, C5ar1, Tnf, Treml4, Cd36, Trem3, H2-Eb1, H2-Aa, and Cd74. (F) Violin plots displaying the expression of
representative marker genes of each subcluster. (G-L) Statistical analysis of the percentages of CD14*MMP8* (G), CD14*DCFH-DA* (H),
CD14*TNFa* (1), CD14*CD36* (J), CD14*BODIPY* (K), and CD14*MHC-II* MoMFs (L) among the total MoMFs in NCD-fed, CDHFD-fed, MCD-
fed, and HFD-fed mice. (M) Percentage of CD14* cells among total intrahepatic MoMFs in NCD, MCD+vehicle, and MCD+RS102895 groups. (N,
O) Plasma ALT and AST levels in each group. (P-R) Representative images (P) and quantification of H&E staining (Q) and Sirius red staining
(R) in liver paraffin sections. Scale bars, 200 ym. Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase; CDHFD, choline-
deficient high-fat diet; DEGs, differentially expressed genes; GO, Gene Ontology; HFD, high-fat diet; H&E, Hematoxylin and Eosin; KEGG, Kyoto
Encyclopedia of Genes and Genomes; MASLD, metabolic dysfunction—associated steatotic liver disease; MCD, methionine/choline-deficient
diet; MoMFs, monocyte-derived macrophages; mRNA, messenger RNA; NAFLD, nonalcoholic fatty liver disease; NCD, normal control diet.

HFD-fed mice (Figure 5K). Overall, our findings indicate
that CD14*CCR2" macrophages (c0) not only exhibit
pro-inflammatory functions but also contribute to
fibrosis, lipid accumulation, and antigen presentation.

To directly assess the pathogenic contribution of
CD14*CCR2* MoMFs to steatohepatitis progression,
we treated MCD-fed mice with daily i.p. injections of the
CCR2 antagonist RS102895 (5 mg/kg) or vehicle. This
treatment significantly reduced the intrahepatic abun-
dance of CD14* MoMFs (Figure 5M) and markedly
ameliorated disease severity. Specifically, we observed
reductions in serum ALT and AST levels (Figures 5N,
0O), improvement in NAS (Figures 5P, Q), and
attenuation of fibrosis as assessed by Sirius red
staining (Figures 5P, R). Together, these results
indicate that the functionally diverse CD14"CCR2*
MoMFs play a critical pathogenic role in MASLD
progression.

The basal cluster 1 (c1) is depleted during
MASLD progression and acquires CD14*
and CCR7* phenotypes under
inflammatory stimulation in vitro

To investigate the fate and functional relevance of the
dominant homeostatic cluster (c1) during MASLD, we
performed integrated molecular and functional analy-
ses. This cluster, most abundant in NCD livers
(Figure 1G), exhibited high expression of ribosome-
related genes (Rp/27 and Rpl15), supporting its basal,
non-inflammatory identity (Figure 6A). For precise
identification, we defined c1 by the negative expression
of other cluster markers (Figure 6B). Flow cytometry
confirmed a significant reduction in ¢1 across multiple
steatohepatitis models (Figure 6B). Moreover, its
proportion negatively correlated with NAS, directly
linking its depletion to disease severity (Figure 6C).
Intriguingly, CCR2 expression shifted from being
primarily in ¢1 (NCD group) to predominantly in the
inflammatory c0 in the MCD group, hinting at a possible
phenotypic transition (Figures 5D, 6D). To formally test
this plasticity, we performed pseudotime analysis on c0,

c1, c4, and c5. The trajectory positioned c1 as the root
state, with clear branching paths leading to cO and c4/
c5 lineages (Figures 6E, F). Notably, proliferative
markers (c5) were also active early in the trajectory,
suggesting proliferation may accompany this transition
process (Figures 6E, F).

To test the plasticity and transition potential of c1
cells, we isolated them from the livers of NCD-fed mice
(0 h) and cultured them for 24 hours with or without
lipopolysaccharide (LPS) stimulation (100 ng/mL). Flow
cytometry analysis revealed that after 24 hours of
culture, isolated c1 cells acquired CD14" and CCR7*
markers, even without LPS stimulation (Figures 6G, H).
Notably, LPS treatment significantly enhanced this
acquisition, with the LPS-stimulated group showing
markedly higher proportions of CD14* and CCR7*
MoMFs than the unstimulated group (Figures 6G, H).
However, the proportion of CCR3* MoMFs showed no
significant difference between the 2 groups (Figure 6l).
These results suggest that c1 exhibits phenotypic
plasticity, capable of acquiring CD14* and CCR7*
markers under inflammatory stimulation in vitro.

To assess whether the 7 mouse clusters corre-
sponded to human MASLD pathology, we analyzed
human MASLD liver scRNA-seq data (GSE212837).130]
Our findings revealed that marker genes characterizing
each mouse subpopulation were similarly expressed in
human MASLD samples, with expression patterns
between normal and MASLD patients mirroring the
mouse subset dynamics (Figure 6J). These findings
indicate that MASLD mouse model clusters are
conserved in humans, suggesting their biological and
clinical relevance in MASLD pathogenesis.

DISCUSSION

In summary, our comprehensive scRNA-seq analysis
has advanced the understanding of MoMF heteroge-
neity in MASLD pathogenesis by revealing seven
functionally distinct clusters with dynamic alterations
during disease progression (Figure 7). These findings
not only deepen our understanding of hepatic
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FIGURE 6 The basal cluster 1 (c1) is depleted during MASLD progression and acquires CD14* and CCR7"* phenotypes under inflammatory
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strategy and statistical analysis of cluster 1 relative to total MoMFs in NCD-fed, CDHFD-fed, MCD-fed, and HFD-fed mice. (C) Correlation
between the proportion of cluster 1 and the NAFLD activity score in the combined cohort of NCD-fed and MCD-fed mice. (D) UMAP plots
displaying the major cellular subsets identified in the NCD and MCD groups. (E) Trajectory analysis of clusters 0, 1, 4, and 5 using Monocle 2. (F)
Heatmap displaying gene expression dynamics across pseudotime for selected marker genes in clusters 0, 1, 4, and 5. (G-I) Flow cytometry
analysis of CD14 (G), CCR7 (H), and CCR3 (I) expression in cluster 1 cells isolated from NCD-fed mouse liver, with or without LPS stimulation.
(J) Dot plots depicting the expression of genes in liver macrophages derived from healthy and MASLD samples (GSE212837). Abbreviations:
CDHFD, choline-deficient high-fat diet; HFD, high-fat diet; LPS, lipopolysaccharide; MASLD, metabolic dysfunction—associated steatotic liver
disease; MCD, methionine/choline-deficient diet; MoMFs, monocyte-derived macrophages; NCD, normal control diet; UMAP, uniform manifold
approximation and projection.

macrophage biology but also offer promising avenues addition, canonical KC markers (Clec4f*Timd4*) and
for developing targeted immunomodulatory strategies MoKCs (Clec4f* Timd4~) were rarely detected across all
to halt or reverse MASLD progression through selective our MoMFs clusters (Supplemental Figure S2K, http://

manipulation of specific MoMFs subsets. links.lww.com/HC9/C281),133-351  consistent with the
Multiple recent studies have characterized lipid- exclusion of resident KCs from our sorted MoMFs
associated macrophages (LAMs) and monocyte-  population (7TAAD~CD45*Ly6G~CD11bN"F4/80').

derived Kupffer cells (MoKCs) as key recruited macro- These observations indicate that while our cO MoMFs
phage populations in MASLD. We found that classical share some transcriptomic overlap with LAMs, they
LAM markers (Gpnmb, Trem2, Spp1) were primarily likely represent a broader, functionally heterogeneous
expressed within the CD14* c0 cluster (Supplemental population rather than a dedicated LAMs lineage, and
Figure S2l, http://links.lww.com/HC9/C281);I7.12321  do not exhibit significant KC-like differentiation under
however, further subclustering of cO revealed that the conditions studied.

these markers did not define a distinct, cohesive While previous studies have primarily focused on
subpopulation, suggesting a more dispersed distribu- CCR2* MoMFs as key mediators of inflammation
tion of LAM-associated features among c0 MoMFs through cytokine production and immune cell recruit-
rather than a discrete LAM subset (Supplemental ment, we demonstrated that this population encom-
Figure S2J, http:/links.lww.com/HC9/C281). In passes distinct subclusters with specialized functions in

Heterogeneity and dynamics of intrahepatic MoMFs during MASLD progression
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FIGURE 7 Heterogeneity and dynamics of intrahepatic MoMFs during MASLD progression. This scRNA-seq analysis delineated 7 distinct
MoMFs clusters (c0—c6) in the liver with dynamic changes during steatohepatitis progression. CD14* (c0) MoMFs, the predominant CCR2*
population, exhibited multifaceted functions beyond inflammation, including roles in fibrosis, lipid uptake, and antigen presentation. The basal
cluster (c1) is depleted during MASLD progression and acquires CD14* and CCR7" phenotypes under inflammatory stimulation in vitro. Lipid
overload drives mitochondrial dysfunction and apoptosis in CD206* (c2) MoMFs in MASLD. CCR3* (c3) MoMFs drive MASLD progression
through lipid accumulation, oxidative stress, and CCL5-mediated recruitment. CCL19/CCL21-recruited CCR7"* (c4) MoMFs exacerbate MASLD
pathogenesis through enhanced antigen presentation. In addition, Ki67* (c5) proliferative and CD3* (c6) TCR-related MoMFs maintained stable
proportions but exhibited functional alterations during MASLD. Abbreviations: MASLD, metabolic dysfunction—associated steatotic liver disease;
MoMFs, monocyte-derived macrophages; scRNA-seq, single-cell RNA sequencing.
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fibrosis, lipid droplet accumulation, and antigen pre-
sentation. This heterogeneity may explain the limited
efficacy of therapies that broadly target CCR2/CCR5
recruitment in MASH patients. Our data suggest this
approach may suppress disease-driving subsets while
inadvertently limiting the pool of monocytes that could
potentially adopt beneficial functions during resolution.
Consequently, future work should focus on validating
these pathogenic human MoMFs counterparts and
identifying druggable targets within them to enable
precise clinical intervention.

Our analysis identified a basal, ribosome-enriched
MoMFs subset (c1), the relative abundance of which
diminishes in MASLD. Pseudotime trajectory inference
and in vitro phenotypic plasticity assays are consistent
with a model in which c1 cells possess the capacity to
transition into more inflammatory states under disease
stress, potentially contributing to the expanded CCR7*
(c4) and CD14* (c0) populations. However, we were
unable to definitively establish this transition as a direct
lineage commitment due to the absence of a unique
surface marker for selective depletion or tracing of the
c1 subset. Future studies employing more advanced
techniques, such as single-cell multi-omics or the
development of genetic tools that specifically target
the c1 transcriptomic signature, will be essential to
validate its precursor potential and elucidate its precise
functional role within the hepatic microenvironment
during MASLD progression.

The cell-cell communication analyses in this study
utilized publicly available scRNA-seq data in which
macrophages were identified using conventional mark-
ers (CD14, CD68, CSF1R, and FCGR3A), potentially
mixing monocyte-derived and resident populations and
thus representing an interpretive limitation. Neverthe-
less, the conserved upregulation of key chemokines
such as Ccl5, Ccl19, and Ccl21 across multiple dietary
MASLD models provides initial experimental support for
the predicted signaling axes. The CCL5-CCR3 axis
has been implicated in regulating macrophage polar-
ization and immune cell recruitment in multiple inflam-
matory contexts. Studies in cardiac remodeling dem-
onstrated that CCL5 promotes M2 macrophage
polarization  through  CCR3-dependent  NF-xB
activation.®®! Similarly, CCL5-CCR3 signaling facili-
tates Th2 cell differentiation, creating an immuno-
suppressive microenvironment.’”l The CCL21-CCR7
axis likewise plays a pivotal role in immune regulation.
In rheumatoid arthritis, CCR7 upregulation in synovial
macrophages promotes M1 polarization and Th17 cell
differentiation, driving chronic inflammation.l*8! These
findings suggest that CCL5-CCR3 and CCL19/21-
CCRY signaling axes may serve as critical regulatory
nodes orchestrating macrophage-immune cell crosstalk
during MASLD progression, warranting further investi-
gation as potential therapeutic targets.

Beyond transcriptomic conservation, our identified
MoMFs subsets exhibit significant translational poten-
tial for therapeutic development. Crucially, we demon-
strate that therapeutic targeting of specific subset
markers (CCR7 or CCR2) ameliorates MASLD pathol-
ogy. Notably, the clinical relevance of these targets is
further supported by emerging evidence from human
studies. The CCL24-CCR3 axis has emerged as a
druggable target; human NASH patients show elevated
CCL24 and CCR3 expression in liver biopsies and
blood samples, and the anti-CCL24 monoclonal anti-
body CM-101 significantly attenuated liver fibrosis and
NAFLD activity scores in 3 experimental models,9
demonstrating the druggability of this pathway. Most
encouragingly, therapeutic targeting of CCR7 has
advanced to clinical development. CAP-100, a human-
ized anti-CCR7 monoclonal antibody (IgG1), specif-
ically neutralizes CCRY7 ligand-binding and signaling,
inhibiting CCR7-mediated migration, extravasation, and
survival.l*?! These clinical developments collectively
validate the translational significance of our mouse-
derived MoMFs subsets, highlighting CCR3* and
CCR7* populations as promising therapeutic targets
for human MASLD.

Recent work by Guo et al.l*! elegantly dissected
how the Notch—RBPJ signaling axis governs monocyte
fate determination in MASLD. However, our study
focuses on the functional heterogeneity of MoMFs
within the steatotic liver microenvironment. We identify
new subsets such as CCR3* and CCR7* MoMFs and
dissect the multifunctional spectrum of CCR2* macro-
phages. Moreover, we observe that a basal resident
MoMFs population exhibits phenotypic plasticity, point-
ing to local adaptations that may contribute to macro-
phage diversity alongside bone marrow recruitment.
These findings provide a complementary, cell-state-
centered perspective that extends our understanding of
macrophage roles in MASLD pathogenesis.

While our findings advance MoMFs' biology under-
standing, several limitations should be acknowledged.
First, scRNA-seq provides transcriptional snapshots
that may miss transient states and lack spatial context;
thus, the tissue localization of the identified macro-
phage subsets remains undefined, which could be
addressed by spatial transcriptomics. Second, our
study was conducted exclusively in male mice, and
validation in female animals and alternative disease
models is needed to establish broader clinical rele-
vance. Third, functional contributions of each subset
require precise definition through selective depletion or
manipulation studies.
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