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Abstract

Myocardial infarction (MI) triggers a maladaptive fibrotic response that leads to heart failure, yet
the cellular drivers of this process remain incompletely understood. Here we integrate single ‑
cell RNA‑ sequencing (scRNA‑ seq) data from mouse hearts after MI (5,077 cells) to map the
cellular landscape of post‑ infarction fibrosis. We identify a previously uncharacterized fibroblast
subset, designated CF1 (conserved fibroblast 1), characterized by high expression of Cd248, Fap,
Cthrc1, and Postn. CF1 cells constitute 229 cells and are markedly enriched in infarcted hearts.
Differential expression analysis reveals 393 genes upregulated in CF1 compared to other
fibroblasts, with functional enrichment pointing to extracellular matrix organization,
inflammatory response, and TGF‑ β signaling. Notably, the CF1 transcriptional signature is also
detected in publicly available datasets of liver, kidney, and lung fibrosis, suggesting a conserved
pro‑ fibrotic program across organs. Our findings uncover a previously unappreciated fibroblast
subset that may serve as a central hub for inflammation ‑ driven matrix remodeling after MI,
providing potential diagnostic and therapeutic targets for post‑ infarction heart failure.
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Introduction

Myocardial infarction (MI) remains a leading cause of heart failure worldwide, with an estimated
7 million cases annually and a 5‑ year mortality rate exceeding 50% in those who develop heart
failure ¹ ⁻ ² . Following ischemic injury, the heart initiates a complex reparative process that
involves the activation, proliferation, and differentiation of cardiac fibroblasts into myofibroblasts
³ . This process is essential for scar formation and prevention of cardiac rupture; however,
excessive or persistent fibrosis leads to pathological remodeling, ventricular stiffness, and
ultimately heart failure ⁴ . Despite decades of research, no anti ‑ fibrotic therapy has been
approved for post‑ MI patients, largely because the cellular heterogeneity and molecular drivers
of fibrosis remain incompletely defined⁵.

Recent advances in single‑ cell RNA‑ sequencing (scRNA‑ seq) have revolutionized the study of
cellular diversity in the heart, revealing unexpected heterogeneity among fibroblasts⁶⁻ ⁸. Several
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studies have identified distinct fibroblast subsets marked by Fap, Postn, Cthrc1, and Cd248 in the
injured heart, each with potentially distinct roles in repair and remodeling ⁹⁻ ¹¹ . For instance,
CD248⁺ fibroblasts have been implicated in post‑ MI fibrosis through T‑ cell recruitment¹⁰,
while FAP⁺ POSTN⁺ subsets have been linked to IL‑ 1β‑ driven activation¹¹. However, these
studies have largely been conducted independently, using different models and time points,
making it difficult to integrate findings into a unified framework. Moreover, the spatial
organization of these fibroblast subsets and their cross ‑ talk with immune cells remain poorly
understood.

In the present study, we performed an integrative scRNA‑ seq analysis of mouse hearts after MI
to map the cellular landscape of post ‑ infarction fibrosis. We identified a previously
uncharacterized fibroblast subset, designated CF1, defined by co ‑ expression of Cd248, Fap,
Cthrc1, and Postn. CF1 cells are enriched in infarcted hearts, exhibit a pro‑ fibrotic and pro‑
inflammatory transcriptomic signature, and are functionally linked to extracellular matrix
remodeling, TGF ‑ β signaling, and inflammatory pathways. Notably, the CF1 signature is
conserved across multiple fibrotic diseases, suggesting a universal pro‑ fibrotic program. These
findings provide new insights into the cellular basis of cardiac fibrosis and highlight potential
targets for therapeutic intervention.

---

Results

Single‑ cell atlas of the post‑ infarction heart reveals cellular heterogeneity

To dissect the cellular composition of the post‑ infarction heart, we analyzed scRNA‑ seq data
from mouse hearts after MI (GSE145236). After quality control, we obtained 5,077 high‑ quality
cells from infarcted and sham ‑ operated hearts. Unsupervised clustering resolved 16
transcriptionally distinct clusters (Figure 1A). Canonical marker genes were used to annotate
major cell types: cardiomyocytes (Myh6, Tnnt2), fibroblasts (Dcn, Col1a1), macrophages (Cd68,
Ccr2), endothelial cells (Pecam1, Cdh5), and other minor populations (Supplementary Table S1).
Clear separation of cell types and balanced representation of MI and sham samples confirmed
the quality of the integrated dataset (Extended Data Fig. 1). The expression patterns of lineage‑
specific markers were visualized using feature plots and violin plots, further validating the
annotations (Extended Data Fig. 2).

Identification of a conserved fibroblast subset CF1

Given the central role of fibroblasts in cardiac fibrosis, we extracted all fibroblast populations
(defined by expression of Dcn, Col1a1, Col1a2, and Pdgfra) and performed unsupervised
reclustering. This yielded 9 fibroblast subsets (Figure 2A). One subset (cluster 2) exhibited a
distinctive transcriptional profile characterized by high expression of Cd248, Fap, Cthrc1, and
Postn (Figure 2B). We designated this subset as CF1 (Conserved Fibroblast 1). CF1 comprised 229
cells and was markedly enriched in infarcted hearts compared to sham controls (Figure 2C),
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suggesting a specific role in post‑ infarction fibrosis. Notably, a similar gene signature was also
identified in publicly available scRNA‑ seq datasets of liver fibrosis (GSE136751), kidney fibrosis
(GSE151348), and lung fibrosis (GSE122960) (Extended Data Fig. 3), indicating that CF1 may
represent a pan ‑ organ pro ‑ fibrotic program. To further explore the conservation of this
signature, we calculated a CF1‑ score based on the top 20 marker genes and observed elevated
scores in fibrotic tissues across all four organs, with heart fibrosis showing the highest score,
followed by lung and liver (Extended Data Fig. 4).

Transcriptional signature of CF1 reveals pro‑ fibrotic and pro‑ inflammatory pathways

To characterize the molecular features of CF1, we performed differential expression analysis
comparing CF1 with all other fibroblasts. This identified 393 genes significantly upregulated in
CF1 (|log ₂ FC| > 1, adj.P < 0.05) (Supplementary Table S2). Top ‑ ranking markers included
Smpd3, Mrgprg, Cd248, Tmem100, and Fstl1 (Figure 3A). A heatmap of the top 20 differentially
expressed genes confirmed the distinct expression pattern of CF1 compared to other fibroblast
subsets (Figure 3B). Gene Ontology (GO) enrichment analysis on the upregulated genes revealed
strong enrichment for pathways related to extracellular matrix organization, inflammatory
response, TGF ‑ β signaling, and angiogenesis (Figure 3C). KEGG pathway analysis further
highlighted the TGF ‑ β , IL ‑ 1β , and MAPK signaling cascades (Figure 3D). These results
indicate that CF1 cells are poised to drive both matrix remodeling and inflammatory responses,
positioning them as central orchestrators of post‑ infarction fibrosis.

Potential ligand‑ receptor interactions between CF1 and immune cells

Given the enrichment of inflammatory pathways in CF1, we sought to infer potential crosstalk
between CF1 and immune cells, particularly macrophages. Using the NicheNet algorithm, we
predicted that macrophages, which are abundant in the infarcted heart, may signal to CF1 via
several ligands, with Tgfb1 and Il1b ranking as the top candidates (Extended Data Fig. 5). In turn,
CF1 was predicted to express chemokines such as Ccl2 and Cxcl12 that could recruit additional
immune cells, suggesting a positive feedback loop. Although these predictions require
experimental validation, they provide a mechanistic basis for the spatial and functional coupling
of CF1 with the inflammatory microenvironment.

Spatial distribution of CF1 in the infarcted heart

To gain insight into the spatial organization of CF1, we mapped the CF1 signature onto a publicly
available spatial transcriptomics dataset of the mouse heart after MI (GSE190864).
Deconvolution analysis using RCTD revealed that CF1 cells were predominantly localized to the
infarct border zone, a region known to be a hotspot of active remodeling (Extended Data Fig. 6).
In contrast, other fibroblast subsets were more uniformly distributed across the infarct core,
border zone, and remote myocardium. This spatial enrichment further supports the notion that
CF1 operates in a spatially restricted niche where it can interact with infiltrating immune cells and
respond to local cues.
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Discussion

In this study, we performed an integrative single‑ cell analysis of the post‑ infarction heart and
identified a novel fibroblast subset, CF1, defined by co‑ expression of Cd248, Fap, Cthrc1, and
Postn. CF1 cells are enriched in infarcted hearts and exhibit a pro ‑ fibrotic and pro ‑
inflammatory transcriptional signature. Notably, the CF1 signature is conserved across multiple
fibrotic diseases, suggesting a universal mechanism of fibrosis. Our findings extend previous
single ‑ cell studies that described individual fibroblast subsets ⁹ ⁻ ¹¹ . For example, CD248 ⁺
fibroblasts have been implicated in post‑ MI fibrosis through T‑ cell recruitment¹⁰, while FAP⁺
POSTN ⁺ subsets have been linked to IL ‑ 1β ‑ driven activation¹¹ . Our integrated analysis
reveals that these markers co‑ occur in a single subset, CF1, and that this subset is present not
only in the heart but also in other fibrotic organs. This raises the possibility that CF1 represents a
conserved pro‑ fibrotic program that operates across tissues, offering a unifying framework for
understanding fibrosis.

The functional enrichment of TGF ‑ β and IL ‑ 1 β pathways in CF1 aligns with their
established roles in fibroblast activation and inflammation¹². In particular, TGF‑ β signaling is a
master regulator of myofibroblast differentiation and matrix production, while IL‑ 1β promotes
inflammatory responses and amplifies fibroblast activation ¹ ³ . The co ‑ enrichment of these
pathways suggests that CF1 may serve as a hub integrating pro‑ fibrotic and pro‑ inflammatory
signals, thereby amplifying the fibrotic response. Furthermore, the predicted ligand ‑ receptor
interactions between CF1 and macrophages— specifically involving TGF ‑ β1 and IL ‑ 1β—

suggest a bidirectional crosstalk that could sustain the fibrotic niche. Future studies using co‑
culture systems or in vivo lineage tracing will be essential to validate these interactions and
determine whether they are required for CF1 function.

The spatial localization of CF1 to the infarct border zone is particularly compelling. The border
zone is a dynamic region where active remodeling occurs, characterized by ongoing inflammation,
angiogenesis, and matrix deposition. The enrichment of CF1 in this area suggests that these cells
may be strategically positioned to respond to injury signals and orchestrate tissue repair. This
spatial organization may also explain why CF1 is conserved across different fibrotic diseases: the
border zone of any injured organ represents a similar microenvironment of ischemia,
inflammation, and mechanical stress.

Several limitations of this study warrant discussion. First, our analysis is based on a single public
scRNA‑ seq dataset with moderate cellular depth (5,077 cells). Validation in larger, independent
cohorts and across species (e.g., human samples) is needed. Second, the spatial distribution of
CF1 within the infarcted heart was inferred from a separate spatial transcriptomics dataset; direct
co ‑ localization using multiplex immunofluorescence on the same tissue samples would
strengthen the evidence. Third, the functional role of CF1 in driving fibrosis remains correlative;
functional perturbation experiments (e.g., CF1 ‑ specific depletion using a Cd248 ‑ CreERT2
driver, or lineage tracing) are necessary to establish causality. Fourth, the predicted ligand ‑
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receptor interactions between CF1 and macrophages require experimental validation in vitro and
in vivo. Fifth, the cross‑ organ conservation of CF1, while intriguing, is based on limited public
datasets; a systematic comparison across a broader range of fibrotic diseases would be valuable.

 

Despite these limitations, our study provides a comprehensive molecular characterization of a
conserved fibroblast subset that may underlie post‑ infarction fibrosis. The identification of CF1
as a potential hub for inflammation ‑ driven matrix remodeling opens new avenues for
therapeutic targeting. Future efforts should focus on validating the spatial and functional roles of
CF1, exploring its upstream regulators (e.g., transcription factors such as Twist1 and Foxo1), and
testing whether pharmacological targeting of CF1 markers (e.g., CD248 or FAP) can attenuate
post‑ MI fibrosis in preclinical models. Ultimately, a deeper understanding of CF1 biology may
lead to novel diagnostic and therapeutic strategies for post ‑ infarction heart failure and other
fibrotic diseases.
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Data sources and preprocessing
Single�cell RNA�sequencing (scRNA�seq) data of mouse hearts after myocardial infarction
(MI) were obtained from the Gene Expression Omnibus (GEO) under accession GSE145236. The
dataset comprises 5,077 cells from MI and sham�operated hearts. Raw count matrices were
downloaded and processed using the Seurat package (v5.2) in R. Cells with fewer than 200 or
more than 5,000 detected genes, or with more than 10% mitochondrial reads, were excluded.
For cross�organ comparison, scRNA�seq datasets of liver fibrosis (GSE136751), kidney fibrosis
(GSE151348), and lung fibrosis (GSE122960) were downloaded and processed using the same
quality control thresholds.

Data integration and clustering
After quality control, data were normalized using the SCTransform method and integrated via
Harmony (v1.0). Principal component analysis (PCA) was performed on the top 2,000 variable
genes, and the first 30 principal components were used for graph�based clustering with a
resolution of 0.5. Uniform manifold approximation and projection (UMAP) was applied for
visualization. For cross�organ analysis, datasets were integrated using the same pipeline, but
separate integration was performed for each organ due to technical differences.

Identification of fibroblast subsets
Fibroblasts were identified based on expression of  Dcn ,  Col1a1 ,  Col1a2 , and  Pdgfra .
These cells were extracted and re�clustered with a resolution of 0.3, yielding 9 fibroblast
subsets. A subset (cluster 2) highly expressing  Cd248 ,  Fap ,  Cthrc1 , and  Postn  was
designated as CF1 (Conserved Fibroblast 1). Differentially expressed genes between CF1 and
other fibroblasts were identified using the `FindMarkers` function with a log�fold change (logFC 

) threshold of 1 and an adjusted P�value < 0.05 (Benjamini�Hochberg correction).
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Functional enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed using
the clusterProfiler package (v4.12). Upregulated genes in CF1 (|logFC| > 1, adj.P < 0.05)
were used as input, with the entire expressed gene set as background.
Enriched terms with adjusted P�value < 0.05 were considered significant. For
visualization, dot plots and bar plots were generated using the `dotplot` and `barplot` functions.

Ligand�receptor inference
NicheNet (v1.1.0) was used to predict ligands from macrophages to CF1.
The expression data from all cells were used, with 

macrophages as sender cells and CF1 as receiver cells.
The top 100 upregulated genes in CF1 were used as target genes.
Ligand activity scores were calculated using the `predict_ligand_activities` function.

Spatial transcriptomics analysis
Spatial transcriptomics data from GSE190864 (mouse heart after MI)
were processed using Seurat. The CF1 signature was 

mapped to spatial spots using the RCTD algorithm (spacexr package). For each spot,
the proportion of CF1 was estimated
and visualized on tissue sections.

Statistical analysis
All statistical analyses were performed in R (v4.5.2).
Comparisons between groups were made using two�sided Wilcoxon
rank�sum tests or Student's t�test as appropriate.
Multiple testing was corrected by the Benjamini�Hochberg method.
Data are presented as mean ± s.e.m. unless otherwise stated.

Data and code availability
The scRNA�
seq data used in this study are publicly available in the GEO database under accession GSE14523
6, GSE136751 , GSE151348, GSE122960, and GSE190864.
All analysis code is available from the corresponding author upon reasonable
request.
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Abstract

Myocardial infarction (MI) triggers a maladaptive fibrotic response that leads to heart failure, yet
the cellular drivers of this process remain incompletely understood. Here we integrate single ‑
cell RNA‑ sequencing (scRNA‑ seq) data from mouse hearts after MI (5,077 cells) to map the
cellular landscape of post‑ infarction fibrosis. We identify a previously uncharacterized fibroblast
subset, designated CF1 (conserved fibroblast 1), characterized by high expression of Cd248, Fap,
Cthrc1, and Postn. CF1 cells constitute 229 cells and are markedly enriched in infarcted hearts.
Differential expression analysis reveals 393 genes upregulated in CF1 compared to other
fibroblasts, with functional enrichment pointing to extracellular matrix organization,
inflammatory response, and TGF‑ β signaling. Notably, the CF1 transcriptional signature is also
detected in publicly available datasets of liver, kidney, and lung fibrosis, suggesting a conserved
pro‑ fibrotic program across organs. Our findings uncover a previously unappreciated fibroblast
subset that may serve as a central hub for inflammation ‑ driven matrix remodeling after MI,
providing potential diagnostic and therapeutic targets for post‑ infarction heart failure.
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Introduction

Myocardial infarction (MI) remains a leading cause of heart failure worldwide, with an estimated
7 million cases annually and a 5‑ year mortality rate exceeding 50% in those who develop heart
failure ¹ ⁻ ² . Following ischemic injury, the heart initiates a complex reparative process that
involves the activation, proliferation, and differentiation of cardiac fibroblasts into myofibroblasts
³ . This process is essential for scar formation and prevention of cardiac rupture; however,
excessive or persistent fibrosis leads to pathological remodeling, ventricular stiffness, and
ultimately heart failure ⁴ . Despite decades of research, no anti ‑ fibrotic therapy has been
approved for post‑ MI patients, largely because the cellular heterogeneity and molecular drivers
of fibrosis remain incompletely defined⁵.

Recent advances in single‑ cell RNA‑ sequencing (scRNA‑ seq) have revolutionized the study of
cellular diversity in the heart, revealing unexpected heterogeneity among fibroblasts⁶⁻ ⁸. Several



studies have identified distinct fibroblast subsets marked by Fap, Postn, Cthrc1, and Cd248 in the
injured heart, each with potentially distinct roles in repair and remodeling ⁹⁻ ¹¹ . For instance,
CD248⁺ fibroblasts have been implicated in post‑ MI fibrosis through T‑ cell recruitment¹⁰,
while FAP⁺ POSTN⁺ subsets have been linked to IL‑ 1β‑ driven activation¹¹. However, these
studies have largely been conducted independently, using different models and time points,
making it difficult to integrate findings into a unified framework. Moreover, the spatial
organization of these fibroblast subsets and their cross ‑ talk with immune cells remain poorly
understood.

In the present study, we performed an integrative scRNA‑ seq analysis of mouse hearts after MI
to map the cellular landscape of post ‑ infarction fibrosis. We identified a previously
uncharacterized fibroblast subset, designated CF1, defined by co ‑ expression of Cd248, Fap,
Cthrc1, and Postn. CF1 cells are enriched in infarcted hearts, exhibit a pro‑ fibrotic and pro‑
inflammatory transcriptomic signature, and are functionally linked to extracellular matrix
remodeling, TGF ‑ β signaling, and inflammatory pathways. Notably, the CF1 signature is
conserved across multiple fibrotic diseases, suggesting a universal pro‑ fibrotic program. These
findings provide new insights into the cellular basis of cardiac fibrosis and highlight potential
targets for therapeutic intervention.

---

Results

Single‑ cell atlas of the post‑ infarction heart reveals cellular heterogeneity

To dissect the cellular composition of the post‑ infarction heart, we analyzed scRNA‑ seq data
from mouse hearts after MI (GSE145236). After quality control, we obtained 5,077 high‑ quality
cells from infarcted and sham ‑ operated hearts. Unsupervised clustering resolved 16
transcriptionally distinct clusters (Figure 1A). Canonical marker genes were used to annotate
major cell types: cardiomyocytes (Myh6, Tnnt2), fibroblasts (Dcn, Col1a1), macrophages (Cd68,
Ccr2), endothelial cells (Pecam1, Cdh5), and other minor populations (Supplementary Table S1).
Clear separation of cell types and balanced representation of MI and sham samples confirmed
the quality of the integrated dataset (Extended Data Fig. 1). The expression patterns of lineage‑
specific markers were visualized using feature plots and violin plots, further validating the
annotations (Extended Data Fig. 2).

Identification of a conserved fibroblast subset CF1

Given the central role of fibroblasts in cardiac fibrosis, we extracted all fibroblast populations
(defined by expression of Dcn, Col1a1, Col1a2, and Pdgfra) and performed unsupervised
reclustering. This yielded 9 fibroblast subsets (Figure 2A). One subset (cluster 2) exhibited a
distinctive transcriptional profile characterized by high expression of Cd248, Fap, Cthrc1, and
Postn (Figure 2B). We designated this subset as CF1 (Conserved Fibroblast 1). CF1 comprised 229
cells and was markedly enriched in infarcted hearts compared to sham controls (Figure 2C),



suggesting a specific role in post‑ infarction fibrosis. Notably, a similar gene signature was also
identified in publicly available scRNA‑ seq datasets of liver fibrosis (GSE136751), kidney fibrosis
(GSE151348), and lung fibrosis (GSE122960) (Extended Data Fig. 3), indicating that CF1 may
represent a pan ‑ organ pro ‑ fibrotic program. To further explore the conservation of this
signature, we calculated a CF1‑ score based on the top 20 marker genes and observed elevated
scores in fibrotic tissues across all four organs, with heart fibrosis showing the highest score,
followed by lung and liver (Extended Data Fig. 4).

Transcriptional signature of CF1 reveals pro‑ fibrotic and pro‑ inflammatory pathways

To characterize the molecular features of CF1, we performed differential expression analysis
comparing CF1 with all other fibroblasts. This identified 393 genes significantly upregulated in
CF1 (|log ₂ FC| > 1, adj.P < 0.05) (Supplementary Table S2). Top ‑ ranking markers included
Smpd3, Mrgprg, Cd248, Tmem100, and Fstl1 (Figure 3A). A heatmap of the top 20 differentially
expressed genes confirmed the distinct expression pattern of CF1 compared to other fibroblast
subsets (Figure 3B). Gene Ontology (GO) enrichment analysis on the upregulated genes revealed
strong enrichment for pathways related to extracellular matrix organization, inflammatory
response, TGF ‑ β signaling, and angiogenesis (Figure 3C). KEGG pathway analysis further
highlighted the TGF ‑ β , IL ‑ 1β , and MAPK signaling cascades (Figure 3D). These results
indicate that CF1 cells are poised to drive both matrix remodeling and inflammatory responses,
positioning them as central orchestrators of post‑ infarction fibrosis.

Potential ligand‑ receptor interactions between CF1 and immune cells

Given the enrichment of inflammatory pathways in CF1, we sought to infer potential crosstalk
between CF1 and immune cells, particularly macrophages. Using the NicheNet algorithm, we
predicted that macrophages, which are abundant in the infarcted heart, may signal to CF1 via
several ligands, with Tgfb1 and Il1b ranking as the top candidates (Extended Data Fig. 5). In turn,
CF1 was predicted to express chemokines such as Ccl2 and Cxcl12 that could recruit additional
immune cells, suggesting a positive feedback loop. Although these predictions require
experimental validation, they provide a mechanistic basis for the spatial and functional coupling
of CF1 with the inflammatory microenvironment.

Spatial distribution of CF1 in the infarcted heart

To gain insight into the spatial organization of CF1, we mapped the CF1 signature onto a publicly
available spatial transcriptomics dataset of the mouse heart after MI (GSE190864).
Deconvolution analysis using RCTD revealed that CF1 cells were predominantly localized to the
infarct border zone, a region known to be a hotspot of active remodeling (Extended Data Fig. 6).
In contrast, other fibroblast subsets were more uniformly distributed across the infarct core,
border zone, and remote myocardium. This spatial enrichment further supports the notion that
CF1 operates in a spatially restricted niche where it can interact with infiltrating immune cells and
respond to local cues.
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Discussion

In this study, we performed an integrative single‑ cell analysis of the post‑ infarction heart and
identified a novel fibroblast subset, CF1, defined by co‑ expression of Cd248, Fap, Cthrc1, and
Postn. CF1 cells are enriched in infarcted hearts and exhibit a pro ‑ fibrotic and pro ‑
inflammatory transcriptional signature. Notably, the CF1 signature is conserved across multiple
fibrotic diseases, suggesting a universal mechanism of fibrosis. Our findings extend previous
single ‑ cell studies that described individual fibroblast subsets ⁹ ⁻ ¹¹ . For example, CD248 ⁺
fibroblasts have been implicated in post‑ MI fibrosis through T‑ cell recruitment¹⁰, while FAP⁺
POSTN ⁺ subsets have been linked to IL ‑ 1β ‑ driven activation¹¹ . Our integrated analysis
reveals that these markers co‑ occur in a single subset, CF1, and that this subset is present not
only in the heart but also in other fibrotic organs. This raises the possibility that CF1 represents a
conserved pro‑ fibrotic program that operates across tissues, offering a unifying framework for
understanding fibrosis.

The functional enrichment of TGF ‑ β and IL ‑ 1 β pathways in CF1 aligns with their
established roles in fibroblast activation and inflammation¹². In particular, TGF‑ β signaling is a
master regulator of myofibroblast differentiation and matrix production, while IL‑ 1β promotes
inflammatory responses and amplifies fibroblast activation ¹ ³ . The co ‑ enrichment of these
pathways suggests that CF1 may serve as a hub integrating pro‑ fibrotic and pro‑ inflammatory
signals, thereby amplifying the fibrotic response. Furthermore, the predicted ligand ‑ receptor
interactions between CF1 and macrophages— specifically involving TGF ‑ β1 and IL ‑ 1β—

suggest a bidirectional crosstalk that could sustain the fibrotic niche. Future studies using co‑
culture systems or in vivo lineage tracing will be essential to validate these interactions and
determine whether they are required for CF1 function.

The spatial localization of CF1 to the infarct border zone is particularly compelling. The border
zone is a dynamic region where active remodeling occurs, characterized by ongoing inflammation,
angiogenesis, and matrix deposition. The enrichment of CF1 in this area suggests that these cells
may be strategically positioned to respond to injury signals and orchestrate tissue repair. This
spatial organization may also explain why CF1 is conserved across different fibrotic diseases: the
border zone of any injured organ represents a similar microenvironment of ischemia,
inflammation, and mechanical stress.

Several limitations of this study warrant discussion. First, our analysis is based on a single public
scRNA‑ seq dataset with moderate cellular depth (5,077 cells). Validation in larger, independent
cohorts and across species (e.g., human samples) is needed. Second, the spatial distribution of
CF1 within the infarcted heart was inferred from a separate spatial transcriptomics dataset; direct
co ‑ localization using multiplex immunofluorescence on the same tissue samples would
strengthen the evidence. Third, the functional role of CF1 in driving fibrosis remains correlative;
functional perturbation experiments (e.g., CF1 ‑ specific depletion using a Cd248 ‑ CreERT2
driver, or lineage tracing) are necessary to establish causality. Fourth, the predicted ligand ‑



 

 

receptor interactions between CF1 and macrophages require experimental validation in vitro and
in vivo. Fifth, the cross‑ organ conservation of CF1, while intriguing, is based on limited public
datasets; a systematic comparison across a broader range of fibrotic diseases would be valuable.

 

Despite these limitations, our study provides a comprehensive molecular characterization of a
conserved fibroblast subset that may underlie post‑ infarction fibrosis. The identification of CF1
as a potential hub for inflammation ‑ driven matrix remodeling opens new avenues for
therapeutic targeting. Future efforts should focus on validating the spatial and functional roles of
CF1, exploring its upstream regulators (e.g., transcription factors such as Twist1 and Foxo1), and
testing whether pharmacological targeting of CF1 markers (e.g., CD248 or FAP) can attenuate
post‑ MI fibrosis in preclinical models. Ultimately, a deeper understanding of CF1 biology may
lead to novel diagnostic and therapeutic strategies for post ‑ infarction heart failure and other
fibrotic diseases.
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Data sources and preprocessing
Single�cell RNA�sequencing (scRNA�seq) data of mouse hearts after myocardial infarction
(MI) were obtained from the Gene Expression Omnibus (GEO) under accession GSE145236. The
dataset comprises 5,077 cells from MI and sham�operated hearts. Raw count matrices were
downloaded and processed using the Seurat package (v5.2) in R. Cells with fewer than 200 or
more than 5,000 detected genes, or with more than 10% mitochondrial reads, were excluded.
For cross�organ comparison, scRNA�seq datasets of liver fibrosis (GSE136751), kidney fibrosis
(GSE151348), and lung fibrosis (GSE122960) were downloaded and processed using the same
quality control thresholds.

Data integration and clustering
After quality control, data were normalized using the SCTransform method and integrated via
Harmony (v1.0). Principal component analysis (PCA) was performed on the top 2,000 variable
genes, and the first 30 principal components were used for graph�based clustering with a
resolution of 0.5. Uniform manifold approximation and projection (UMAP) was applied for
visualization. For cross�organ analysis, datasets were integrated using the same pipeline, but
separate integration was performed for each organ due to technical differences.

Identification of fibroblast subsets
Fibroblasts were identified based on expression of  Dcn ,  Col1a1 ,  Col1a2 , and  Pdgfra .
These cells were extracted and re�clustered with a resolution of 0.3, yielding 9 fibroblast
subsets. A subset (cluster 2) highly expressing  Cd248 ,  Fap ,  Cthrc1 , and  Postn  was
designated as CF1 (Conserved Fibroblast 1). Differentially expressed genes between CF1 and
other fibroblasts were identified using the `FindMarkers` function with a log�fold change (logFC 

) threshold of 1 and an adjusted P�value < 0.05 (Benjamini�Hochberg correction).
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Functional enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed using
the clusterProfiler package (v4.12). Upregulated genes in CF1 (|logFC| > 1, adj.P < 0.05)
were used as input, with the entire expressed gene set as background.
Enriched terms with adjusted P�value < 0.05 were considered significant. For
visualization, dot plots and bar plots were generated using the `dotplot` and `barplot` functions.

Ligand�receptor inference
NicheNet (v1.1.0) was used to predict ligands from macrophages to CF1.
The expression data from all cells were used, with 

macrophages as sender cells and CF1 as receiver cells.
The top 100 upregulated genes in CF1 were used as target genes.
Ligand activity scores were calculated using the `predict_ligand_activities` function.

Spatial transcriptomics analysis
Spatial transcriptomics data from GSE190864 (mouse heart after MI)
were processed using Seurat. The CF1 signature was 

mapped to spatial spots using the RCTD algorithm (spacexr package). For each spot,
the proportion of CF1 was estimated
and visualized on tissue sections.

Statistical analysis
All statistical analyses were performed in R (v4.5.2).
Comparisons between groups were made using two�sided Wilcoxon
rank�sum tests or Student's t�test as appropriate.
Multiple testing was corrected by the Benjamini�Hochberg method.
Data are presented as mean ± s.e.m. unless otherwise stated.
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