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Materials and Methods 

 

Human samples for scRNA-seq 

Human left atrial appendages were obtained from well-characterized patients undergoing cardiac 

surgery at the Massachusetts General Hospital. The enrollment specifically involved patients 

with or without persistent AFib. Patients with AFib had pre-existing moderate to severe mitral 

valve regurgitation (MR). Control patients never had AFib. General inclusion criterion was age 

>18 years, with no specific exclusion criteria on the basis of sex, gender, race or ethnicity. 

Human tissue collection was conducted according to the Declaration of Helsinki and was 

approved by the Mass General Brigham Institutional Review Board (2019P002446). All patients 

gave written, informed consent before sample collection, as required. The excised atrial tissue 

samples were placed in a specimen container containing ice-cold PBS in the operating room and 

processed immediately for single-cell transcriptional profiling. 

 

Human samples for histology 

Existing formalin-fixed paraffin-embedded (FFPE) blocks of human left atrial samples, collected 

during cardiac surgery or autopsy at different clinical sites (Massachusetts General Hospital, 

Brigham and Women’s Hospital, University Hospital Wuerzburg, University Hospital 

Goettingen and John Radcliffe Hospital), were obtained for histology with approval from the 

local Research Ethics Committee at Mass General Brigham (2012P001135 and 2019P003227), 

University Hospital Wuerzburg (59/26-sc), University Hospital Goettingen (14/9/11), and John 

Radcliffe Hospital (07/Q1607/38 and 18/SW/0243). Patients were categorized into four groups 

based on their MR and/or AFib diagnoses. MR was defined significant if it was recorded as 

moderate or severe by echocardiography prior to sampling. Recorded electrocardiographic data 

of paroxysmal, persistent or permanent Afib prior to sampling was defined as Afib. Left and 

right atria were defined as dilated if diameter, area, or volume were larger than reported upper 

reference values (51, 52). Detailed patient characteristics of the scRNA-seq and histology 

cohorts are shown in tables S1 and S3, respectively. 

 

Mice 

Wildtype C57BL/6 (stock 000664), B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ (Cx3cr1CreER, 

stock 021160), B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai9fl/fl, stock 007909), B6.129S4-

Ccr2tm1Ifc/J (Ccr2−/−, stock 004999), B6.SJL-Ptprca Pepcb/BoyJ (Cd45.1, stock 002014) and 

B6.129S6(Cg)-Spp1tm1Blh/J (Spp1−/−, stock 004936) were purchased from the Jackson Laboratory. 

Genotyping for each strain was performed as described on the Jackson Laboratory website. All 

experiments were performed with 8-to-12-week-old male and female animals and using age- and 

sex-matched groups. Where appropriate, mice were randomly assigned to interventions. All mice 

were group-housed under standard conditions with free access to food and water. All animal 

experiments were approved by the Institutional Animal Care and Use Committee at the 

Massachusetts General Hospital (2014N000078). 

 

In vivo interventions 

HOMER mouse model 

To induce atrial remodeling and a disease condition that combines all three clinical risk factors 

(hypertension, obesity, and mitral valve regurgitation (HOMER)), mice first underwent surgery 

to generate MR, were then fed a high-fat diet, and finally had hypertension induced. In detail, 



 

 

 

mice were anesthetized (2.5% isoflurane in 95% O2), intubated, ventilated, and placed on a 

heating pad. A left lateral thoracotomy at the level of the second or third intercostal space was 

performed and the pericardial sack was opened to gain access to the heart. The mouse was then 

rotated to the right in order to expose the anterior and lateral aspects of the left atrium and 

ventricle. The left atrium was carefully elevated and an 8.0 suture was inserted into the inferior 

part of the left atrium just above the mitral annulus. The needle was guided through the mitral 

valve without visual control and exerted through the left ventricle just inferior of the mitral 

annulus and superior to the left circumflex artery. A 5-throw surgical knot was performed, 

thereby mechanically snaring the mitral valve to the left ventricular wall. The intercostal space 

and skin were surgically closed with a 5.0 suture. The animals were allowed to recover with 

oxygen on a heating pad until extubation. For sham surgery, mice underwent left thoracotomy as 

described above, and the pericardium was incised. In an additional cohort of sham-operated 

mice, the same surgical steps were performed as described above (including needle insertion 

through the left atrium and mitral valve as well as exertion through the left ventricle) but without 

tying a surgical knot. Four weeks after surgery, either regular chow diet or high-fat diet 

(Research Diets, D12492) was initiated and continued for 17 weeks. Finally, 20 weeks after 

mitral valve surgery, animals were exposed to continuous infusion of either saline or angiotensin 

2 (Sigma-Aldrich, 1 µg/kg/min) for 1 week via a subcutaneously implanted osmotic minipump 

(Alzet). 

 

EP study 

EP studies were performed under general anesthesia with isoflurane. A Millar EPR-800 

octapolar catheter was inserted into the right jugular vein and positioned in the right atrium and 

ventricle. Sinus node function was determined by measuring the sinus node recovery time 

following 30 s of pacing at two cycle lengths (100 and 80 ms). The Wenckebach cycle length 

was measured with progressively faster atrial pacing rates. Atrial and atrioventricular node 

effective refractory periods were measured using programmed electrical stimulation with 

overdrive pacing trains at 100 ms followed by single extrastimuli. Provocative testing for 

arrhythmia induction was performed with double extrastimuli (S1-S2-S3) as well as burst pacing 

at gradually faster rates to a pacing cycle length of 10 ms. Two different drive-train cycle lengths 

(S1) were used (120 ms and 100 ms), and each set of double extrastimuli was performed twice. 

Burst pacing was performed twice at a duration of 3 s and then 6 s, with cycle length starting at 

50 ms and progressing to 10 ms in intervals of 5 ms. AFib was defined as a rapid atrial rhythm 

with an atrial rate faster than the ventricular rate and irregular ventricular response (R-R 

intervals). The duration was measured from the end of the pacing cycle to the first P wave. A 

mouse was deemed inducible if it had at least one episode of AFib lasting more than 500 ms. The 

total AFib burden for any given mouse was obtained by summing all episodes of AFib >250 ms 

over the course of the entire EP study. 

 

Ambulatory ECG telemetry 

Continuous ambulatory ECG telemetry was performed by implanting an ETA-F10 transmitter 

(Data Sciences International) during general anesthesia with isoflurane. The transmitter was 

implanted in the abdomen and the leads were tunneled subcutaneously to the upper right and 

lower left chest resulting in a lead II position. Telemetry data were recorded continuously via a 

receiver placed under the mouse cage. Data were analyzed using LabChart Pro v8 (AD 

Instruments) software. 



 

 

 

 

Blood pressure measurements 

Blood pressure in conscious mice was measured with a non-invasive tail-cuff system (Kent 

Scientific Corporation) per manufacturer’s instructions. 

 

Bone marrow transplantation 

For whole bone marrow transplants, recipient mice were lethally irradiated (single dose of 10 

Gy) and received 4×106 bone marrow cells from donor mice by intravenous injection. Mice were 

exposed to the HOMER protocol 8 weeks after transplantation. 

 

Tamoxifen injection 

Tamoxifen (Sigma-Aldrich) was administered as a solution in corn oil (Sigma-Aldrich) to 

Cx3cr1CreER/+Ai9fl/+ mice by intraperitoneal injection. Animals received five doses (100 µl each) 

of 2 mg tamoxifen with 24 hours between doses. 

 

Synthesis of CCL2-Fc 

A plasmid was generated to encode murine CCL2 mutant P8A (35) fused to the N terminus of a 

mouse CH2-CH3 IgG2c Fc domain bearing three point mutations (LALAPG) that ablate Fc/FcR-

mediated effector functions. This plasmid was transfected into Expi293 cells to produce CCL2-

Fc, a protein capable of inhibiting endogenous CCL2 from binding CCR2. The construct was 

then isolated by protein A sepharose affinity chromatography and dialyzed into PBS solution to a 

concentration of 1 mg/ml. SDS-PAGE confirmed that this construct was produced as a 

monomeric protein and in vitro assays confirmed specific binding to CCR2. 

 

Cells 

Cell collection 

Mouse peripheral blood was collected by retro-orbital bleeding using heparinized capillary tubes, 

and red blood cells were lysed with 1X red blood cell lysis buffer (BioLegend). For organ 

harvest, mice were perfused through the left ventricle with 10 ml of ice-cold PBS. Hearts were 

then excised and left atrial tissues were microdissected using a dissection microscope. After 

harvest, tissues were minced into small pieces and subjected to enzymatic digestion with 450 

U/ml of collagenase I, 125 U/ml of collagenase XI, 60 U/ml of DNase I, and 60 U/ml of 

hyaluronidase (all Sigma-Aldrich) for 40 min at 37°C under agitation. Tissues were triturated 

and cells were filtered through a 40-µm nylon mesh, washed, and centrifuged (340g for 7 min) to 

obtain single-cell suspensions. 

 

Flow cytometry 

To detect leukocyte subsets in processed blood samples, cell suspensions were stained at 4°C in 

FACS buffer (PBS supplemented with 0.5% bovine serum albumin) with anti-CD11b, -CD19,  

-CD90.2, -CD115, -Ly6C, and -Ly6G. For non-cardiomyocyte cell staining on processed heart 

samples, isolated cells were stained with anti-CCR2, -CD9, -CD11b, -CD31, -CD45, -CD64,  

-CD146, -MEFSK4, -MHCII, and/or -TREM2. Detailed antibody information is provided in 

table S10. DAPI was used as a cell viability marker. Data were acquired on an LSRII (BD 

Biosciences) and analyzed with FlowJo software. 

  



 

 

 

Flow cytometry gating 

Blood monocytes were identified as CD19−CD90.2−CD11b+CD115hiLy6Clo/hi, neutrophils as 

CD19−CD90.2−CD11b+CD115lo/intLy6G+, and B and T cells as CD19+CD90.2− and 

CD19−CD90.2+, respectively. Cardiac endothelial cells were identified as CD31+CD45−, 

fibroblasts as CD31−CD45−CD146−MEFSK4+, mural cells as 

CD31−CD45−MEFSK4lo/intCD146+, neutrophils as CD45+CD11b+CD64−CCR2−, and monocytes 

as CD45+CD11b+CD64−CCR2+. Cardiac macrophages were identified as CD45+CD11b+CD64+ 

and were further parsed by CCR2, MHCII, CD9, TREM2, YFP, and Td. 

 

Cell sorting 

Cardiac cell suspensions were stained to identify the indicated cell populations and cells were 

sorted on a FACSAria II cell sorter (BD Biosciences) directly into RLT Plus lysis buffer 

(Qiagen). 

 

Human and mouse scRNA-seq 

Tissue preparation 

For human scRNA-seq, cardiac tissues were minced into small pieces and subjected to enzymatic 

digestion with 450 U/ml of collagenase I, 60 U/ml of DNase I, and 60 U/ml of hyaluronidase (all 

Sigma-Aldrich) for 1 hour at 37°C under mild agitation. Digested tissues were triturated, filtered, 

washed, and centrifuged (340g for 7 min) to obtain single-cell suspensions. Red blood cells were 

lysed with ACK buffer (Lonza). For mouse scRNA-seq, cardiac tissues were processed as 

described above. Two male mice were pooled for each sequencing replicate. Cell suspensions 

were then stained with three viability dyes (DAPI, calcein, and VDR, all ThermoFisher 

Scientific) as previously described (53, 54). Viable (DAPI−), metabolically active (calcein+), 

nucleated (VDR+) single cells were FACS-purified from digested tissues on a FACSAria II cell 

sorter and subsequently loaded on a 10X Genomics Chromium Single Cell B or G chip as 

outlined by the 10X Genomics Chromium Single Cell 3′ Reagent kits v3 or v3.1 user guide. 

Libraries were prepared according to the manufacturer’s protocol with appropriate modifications 

to PCR cycles based on the calculated cDNA concentration. Constructed libraries were validated 

and quantified with the Agilent High Sensitivity DNA chip and by real-time qPCR and 

subsequently sequenced on an Illumina NextSeq 500 in high-output mode or an Illumina 

NovaSeq 6000 system as recommended by 10X Genomics. 

 

Pre-processing scRNA-seq data 

The sequencing reads for the human samples were aligned to the GRCh38 reference genome and 

processed with 10X Genomics Cell Ranger 6.0.2, which generated a gene-cell barcode count 

matrix for each sample. With the output from Cell Ranger, Seurat 4.0 (55, 56) was used for 

further analysis. Quality-control metrics were first applied to filter out low-quality cells and 

rarely expressed genes. Specifically, this process removed cells that expressed fewer than 250 

genes or had fewer than 500 unique molecular identifiers (UMIs), as well as those with greater 

than 25% of total UMI count from mitochondrial genes. Genes expressed in fewer than 10 cells 

were also filtered out. Count normalization was performed with the R package sctransform (57), 

followed by an integration workflow (55) which aimed to identify shared cell states present 

across all samples under consideration. Principal component analysis was carried out on the 

integrated data, and the top 40 principal components were used to cluster the cells. The 

FindMarkers function in Seurat was used to identify markers for each cluster and the 



 

 

 

FindConservedMarkers function was used to identify markers conserved across the groups 

within each cluster. In both functions, a logistic regression model coupled with a likelihood ratio 

test was used to determine the differentially expressed genes in a given cluster compared to all 

other cells. The scRNA-seq data for the mouse samples were analyzed in the same way as 

detailed above except that the reference genome and versions of Cell Ranger and Seurat used 

were GRCm38 (mm10), Cell Ranger 3.0.2 or 7.0.1 and Seurat 3.1 or 4.1, respectively, and that 

slightly different filtering thresholds were applied. In particular, cells expressing fewer than 200 

genes (as well as those with greater than 25% of total UMI count from mitochondrial genes) and 

genes expressed in fewer than three cells were filtered out. 

 

Differential expression and gene set enrichment analyses 

To detect differentially expressed genes between groups of cells with different disease 

conditions, pseudobulk differential expression analyses (58) were performed, taking into account 

biological replicates in our data sets. Specifically, for a given cell cluster, the cells and the UMI 

counts were aggregated to the sample level and the differential expression analysis was carried 

out with a quasi-likelihood F test based on the generalized linear model implementation of 

edgeR 3.34.1 (10, 59, 60). The output of the differential expression analysis was used to rank the 

genes by their fold change values. This rank list became the input for the gene set enrichment 

analysis (GSEA), which was performed with the GSEAPreranked tool from GSEA 4.2.0 (11, 61) 

and the collections of gene sets in the molecular signatures database MSigDB 7.4 or 7.5 (11, 62). 

 

Weighted correlation network analysis and overrepresentation analysis 

The R package WGCNA 1.70-3 (12, 63) was used to identify groups of genes (gene modules) 

with highly correlated expressions and significant up- or downregulation in the diseased 

condition. Overrepresentation analysis (64) from the R package clusterProfiler 4.1.4 (65) was 

used to identify the gene sets that were overrepresented in these gene modules. GSEA as 

implemented in the R package clusterProfiler 4.1.4 (65) was used in Fig.1D and fig. S3C. 

 

Interactions between cells from different lineages 

CellPhoneDB 2.1.4 (36, 66) was used to infer interlineage cell–cell interactions. 

 

Imaging and histology 

Cardiac MRI 

MRI was performed with a 4.7-Tesla horizontal bore Pharmascan system (Bruker) equipped with 

a custom-built mouse cardiac coil (Rapid Biomedical) to obtain cine images of the left atrial and 

ventricular short axes. ECG and respiratory gating (SA Instruments), a gradient echo FLASH-

sequence and a dedicated mouse cardiac volume coil in bird cage design were used. Imaging 

parameters were as follows: echo time (TE), 2.7 to 5 ms; 16 frames per RR interval (TR 7.0-15 

ms depending on heart rate); in-plane resolution, 150×150 µm; slice thickness, 1 mm; NEX 4; 

flip angle, 30 degrees. Anatomical and functional parameters were quantified using Horos 

software. 

 

Cardiac ultrasound 

Doppler ultrasound was used to assess successfully induced MR. Mice were imaged under 

general anesthesia using a GE Healthcare Vivid E90 system equipped with a 15 MHz linear 



 

 

 

probe (L8-18i-D) and the mitral Doppler inflow spectrum was recorded from the parasternal long 

axis view. 

 

Mouse histology 

To detect atrial fibrosis, hearts were embedded in OCT compound and frozen 7-µm sections 

were stained with Masson’s trichrome. Briefly, sections were fixed with 10% formalin for  

30 min at room temperature and incubated in Bouin’s fixative solution (Electron Microscopy 

Sciences) overnight at room temperature, and the nuclei were stained with a mixture of 

Weigert’s iron hematoxylin solution A and B (Electron Microscopy Sciences). The sections were 

then stained with Biebrich scarlet-acid fuchsin (StatLab), followed by phosphomolybdic 

acid/phosphotungstic acid solution (Sigma-Aldrich) and aniline blue stain (StatLab). TUNEL 

staining was carried out by using an In Situ Cell Death Detection kit (Roche) according to the 

manufacturer’s protocol. For immunofluorescent staining, sections were stained with rabbit anti-

mouse collagen I, rat anti-mouse CD68, rabbit anti-mouse Ki67, and/or FITC anti-mouse αSMA 

overnight at 4°C, followed by a biotinylated goat anti-rabbit IgG antibody and streptavidin 

DyLight 594, and/or an Alexa Fluor 488 goat anti-rat IgG antibody for 1 hour at room 

temperature. Detailed antibody information is provided in table S11. The nuclei were stained 

with DAPI. All slides were scanned by a digital slide scanner NanoZoomer 2.0RS (Hamamatsu). 

To analyze cellular signals in mice, six fields of views (FOV) from the left atrium per animal 

were exported at 40X using NanoZoomer NDP.view2 software. For each FOV, the percentage of 

positive signal was measured using ImageJ v2.9.0 (NIH) software. Ki67+ and TUNEL+ cells 

were manually counted per FOV. 

 

Human histology 

Left atrial FFPE samples were obtained from five different clinical sites (Massachusetts General 

Hospital, Brigham and Women’s Hospital, University Hospital Wuerzburg, University Hospital 

Goettingen and John Radcliffe Hospital) and sectioned at 5 µm. The sections were then 

deparaffinized and rehydrated before immunofluorescent staining. Heat-induced antigen retrieval 

was performed using Retrievagen A (pH6.0, BD Biosciences) and the sections were 

permeabilized with 0.3% Triton X-100 in PBS for 10 min at room temperature. After the 

sections were blocked with 2% normal horse serum and 2% normal goat serum in PBS, primary 

antibodies, mouse anti-human CCR2, and rabbit anti-human CD68 were incubated at 4°C 

overnight. For SPP1/COL1A1 detection, left atrial FFPE sections were treated with citrate 

unmasking solution (Cell Signaling) followed by staining with primary antibodies mouse anti-

human SPP1 and rabbit anti-human COL1A1 at 4°C overnight. The sections were then stained 

with a biotinylated horse anti-mouse IgG antibody and streptavidin DyLight 594, and an Alexa 

Fluor 488 goat anti-rabbit IgG antibody. Detailed antibody information is provided in table S11. 

The nuclei were stained with DAPI. To remove lipofuscin and autofluorescence signal, tissues 

were incubated with TrueBlack Plus quencher (Biotium) for 10 min at room temperature. All the 

slides were scanned using the NanoZoomer 2.0RS scanner or imaged using a Zeiss LSM 800 

Airyscan confocal microscope. 

 

CCR2+ macrophage density analysis 

Atrial macrophages were enumerated in 3-5 FOVs per patient from 149 clinical cases using 

semiautomated image analysis (67). During a preprocessing stage, we reduced fluorescence 

background and increased the signal contrast to optimize cell segmentation. Image contrast was 



 

 

 

optimized using a contrast-limited adaptive histogram equalization algorithm and the images 

were spatially filtered and denoised. A watershed algorithm was used to count individual cells 

and a size threshold was employed to reject areas smaller than cells. After segmentation of 

macrophages in the Alexa Fluor 488 channel encoding for CD68, the resulting areas were 

considered in the DyLight 594 channel encoding for CCR2 to generate a reduced segmentation 

mask. The CCR2 signal within individual CD68 masks was then calculated and macrophages 

were marked positive for CCR2 if the value was above a threshold determined using the standard 

deviation of the CCR2 signal across the entire image. Segmentation results were inspected 

individually for quality control. Software (67) was written in Python 3.7.4 using OpenCV, 

NumPy and Scikit-learn packages. 

 

Human RNA in situ hybridization 

In situ hybridization was performed on a Leica Biosystems BOND RX system using human 

FFPE samples and the RNAscope 2.5 LS Duplex assay with RNAscope 2.5 LS Green Accessory 

pack (both Advanced Cell Diagnostics) following the manufacturer’s protocol with minor 

modifications. These modifications include an antigen retrieval step for 15 min at 88°C and a 

protease incubation step for 15 min at 40°C. Each FFPE sample was first stained with the 

RNAscope 2.5 LS Duplex positive (Hs-PPIB-C1, Hs-POLR2A-C2) and negative (DapB-C1, 

DapB-C2) control probes to assess tissue quality. If the sample passed quality control metrics 

(i.e., sufficient positive control probe signal in the absence of negative control probe signal), the 

adjacent tissue section was stained with the RNAscope 2.5 LS Hs-CD68-C1 (Cat# 560598) and 

Hs-SPP1-C2 (Cat# 420108-C2) probes to detect CD68 and SPP1 signal, respectively. For 

quantification, three FOVs per sample were exported at 40X using NanoZoomer NDP.view2 

software. For each FOV, SPP1+CD68+ macrophages were manually counted using ImageJ 

software. Cells with more than two spots for a given marker were considered positive for that 

marker. 

 

Molecular biology 

Real-time qPCR 

Total RNA from left atrial tissue was extracted using the RNeasy Plus Mini kit or from FACS-

purified cells using the RNeasy Plus Micro kit (both Qiagen) according to the manufacturer’s 

protocol. First-strand cDNA was synthesized using the High-Capacity RNA-to-cDNA kit 

(ThermoFisher Scientific) according to the manufacturer’s instructions. TaqMan Fast Universal 

PCR Master Mix and TaqMan gene expression assays (both ThermoFisher Scientific) were used 

to quantify target genes. The relative changes were normalized to Gapdh mRNA using the 2−ΔΔCt 

method. 

 

Statistics and reproducibility 

Results are shown as means ± SEM. Statistical analysis was performed using GraphPad Prism 

9.5.1. Where appropriate, statistical outliers identified by the ROUT method (Q=1%) were 

excluded. Statistical tests included two-tailed Student’s t tests, two-tailed paired t tests, ANOVA 

followed by Dunnett’s or Tukey’s multiple comparisons test, two-tailed Mann–Whitney tests, 

two-tailed Wilcoxon matched-pairs signed rank tests, and Kruskal–Wallis tests followed by 

Dunn’s multiple comparisons test (the latter three if Gaussian distribution was not assumed). For 

correlation analysis, the r or ρ values were computed using two-tailed Pearson correlation 

coefficients or two-tailed Spearman correlation coefficients, respectively. P‐values of 0.05 or 



 

 

 

less were considered to denote significance. Animal group sizes were as low as possible and 

empirically chosen. No statistical methods were used to predetermine sample size. Animals were 

randomly assigned to treatment groups and analyzed in a blinded fashion where appropriate.  



 

 

 

 
Fig. S1. Isolating and annotating human left atrial non-cardiomyocytes. (A) Representative 

plots of the flow cytometry gating strategy for isolating single, viable non-cardiomyocytes (non-

CM) from human left atrial appendages. VDR, vybrant dyecycle ruby. (B) Clustering of 41,609 

non-CM from five controls and seven AFib left atrial appendages. (C) Dot plot annotating non-

CM clusters by signature gene expression. Color denotes z-score of average gene expression 

(red: high; blue: low) and circle size indicates percentage of cells expressing the gene. Mural 

cells collectively refer to smooth muscle cells and pericytes of the vasculature.



 

 

 

 
Fig. S2. Detailed description of human scRNA-seq data. (A) UMAP plots of individual 

patients delineating six major cardiac cell types. (B) Fraction of cells belonging to the different 

cell types for each individual patient. (C) Proportion of cells originating from each patient for all 

six cardiac cell types. (D) Average number of differentially expressed genes (DEGs, adjusted  

P-value < 0.01 based on Bonferroni correction) for all six cell types by pairwise comparison of 

the different control samples. The bar on the right indicates the average number of DEGs by 

pairwise comparison of the fibroblast and MP/DC cluster for all control samples. Each dot 

represents the number of DEGs between a pair of samples. The differential gene expression 

analysis was performed with Seurat’s FindMarkers function. (E) Same analysis as in (D) but for 

AFib patients. All bar graph data are means ± SEM with individual values for data distribution.  



 

 

 

 
Fig. S3. Transcriptional changes in non-cardiomyocyte clusters in human AFib.  
(A) Heatmaps of the 10 most upregulated and the 10 most downregulated genes in each cell type, 

comparing AFib patients with controls. Only genes with unadjusted P-values < 0.05 were 

included. Each column represents a patient. Color denotes z-scores of the log-transformed 



 

 

 

normalized counts for each individual patient. Panel further shows all genes in volcano plots for 

the same cells in all patients, highlighting the top five upregulated (downregulated) genes in 

AFib with the highest log2-fold change and P-value < 0.05 in red (blue). (B) Number of DEGs in 

AFib patients versus control cases, showing genes with unadjusted P-values < 0.05 (upper panel) 

and genes with a log2-fold change > 2 (lower panel) for each respective cell population.  

(C) Significant gene ontology biological process (GOBP) gene sets up- or downregulated in 

AFib patients from GSEA of lymphocyte, fibroblast, endothelial, and mural cell clusters  

(a similar analysis for MP/DCs is shown in Fig. 1D). Circle size denotes number of genes in the 

core enrichment set that belong to a given GOBP gene set.  



 

 

 

 
Fig. S4. Ischemia and vascular remodeling in diseased left atrial tissue. GSEA results of 

endothelia (left) and mural cells (right) in five controls versus seven AFib patients. NES, 

normalized enrichment score. 

  



 

 

 

 
Fig. S5. Resolution selection maximizing transcriptional changes between macrophage 

subsets. (A) UMAP plots at indicated resolutions. (B) Average number of significant DEGs 

(with adjusted P-values < 0.01) between pairs of macrophage subclusters for resolutions ranging 

from 0.2 to 0.7. Bar graph data are means ± SEM with individual values for data distribution.  

(C) Dot plot identifying the MP/DC clusters by signature gene expression. Color denotes z-score 

of average gene expression (red: high; blue: low) and circle size indicates percentage of cells 

expressing the gene.  



 

 

 

 
Fig. S6. Transcriptional signatures of the human macrophage clusters. Heatmap depicting 

the 10 most upregulated genes in each of the five macrophage clusters. These DEGs were 

obtained with Seurat’s FindAllMarkers function comparing a subcluster against all other 

macrophages. The rows show the 10 genes with the highest fold changes for each cluster. Each 

column represents a cell.  



 

 

 

 
Fig. S7. SPP1 expression in human non-cardiomyocytes. (A) Violin plots of indicated gene 

expression levels (represented by log-transformed normalized counts) across monocyte, 

macrophage and DC clusters. (B) Violin plots of indicated gene expression levels (represented 

by log-transformed normalized counts) across all major non-CM clusters. 

  



 

 

 

 
Fig. S8. SPP1-producing and CCR2+ macrophages in human atrial disease. (A) In situ 

staining of SPP1 (red) and CD68 (green) mRNA on human left atrial tissue from controls, and 

“MR only”, “AFib only” and “AFib with MR” patients. The area demarcated by dashed lines in 

representative images denotes a collagen-rich area. Higher magnification of the squared area is 

shown on the right. Arrowheads indicate SPP1+CD68+ macrophages and scale bars represent 50 

µm. (B) Bar graph shows SPP1+CD68+ macrophages as absolute number per mm2. n = 8-10 per 

group, ANOVA followed by Tukey’s multiple comparisons test, all P-values are compared with 

controls unless indicated differently. (C) Representative immunofluorescent staining of SPP1 

(magenta), collagen 1A1 (COL1A1) (green)—an extracellular matrix protein produced by 



 

 

 

fibroblasts—and DAPI (blue) on left atrial tissue from controls and AFib patients. Scale bars 

represent 25 µm. (D) Bar graph shows percentage of SPP1-positive staining per COL1A1-

positive area in left atrial tissue from controls and AFib patients. n = 10 per group, two-tailed 

Student’s t test. (E) Representative immunofluorescent staining of CD68 (green), CCR2 

(magenta), and DAPI (blue) on left atrial tissue from 41 controls, and 26 “MR only”, 34 “AFib 

only” and 48 “AFib with MR” patients. Higher magnification of the squared area is shown on the 

right; arrowheads indicate recruited CCR2+ CD68+ macrophages; scale bars represent 50 µm. (F) 

Bar graphs show total CD68+ and recruited CCR2+ CD68+ macrophages as absolute number per 

mm2. n = 26-48 per group, Kruskal–Wallis test followed by Dunn’s multiple comparisons test. 

All P-values are compared with controls unless indicated differently. All bar graph data are 

means ± SEM with individual values for data distribution. 

  



 

 

 

 
Fig. S9. Blood pressure measurements in HOMER mice. Systolic and diastolic blood pressure 

in sham and HOMER mice. Data are means ± SEM with individual values for data distribution.  

n = 11 per group from two independent experiments, two-tailed Student’s t test. 

  



 

 

 

 
Fig. S10. ECG recordings obtained during invasive EP studies. Representative surface ECG 

and right atrial (RA) and right ventricular (RV) intracardiac electrograms (EGMs) during an 

invasive EP study in (A) a sham control mouse showing sinus rhythm and (B) a HOMER mouse 

showing AFib after rapid intracardiac pacing. Scale bars represent 100 ms. 

  



 

 

 

 
Fig. S11. Individual contribution of HOMER components to atrial disease. (A) EP study of 

AFib inducibility and burden in sham mice and mice exposed to MR, HFD or Ang2 infusion.  

n = 6-12 per group from two independent experiments. Left, two-sided Fisher’s exact test; right, 

Kruskal–Wallis test followed by Dunn’s multiple comparisons test. All P-values are compared 

with sham mice. (B) Cardiac MRI was used to quantify atrial size in sham mice and mice 

exposed to single components. n = 6-9 per group from two independent experiments, ANOVA 

followed by Dunnett’s multiple comparisons test, all P-values are compared with sham mice. All 

bar graph data are means ± SEM with individual values for data distribution. 

  



 

 

 

 
Fig. S12. Characterization of HOMER mouse model. (A) Cardiac MRI evaluation of left 

ventricular (LV) function, volumes and mass in sham and HOMER mice. n = 6-10 per group 

from two independent experiments, two-tailed Student’s t test. (B) Flow cytometric 

quantification of leukocytes, monocytes, neutrophils and lymphocytes in blood from sham and 

HOMER mice. n = 16-20 per group from three independent experiments, two-tailed Student’s  

t test. (C) Pie charts indicating the percentage of Ly6Clo (orange) and Ly6Chi (purple) monocytes 

in blood from sham and HOMER mice. Data are means. n = 16-17 per group from three 

independent experiments, two-tailed Mann–Whitney test, bold and italicized percentages denote 

P<0.01 compared with sham. (D) Representative immunofluorescent staining of macrophages 

(CD68) (green), collagen deposition (COL1) (magenta), and nuclei (DAPI) (blue) and 

histological staining of fibrosis (Masson’s trichrome staining) in left atrial tissue from sham and 

HOMER mice. Scale bars represent 50 µm. (E) Quantification of CD68+, COL1+ and fibrotic 

area in left atrial tissue from sham and HOMER mice. Bar graphs show percentage of positive 

staining per field of view (FOV). n = 6 per group from two independent experiments, two-tailed 

Student’s t test. All bar graph data are means ± SEM with individual values for data distribution. 

  



 

 

 

 
Fig. S13. Contribution of single HOMER components to macrophage expansion and atrial 

fibrosis. (A) Representative immunofluorescent staining of macrophages (CD68) (green) and 

nuclei (DAPI) (blue) and histological staining of fibrosis (Masson’s trichrome staining) in left 

atrial tissue from sham mice and mice exposed to single conditions. Scale bars represent 50 µm. 

(B and C) Quantification of CD68+ (B) and fibrotic (C) area in left atria from sham mice and 

mice exposed to single conditions. Bar graphs show percentage of positive staining per FOV. n = 

6 per group from two independent experiments, ANOVA followed by Dunnett’s multiple 

comparisons test, all P-values are compared with sham mice. All bar graph data are means ± 

SEM with individual values for data distribution. 

  



 

 

 

 
Fig. S14. Isolating and annotating mouse left atrial non-cardiomyocytes. (A) Representative 

plots of the flow cytometry gating strategy for isolating single, viable non-CM from mouse left 

atrial tissues. (B) Clustering of 40,112 non-CM from left atrial tissues of four sham and four 

HOMER mice. (C) Dot plot annotating non-CM clusters by signature gene expression. Color 

denotes z-score of average gene expression (red: high; blue: low) and circle size indicates the 

percentage of cells expressing the gene.  



 

 

 

 
Fig. S15. Quantifying left atrial non-cardiomyocytes in HOMER mice. (A) Flow cytometry 

gating strategy to quantify cardiac macrophages in left atrial tissue. (B) Flow cytometry gating 

strategy to quantify cardiac endothelial cells (ECs), fibroblasts, and mural cells. RMCs: resident 

mesenchymal cells. (C) Flow cytometry to quantify left atrial Ly6Chi monocytes, neutrophils, 

endothelial cells, fibroblasts, and mural cells in sham and HOMER mice. Ly6Chi monocytes and 

neutrophils: 15 sham and 12 HOMER mice from three independent experiments; endothelial 

cells, fibroblasts and mural cells: 6 sham and 8 HOMER mice from two independent 

experiments; two-tailed Student’s t test. (D) Pie charts indicating the percentage of 



 

 

 

MHCIIloCCR2− (coral), MHCIIhiCCR2− (green), MHCIIhiCCR2+ (purple) macrophages, and 

recruited monocytes (blue) in left atrial tissue from sham and HOMER mice. Data are means. n = 

13-15 per group from three independent experiments, two-tailed Student’s t test, bold and 

italicized percentages denote P<0.001 compared with sham. (E) Absolute macrophage subset 

numbers per left atrial tissue from sham and HOMER mice. n = 13-15 per group from three 

independent experiments, two-tailed Student’s t test. All bar graph data are means ± SEM with 

individual values for data distribution. 

  



 

 

 

 
Fig. S16. Spp1 expression in non-cardiomyocytes of the mouse atria. (A) Violin plots of 

indicated gene expression levels (represented by log-transformed normalized counts) across 

MP/DC subclusters. (B) Violin plots of indicated gene expression levels (represented by log-

transformed normalized counts) across all major non-CM clusters. (C) Circular plot showing the 

difference in abundance of cells belonging to MP/DC subclusters between four HOMER and 

four sham mice. Pie size indicates log2-fold changes and color (blue: high; red: low) indicates the  

P-value (two-tailed Student’s t test). (D) Flow cytometry gating strategy to quantify cardiac 

CD9+ macrophages in left atrial tissue. Gates were set using a CD9 isotype control antibody. 

  



 

 

 

 
Fig. S17. Correlation of atrial myeloid cell phenotypes between human patients and mice. 

(A) Heatmap comparing human and mouse MP/DC subclusters using their top 100 DEGs 

compared to all other MP/DC subclusters. Only genes expressed in both species were included. 

The significance of the gene overlap between human and mouse clusters was obtained by  

two-sided Fisher’s exact test with multiple testing corrected by the Benjamini–Hochberg method. 

Color (green: high; white: low) represents the −log10(FDR). (B) Same as in (A), but here only 

considering macrophage subsets. 

  



 

 

 

 
Fig. S18. Individual contribution of HOMER components to atrial expression of 

inflammatory and fibrotic genes. (A to G) Relative expression levels of inflammatory and 

fibrosis-related genes by qPCR in left atria from sham mice, mice exposed to single components 

and HOMER mice. Data are means ± SEM with individual values for data distribution.  

n = 6-8 per group from two independent experiments, ANOVA followed by Dunnett’s multiple 

comparisons test, all P-values are compared with sham mice. 

  



 

 

 

 
Fig. S19. Cardiac function and left atrial cellular frequencies in mice exposed to mitral 

regurgitation and high-fat diet only. (A) LA volume and LV function, volumes and mass in 

HOMER mice and mice exposed to MR and HFD only. n = 5-10 per group from two 

independent experiments, two-tailed Student’s t test. (B) Flow cytometry to quantify left atrial 

macrophages, Ly6Chi monocytes, neutrophils, endothelial cells, fibroblasts, and mural cells in 

HOMER mice and mice exposed to MR and HFD only. n = 6 per group from two independent 

experiments, two-tailed Student’s t test. (C) Relative Spp1 expression levels by qPCR in left 

atrial macrophages in HOMER mice and mice exposed to MR and HFD only. n = 6 per group 

from two independent experiments, two-tailed Student’s t test. All bar graph data are means ± 

SEM with individual values for data distribution. 

  



 

 

 

 
Fig. S20. Transcriptional comparison of left atria and ventricles from sham and HOMER 

mice. (A and B) Left, UMAP plots of cell clusters in left atria (LA, A) and left ventricles (LV, 

B) from four sham and four HOMER mice; right, cell population distributions in LA (A) and LV 

(B) from these mice. (C) HOMER-induced cell frequency changes comparing atria and 

ventricles. (D) Number of significant DEGs (with FDR<0.05) in MP/DC, fibroblast and 

endothelial subsets by pseudobulk differential analyses comparing the LA with LV. (E) Venn 

diagrams of these genes illustrating limited overlap of DEGs between atria and ventricles.  

(F) PCA plots for MP/DC, fibroblast and endothelial subsets of LA and LV samples from four 

sham and four HOMER mice.  



 

 

 

 
Fig. S21. Sources of left atrial macrophage expansion in HOMER mice. (A) Fate-mapping in 

Cx3cr1CreER/+Ai9fl/+ mice and quantification of tdTomato (Td) signal in YFP+Ly6Chi monocytes 

three (blue) and 42 (orange) days after final tamoxifen injection. n = 20 per group from two 

independent experiments, two-tailed Wilcoxon matched-pairs signed rank test. (B) Flow 

cytometric quantification of recruited (YFP+ Td−) macrophages in LV (yellow) and LA (blue) 

from Cx3cr1CreER/+Ai9fl/+ sham mice. n = 8 per group from two independent experiments, two-

tailed paired t test. (C) GSEA (gene set “leukocyte proliferation”) of left atrial MP/DCs in four 

sham and four HOMER mice. (D) Representative immunofluorescent staining for the 

macrophage marker CD68 (green), proliferation marker Ki67 (magenta), and DAPI (blue) in left 

atria from sham and HOMER mice. Arrowheads indicate Ki67+ CD68+ macrophages and scale 

bars represent 50 µm. (E) Bar graph shows the number of Ki67+ CD68+ macrophages per FOV 

in left atria from sham and HOMER mice. n = 6 per group from two independent experiments, 

two-tailed Student’s t test. All bar graph data are means ± SEM with individual values for data 

distribution. 

  



 

 

 

 
Fig. S22. Blood leukocytes, left atrial non-cardiomyocytes, blood pressure and cardiac 

function in Ccr2−/− HOMER mice. (A) Flow cytometric quantification of leukocytes, 

monocytes, neutrophils and lymphocytes in blood from C57BL/6 and Ccr2−/− HOMER mice.  

n = 9-16 per group from three independent experiments, two-tailed Student’s t test. (B) Pie charts 

indicating the percentage of Ly6Clo (orange) and Ly6Chi (purple) monocytes in blood from 

C57BL/6 and Ccr2−/− HOMER mice. Data are means. n = 10-16 per group from three 

independent experiments, two-tailed Student’s t test, bold and italicized percentages denote 

P<0.0001 compared with C57BL/6 HOMER mice. (C) Flow cytometric quantification of left 

atrial endothelial cells, fibroblasts and mural cells in C57BL/6 and Ccr2−/− HOMER mice.  

n = 8-9 per group from two independent experiments, two-tailed Student’s t test. (D) Systolic 

and diastolic blood pressure in C57BL/6 and Ccr2−/− HOMER mice. n = 10-11 per group from 

two independent experiments, two-tailed Student’s t test. (E) LA volume and LV function, 

volumes and mass in C57BL/6 and Ccr2−/− HOMER mice by cardiac MRI. n = 7-10 per group 

from two independent experiments; LA end-systolic volume: two-tailed Mann–Whitney test; 

other parameters: two-tailed Student’s t test. All bar graph data are means ± SEM with individual 

values for data distribution. 

  



 

 

 

 
Fig. S23. CCR2 inhibition reduces atrial fibrosis. (A) Experimental outline. (B) Repre-

sentative histological staining of fibrosis (Masson’s trichrome staining) in left atrial tissue from 

PBS-treated HOMER mice and HOMER mice that were treated with a CCR2 inhibitor for 4 

weeks. Scale bars represent 50 µm. (C) Quantification of fibrotic area in left atrial tissue from 

PBS-treated HOMER mice and HOMER mice that were treated with a CCR2 inhibitor for 4 

weeks. Bar graph shows percentage of positive staining per FOV. n = 6 per group from two 

independent experiments, two-tailed Student’s t test. (D) Invasive EP studies in PBS-treated 

HOMER mice and HOMER mice that were treated with a CCR2 inhibitor for 4 weeks. n = 12 

per group from two independent experiments; AFib inducibility: two-sided Fisher’s exact test; 

burden: two-tailed Mann–Whitney test. All bar graph data are means ± SEM with individual 

values for data distribution. 

  



 

 

 

 
Fig. S24. Spp1 deletion in HOMER mice. (A and B) Percentage of SPP1 normalized counts 

across all major non-CM clusters in human (A) and mouse (B) left atrial tissues. (C) Systolic and 

diastolic blood pressure in C57BL/6 BMT HOMER and Spp1−/− BMT HOMER mice.  

n = 6-8 per group from two independent experiments, two-tailed Student’s t test. (D) Flow 

cytometric quantification of leukocytes, monocytes, neutrophils and lymphocytes in blood from 

C57BL/6 BMT HOMER and Spp1−/− BMT HOMER mice. n = 10-11 per group from two 

independent experiments, two-tailed Student’s t test. (E) Pie charts indicating the percentage of 

Ly6Clo (orange) and Ly6Chi (purple) monocytes in blood from C57BL/6 BMT HOMER and 

Spp1−/− BMT HOMER mice. Data are means. n = 10-11 per group from two independent 

experiments, two-tailed Student’s t test, bold and italicized percentages denote P<0.05 compared 

with C57BL/6 BMT HOMER mice. (F) LA volume and LV function, volumes and mass in 

C57BL/6 BMT HOMER and Spp1−/− BMT HOMER mice by cardiac MRI. n = 7-9 per group 

from two independent experiments, two-tailed Student’s t test. All bar graph data are means ± 

SEM with individual values for data distribution. 

  



 

 

 

 
Fig. S25. SPP1 interactions in human atrial disease. Heatmap of SPP1–receptor interactions 

between SPP1+ macrophages (mac(c)) and other non-CM in seven AFib patients. SPP1 and 

cognate receptors are shown on the x-axis. Cell populations that express SPP1 and the receptor 

are shown on the y-axis and are color-coded according to the major cardiac cell types identified 

in Fig. 1B. Color of scale bar (red: high; blue: low) denotes average SPP1 and receptor 

expression levels in their respective interacting subpopulations (represented by mean-normalized 

counts) if the enrichment of an interacting SPP1–receptor pair in the given interacting 

subpopulations was statistically significant (P<0.05). Non-significant interactions were assigned 

a value of 0. 

  



 

 

 

 
Fig. S26. Spp1 deletion effects in HOMER atria. (A) Flow cytometric quantification of left 

atrial Ly6Chi monocytes in C57BL/6 BMT HOMER and Spp1−/− BMT HOMER mice.  

n = 7-13 per group from two independent experiments, two-tailed Student’s t test. (B) Immuno-

fluorescent quantification of TUNEL+ macrophages in left atrial tissue obtained from C57BL/6 

BMT HOMER and Spp1−/− BMT HOMER mice. Bar graph shows the number of TUNEL+ 

macrophages per FOV. n = 4-5 per group from two independent experiments, two-tailed 

Student’s t test. (C) Representative immunofluorescent staining for the macrophage marker 



 

 

 

CD68 (green), proliferation marker Ki67 (magenta), and DAPI (blue) in left atria from C57BL/6 

BMT HOMER and Spp1−/− BMT HOMER mice. Arrowheads indicate Ki67+ CD68+ 

macrophages. (D) Bar graph shows the number of Ki67+ CD68+ macrophages per FOV in left 

atria from C57BL/6 BMT HOMER and Spp1−/− BMT HOMER mice. n = 4-5 per group from 

two independent experiments, two-tailed Student’s t test. (E) Violin plots of indicated gene 

expression levels (represented by log-transformed normalized counts) in left atrial fibroblasts 

from four sham and four HOMER mice. P-values determined by two-sample Kolmogorov–

Smirnov test. (F) Relative collagen expression levels by qPCR in FACS-purified left atrial 

fibroblasts from sham and HOMER mice. n = 4-6 per group, two-tailed Student’s t test.  

(G) Representative immunofluorescent staining for αSMA (green) and DAPI (blue) in left atria 

from sham and HOMER mice. (H) Bar graph shows percentage of αSMA+ staining per FOV in 

left atria from sham and HOMER mice. n = 5 per group from two independent experiments, two-

tailed Student’s t test. (I) Representative immunofluorescent staining for αSMA (green) and 

DAPI (blue) in left atria from C57BL/6 BMT HOMER and Spp1−/− BMT HOMER mice.  

(J) Bar graph shows percentage of αSMA+ staining per FOV in left atria from C57BL/6 BMT 

HOMER and Spp1−/− BMT HOMER mice. n = 4-5 per group from two independent experiments, 

two-tailed Student’s t test. (K) Relative collagen expression levels by qPCR in FACS-purified 

left atrial fibroblasts from C57BL/6 BMT HOMER and Spp1−/− BMT HOMER mice. n = 4-8 per 

group, two-tailed Mann–Whitney test. All bar graph data are means ± SEM with individual 

values for data distribution. All scale bars represent 50 µm. 

  



 

 

 

 
Fig. S27. SPP1 pathways in HOMER mice. (A, B) Spp1 expression levels (represented by log-

transformed normalized counts) across the macrophage clusters (A) and major cell types (B) in 

left atrial tissue from two C57BL/6 BMT HOMER and two Spp1−/− BMT HOMER mice. The y-

axis was limited to 2.5 for data visualization. (C) UMAP plot of left atrial fibroblasts in two 

C57BL/6 BMT HOMER and two Spp1−/− BMT HOMER mice. Cluster 10 was omitted from 

further analyses shown in (D) and (E) due to its small size. (D) Heatmap depicting expression of 

collagen genes (represented by z-scores of the log-transformed normalized counts) in each of the 

10 fibroblast clusters. The rows show the collagen genes and each column represents a cell.  

(E) Heatmap and hierarchical clustering of the fibroblast clusters according to the collagen gene 

expression levels (represented by z-scores of the average normalized counts). (F) GSEA results 

of fibroblast clusters 5 and 7 in two C57BL/6 BMT HOMER versus two Spp1−/− BMT HOMER 

mice.  



 

 

 

 
 

Fig. S28. Macrophage functions in atrial remodeling. In human and mouse atria, recruited 

macrophages upregulate SPP1 expression, which augments inflammation and fibrosis. Through 

these functions, macrophages contribute to the electrophysiological substrate of atrial fibrillation.  



 

 

 

Table S1. Patient demographics and clinical information (scRNA-seq cohort). 

 
Control 

(n = 5) 

MR + AFib 

(n = 7) 

Age (years) 65±6 71±5 

Sex (male/female) 5/0 5/2 

Race (white/black or African American/Hispanic/n/a) 5/0/0/0 6/0/0/1 

BMI (kg/m2) 26±1 26±2 

Hypertension (Y/N) 5/0 6/1 

Diabetes (Y/N) 2/3 1/6 

Hyperlipidemia (Y/N) 4/1 7/0 

LVEF (%) 56±3 61±2 

LA antero-posterior diameter (mm) 
38±3 
1 n/a 

48±3 

LA volume index (ml/m2) 30±2 
73±9 
1 n/a 

RA size (normal/dilated/n/a) 4/0/1 3/4/0 

Data are means ± SEM. BMI, body mass index; LA, left atrial; LVEF, left ventricular  

ejection fraction; n/a, not available; RA, right atrial. 

  



 

 

 

Table S2. Distribution of cell populations in human LA by scRNA-seq. 

Cell type 
Control 

(n = 5) 

MR + AFib 

(n = 7) 
P-value 

MP & DC 15±2% 28±5% 0.044 

Neutrophil 0.9±0.2% 1.2±0.2% 0.474 

Lymphocyte 52±4% 54±6% 0.759 

Fibroblast 9±2% 5±2% 0.271 

Endothelia 15±3% 5±1% 0.004 

Mural cell 8±1% 4±1% 0.044 

Data are means ± SEM, two-tailed Student’s t test. MP & DC, mononuclear  

phagocyte and dendritic cell.  



 

 

 

Table S3. Patient demographics and clinical information (histology cohort). 

 
Control 

(n = 41) 

MR only 

(n = 26) 

AFib only 

(n = 34) 

MR + AFib 

(n = 48) 

Age (years) 67±2 64±2 
72±2 
1 n/a 

71±1 

Sex (male/female) 31/10 16/10 30/4 32/16 

Race (white/black or African 

American/Hispanic/n/a) 
39/0/1/0/1 26/0/0/0/0 30/3/0/1/0 47/1/0/0/0 

AFib chronicity 

(paroxysmal/persistent or permanent) 
- - 

16/17 
1 n/a 

10/38 

Hypertension (Y/N) 30/11 19/7 31/3 33/15 

Diabetes (Y/N) 15/26 3/23 9/25 5/43 

Hyperlipidemia (Y/N) 25/16 12/14 
21/12 
1 n/a 

20/27 
1 n/a 

LVEF (%) 
58±1 
2 n/a 

53±2 
2 n/a 

53±2 
1 n/a 

52±1 
4 n/a 

Significant LA dilatation (Y/N) 
4/34 
3 n/a 

12/10 
4 n/a 

13/18 
3 n/a 

36/7 
5 n/a 

Significant RA dilatation (Y/N) 
5/33 
3 n/a 

3/19 
4 n/a 

7/19 
8 n/a 

25/13 
10 n/a 

Data are means ± SEM. LA, left atrial; LVEF, left ventricular ejection fraction; n/a, not 

available; RA, right atrial.  



 

 

 

Table S4. General characteristics of sham and HOMER mice. 

 Sham 

(n = 15) 

HOMER 

(n = 8) 
P-value 

Body weight (g) 29.8±1.0 39.7±3.1 0.001 

Heart weight (mg) 146.8±3.2 201.5±9.3 <0.0001 

LA weight (mg) 7.5±0.4 11.3±0.6 <0.0001 

LV weight (mg) 68.8±2.0 91.8±1.7 <0.0001 

Data are means ± SEM from two independent experiments, two-tailed 

Student’s t test. LA, left atrial; LV, left ventricular. 



 

 

 

Table S5. Distribution of cell populations in mouse LA by scRNA-seq. 

Cell type 
Sham 

(n = 4) 

HOMER 

(n = 4) 
P-value 

MP & DC 19±2% 43±2% <0.0001 

Neutrophil 0.6±0.2% 2.0±0.4% 0.031 

Lymphocyte 14±2% 18±4% 0.371 

Fibroblast 44±5% 22±4% 0.013 

Endothelia 21±8% 11±2% 0.226 

Mural cell 0.2±0.1% 0.2±0.04% 0.957 

Data are means ± SEM, two-tailed Student’s t test. MP & DC, mononuclear  

phagocyte and dendritic cell.  



 

 

 

Table S6. Distribution of cell populations in mouse LA and LV by scRNA-seq. 

Cell type 
Sham 

(n = 4) 

HOMER 

(n = 4) 
P-value 

LA 

MP & DC 19±2% 43±2% <0.0001 

Neutrophil 0.6±0.2% 2.0±0.5% 0.037 

Lymphocyte 14±2% 20±5% 0.277 

Fibroblast 45±5% 23±4% 0.013 

Endothelia 21±8% 11±2% 0.226 

Mural cell 0.2±0.1% 0.2±0.05% >0.999 

LV 

MP & DC 19±4% 23±3% 0.518 

Neutrophil 3.1±0.5% 2.1±0.4% 0.155 

Lymphocyte 24±3% 13±4% 0.077 

Fibroblast 17±6% 18±2% 0.852 

Endothelia 36±5% 42±6% 0.441 

Mural cell 0.9±0.1% 0.5±0.1% 0.043 

Data are means ± SEM, two-tailed Student’s t test. LA, left atria; LV, left ventricles; 

MP & DC, mononuclear phagocyte and dendritic cell.  



 

 

 

Table S7. Electrophysiological parameters of sham and HOMER mice 

by in vivo EP study. 

 Sham 

(n = 12) 

HOMER 

(n = 8) 
P-value 

Baseline characteristics 

BCL 119±3 124±5 0.304 

PR interval 48±2 55±2 0.017 

QRS interval 27±2 28±2 0.855 

Atrial characteristic 

AERP100ms 25±2 28±2 0.211 

Sinus node function 

SNRT100ms 157±10 157±14 0.995 

SNRT80ms 181±13 157±10 0.215 

Atrioventricular node function 

AVERP100ms 44±2 42±4 0.640 

WCL 76±1 79±2 0.038 

2:1 CL 55±1 57±1 0.437 

Data are means ± SEM from two independent experiments, two-tailed 

Student’s t test. 2:1 CL, 2:1 conduction cycle length; AERP, atrial effective 

refractory period; AVERP, atrioventricular node effective refractory 

period; BCL, basic cycle length; SNRT, sinus node recovery time; WCL, 

Wenckebach cycle length. 

  



 

 

 

Table S8. Electrophysiological parameters of C57BL/6 and Ccr2−/− 

HOMER mice by in vivo EP study. 

 C57BL/6 

HOMER 

(n = 8) 

Ccr2−/− 

HOMER 

(n = 9) 

P-value 

Baseline characteristics 

BCL 124±5 131±7 0.396 

PR interval 55±2 55±3 0.923 

QRS interval 28±2 30±2 0.378 

Atrial characteristic 

AERP100ms 28±2 32±4 0.376 

Sinus node function 

SNRT100ms 157±14 170±10 0.452 

SNRT80ms 157±10 175±6 0.137 

Atrioventricular node function 

AVERP100ms 42±4 53±6 0.104 

WCL 79±2 83±2 0.195 

2:1 CL 57±1 68±4 0.022 

Data are means ± SEM from two independent experiments, two-tailed 

Student’s t test. 2:1 CL, 2:1 conduction cycle length; AERP, atrial effective 

refractory period; AVERP, atrioventricular node effective refractory 

period; BCL, basic cycle length; SNRT, sinus node recovery time; WCL, 

Wenckebach cycle length. 

  



 

 

 

Table S9. Electrophysiological parameters of C57BL/6 BMT and Spp1−/− 

BMT HOMER mice by in vivo EP study. 

 C57BL/6 

BMT HOMER 

(n = 13) 

Spp1−/− 

BMT HOMER 

(n = 13) 

P-value 

Baseline characteristics 

BCL 134±5 126±4 0.262 

PR interval 59±3 59±3 >0.999 

QRS interval 31±1 31±1 0.646 

Atrial characteristic 

AERP100ms 28±2 27±2 0.817 

Sinus node function 

SNRT100ms 191±17 180±8 0.570 

SNRT80ms 192±16 185±9 0.721 

Atrioventricular node function 

AVERP100ms 54±7 49±3 0.501 

WCL 84±3 83±2 0.763 

2:1 CL 60±2 59±2 0.884 

Data are means ± SEM from three independent experiments, two-tailed 

Student’s t test. 2:1 CL, 2:1 conduction cycle length; AERP, atrial effective 

refractory period; AVERP, atrioventricular node effective refractory period; 

BCL, basic cycle length; SNRT, sinus node recovery time; WCL, 

Wenckebach cycle length. 



 

 

 

Table S10. Flow cytometry antibodies. 

Antibody Source Identifier 

Final 

concentration 

(µg/ml) 

BV605 rat anti-mouse CCR2 

(clone SA203G11) 
BioLegend 

Cat# 150615; 

RRID AB_2721549 
0.80 

PerCP/Cy5.5 rat anti-mouse CD9 

(clone MZ3) 
BioLegend 

Cat# 124818; 

RRID AB_2783077 
0.33 

APC/Cy7 rat anti-mouse CD11b 

(clone M1/70) 
BioLegend 

Cat# 101226; 

RRID AB_830642 
0.33 

BV711 rat anti-mouse CD11b 

(clone M1/70) 
BioLegend 

Cat# 101242; 

RRID AB_2563310 
0.33 

PE/Cy7 rat anti-mouse CD19 

(clone 1D3) 

ThermoFisher 

Scientific 

Cat# 25-0193-82; 

RRID AB_657663 
0.33 

PerCP/Cy5.5 rat anti-mouse CD31 

(clone 390) 
BioLegend 

Cat# 102420; 

RRID AB_10613644 
0.50 

BV711 rat anti-mouse CD45 

(clone 30-F11) 

BD 

Biosciences 

Cat# 563709; 

RRID AB_2687455 
0.33 

PE/Cy7 mouse anti-mouse CD64 

(clone X54-5/7.1) 
BioLegend 

Cat# 139313; 

RRID AB_2563903 
0.33 

PE rat anti-mouse CD90.2 

(clone 53-2.1) 
BioLegend 

Cat# 140308; 

RRID AB_10641145 
0.17 

BV421 rat anti-mouse CD115 

(clone AFS98) 
BioLegend 

Cat# 135513; 

RRID AB_2562667 
0.33 

FITC rat anti-mouse CD146 

(clone ME-9F1) 
BioLegend 

Cat# 134706; 

RRID AB_2143525 
0.83 

BV570 rat anti-mouse Ly6C 

(clone HK1.4) 
BioLegend 

Cat# 128030; 

RRID AB_2562617 
0.33 

APC rat anti-mouse Ly6G 

(clone 1A8) 
BioLegend 

Cat# 127614; 

RRID AB_2227348 
0.33 

PerCP/Cy5.5 rat anti-mouse Ly6G 

(clone 1A8) 
BioLegend 

Cat# 127616; 

RRID AB_1877271 
0.33 

APC rat anti-mouse MEFSK4 

(clone mEF-SK4) 

Miltenyi 

Biotech 

Cat# 130-120-802; 

RRID AB_2784336 
1.50 

AF700 rat anti-mouse MHCII 

(M5/114.15.2) 
BioLegend 

Cat# 107622; 

RRID AB_493727 
0.83 

APC rat anti-mouse TREM2 

(clone 237920) 
R&D Systems 

Cat# FAB17291A; 

RRID AB_884527 
1.25 



 

 

 

Table S11. Histology antibodies. 

 Source Identifier 

Final 

concentration 

(µg/ml) 

Primary antibodies 

FITC mouse anti-mouse αSMA 

(clone 1A4) 

Sigma-

Aldrich 

Cat# F3777; 

RRID AB_476977 
4.6 

Rabbit anti-mouse collagen I Abcam 
Cat# ab21286; 

RRID AB_446161 
23 

Rat anti-mouse CD68 

(clone FA-11) 
BioLegend 

Cat# 137001; 

RRID AB_2044003 
10 

Rabbit anti-mouse Ki67 

(clone SP6) 

ThermoFisher 

Scientific 

Cat# MA5-14520; 

RRID AB_10979488 
1.2 

Mouse anti-human CCR2 

(clone 7A7) 

LifeSpan 

BioSciences 

Cat# LS-C755603; 

RRID AB_2936515 
8.0 

Rabbit anti-human CD68 
ThermoFisher 

Scientific 

Cat# PA5-83940; 

RRID AB_2791092 
3.2 

Rabbit anti-human COL1A1 

(clone E8F4L) 
Cell Signaling 

Cat# 72026S; 

RRID AB_2904565 
0.14 

Mouse anti-human SPP1 

(clone 7C5H12) 
Abcam 

Cat# ab166709; 

RRID AB_2936514 
10 

Secondary antibodies 

Alexa Fluor 488 goat anti-rabbit IgG 
ThermoFisher 

Scientific 

Cat# A-11034; 

RRID AB_2576217 
20 

Alexa Fluor 488 goat anti-rat IgG 
ThermoFisher 

Scientific 

Cat# A-11006; 

RRID AB_2534074 
20 

Biotin goat anti-rabbit IgG 
Vector 

Laboratories 

Cat# BA-1000-1.5; 

RRID AB_2313606 
15 

Biotin horse anti-mouse IgG 
Vector 

Laboratories 

Cat# BA-2000-1.5; 

RRID AB_2313581 
15 

DyLight 594 streptavidin 
Vector 

Laboratories 
Cat# SA5594-1 1.7 

  



 

 

 

Data S1. 

List of significant GOBP gene sets up- or downregulated in seven AFib samples from GSEA of 

human MP/DC cluster. 

 

Data S2. 

List of genes in the three gene modules significantly associated with diseased state in human 

MP/DC cluster and the C2 gene sets significantly overrepresented in module 1. 

 

Data S3. 

List of DEGs in MP/DC, neutrophil, lymphocyte, fibroblast, endothelial and mural cell subsets 

comparing seven AFib patients with five controls. 

 

Data S4. 

List of significant GOBP gene sets up- or downregulated in seven AFib samples from GSEA of 

human lymphocyte, fibroblast, endothelial and mural cell clusters. 

 

Data S5. 

List of marker genes specific to human mono(b) cluster in 10,555 MP/DCs from five controls 

and seven AFib patients. 

 

Data S6. 

List of DEGs in five human macrophage subclusters comparing a subcluster against all other 

macrophages. 

 

Data S7. 

List of C5 GOBP gene sets and their −log10(FDR) values in human and mouse MP/DC clusters. 

 

Data S8. 

List of DEGs in LA and LV MP/DC, fibroblast and endothelial cell subsets comparing four 

HOMER mice with four sham controls. 

 

Data S9. 

List of C5 GOBP gene sets and their −log10(FDR) values in human and mouse fibroblast 

clusters. 
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