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SUMMARY
Cardiovascular disease plays a central role in the electrical and structural remodeling of the right atrium,
predisposing to arrhythmias, heart failure, and sudden death. Here, we dissect with single-nuclei RNA
sequencing (snRNA-seq) and spatial transcriptomics the gene expression changes in the human
ex vivo right atrial tissue and pericardial fluid in ischemic heart disease, myocardial infarction, and
ischemic and non-ischemic heart failure using asymptomatic patients with valvular disease who undergo
preventive surgery as the control group. We reveal substantial differences in disease-associated gene
expression in all cell types, collectively suggesting inflammatory microvascular dysfunction and changes
in the right atrial tissue composition as the valvular and vascular diseases progress into heart failure. The
data collectively suggest that investigation of human cardiovascular disease should expand to all func-
tionally important parts of the heart, which may help us to identify mechanisms promoting more severe
types of the disease.
INTRODUCTION

Several papers describing the cellular composition of the

heart1–4 and its transcriptional changes in cardiovascular dis-

ease5–9 have been published. However, the effects of cardiovas-

cular disease on the right atrium have not been investigated,

despite its central role in the normal cardiac function10 and the

unknown mechanisms by which chronic cardiovascular dis-

eases cause electrical and structural remodeling of the atrial

myocardium, predisposing to unique pathologies, such as sinus
Cell Reports Medicine 5, 101556, M
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node dysfunction and arrhythmias, and increasing the risk of

heart failure and sudden death.11–13

According to recent studies, less than 20% of patients with

known or suspected ischemic heart disease have obstructive

disease.14–17 Instead, coronary microvascular dysfunction has

been suggested as an underlying factor that associates with

more advanced disease and worse disease outcomes,17–22 but

the lack of tools for microvascular dissection has left the mech-

anisms unexplored in human tissue.17 Microvascular aberrations

mediate ischemia and cause symptoms both in patients with
ay 21, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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obstructed and unobstructed coronary arteries,23,24 and, there-

fore, its effects are unlikely to be limited to the left ventricle.

Here, we present a comprehensive single-cell atlas of the hu-

man ex vivo right atrium in valvular and ischemic heart disease,

following their progression to heart failure.

RESULTS

Cells of the ex vivo right atrium
We obtained ex vivo cardiac tissue samples from the right atrial

appendages of 49 patients (Figure 1A). As the samples were

collected during open-heart surgeries, no age-matched healthy

control samples exist. Instead, we formed our control group

(altogether 10 samples) from the samples of the patients with

valvular heart disease, who were at the time of collection asymp-

tomatic, undergoing preventive surgery, and whose hearts ap-

peared otherwise healthy. In addition, we profiled 11 patients

with ischemic heart disease (IHD, i.e., patients with coronary ar-

tery disease [CAD], including patients with valvular disease), 11

patients with IHD and heart failure (ischemic heart failure [IHF],

including patients with valvular disease), and three patients

with non-ischemic heart failure (NIHF; i.e., patients with valvular

disease and heart failure but no CAD). In addition, we had three

groups for myocardial infarction (MI): five patients with stable

CAD (i.e., patients who underwent elective surgery; no MI),

four patients hospitalized and operated due to MI (acute MI),

and five patients who had suffered MI earlier in life (remote MI).

We profiled the samples with single-nuclei RNA sequencing

(snRNA-seq) and processed the data using QClus,25 resulting

in 296,682 nuclei. These nuclei were grouped into 12 main cell

types (Figures 1B–1F), using previously published marker

genes1–3 and Gene Ontology (GO) enrichments of biological pro-

cesses (Figure S1A).

The distribution of detected cell types corresponded to ex-

pected ratios in the cardiac tissue,1–9 given the collection of

all three layers of the heart wall—epicardium, myocardium,

and endocardium (Figures 1A, and S1B)—with cardiomyocytes

(CMs, 23%), endocardial endothelial cells (EECs, 30%), vascular

endothelial cells (VECs, 10%), fibroblasts (FBs, 17%), andmeso-

thelial cells (MESOs, 10%) as the main cell types (Figures 1B,

and S1C).

We detected several putative marker genes for identifying the

different cell types in spatial transcriptomics (Figure 1C, 1F, and

1G, and http://compbio2.mit.edu/scheart/; see Figure S1D for

instructions). For example, EECs expressed several genes that

allowed their distinction from VECs, including LEPR, NPR3,

and PCDH15, whereas VECs expressed GRB10, PREX2, and

VWF (Figures 1D–1F). We tested several of these marker genes

with spatial transcriptomics, using a low-resolution technique

(Visium, 10X Genomics) that captures 1–10 cells per spot

(Figure 1F), and a high-resolution technique (Molecular Cartog-

raphy, Resolve Biosciences) to reach sub-cellular resolution

(Figures 1C and 1G), establishing specific marker genes for

different cell types, such as CHRM2 for CMs, PCDH7 for

EECs, ABCA6 for FBs, PRG4 for epicardial MESOs, and MPZ

for Schwann cells (Figure 1G). However, some of the best

cellular marker genes in snRNA-seq, such as NPR3 for

EECs (Figures 1D–1F), failed in the high-resolution spatial map-
2 Cell Reports Medicine 5, 101556, May 21, 2024
ping due to their low abundance and/or specificity issues (Fig-

ures 1E, and S1E), indicating a necessity for validating cellular

marker genes with spatial techniques, as they might not be iden-

tical to those uncovered in snRNA-seq.

High-definition map of the right atrial vasculature
To identify vascular cell types and cell subtypes, we used a com-

bination of known and novel marker genes distinguishing a total

of 11 populations, many of which were previously incompletely

recovered (Figures 2A–2C, S1F and S1G).1–3,26 We utilized the

identifiedmarker genes in spatial transcriptomics to characterize

the cardiac vasculature—coronary arteries, arterioles, arterial

and venous capillaries, and veins—in the samples (Figures 2D–

2G) and confirmed the localized expression of mechano-acti-

vated transcription factor KLF2 in the VECs (Figure 2H). KLF2

is known to integrate hemodynamic and pro-inflammatory stim-

uli to maintain vascular homeostasis and integrity27,28 In snRNA-

seq, most of the vascular endothelial subtypes showed downre-

gulation of KLF2 in the IHD group compared to control samples

(Figure 2I), suggesting the emergence of endothelial cell

dysfunction in the cardiac vasculature, which has been shown

to be critical in the initiation and progression of cardiovascular

disease.29

Transcriptional patterns reveal pro-inflammatory
microvascular changes in the right atrium
To dissect similarities and differences in cardiac cell function on

pathway level across main cell types in the three groups (IHD,

IHF, and NIHF), we determined the differentially expressed

genes across all cell types and cell subtypes using Nebula30

(as described in STAR Methods), and interpreted the results us-

ing ingenuity pathway analysis (IPA, QIAGEN)31 (Figure 3A, data

and details available at http://compbio2.mit.edu/scheart/). The

most significant enrichments in IHD and IHF included fibrosis

for FBs and barrier disruption and hypertrophy for endocardial

cells. In addition, both FBs and EECs were enriched for growth

factors and mesenchymal transition, suggesting differentiation/

activation of dysfunctional phenotypes, such as myoFBs,32

and transition to pathological state, such as endocardial

dysfunction,33 which in an early stage disrupts normal tissue

function and later on contributes to progression of the heart

failure.

The top pathways in CMs and epicardial MESOs were the

same across all three comparisons, i.e., EIF2 signaling, mito-

chondrial dysfunction, oxidative phosphorylation, and sirtuin

signaling. Comparison of the pathway enrichments across the

vascular cells and endothelial cell subtypes revealed the

same four pathways that were detected in other main cell types

as the most significant enrichments across all three conditions

(Figures 3B, and S2A), suggesting accumulation of lipids, lipid

peroxidation, and inflammation in the tissue due to impaired

mitochondrial function, metabolic changes, cardiac hypertro-

phy, and increased production of reactive oxygen species

(ROS) and inflammatory mediators. To validate these predic-

tions in the IHF and control samples, we first utilized spatial

transcriptomics (Figures 3C, and S2B, as described in STAR

Methods). Compared to control, the IHF tissue exhibited

increased expression of many pro-inflammatory mediators,

http://compbio2.mit.edu/scheart/
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Figure 1. Cells of the ex vivo right atrium

(A) Overview of the samples and experimental approach. Created using BioRender.com.

(B) snRNA-seq data distinguishes 12 main cell types.

(C) Spatial transcriptomics image (Resolve Biosciences) of the cardiac tissue in IHD sample.

(D) snRNA-seq data highlight the expression of the marker genes for EEC (LEPR, NPR3, and PCDH15), VEC (GRB10, PREX2, and VWF), MESO (SLC4A4, EZR,

and PRG4), and PER (DACH1, ABCC9, and SEMA5A).

(E) Violin plot of the marker genes from (D) and other main cell types from (B).

(F) Spatial expression (Visium, 10X Genomics) of the marker genes for EEC (LEPR, NPR3, and PCDH15), VEC (GRB10, PREX2, and VWF), MESO (SLC4A4, EZR,

and PRG4), and PER (DACH1, ABCC9, and SEMA5A) in control (patient 1) and IHF (patient 2) samples.

(G) Spatial expression (Resolve Biosciences) of the CM (CHRM2), EEC (PCDH7), FB (ABCA6), MESO (PRG4), and Schwann cell (SC) (MPZ) marker genes in the

right atrial tissue of IHD sample. MESO, epicardial mesothelial cell; L, lymphocyte; PER, pericyte; SMC, smooth muscle cell; N, neuron; AD, adipocyte.
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such as TRBC2 (an immune response activator)34 and CCL5 (a

chemoattractant for blood monocytes, memory T helper cells

and eosinophils).35 In addition, the expression of key metabolic

mediators and regulators, such as CD36, which mediates the

uptake of long-chain fatty acids in cardiac tissue, and its regu-

lator, nuclear receptor PPARa, was reduced in IHF compared

to control. Impaired synthesis of CD36 has been shown to
shorten myocardial energy supply, resulting in insufficient fatty

acid uptake and accumulation of toxic lipids, ultimately leading

to heart failure.36–38 Consistent with the predictions, the

expression of the key regulator of fatty acid and energy meta-

bolism, PPARg,39 was also decreased in the IHF compared to

control sections (Figures 3C, and S2B). Cytokine screening

from the patient serum samples confirmed the presence of
Cell Reports Medicine 5, 101556, May 21, 2024 3
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Figure 2. High-definition map of the right atrial vasculature

(A) Uniform manifold approximation and projection (UMAP) embedding of the snRNA-seq data for vascular cell subtypes, separating distinct EC, SMC, and PER

populations. Heart image from BioRender.com.

(B) Marker genes for vascular subtypes: coronary artery (CA), arteriole (ART), arterial capillary (ACAP), capillary (CAP), tip cells (TIP), venous capillary (VCAP),

venous (VEN), inflammatory ECs (INF), dividing ECs (DIV).

(C) UMAP embeddings showing vascular marker gene expression for CA (DKK2, GJA5, and EFNA5), ART (PCSK5, FUT8, and EFNB2), ACAP (VEGFC, PIK3R3,

andBTNL9), CAP (CCDC85A,ABLIM3, and PKD1L1), TIP (ARHGAP18, FMNL2, and TMEM163), VCAP (SLCO2A1, PLVAP, andNRP2), VEN (GPM6A, PKHD1L1,

and POSTN), PER (RGS5, PDE1C, and ABCC9), and SMC (MYH11, RGS6, and DGKG).

(D–G) Spatial images (Resolve Biosciences) of coronary arteries and arterioles (D and E), venous and arterial capillaries (F), and a vein and an artery (G) in right

atrial tissue of control (D), IHF (E and F), and IHD (G) samples. Cross-section of an artery from BioRender.

(H) Summary image (Resolve Biosciences) of KLF2 expression in an IHF sample.

(I) KLF2 expression in snRNA-seq data across disease groups in vascular cell subtypes.
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Figure 3. Heart disease promotes inflammatory microvascular dysfunction in the right atrium

(A) Top 10 canonical pathways with the highest significance score (B–H adjusted p value <0.05 for all) by IPA’s comparison analysis across the main cell types, as

described in STAR Methods, in IHD (N = 11), IHF (N = 11), and NIHF (N = 3) against control (N = 6). Full table and details available at http://compbio2.mit.edu/

scheart/.

(B) Sirtuin signaling pathway from IPA for CMs in NIHF against control as a representative for all three groups. Blue indicates inhibition of themolecule, orange/red

activation. Purple highlight marks significantly differentially expressed molecules in the dataset. Full version of the pathway figure can be found in Figure S2A.

(C) Spatial expression (Visium) of TRBC, CCL5, CD36, PPARA, and PPARG in a control and heart failure (HF) sample. For each gene, quantitation of the signal is

shown across control (n = 4) and HF (n = 4) sections (right) and in one representative section (left), as described in STAR Methods. Whiskers show the maximum

and minimum values, except for outliers (more than 1.5 times the interquartile).

(D) Scaled (0–1) mean of serum cytokines in patients with HF (N = 6) and controls (N = 7). No statistical significance.

(E) Quantitation of CD68+ tissue MPs in pericardium of patients with HF (N = 10) and control group (N = 10) (*p < 0.0104). A representative immunohistostaining

image provided for both groups, showing MPs in brown.

(F) Top 10 canonical pathwayswith the highest significance score (Fisher’s exact test, p < 0.05 for all) across vascular cells within each group: IHD, IHF, and NIHF.

Top 10 pathways for each condition were selected and p value is presented across all conditions.

(G) Top shared cytokines in IPA’s Upstream Regulator analysis between IHD, IHF, NIHF, and disturbed flow in HUVECs dataset (N = 3 for d-flow and for control).

IL-1b network from 2-h time point by IPA’s machine-learning-based graphical summary is a representative for all four time points (2, 8, 14, and 32 h of IL-1b

treatment compared to control [N = 3] in HAECs).

(H) Top overlapping upstream regulators (Fisher’s exact test p < 0.05 for all) with similar activity patterns from IPA (microRNAs and transcriptional regulators only)

for IHD, IHF, and NIHF in main cell types and four EC subtypes. Red is for predicted activity and blue for inhibition.

(I) Depiction of the connections between the potential mediators of the mitochondrial and metabolic changes.

(J) Overview of IL-1b signaling.

(K) Effects of IL-1b on activated endothelium.

(J) and (K) were created with BioRender.com.
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many pro-inflammatory cytokines (Figure 3D), including inter-

leukin (IL)-1-associated cytokines (IL-1a, IL-1b, IL-6, IL-18,

MIP1b, and CXCL1), immune cell activators (IL-3 and IL-16),

growth factors (MCSF, HGF, and vascular endothelial growth

factor [VEGF]), and biomarkers for heart failure and left ventric-

ular dysfunction, such as IP-10 (CXCL10), and MIG (CXCL9).40
IL-1 has been shown to contribute to all stages of atheroscle-

rotic plaque life from initiation to rupture, although circulating

IL-1 levels in patients rarely correlate with disease severity.41

For example, circulating levels of IL-1a and IL-1b can be below

detection level even in high-risk patients, yet their neutralization

reduces adverse effects and improves disease outcomes.42,43
Cell Reports Medicine 5, 101556, May 21, 2024 5

http://compbio2.mit.edu/scheart/
http://compbio2.mit.edu/scheart/


Article
ll

OPEN ACCESS
Here, IL-1a exhibited increased and IL-1b decreased presence

in the HF group compared to control, although sample

numbers were too small for statistical significance (Figure 3D).

Taken together, the results suggested cytokine-induced pro-in-

flammatory activation and resulting accumulation of immune

cells close to vasculature, endocardium, and epicardium in

HF samples, which was then confirmed with immunostaining

of CD68+ tissue macrophages from HF and control samples

(Figure 3E).

As suggested by the serum cytokine levels (Figure 3D), pro-

duction of the angiogenic factor, VEGF,44 was found to be sup-

pressed in cardiac tissue cells in all three conditions (IHD, IHF,

and NIHF), although induction of its regulator, hypoxia-inducible

factor (HIF1a) was observed expectedly in ischemic (IHD and

IHF) CMs (Figure S2C). A similar trend was observed across

endothelial cell subtypes, suggesting inhibition of VEGF-regu-

lated angiogenesis (Figure S3). Hypoxia-induced response pat-

terns indicated endothelial activation across most subtypes

and diseases, but endothelial movement and/or blood vessel

maturation remained mostly inhibited, suggesting endothelial

dysfunction and abnormal angiogenesis (Figure S4). Similarly,

consistent with the serum cytokine levels and spatial transcrip-

tomics results (Figures 3C and 3D), CCL2-, tumor necrosis factor

(TNF)-, and CCL5-induced vasoconstriction was increased

across endothelial subtypes and diseases (Figure S5), suggest-

ing microvascular dysfunction with an inflammatory component.

A closer look into the differential expression enrichments in the

vascular cells and cell subtypes revealed high similarity with

the other main cell types, having the same four pathways, top

the most significant enrichments across all three conditions (Fig-

ure 3F). To recreate endothelial dysfunction in an in vitro model,

we exposed human umbilical vein endothelial cells (HUVECs) to

disturbed flow (d-flow, i.e., oscillatory non-laminar shear stress).45

We compared these changes to changes observed in the human

cardiac tissue and saw decreased mitochondrial metabolic activ-

ity and increased HIF1a activity, cardiac hypertrophy signaling,

and pro-inflammatory changes comparable to those in the tissue

cells (Figure S6A). To screen for potential intercellularmediators of

the observed changes, we extracted overlapping cytokines from

the three conditions (IHD, IHF, NIHF) and d-flow endothelial cells

using Upstream Regulator analysis of IPA (Figure 3G), and found

several cytokines that were measured from the patient serum,

such as TNF, which was more abundant in HF patient samples

compared to controls, interferon (IFN) g, which was more abun-

dant in controls, and general enrichment of IL-1-related factors

(Figure 3D). The analysis suggested IL-1b as a central regulator

of the observed gene expression changes and a driver of the

observed cytokine expression. To validate the finding, we per-

formed RNA sequencing (RNA-seq) from IL-1b-stimulated human

aortic endothelial cells (HAECs), confirming an IL-1b-centric inter-

leukin network connecting the observed mediators in the cells

(Figures 3G, and S6B). To further identify the potential regulators

of the shared functional changes across cardiac cell types, we

overlapped transcriptional regulators and microRNAs from Up-

stream Regulator analysis of IPA for the three conditions (IHD,

IHF, and NIHF) (Figure 3H). Among the top regulators were tran-

scription factors BACH1, NRF2 (NFE2L2), and NRF1 and a co-

activator PGC1a (PPARGC1A) (Figure 3H), which are known reg-
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ulators of mitochondrial function, metabolism, and cellular redox

stress.46–49 Their interactive network (Figure 3I) may thus partially

explain the observed pathway changes in themain cell types. The

notionwas supported by the data collected from IL-1b-stimulated

HAECs (Figure S6C), which illustrated a switch to anaerobic

glycolysis, downregulation ofmitochondrial biogenesis andmeta-

bolism, increased inflammation, ROS production, and hyperten-

sion signaling, highlighting suppression of SIRT1, PGC1a, and

NRF2 as mediators of these events (Figure 3I). Collectively, these

data suggest that IL-1b, which has been shown to be a compo-

nent of coronary plaques50 and producedby activated endothelia,

smooth muscle cells, FBs, and immune cells in the body,41 is

either produced locally or travels to the right atrium from a distant

site and induces local production of inflammatory mediators (Fig-

ure 3J), leading to recruitment of immune cells (Figure 3K). Accu-

mulation of immune cells (Figures 3C and 3E), lipids (Figure 3B),

and oxidative stress (Figure 3B) are known predecessors of

foam cell formation (Figure 3K).51

Disease-driven immune cell accumulation causes
chronic inflammation in the atrium
To explore the inflammatory changes in the right atrium, we next

characterized the immune cell populations (Figure 4A) using pre-

viously established marker genes (Figure 4B)1–3,52–56 and GO

term enrichments (http://compbio2.mit.edu/scheart/). The im-

mune clusters consisted of rich populations of macrophages

(MPs) and T cells, in addition to dendritic cells, B cells, and

plasma cells. Spatial transcriptomics of the atrial tissue illus-

trated immune cell clusters that localized to epicardial mesothe-

lium and vascular endothelium (Figure 4C). The most prevalent

immune cell population across all disease groups was MPs (Fig-

ure 4D). Other subtypes displayed more variability, suggesting

increase in abundance from control to more severe disease (Fig-

ure 4D). In spatial analyses (described in STARMethods), theMP

marker gene, CD163, co-localized with infla-MP marker gene,

LYVE1, with increased expression in IHF compared to control,

consistent with previous findings (Figures 3C and 3E), whereas

LT-CD4 marker gene, IL7R, expression overlapped only partially

with the MP marker genes, although similarly higher expression

in IHF sections compared to control was observed (Figures 4E,

and S7A).

Chronic inflammatory response is part of adverse cardiac re-

modeling that precedes development of heart failure.57 This re-

modeling is characterized by re-expression of the fetal gene pro-

gram that includes natriuretic peptide B (NPPB) and a1 skeletal

muscle actin (ACTA1),58 both of which were observed in the

IHF sections (Figures 4E, and S7A). To a lesser degree, the genes

were also expressed in the control sections and co-localized to

the same areas of the section, indicating localized disease-asso-

ciated changes in gene expression before clinical manifestation

of the disease. However, strong immunoglobulin expression was

only observed in the IHF, consistent with chronic inflammatory

state and accumulation of antibody deposits in the failing atrial

myocardium.

As a confirmation for the results in the microvasculature that

suggested lipid accumulation and early stages of foam cell for-

mation (Figure 3), we detected two populations of lipid-associ-

ated MPs (LAMs), out of which LAM1 indicated partiality to

http://compbio2.mit.edu/scheart/
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Figure 4. Disease-driven immune cell accumulation causes chronic inflammation in the atrium

(A) snRNA-seq for immune cell subtypes in right atrial tissue separating 14 populations. Heart image from BioRender.com.

(B) Marker genes for immune subtypes (DCs, MPs, LAMs, IFN-MPs, monocytes [mono]).

(C) Spatial expression images (Resolve Biosciences) of the right atrial tissue in IHD samples, depicting immune cells as marked by the expression of their marker

genes near epicardial mesothelium and vasculature.

(D) Immune cell proportions in control, IHD, IHF, and NIHF samples. Bar charts depict the immune cell subtype proportions (%) of all cells in each sample for LT-

CD4, infla-MP, and NKT-CD8 in control, IHD, IHF, and NIHF groups. Whiskers show the maximum and minimum values, except for outliers (more than 1.5 times

the interquartile).

(E) Spatial expression (Visium) of NPPB, ACTA1, and immunoglobulins in a control and heart failure (HF) sample. Quantitation of the signal across control (n = 4)

and HF (n = 4) sections is shown (as described in STARMethods). Whiskers show the maximum andminimum values, except for outliers (more than 1.5 times the

interquartile). Representative Visium images shown for CD163, LYVE1, and IL7R expression.

(F) LAM1 and LAM2 proportions (%) of all cells in each control, IHD, IHF, and NIHF sample depicted by groups. Whiskers show the maximum and minimum

values, except for outliers (more than 1.5 times the interquartile).

(G) Immunofluorescence images of LAMs labeled using anti-TREM2 (red) and bodipy (green) in the epicardial side of the human right atrial appendage. Patients

with IHF (middle panel) had increased number of LAMs compared to patients with IHD (left panel). Right panel shows zoomed region of interest from the merged

image. Representative samples are shown.

(H) Top canonical pathways with highest activation Z scores for LAMs in IHD (N = 11), IHF (N = 11), and NIHF (N = 3) against control (N = 6) based on IPA analysis.

Predicted pathway activation is shown in red and inhibition in blue based on the expression changes of the pathway molecules in the dataset and current

literature-based knowledge curated into the QIAGEN Knowledge Base. Gray is for enriched pathways with (B)–(H) adjusted p value over 0.05 and white with x for

no enrichment. All pathways with activation Z score are statistically significant (B–H adjusted p value <0.05). A representative glucocorticoid receptor pathway

chart is shown.
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ischemic disease and LAM2 to NIHF (Figure 4F). We confirmed

the colocalization of an established LAM marker TREM259 with

lipid droplets in IHF sections and observed increased signal in

IHF compared to IHD (Figure 4G).

Exploration of pathway enrichments for differentially ex-

pressed genes in the LAM populations revealed differences

in the pathway numbers, their sharing, and in the enriched path-

ways themselves. Altogether, the LAM1 population enriched for

118 and LAM2 for 228 pathways (B–H adjusted p value <0.05).

Ten percent of the LAM1 pathways were not found from the

LAM2 populations (Data S1). In IHD, the top activated pathways

(based on activation Z score by IPA) were sirtuin signaling

pathway, protein kinase A signaling, eNOS signaling, and dilated

cardiomyopathy signaling for the LAM1 population and cardiac

hypertrophy (enhanced), phagosome formation, wound healing

and fibrosis signaling pathways for LAM2. Half of the enriched

LAM1 pathways were shared with LAM2, including pathways

for oxidative phosphorylation, mitochondrial dysfunction, sirtuin

signaling, estrogen receptor signaling, and glucocorticoid recep-

tor signaling, comparably to the main cell types (Figures 3A and

3F, and Data S1). Glucocorticoid receptor signaling was among

themost significant enrichments in all but one LAMgroup (LAM2,

IHF) (Figure 4H and http://compbio2.mit.edu/scheart/), high-

lighting increased cytokine-mediated production of IL-1b,

among other key pro-inflammatory mediators. The LAM1-spe-

cific pathways included IL-1 and IL-6 signaling, whereas

LAM2-specific populations consisted of neuronal-, inflamma-

tory-, cardiac-hypertrophy-, and growth-factor-related path-

ways (Data S1). Only 34% of the LAM1 pathways in IHD were

shared with the LAM1 pathways in IHF and none with NIHF (Fig-

ure 4H, and Data S1). LAM1s in NIHF only enriched for 11 path-

ways altogether, seven of which were shared with IHF. LAM2

populations shared more pathways between conditions (Fig-

ure 4H, and Data S1). For example, only 13% of the IHD-en-

riched pathways were unique to IHD, 27% were shared with

IHF, 21% with NIHF, and 39% were shared by all three condi-

tions. Overall, LAM2 in IHF enriched for more pathways than

the other two conditions and therefore also had more unique

pathways. Collectively, the pathway enrichments in the LAM1

population consisted mostly of extracellular signaling-, meta-

bolism-, and senescence-related terms, and in the LAM2 popu-

lation, of pathway terms that intersect with cardiovascular dis-

ease, inflammation, and cancer, suggesting response to

environmental cues for LAM1s and pro-disease signaling for

LAM2s.
Figure 5. Pericardial fluid cells reflect the changes in disease states

(A and B) (A) snRNA-seq data and (B) marker genes for immune cell subtypes in

(C) Immune cell proportions in cardiac tissue and corresponding pericardial fluid

(D and E) Top 10 pathways with highest significance score in IPA comparison a

pericardial fluid samples (E) in stable CAD (N = 5), acute MI (N = 4), and remote M

Full data can be explored at http://compbio2.mit.edu/scheart/.

(F) Top pathways based on activation Z score from IPA for each condition in flu

underlying gene expression patterns and blue pathway inhibition.

(G) Jaccard similarity coefficiency for differentially expressed genes (DEGs) in IF

(H) Correlation of log fold change (logFC) values of overlapping DEGs (i.e., found

(I) Correlation of logFC values of all DEGs in IFN-MPs.

(J) Correlation of activation Z scores for enriched pathways in IFN-MPs.

(K and L) Regulator networks for stable CAD and remote MI in IFN-MPs from IPA
Pericardial fluid cells reflect the changes in disease
states
Pericardial fluid is an enriched milieu of cytokines, growth fac-

tors, and cardiac hormones that reflect and regulate overall

heart function, yet its cell composition has not been thoroughly

examined.60 Given the detected accumulation of immune cell

clusters to the epicardial mesothelium in spatial transcriptomics

(Figures 4C, 3C and 3E), we explored the cell populations in

paired right atrial tissue and pericardial fluid samples of IHD pa-

tients to gain insight into the potential interactions between the

tissue and the fluid. Although the tissue sample is limited to the

right atrium, the pericardial fluid provides a more integrated

view of the cardiac function, comprising signals from all parts

of the heart.

We focused on three distinct groups: patients with stable cor-

onary artery disease who underwent elective surgery (stable

CAD), patients with acute MI, and patients who had suffered

infarction earlier in life (remote MI) to compare stable disease

to acute event and recovery after the acute event. Expectedly,

snRNA-seq showed pericardial fluid to be enriched for immune

cells (Figures 5A and 5B). The cell proportions between

the tissue and the fluid showed both similarities and differences

(Figure 5C). The largest population in both was MPs, followed

by lymphocytes and natural killer cells. Cardiac-tissue-

specific populations included LAMs, monocytes, and plasma

cells, whereas pericardial-fluid-specific populations included Ri-

bo+MPs (i.e., MPs with increased expression of ribosomal

genes), plasmacytoid dendritic cells (plas-DCs), and ery-

throblasts. Infla-MPs were proportionally larger population in

the tissue compared to the fluid, whereas IFN-MPs were more

predominant among the fluid immune cells.

In the tissue samples, MP2 population seemed to be more

prevalent in the control samples, whereas NKT-CD8 and infla-

MPs were more abundant in stable CAD and MI groups (Fig-

ure S7B). The LT-CD4 population wasmore numerous in the sta-

ble CAD and acute MI, but in remote MI the levels resembled

control levels. In the pericardial fluid, MP, LT, infla-MP, and reg-

ulatory T (Treg) proportions weremore variable in the IHD groups

compared to control, suggesting active exchange between the

tissue and the fluid and response to acute changes in disease

signaling (Figure S7B).

Differentially expressed gene enrichments were similar,

although not identical, in the pericardial fluid and corresponding

tissue with 66%–68% of all enriched pathways being shared be-

tween the fluid and tissue cells in each of the three groups
pericardial fluid. Heart image by BioRender.com.

samples.

nalysis (B–H adjusted p value <0.05) in cardiac tissue (D) and corresponding

I (N = 5) compared to control (N = 4). Only the top 10 for each group are shown.

id and tissue IFN-MPs. Positive values indicate pathway activation based on

N-MPs.

in all compared groups) in IFN-MPs.

’s graphical summary.
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(Figures 5D and 5E and http://compbio2.mit.edu/scheart/). Sta-

ble CAD and remote MI had 100% overlap in pathways enriched

in each, both in fluid and tissue samples, although the rank order

in remote MI was a mix of stable CAD and acute MI, likely due to

its shared disease component with both groups (Figures 5D,

5E, and Data S1, and http://compbio2.mit.edu/scheart/). Also,

12% and 18% of enriched pathways were unique to acute MI

in fluid (63 unique pathways) and tissue (83 unique pathways),

respectively, including terms related to IL-1 signaling and meta-

bolism in the fluid and secondary messenger signaling, interleu-

kins, and metabolism in the tissue. In tissue, MPs were the most

active populations in all three conditions, promoting immune

response, intracellular and second messenger signaling, and

cellular stress and injury in stable CAD and cardiovascular

signaling and disease-specific pathways in acute MI, leading

to glucocorticoid-mediated CCL2 and CCL3 production in both

(Figures S7C and S7D). CCL2 is a known regulator of MP recruit-

ment and polarization in inflammation61 and CCL3 is an acute

pro-inflammatory recruiter and activator of leukocytes in the

heart tissue, as well as an inducer of TNF and IFN production

that is associated with CM injury, cardiac dysfunction, and de-

layed ventricular repolarization.62

For a closer look into the molecular intersection of the pericar-

dial fluid and tissue cells, we chose one of the most prominent

specialized populations in the ischemic patients, IFN-MPs (Fig-

ure 5C). General overview of the top enriched canonical path-

ways for each condition based on activation Z scores showed

no immediate overlap of activation patterns between fluid and

tissue cells (Figure 5F). When estimating the similarity of the

differentially expressed genes across different conditions (stable

CAD, acute MI, and remote MI) and different sample types (car-

diac tissue and pericardial fluid), the overlap was found to be

weak (Figure 5G). Although the correlation of logFC values for

the overlapping differentially expressed genes was good within

sample types across conditions (Figure 5H), the overall correla-

tion of logFC values for all differentially expressed genes was

significantly weaker and resulted in poor correlation of activation

Z scores on the pathway level (Figures 5I and 5J), suggesting

condition- and environment-specific gene expression patterns

and pathway activation across sample types and conditions.

The fluid IFN-MPs in stable CAD and remote MI revealed

higher similarity in the enriched pathways (B-H adjusted p value

<0.05) and activation Z scores than the other group comparisons

(Figure 5J and http://compbio2.mit.edu/scheart/). For example,

phagosome formation, IL-6 signaling, and cardiac hypertrophy

(enhanced) pathways were among the top pathways in both sta-

ble CAD and remote MI. However, there were underlying differ-

ences in the pathwaymolecules. For instance, in the hypertrophy

pathway of the remote MI, the analysis highlighted TNF, insulin-

like growth factor 1, and pro-inflammatory cytokines asmain up-

streammolecules activating the signaling cascades, whereas, in

stable CAD, endothelin-1, TNF, and integrins were highlighted

(data not shown). Acute MI enriched for similar pathways

compared to stable CAD and remote MI, but the activation Z

score was opposite in many cases. Dissection of the biological

and disease-associated functions of the IFN-MPs suggested

increased blood cell activation, recruitment, movement, adhe-

sion, migration, engulfment, and atherosclerosis in stable CAD,
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decreased lipid droplet accumulation, blood platelet aggrega-

tion, blood cell accumulation, and cell movement in acute MI,

and increased infection, cell movement, cell migration, prolifera-

tion, engulfment, angiogenesis, fibrogenesis, and vascular

development in remote MI (Data S1). Central factors orches-

trating these changes included IL-1b (stable CAD and remote

MI) and IFNg (remote MI) (Figures 5K and 5L). Taken together,

the results suggest that presence of IFN-MPs in the tissue corre-

lates with advanced disease and chronic inflammatory state of

the right atrium. Moreover, the data suggest that the IFN-MP

population present in the pericardial fluid reflects the changes

in the tissue function and responds to environmental cues of

acute and chronic disease states. However, the fluid results

are not an exact replica of the right atrial tissue results, due to

fluid cells being a collection of cells that can originate from any

part of the heart that now reside in a distinct microenvironment

specific to the pericardial compartment.

Vascular cells interact with IFN-responsive immune
cells
To dissect the co-expression patterns in the IFN-MP population

in the pericardial fluid, we used a gene expression module

approach that highlighted several functional gene clusters (Fig-

ure 6A and http://compbio2.mit.edu/scheart/). The proportion

of the cells was generally lower in the tissue of stable CAD and

MI patients and higher in their pericardial fluid, suggesting mobi-

lization of the cells in the earlier and acute stages of the disease,

whereas, in the more advanced disease, the data suggested po-

tential accumulation in the tissue (Figure 6B). In spatial images

(Visium), CXCL10, a marker gene for the IFN-MP population,

was detected in IHF, clustering in the myocardium but not in

the control sections (Figures 6C, and S8A). CXCL10 (IP-10, de-

tected in the patient serum samples; Figure 3D) is a known che-

moattractant and polarizing factor for various immune cells, pro-

moter of T cell adhesion to endothelial cells (ECs), inhibitor of

angiogenesis, and a biomarker for heart failure and left ventricu-

lar dysfunction.40,63,64 In the higher-resolution spatial images,

CXCL10 clusters were found in the vicinity of vasculature and

endocardium, colocalizing with MPs, lymphocytes, and the

marker genes for infla-MPs (CLL8 and EGR2P) (Figures 6D,

and S8B). In the vascular cells, module analysis confirmed the

presence of an IFN module comprising several IHD-genome-

wide association study (GWAS) genes (Figure 6E). The IFN mod-

ule was present across all vascular cell subtypes and enriched

for several related pathways (Figure 6F), confirming the connec-

tion between the vascular cells and the IFN-responsive immune

cells at the transcriptional level.

Disease-associated genetic variation affects disease-
relevant modules across cell types
Next, we sought to dissect IHD-associated GWAS gene interac-

tomes across different cell types by annotating ourmodules of co-

ordinated gene expression changes with GWAS-linked genes in

each cell type (all data can be explored at http://compbio2.mit.

edu/scheart/).Oneof thegeneshighlightedby themoduleanalysis

was SVIL, which was present both in the vascular and pericardial

fluid cells (Figures 7A and 7B). It resides in a GWAS locus on chro-

mosome10 that gives rise to two IHD-associatedgenes,SVIL and

http://compbio2.mit.edu/scheart/
http://compbio2.mit.edu/scheart/
http://compbio2.mit.edu/scheart/
http://compbio2.mit.edu/scheart/
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Figure 6. Disease-associated genetic variation affects disease-relevant modules across cell types

(A) Gene expression modules in IFN-MPs of the pericardial fluid.

(B) IFN-MP proportions (%) of all cells depicted by group. Whiskers show the maximum and minimum values, except for outliers (more than 1.5 times the in-

terquartile).

(C) Representative Visium images shown for CXCL10 expression.

(D) Spatial images (Resolve) for EC (EMCN, ERG, PECAM1,CDH5, VWF), VEC (DKK2, ENPP2, PCSK5,CYYR1), EEC (PCDH7), SMC (NTRK3,MRVII), L (BCL11B,

CD247, SKAP1, THEMIS), MP (CD163, MRC1, F13A1, MS4A6A), inflammatory (CCL8 and EGR2), and CXCL10 gene expression in IHD (upper panel and lower

left) and control (lower right) samples.

(E) Gene expression modules for vascular cells (all subtypes combined) highlighting interferon module, its genes (GWAS-linked genes in red), and pathway

enrichments.

(F) Enrichments of the interferon module across vascular cells.
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JCAD, that link to the same regulatory element bearing several

IHD-associated variants (Figure 7C). JCAD has been previously

implicated in endothelial dysfunction, pathological angiogenesis,

and atherosclerotic plaque formation,65 whereas the role of SVIL

in cardiovascular disease remains unknown, but it may promote

angiogenesis and epithelial to mesenchymal transition.66

SVIL was present in modules across multiple cell types

and involved in several cell-type-specific functions. In smooth

muscle cells, SVIL resided in a module that enriched for glycos-

aminoglycan-, proteoglycan-, and chondroitin sulfate-related

pathways (Figures 7A, and S9A), whereas the JCADmodule con-

sisted of three genes, JCAD, CFAP36, and PALMD, which have

been shown to regulate aortic valve calcification via altered

glycolysis and inflammation.67 Proteoglycans regulate extracel-
lular matrix composition and organization, partake in inflamma-

tory processes through leukocyte adhesion and migration, and

are central modifiers of ischemic and pressure-overload-related

cardiac remodeling that leads to heart failure.68 In pericardial

cells, the SVIL module was enriched for cell communication,

intracellular signal transduction, and regulation of cell adhesion

(Figures 7B, and S9B). SVIL was also involved in modules in

T/NK cells, enriched for cell signaling and communication; in

B-plasma cells for T cell differentiation, activation, and signaling;

and in MESOs for extracellular matrix organization, blood vessel

development, and morphogenesis of an anatomical structure

(Figures S9C–S9F).

Although GWASs successfully associate genomic loci with

diseases, they are restricted in their ability to dissect complex
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Figure 7. Dissection of JCAD/SVIL locus

(A and B) Gene expression module for SVIL in SMCs (A) and pericardial fluid cells (B). GWAS-linked genes in red.

(C) Epimap linking of the JCAD/SVIL locus.

(D) Illustration of LD SNPs of the natural European haploblock combined with the single-cell assay for transposase-accessible chromatin with sequencing

(scATAC-seq) data from human coronary arteries generated using LDlink.

(E) Allele-specific enhancer activity measured with STARR-seq in teloHAECs under basal and inflammatory conditions (6 h IL-1b) and HASMCs subjected to

cholesterol loading for 24 h. SNPs demonstrating significant changes (false discovery rate [FDR] <0.1) in enhancer activity.

(F) Transcription factor binding motifs altered by rs148641196. Position weight matrix scores shown for reference and alternate.

(G) Changes in transcription factor ETS1 and IRF3 gene expression in capillary ECs in IHD and IHF in snRNA-seq by Nebula. (**p < 0.01, ***p < 0.001)
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causality, as they do not specify the causal variant(s). For

example, the JCAD/SVIL locus investigated in this study associ-

ates significantly with IHD and several of the top associated var-

iants reside in the regulatory elements that are active in the heart

and coronary arteries (Figures 7C, and S10A). To bridge the gap

between GWAS association and biological understanding of un-

derlying disease risk, we utilized our recently published EpiMap

analysis,69 which suggested rs9337951 as the top candidate (p =

1e�17; Figures 7C and 7D). To further identify individual causal

variants, we tested each regulatory variant for its effect on self-
12 Cell Reports Medicine 5, 101556, May 21, 2024
transcribing active regulatory region sequencing (STARR-seq)

reporter gene expression in HAECs and in primary human aortic

smooth muscle cells (HASMCs) subjected to pro-atherogenic

stimuli (IL-1b and cholesterol loading). Altogether, six regions

of 200 bp were studied representing haplotypes that encom-

passed nine common variants and seven rare variants in the Eu-

ropean population. Of these, two common variants, namely

rs9337951 and rs1342150, and four rare variants, namely

rs531337994, rs148641196, rs113622617, and rs193042870,

exhibited allele-specific enhancer activity (Figure 7E, and
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Table S1). To validate the regulatory effect of the identified com-

mon variants, we used CRISPR technology to perturb the

enhancer activity. First, we performed CRISPR-mediated dele-

tion of the regulatory elements in teloHAECs, resulting in 50%–

70% decrease in JCAD expression (Figures S10B and C) but

no change in SVIL expression (data not shown). This effect

was strongest for the rs9337951, the top candidate suggested

by the EpiMap analysis, likely due to its exonic location

(Figures S10B–S10F). To ensure no mRNA sequence itself was

targeted in the CRISPR perturbation, we additionally performed

a CRISPR inhibition experiment where the regulatory elements

were targeted with the transcriptional repressor dCas9-KRAB-

MeCP2. This approach resulted in similar effects for both tar-

geted regions where, on average, 70% repression in JCAD

expression was seen, thus confirming the role of variant-carrying

enhancers in gene regulation (Figures S10D–S10F). Although

SVIL expression was not changed in the static in vitro model in

basal conditions, we cannot rule out the possibility that the dy-

namics of the enhancer function are stimuli specific. In VECs,

SVIL expression was strongest in dividing (not shown), inflam-

matory, and tip cells (Figure S10G), which all represent more

specific cell states, highlighting the importance of human tissue

data and disease-relevant stimulus in GWAS dissection. In addi-

tion to vascular cells, SVIL expression was detected in all

main cell types (Figure S10H), with strongest expression in

CMs and FBs, but was not due to ambient RNA contamination

(Figure S10I).

To explore potential mechanisms of action for rs148641196, a

rare variant with the highest allele-specific activity in reporter

assay (Figure 7E), we utilized motif analysis.70,71 The analysis

suggested that rs148641196 restores a functional interferon reg-

ulatory factor (IRF) binding site from an ETS binding site (Fig-

ure 7F), which could potentially promote inflammation-induced

dysregulation of the locus during disease development. In our

dataset, the expression of both ETS1 and IRF3 was upregulated

in capillary ECs in IHD and IHF (Figure 7G). ETS1 is an essential

factor for vascular angiogenesis,72 whereas cardiac-damage-

induced IRF3-IFN activation has been linked to expression of in-

flammatory cytokines and chemokines, inflammatory cell infiltra-

tion of the heart, and fatal response to MI.73 Although the rare

variant is unlikely to explain general disease-linked signal arising

from the JCAD/SVIL locus, it suggests that, when present, rare

variants such as rs148641196 that are inherited with common

GWAS SNPs may significantly increase an individual’s risk for

a disease.

Taken together, these data illustrate how a disease-associ-

ated variant can affect expression of more than one gene in

several cell types, partaking in distinct functions in each through

functional gene expression modules. They also show how less-

characterized genes can be linked to functions based on their

co-expression patterns, which may help to identify novel dis-

ease-associated connections beyond previously established

pathways.

DISCUSSION

One of the hallmarks of cardiovascular disease progression is

the switch from fatty acids to glucose, and accompanied sup-
pression of mitochondrial oxidative phosphorylation, together

with a gradual decrease in mitochondrial biogenesis, and overall

downregulation of oxidative metabolism.74 In this study, we

documented the metabolic switch in the earlier stage of the dis-

ease prior to major hypertrophic and inflammatory changes of

the tissue, across various right atrial cell types from CMs to

vascular and immune cells. Although metabolic reprogramming

would be expected in the hypertrophic tissue of the ventricles,

it is more surprising to find it in the right atrial appendage for

its remote location, as it suggests major changes in the tissue

function far away from the atherosclerotic plaque and right

next to the site where heartbeat initiates. Furthermore, metabolic

reprogramming is present in the atrial tissue both in the IHF and

NIHF, suggesting underlying mechanistic similarities between

the conditions.

As the main causal changes for the disorders studied here are

expected to manifest elsewhere, further dissection of the data

suggested the pro-inflammatory molecule, IL-1b, as the initiator

of the metabolic reprogramming and subsequent inflammation

in the remote location profiled in this study. IL-1b is highly pro-

duced and systemically released by activatedMPs, FBs, smooth

muscle cells, and ECs in response to danger signals that activate

pro-inflammatory processes, whereas IL-1a is a pro-cytokine

that is not processed or released outside the cell, unless the

cell is injured, which makes it a marker of cell damage.75 In this

study, higher levels of IL-1a in serum samples of the patients

with HF compared to the control samples may have been an in-

dicator of vascular inflammation,41 as the gene expression pat-

terns of the CMs, MESOs, vascular cells, and various immune

cells suggested coronary microvascular dysfunction with an in-

flammatory component as one of the causal mediators of dis-

ease-associated changes in the tissue. However, it should be

noted that the main regulator may also be one of the factors

downstream of IL-1b activity, such as IL-6, which has been sug-

gested to play a causal role in IHD.76

Inflammation has long been known to play a detrimental role in

the atherosclerotic plaques in IHD77 and to correlate with

increased risk for cardiovascular events,78,79 which has promp-

ted the question of whether inflammation should be targeted in

the cardiovascular disease treatment more broadly. As the

data presented here suggest an active role for the interleukins

in initiation of severe cardiovascular remodeling far from the

acute site, targeting low residual inflammation in cardiovascular

disease using widely available drugs seems reasonable.

Although measurement of IL-1b in the clinic is not feasible,

C-reactive protein (CRP) is a correlate for IL-1 and IL-6 activ-

ity80–82 that is available in every laboratory. Mechanistically,

CRP release from hepatocytes is a reaction to circulating IL-6

levels, which, in turn, are controlled by IL-1b production and

release. As drugs targeting IL-1b and IL-6 are available for use

in cardiovascular disease treatment,42,83–87 further investigation

of these interleukins in the disease manifestation and progres-

sion in adult human tissue and human disease models is critical.

Limitations of the study
Due to the higher number of men compared to women among

the study participants, sex-specific effects cannot be evaluated.

All participants of the study are Finns, which increases the
Cell Reports Medicine 5, 101556, May 21, 2024 13
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statistical power of the small sample groups due to the homoge-

neity of the Finnish population but may limit the direct extrapola-

tion of the results to other ethnicities. As the samples were

collected during open-heart surgeries, no healthy control individ-

uals could be included, and the control patients were selected

among individuals who were operated due to mitral valve regur-

gitation or valvular heart disease and had no other significant

cardiovascular disease.
Conclusions
The integrated information from cell and cell-subtype-specific

gene expression changes across various cardiovascular traits

can be used to better understand the complex molecular dis-

ease mechanisms behind the traits and to identify critical drivers

of cardiovascular disease, aswell as to guide the development of

novel therapeutic strategies for cardiovascular disease treat-

ment. The data collected in this study suggest that investigation

of human cardiovascular disease should expand beyond the

obvious sites of disease, such as atherosclerotic plaques and

left ventricle, to gain insight into the pathological remodeling

occurring in distant yet functionally important parts of the heart

that may play a role in the sustenance and progression of the

disease.
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We thank Ms. Sari Mäki and Ms. Teija Kanasuo for their contribution to the im-

munostainings and multiplex cytokine measurements, respectively. This work

was supported by The Academy of Finland grants 342074 (S.L.K.), 333021

(M.U.K.),325510 (P.T.); Clinical Research Fund (EVO) of Turku University Hos-

pital, Turku, Finland (T.K.); European Research Council (ERC) grant 802825

(M.U.K.); Finnish Association of Cardiothoracic Surgery (K.H.); Finnish Cardiac

Society (K.H.); Finnish Foundation for Cardiovascular Research (S.L.K.,

P.R.M., M.U.K., P.T., and T.K.); Finnish Government Research Funding

(K.H.); Finnish Medical Foundation (T.K.); Ida Montin Foundation (P.R.M.); In-

strumentarium Science Foundation (P.R.M.); Saastamoinen Foundation
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Salmon Patro, R. et al.102 N/A
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index.html
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Suvi Linna

Kuosmanen (suvi.linna-kuosmanen@uef.fi).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Processed data, raw counts, annotations, and images have been deposited in Zenodo (https://doi.org/10.5281/zenodo.

10822323).

d Data analysis was performed as described in the methods, according to pipeline and code described in the used packages tu-

torials. These can be found at https://scanpy-tutorials.readthedocs.io/en/latest/index.html, https://squidpy.readthedocs.io/en/

stable/notebooks/tutorials/index.html, https://github.com/lhe17/nebula, https://nf-co.re/rnaseq/3.7.0/docs/usage, https://www.

bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html, and https://gseapy.readthedocs.io/en/latest/

introduction.html.

d The code and usage of the QClus droplet filtering method used in this paper can be found at https://github.com/

scHEARTGROUP/qclus. Detailed description of the method and its benchmarking are available in the method preprint

(https://doi.org/10.1101/2022.10.21.513315).

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human biopsies - sample selection
Human right atrial appendage samples were harvested as a part of the ongoing prospective PERIHEART and CAREBANK studies

(ClinicalTrials.gov Identifier: NCT03444259). Ethical Committees of the Hospital Districts of Southwest Finland and Northern Savo

approved the protocol and study complies with the Declaration of Helsinki as revised in 2002. The CAREBANK study (Table S2A)

has enrolled patients undergoing open-heart cardiac surgery (coronary bypass surgery, operations for valvular heart disease and

ascending aorta) since February 2016 at Turku University Hospital and the PERIHEART study (Table S2B) since 2012 at Kuopio Uni-

versity Hospital. All patients gave their written informed consent prior to surgery.

Clinical data collection was performed in both collections prospectively as electronic case reports with structured questionnaires

by a trained research nurse. Pericardial fluid was collected in the beginning of the surgery by aspirating to a syringe. Pericardial fluid

samples were processed as described in Kuosmanen et al.107 and all tubes were snap-frozen and stored at �80�C. Tissue samples

were taken from the right atrial appendage, from the anatomical site of cardiopulmonary bypass venous cannulation. Samples were

always obtained in the beginning of the operation immediately before patient was coupled to cardiopulmonary bypass to avoid the
Cell Reports Medicine 5, 101556, May 21, 2024 e3

mailto:suvi.linna-kuosmanen@uef.fi
https://doi.org/10.5281/zenodo.10822323
https://doi.org/10.5281/zenodo.10822323
https://scanpy-tutorials.readthedocs.io/en/latest/index.html
https://squidpy.readthedocs.io/en/stable/notebooks/tutorials/index.html
https://squidpy.readthedocs.io/en/stable/notebooks/tutorials/index.html
https://github.com/lhe17/nebula
https://nf-co.re/rnaseq/3.7.0/docs/usage
https://www.bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://www.bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://gseapy.readthedocs.io/en/latest/introduction.html
https://gseapy.readthedocs.io/en/latest/introduction.html
https://github.com/scHEARTGROUP/qclus
https://github.com/scHEARTGROUP/qclus
https://doi.org/10.1101/2022.10.21.513315
http://ClinicalTrials.gov
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://homer.ucsd.edu/homer/
https://bioconductor.org/packages/release/bioc/html/limma.html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://digitalinsights.qiagen.com/IPA
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://squidpy.readthedocs.io/en/stable/notebooks/tutorials/index.html
https://squidpy.readthedocs.io/en/stable/notebooks/tutorials/index.html


Article
ll

OPEN ACCESS
effects of cardiopulmonary bypass time or technical surgery type on the sample quality. Every sample contained all three layers of the

heart wall (epicardium, myocardium, and endocardium). Tissue samples were snap-frozen immediately upon collection and stored

at �80�C.
In the CAREBANK samples, control individuals were operated due to valvular heart disease, had no other cardiovascular disease,

and their hearts appeared otherwise healthy (preventive surgery). Patients with ischemic heart disease (IHD) had an indication for

coronary revascularization as appropriate by the current guidelines.108,109 Ischemic heart failure (IHF) was defined as reduced left

ventricular ejection fraction below 50% in echocardiography in addition to above criteria for revascularization.110,111 Non-ischemic

heart failure (NIHF) was defined as reduced left ventricular ejection fraction below 50% without coronary artery disease in preoper-

ative coronary angiogram. All patients in control and NIHF groups had valvular disease but no coronary artery disease, and both IHD

and IHF included patients with valvular disease.

In the PERIHEART study, control individuals were operated due to mitral valve regurgitation, had no other significant cardiovas-

cular disease, and their hearts appeared otherwise healthy. In IHD groups, stable coronary artery disease (stable CAD) consisted

of patients with significant coronary artery disease who underwent elective Coronary Artery Bypass Grafting (CABG) surgery108,109;

patients with acute myocardial infarction (acute MI) had preoperative myocardial infarction and were operated with CABG during the

same hospital stay; and patients with remote myocardial infarction (remote MI) had suffered myocardial infarction in the past but not

prior to CABG surgery.

Endothelial cells
For the disturbed flow experiment, Human umbilical vein endothelial cells (HUVECs) were isolated and cultured as previously

described.27 For the IL-1b stimulation experiment, human aortic endothelial cells (HAEC)(LONZA) were maintained in endothelial

cell growth medium (EGM; basal medium with SingleQuots supplements CC-4133; Lonza) supplemented with 10% fetal bovine

serum (FBS; GIBCO) on T-75 cell culture flasks coated with 10 g/mL fibronectin (Sigma, St Louis, MO, USA) and 0.05% gelatin at

37�C in a humidified atmosphere at 5% CO2 and used at passage 4 to 6.

METHOD DETAILS

Histochemistry
Tissues were embedded in Optimal cutting temperature (OCT) compound and stored at�80�C. OCT-embedded tissue blocks were

sectioned at a thickness of 10 microns. Frozen tissue sections were air-dried at room temperature and then fixed in 4% paraformal-

dehyde in PBS solution for 10 min. Fixed tissue sections were stained with Hematoxylin (Vector Laboratories, Burlingame, CA) for

10 min. After several washes in distilled water, sections were then stained with 0.5% Eosin (Sigma-Aldrich, St. Louis, MO) for 10 s

followed by several washes in distilled water. Sections were then dehydrated by sequentially dipping 10 times in 50%, 70%, 95%

and 100% ethanol respectively. Slides were completely air-dried and then cleared by dipping in xylene for 10s. Stained tissue

sections were mounted using EcoMount mounting medium (Biocare Medical, Pacheco, CA) and images were captured with a Nikon

DX-DB digital camera using a Nikon Digital Sight DS-U1 microscope.

Isolation of nuclei from ex vivo cardiac tissue and pericardial fluid
Pericardial fluid was processed using a three-step centrifugation protocol as described in Kuosmanen et al.,107 and the cell pellets

were flash-frozen immediately after collection. For nuclei isolation, the frozen pellet was thawed for 3 min in a water bath at 37�C,
spun down and treated with 0.5 mL ACK lysing buffer (Gibco, Thermo Fisher Scientific, Inc) for 5 min at RT. Cells were centrifuged

for 5 min, at 300 x g at 4�C, the supernatant was removed, and the cleared pellet was lysed in 0.1 mL lysis buffer (10 mM Tris-HCl (pH

7.4), 10 mMNaCl, 3 mMMgCl, 0.1% Tween 20, 0.1% NP40, 1% BSA, 1 mM DDT, 1 U/mL Rnase inhibitors (TaKaRa)). Lysis progres-

sion was monitored under the microscope and stopped as soon as 95–98% of cells were lysed with the addition of 1 mL ice-cold

wash buffer (10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl, 0.1% Tween 20, 1% BSA, 1 mM DDT, 1 U/ul Rnase inhibitors

(TaKaRa)). Nuclei were spun down for 5 min, at 500 x g, 4�C, resuspended in 0.04% BSA in PBS, stained with Trypan Blue, counted

on a hemocytometer, and adjusted to a concentration of 1000 nuclei/mL.

For tissue samples in OCT, surrounding OCT was removed with a scalpel and the tissue was washed three times with ice-cold

0.04% BSA in PBS. For all tissue samples, the tissue was transferred into a tube containing 1 mL of ice-cold lysis buffer (0.32 M

Sucrose, 5 mM CaCl2, 3mM MgAc, 2.0 mM EDTA, 0.5mM EGTA, 10 mM Tris-HCl (pH 8.0), 1 mM DDT, EDTA-free protease

inhibitor cocktail (Roche, Complete tablet), 1 U/mL RNase inhibitors (TaKaRa)), cut into 2–3 mm pieces with scissors, transferred

to an ice-cold glass dounce tissue grinder and after 5 min of incubation on ice, stroked with a ‘‘Loose’’ and a ‘‘Tight’’ pestle, 15

times each. The solution was passed through a 40-micron strainer and centrifuged at 1000 x g for 8 min at 4�C on a swinging

bucket rotor. The supernatant was removed, and the nuclear pellet was resuspended in 1 mL of nuclei suspension buffer

(0.04% BSA in PBS with RNase inhibitors) and centrifuged at 1000 x g for 8 min at 4�C on a swinging bucket rotor. After removal

of the supernatant, nuclear pellet was resuspended in the remaining nuclei suspension buffer. The quality of the nuclear sus-

pension was estimated under the microscope following staining with Trypan Blue and nuclei concentration was adjusted to

1000 nuclei/mL.
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Droplet-based snRNA-seq
Immediately after nuclei isolation, single-nuclei RNA (snRNA) libraries were processed using the droplet-based RNA sequencing

technology. Briefly, 5000–7000 nuclei were profiled per sample using the Chromium Single Cell 30 RNA reagent kit v3 according

to the 10XGenomics protocol. The generated cDNA libraries were indexed, pooled, and sequenced using the NovaSeq 6000 S2 sys-

tem and reagent kits (100 cycles) (Illumina, Inc).

Endothelial cells – Disturbed flow
HUVECS were then exposed to disturbed, non-laminar flow or left under static (no flow) conditions for 24h. At the end of the exper-

iments, cells were lysed, and mRNA was isolated and used for NGS library preparation and sequencing at the Broad Institute.

Endothelial cells – IL-1b stimulation
Prior to IL-1b stimulation, HAEC medium was changed with fresh endothelial cell growth medium (EGM; basal medium; Lonza) sup-

plemented with 1% fetal bovine serum (FBS; GIBCO). HAEC were then stimulated with 10 ng/mL of IL-1b (PHC0814, GIBCO) at 2, 8,

and 23h time points. RNAwas extracted using RNeasyMini Kit (74104, QIAGEN) according tomanufacturer protocol. Extracted RNA

was sent to the Sequencing Service GeneCore Sequencing Facility (EMBL, www.genecore.embl.de) for NGS library preparation us-

ing stranded rRNA-depleted RNA-Seq protocol.

Resolve molecular cartography
Right atrial appendage biopsy fresh-frozen tissuewas sectioned and transferred to capture areas on spatial transcriptomics slides by

Resolve Bioscience and processed using their Molecular Cartography spatial transcriptomics. One hundred genesweremeasured at

a time. For each gene, all transcripts for ENSEMBL112 were utilized to ensure that they were all counted. Samples were primed and

hybridized with all probes which were then fluorescently tagged. Regions of interest were imaged and decolorized to remove fluo-

rescent signals. Development of color, imaging and decolorization steps were repeated several times in cycles to create a combi-

nation of fluorescence, which was decoded to retrieve the gene information from the images.

Visium spatial transcriptomics
One heart failure and one control sample were processed, and four technical replicates were measured for each sample. Thin (10mm)

sections of OCT-embedded tissue were cryosectioned at �20�C on a cryostat, mounted on tissue optimization (TO) and gene

expression (GEX) Visium slides and stored at �80�C for up to one week. TO slides were used to determine the optimum tissue per-

meabilization time following the protocol of the manufacturer (Visium Spatial TO Slide and Reagent kit, 10x Genomics, Pleasanton,

CA). Briefly, sections weremethanol-fixed, stained with hematoxylin and eosin (H&E stain), and imaged on a Leica DMi8microscope.

Next, a permeabilization time course was performed, followed by steps of fluorescent cDNA synthesis, tissue removal, and fluores-

cent imaging. GEX slides were similarly fixed, H&E stained, and imaged on a Leica DMi8 microscope. Next, the tissue was permea-

bilized according to the TO-determined permeabilization time and four cDNA libraries were prepared according to the manufacturer

protocol (Visium Spatial GEX Slide and Reagent kit, 10x Genomics, Pleasanton, CA). Each set of 4 libraries was pooled and

sequenced using the NextSeq 500 system (150 cycles) (Illumina, Inc).

Cytokine screening from serum samples
Patient samples were selected from CAREBANK study (ClinicalTrials.gov Identifier: NCT03444259). Serum samples were collected

preoperatively after at least 8h of fasting by routine sampling of the certified hospital laboratory. The serum samples were stored

at �70�C until analysis. Serum cytokine screening was done using the Bio-Plex Pro Human Cytokine Screening Panel, 48-Plex

(cat#: 12007283, Bio-rad) according to the instructions of the manufacturer.

Immunohistochemistry
For immunostaining, OCT blocks were sectioned at a thickness of 5 mm. Standard immunostaining protocols were used. Anti-CD68

antibody (prediluted, cat#: ab845, Abcam) was used as a commonmacrophagemarker, anti-TREM2 antibody (clone: 237920, Novus

Biologicals) for identifying LAMs, and BODIPY 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene; cat#:

D3922, ThermoFisher) for staining lipids.113–115 Stained slides were scanned using Pannoramic 250 digital slide scanner. Criteria

for macrophages includedmorphology and granular inclusions in the cytoplasm. For each subject the same sized randomly selected

areas from pericardium were evaluated. Images were analyzed using ImageJ2/Fiji. Number of CD68 positive macrophages were

divided by total nuclei count.

Allelic activity reporter assay
STARR-Seq massively parallel reporter assay116 was used to compare the transcriptional activity of SNP alleles in teloHAEC human

immortalized aortic endothelial cells (ATCC) and in primary human aortic smooth muscle cells (Thermo Scientific). The library gen-

eration, quality control and analysis has been described in detail in Toropainen et al.117 and Örd et al.,118 respectively.
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CRISPR-RNP transfection
The human endothelial cells, TeloHAECs were maintained in Vascular Cell Basal Medium (ATCC PCS-100-030), supplemented with

Vascular Endothelial Cell Growth Kit-VEGF (ATCC PCS-100-041) and 100 I.U./mL penicillin- 100 (mg/mL) streptomycin. The cells

were grown to 70–90%confluency before the experiment. The CRISPR deletion experiment was performed as per standard protocol

provided by IDT. Briefly, Alt-R CRISPR-Cas9 crRNA/gRNA, and tracrRNA were dissolved in duplex buffer, and Alt-R CRISPR-Cas9

Electroporation Enhancer (EE) in IDTE, pH 8.0 to a final concentration of 100 mM. The crRNA:tracrRNA duplexes were formed bymix-

ing two oligos at equimolar concentrations in a sterile microcentrifuge, then heated at 95�C for 5 min. For each electroporation re-

action, 36mM of Alt-R S.p. HiFi Cas9 enzyme and crRNA:tracrRNA duplexes were incubated together to form the ribonucleoprotein

(RNP) complexes following the manufacturer guidelines. The cells were then washed, trypsinized, and re-washed with warm PBS

before preparing the working cell stock in resuspension buffer R (Thermo Fisher Sci. Cat# MPK1096). 50 000 cells were used per

10mL of reaction volume, and three reactions were performed for each well of a 12-well plate. Finally, cells, specific RNP complex,

and 10.8 mM of Alt-R Cas9 electroporation enhancer were mixed before loading into 10mL Neon Transfection System kit. The

electroporation was performed using voltage: 1350V, width: 30ms, pulses: 1 pulse. The newly transfected cells were inoculated

immediately to pre-warmed complete cell culture media and allowed to grow for 48h before collection. The genomic DNA and

RNA were collected from same sample using Quick-DNA/RNA Miniprep Plus Kit (Zymo, Cat D7003). To confirm the CRISPR-RNP

deletion of the specific target regions, we performed PCR followed by agarose gel electrophoresis using genomic DNA and target

specific primer pairs (JCAD1_FWD: GCACTTCCTCCTGCCATAAA and JCAD1_REV: ACACCCAACATCCCTGTATTC; JCAD2_FWD:

CCTCTTTGCCTACTTCCTCTTAC and JCAD2_REV: GTGGAACCCTCATTACCTCATC. Then, we performed qPCR using DDCt

method to measure the relative gene expression of JCAD/KIAA1462 among collected RNA samples using GAPDH as the house

keeping gene to normalize between control and treatments. We used the following primer pairs for qPCR: FH2_KIAA1462:

AACAATGACTTAAAGCCCAG and BH2_KIAA1462: ACTGAGGTCATTTGTTTGTC; FH1_GAPDH: TCGGAGTCAACGGATTTG and

BH1_GAPDH: CAACAATATCCACTTTACCAGAG.

CRISPRi: Plasmid transfection
To perform the CRISPR-based gene silencing, we developed Telo-KRAB: TeloHAEC stably expressing dCAS9-KRAB using a lenti-

virus-based approach. The lentiviral vector lenti_dCas9-KRAB-MeCP2 was a gift from Andrea Califano (Addgene plasmid # 122205;

http://n2t.net/addgene:122205; RRID: Addgene_122205). The viral vector was transduced to teloHAEC cells at MOI 20, screened by

Blasticidin S HCL (Corning, Fisher Scientific# 15383671) selection (6 mg/mL) and stored in liquid nitrogen for future use. The guide

RNAs were cloned into the pSPgRNA vector (pSPgRNA was a gift from Charles Gersbach, Addgene plasmid # 47108; http://n2t.

net/addgene:47108; RRID: Addgene_47108) following standard protocol. A total of five gRNAs for region 2 (JCAD2) and three gRNAs

for JCAD 1 were cloned into the pSPgRNA vector and validated by restriction digestions and sanger sequencing. The Telo-KRAb

cells were grown to 70–90% confluency before the transfection. The gRNA plasmids were mixed as pairs: one plasmid targeted

the upstream, and other targeted the downstream region of the SNP of interest. The control GFP plasmid (10%w/w) was also added

to each combination to visualize the transfection efficiency microscopically. The cells were washed, trypsinized, and re-washed

before the transfection reaction. A total of 50 000 cells were loaded along with plasmid mixture into each 10 mL tip of the Neon Trans-

fection System kit. The optimized reaction condition used for Telo-KRAB cells was voltage: 1350V, width: 30ms, pulses: 1 pulse.

Three electroporation reactions were performed for each treatment, and the cells were inoculated into a 12-well plate immediately

after transfection. The cells were then grown for 24h to check the GFP expression as the sign of transfection efficiency. The samples

for each reaction were collected after 48h of post-transfection. The RNA extraction was performed using Monarch Total RNA Mini-

prep Kit. (NEB, cat T2010). To measure the extent of gene silencing, qPCR was performed for GAPDH and JCAD/KIAA1462 as

described in ‘CRISPR-RNP transfection’.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics preprocessing of snRNA-seq samples
The samples were processed using Cell Ranger v6.0 (10x Genomics) and the data were analyzed using Scanpy v1.791 on py-

thon v3.9. To remove empty droplets and highly contaminated cells, we used a method, that we developed for cardiac tissue,

QClus.25 To summarize, QClus computes contamination-related quality metrics, i.e., splicing fraction, expression of nuclear

genes, and mitochondrial fraction, along with enrichments of cardiomyocyte and non-cardiomyocyte genes. These metrics

are used to cluster the nuclei, within a contamination/quality space embedding, using unsupervised clustering. The resulting

clusters allow for the identification and removal of empty and highly contaminated nuclei. In addition, further filtering based

on samples-specific distribution of quality metrics (splicing fraction and mitochondrial fraction) is applied. Detailed information

can be found in,25 with its source code available on GitHub (https://github.com/scHEARTGROUP/qclus). The QClus pipeline

uses Scrublet92 to filter doublets. In some samples, the elbow-curve shape was too subtle for Cell Ranger to accurately partition

empty and non-empty droplets. This issue was solved with QClus which accurately removed empty droplets with high ambient

RNA content, resulting in median of 5318 and mean of 5817 droplets per sample. Barcode rank plot distribution for each sample

is shown in Figure S11.
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After QClus filtering, all samples raw counts were merged, normalized, and then transformed in log values (ln (counts per

10000) + 1). The resulting normalized matrix was used for visualization of gene expression. Gene and transcript count in heart

tissue and pericardial fluid are strongly associated (Figure S12A). QC metrics distribution for heart samples are shown in

Figure S12B.

Expression correction, sample heterogeneity correction, embedding and clustering
Genes that were expressed in less than 10 cells (across all samples) were filtered out. Variability filtering of genes was also applied

(minimummean of 0.0125, maximummean of 3 andminimum normalized dispersion of 0.5). Linear regression was used to correct for

the number of counts per cell and mitochondrial percentage. Subsequent steps were standard scaling, Principal Component Anal-

ysis (PCA) and Harmony batch correction93 at the sample level. Afterward, a 10 nearest neighbor graph was constructed, based on

the top 40 PCs, which was used for UMAP embedding.94,95 Clusters were found using the Leiden algorithm96 at resolution 1.

Cell type identification
Clusters were annotated through cell-type specific marker expression and correlation. Annotations were additionally confirmed

through gene set enrichment using Enrichr97 (from gseapy98 wrapper), from the first 500 significantly differentially expressed genes

(Wilcoxon ranked sum, Benjamini-Hochberg99 FDR <0.05). At the cell-typing step and further subtyping, when a Leiden cluster96

showed high level expression of all markers from two distinct cell-types, it was removed as a doublet cluster. Cell-type specific

scores were calculated by using the score_genes of scanpy91 with marker genes from these cell-types.

Cell subtyping
Seven main sets of cells were established by combining 12 discovered cell-types, namely cardiomyocytes, endocardial endothelial

cells, fibroblasts, mesothelial cells, vascular cells (containing pericytes, smooth muscle cells, and vascular endothelial cells) immune

cells (containing lymphocytes and macrophages), and neuro-adipo cells (containing Schwann cells, adipocytes, and neurons). Sub-

clusters were found through the reprocessing of each set, by regression, scaling and PCA steps. Batch correction was also per-

formed again at the sample level, in addition with k nearest neighbors’ (knn) graph and UMAP plot. Clusters were discovered with

Leiden clustering (resolution 1).96 For each set, small clusters were found to be enriched for markers specific for other cell types

and were thus removed as doublets.

Differential expression analysis
For themain cell types (i.e., cardiomyocytes, fibroblasts, endocardial endothelial cells, andmesothelial cells), we analyzed differential

gene expression for the different groups (IHD, IHF, and NIHF) in ‘disease-enriched clusters’ (Leiden clusters that were most densely

populated by a disease group) compared to control cells from ‘control clusters’ (Leiden clusters that weremost densely populated by

control cells). These ‘disease-enriched clusters’ and ‘control clusters’ had a clear shift between their locations in the UMAP embed-

ding. For vascular and immune cells of the heart tissue, and the pericardial fluid cells, differential expression was determined within a

subtypepopulation (i.e., coronary arteryendothelial cells in adiseasegroupagainst coronary artery endothelial cells in a control group).

Apart from cluster-specificmarker identification, differential gene expression analysis was performed using the NEBULA30Rpack-

age. Mitochondrial percentage, patient age and patient sex (based on chromosomal genotype). were used as additive confounding

covariates in themodel. As advised by the documentation, the total number of counts for each cell was imputed as the scaling factor.

The LN method was used when the number of cells exceeded 1000, and the HL method when not. Benjamini-Hochberg method99

was used for FDR correction.

RNA-seq on HUVECs for disturbed flow experiment
Fastq files were processed and reads aligned using nf-core RNA-seq pipeline.100 Briefly, after QC filtering and trimming, the pipeline

used STAR101 to align the reads to the hg38 Genome, and Salmon102 to create a count matrix. The resulting length scaled count ma-

trix was used as an input to DESeq2103 for differential expression analysis.

RNA-seq on HAECs for IL-1b time course analysis
The sequencing reads obtained were trimmed to 30 A-stretches originating from the library preparation and poor-quality reads were

filtered out (minimum 97% of bp over quality cutoff 10). Remaining reads were aligned to GRCh37hg19 reference genome using

STAR v2.5.4b101 with ENCODE recommended options for long RNA-seq analysis.119 Reads located on exonic locations were quan-

tified using HOMER v4.9104 ‘analyzeRepeats’ routine with the settings ‘-condense genes -count exons’. Differential expression was

calculated using limma version 3.46.0105 after filtering of low expressed transcripts (CPM>0.5 in at least 2 samples) to improve sensi-

tivity and precision of the analysis.120

Ingenuity Pathway Analysis
The affected ‘Diseases and biological functions’, ‘Canonical pathways’ and ‘Upstream regulators’ were studied using the ‘Core

analysis’ and ‘Comparison analysis’ of the Ingenuity Pathway Analysis (IPA, QIAGEN Inc., https://digitalinsights.qiagen.com/

IPA)31 based on the differentially expressed genes for each cell type/cell subtype. The data tables can be found from the website
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(http://compbio2.mit.edu/scheart/). Pathway overlaps were explored using Venny (https://bioinfogp.cnb.csic.es/tools/venny/

index.html).

Resolve molecular cartography
The data obtained from Resolve Bioscience Molecular Cartography spatial transcriptomics were analyzed using a tailored method in

Python to overlap the spatial expression of genes of interest from specific ROIs. We created a grid of 80px wide hexagons, covering

the whole slide, and counted signals within each, simulating small, high-resolution spots. We used the Scanpy91 and Squidpy106

methods to process the resulting data. The samples were merged into one matrix. As spots contained few counts, and only 100

genes were characterized, the data were not normalized to prevent artifacts. The counts were logarithmized (using log1p function

of Scanpy) and linear regression was performed to eliminate the effect of global expression levels between spots (number of counts

and number of genes) and the data were scaled (standard scaling, max value of 10). Afterward, PCA was performed, as well as sam-

ple-level batch correction, using Harmony.93 Then, a knn network was constructed for the creation of a UMAP embedding,95 using

the top 15 PCs. Clusters were discovered using the Leiden algorithm.96 For detailed plotting, each count was plotted as a dot of a

particular color, corresponding to a gene, at the exact location where it was associated in the original data, resulting from the exper-

iment. Transcript number distributions and counts/genes per spot are shown in Figure S13A and average per sample in Figure S13B.

Visium spatial transcriptomics
Samples were processed using Scanpy 1.9.1.91 All sample data matrices were merged into one matrix which was then processed.

Counts were normalized (total count of 10,000 per capture area) and logarithmized (using log1p function of Scanpy). For dimension

reduction purposes, the raw normalized matrix was further processed: genes that were not characterized as highly variable enough

were filtered out (minimum mean of 0.0125, maximum mean of 3 and minimum normalized dispersion of 0.5), and linear regression

was performed to eliminate the effect of covariates (total_counts, and mitochondrial genes percentage). The data were then scaled

(standard scaling, max value of 10). Afterward, PCA was performed, as well as sample-level batch correction, using Harmony.93

Then, a knn network was constructed for the creation of a UMAP embedding.95 Clusters were discovered using the Leiden algo-

rithm.96 Cell-type-specific scores were calculated by using the score_genes of scanpy with marker genes of these cell-types, orig-

inating from the snRNA-seq data. The quality metrics for Visium are shown in Figures S14 and S15.

Gene expression modules
We calculated gene expression modules for each major cell class using the scmodule package (manuscript in preparation). Briefly,

the method first adjusts the gene expression matrix X by performing zero-phase component analysis (ZCA) to remove cell-cell cor-

relation structure, which biases the recovery of gene-genemodules.We calculate the SVD ofX asUSVT and use it to approximate the

gene-gene correlation matrix of the ZCA adjusted expression matrix as CZCA � VSPVT at multiple resolutions P in [0,0.5,1]. For each

matrix, weZ score the estimated correlations controlling for sparsity of each gene (number of zeros in the expressionmatrix) and build

a gene-gene graph with correlations with z > 4.5. Finally, we detect modules of genes by multi-graph Leiden clustering96 on the

ensemble of graphs (with leiden resolution = 2).

GWAS linked genes
Published gene prioritization results were collected across multiple different prioritization approaches and GWAS studies. The

OpenTargets Genetics Portal88 (data release: June 2021) was used to obtain data for the GWAS studies of CAD, myocardial infarc-

tion, and stroke69,121–126 (FinnGen127 and UK Biobank128 data via the OpenTargets study accessions FINNGEN_R5_I9_CORATHER,

SAIGE_411, SAIGE_411_2 and SAIGE_411_4). For OpenTargets, the Locus2Gene algorithm prioritized 238 genes, eQTL colocaliza-

tion 164 genes, and ‘nearest gene’ 387 genes.

From the recent CAD GWAS by Aragam et al.,129 the per-association overall top-prioritized genes contributed 186 genes, PoPS

prioritization 386 genes, ‘nearest gene’ 216 genes, and, for the GWAS 1% FDR threshold associations, ‘nearest gene’ contributed

716 genes.

The TWAS of CAD by Li et al.89 prioritized 114 genes and the CAD GWAS review by Erdmann et al.90 listed 373 genes at CAD loci.

Prediction of TF binding motif disruption
To predict disruption of TF binding due to an SNP, the candidate SNPs were analyzed using all 94 high-confidence binding models

that were published by Yan et al.70 and derived by training deltaSVMmodels on in vitro protein–DNAbinding data. Themodel is based

on systematic measurements of the binding of 270 human transcription factors to 95,886 noncoding variants in the human genome

using an ultra-high-throughput multiplex protein–DNA binding assay, SNP-SELEX. The resulting 828 million measurements of tran-

scription factor–DNA interactions enabled the estimation of the relative affinity of these transcription factors to each variant in vitro.

The original authors’ recommended thresholds were used for determining sequence binding and allelic disruption. In addition, the

consequence of the motif disruption was predicted based on the work of Kheradpour and Kellis71 that is based on systematic motif

analysis of 427 human ChIP-seq datasets.
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