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Abstract

Inflammation and fibrosis are intertwined mechanisms fundamentally involved in heart failure. Detailed deciphering gene
expression perturbations and cell—cell interactions of leukocytes and non-myocytes is required to understand cell-type-
specific pathology in the failing human myocardium. To this end, we performed single-cell RNA sequencing and single T
cell receptor sequencing of 200,615 cells in both human dilated cardiomyopathy (DCM) and ischemic cardiomyopathy (ICM)
hearts. We sampled both lesion and mild-lesion tissues from each heart to sequentially capture cellular and molecular altera-
tions to different extents of cardiac fibrosis. By which, left (lesion) and right ventricle (mild-lesion) for DCM hearts were
harvest while infarcted (lesion) and non-infarcted area (mild-lesion) were dissected from ICM hearts. A novel transcription
factor AEBPI was identified as a crucial cardiac fibrosis regulator in ACTA2" myofibroblasts. Within fibrotic myocardium,
an infiltration of a considerable number of leukocytes was witnessed, especially cytotoxic and exhausted CD8* T cells and
pro-inflammatory CD4* T cells. Furthermore, a subset of tissue-resident macrophage, CXCL8"CCR2*HLA-DR" macrophage
was particularly identified in severely fibrotic area, which interacted with activated endothelial cell via DARC, that potentially
facilitate leukocyte recruitment and infiltration in human heart failure.
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Introduction affecting almost 24 million patients worldwide, and the
5-year mortality rate is approximately 50% [47]. The most
Heart failure (HF) is a chronic, progressive condition char-  prevalent etiologies are ischemic cardiomyopathy (ICM) and
acterized by decreased cardiac systolic or diastolic function,  dilated cardiomyopathy (DCM). Effective treatments target-
resulting in insufficient blood supply to organs and tissues.  ing the myocardium still require a detailed understanding of
HF remains a leading cause of morbidity and mortality,  the biology of the failing heart.
The maintenance of cardiac homeostasis is finely tuned by
many cell types in the myocardium. During the progression of

Man Rao, Xiliang Wang and Guangran Guo contributed equally to

this work.
P4 Xueda Hu 3 BIOPIC and School of Life Sciences, Peking University,
hu_xue_da@pku.edu.cn No. 5 Yiheyuan Road, Haidian District, Beijing 100871,

D< Shengshou Hu China

huss @fuwaihospital.org Analytical Biosciences Limited, Beijing 100084, China

P< Jiangping Song Department of Thoracic Surgery, Sun Yat-Sen University
fwsongjiangping @ 126.com Cancer Center, Guangzhou 510060, China

Beijing Advanced Innovation Center for Genomics, Peking

State Key Laboratory of Cardiovascular Disease, Fuwai University, Beijing 100871, China

Hospital, Chinese Academy of Medical Science, PUMC, 167
Beilishi Road, Xicheng District, Beijing 100037, China 7 Peking-Tsinghua Center for Life Sciences, Peking University,

National Clinical Research Center for Orthopedics, Sports Beijing 100871, China

Medicine and Rehabilitation, General Hospital of Chinese
PLA, Beijing 100039, China

@ Springer


http://orcid.org/0000-0002-9488-7823
http://crossmark.crossref.org/dialog/?doi=10.1007/s00395-021-00897-1&domain=pdf

55 Page2of19

Basic Research in Cardiology (2021) 116:55

HF, the heart undergoes complex remodeling-related processes
such as cardiomyocyte (CM) cell death, fibrosis, and angiogen-
esis/neovascularization [39]. In particular, emerging evidence
suggests that dysregulated inflammation in the heart plays an
essential role in cardiac fibrosis, adverse cardiac remodeling
and ultimately leads to HF [6]. Recent studies in small animals
have shown that macrophages can promote cardiac fibrosis and
diastolic dysfunction, and that T cells orchestrate cardiac fibro-
sis in nonischemic HF [23, 38]. Cardiac macrophage subsets
in the diseased human hearts have recently been described [4],
while other leukocyte subsets, such as lymphocytes, remain to
be poorly characterized. Therefore, a comprehensive under-
standing of microenvironment alterations in the diseased
heart would be a fundamental step towards identifying future
therapeutics.

In recent years, single-cell RNA sequencing (scRNA-seq)
analysis has significantly advanced our approach to study
biological systems. At single-cell resolution, recent advances
in mouse models have demonstrated unprecedented cell
heterogeneity in mammalian hearts and cell type-specific
regulators that can impact pathological cardiac remodeling
[3, 13, 14, 19, 32, 49]. The scRNA-seq and single-nuclei
RNA-sequencing (snRNA-seq) technology were also per-
formed on human diseased and healthy hearts, mainly focus-
ing on inter-cellular crosstalk between CMs and non-CMs
[34, 51, 53]. However, the component of immune cells and
their influence on late-stage human HF have not yet been
fully characterized. In this study, we aimed to establish the
single-cell landscape of non-CMs with a pronounced reso-
lution in immune cells in failing human hearts with DCM
and ICM. Moreover, we specifically sampled both ventricles
from DCM, infarcted and non-infarcted myocardium from
ICM left ventricle to further understand phenotypic altera-
tions in severely fibrotic and inflamed heart. Hopefully, this
comprehensive single-cell map of human heart failure with
profound resolution in immune cell would pave path to find-
ing effective immunotherapy in the near future.

Methods

Study approval

This study was approved by the Ethical Committee of Fuwai
Hospital in Beijing, China. Written informed consent was
obtained from all patients, and the experiments were per-
formed in accordance with the approved study protocol.
Cardiac and blood cell isolation

Cardiac tissue samples were obtained from adult patients

with DCM and ICM who were undergoing heart transplan-
tation. Secondary causes leading to DCM were excluded
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for patients enrolled in our study: cardiac amyloidosis,
cardiac sarcoidosis, viral myocarditis, giant cell myocardi-
tis, peripartum cardiomyopathy, chemotherapy-associated
cardiomyopathy, obesity, diabetic cardiomyopathy, arterial
coronary disease, valvular disease, and congenital heart dis-
ease. Briefly, upon excision, tissue samples were quickly
immersed in ice-cold University of Wisconsin (UW) solu-
tion for transport to the laboratory. The epicardium and
endocardium were removed. Then, we cut the tissue into
3 mm? pieces and rinsed the fragments twice in cold PBS
buffer. Then, cardiac cells were isolated by enzymatic
digestion with a Neonatal Heart Dissociation Kit (Milte-
nyi Biotec, 130-098-373) for 56 min on a rotor at 37 °C
according to the manufacturer’s instructions. Enzymatic
digestion was stopped by DMEM (Gibco, 11,995-065) sup-
plemented with 10% fetal bovine serum (FBS, HyClone,
SH30071). After centrifugation at 300 g for 5 min, the cell
pellet was resuspended in red blood cell lysis buffer (Milte-
nyi Biotec, 130-094-183) and incubated on ice for 2 min to
lyse red blood cells. In addition, blood was collected into
EDTA-containing tubes, and the mononuclear cells were
isolated by gradient centrifugation (HISTOPAQUE-1077,
Sigma—Aldrich). The cell pellets were resuspended in sort-
ing buffer (PBS supplemented with 2% FBS).

Flow cytometry and cell sorting

For the scRNA-seq experiment, the cell suspension
was stained with BB515 mouse anti-human CD45 (BD,
5,64,585) at a concentration of 1:200 on ice in the dark for
30 min, and 7-AAD (BD, 5,59,925) was used to exclude
dead cells. For scRNA-seq with TCR sequencing, the cell
suspension was stained with eFluor® 450 anti-human CD3
(eBiosciences, 19,11,259) at 1:200 on ice in the dark for
30 min, as well as 7-AAD (BD, 5,59,925). Stained single-
cell suspensions were washed with sorting buffer, and FACS
sorting was performed on a FACSAria II cell sorter (BD
Biosciences).

The anti-human antibodies used in other cell sorting
experiments were as follows: APC-Cy7 mouse anti-human
CD31 (BD, 5,63,653) at 1:400 and PE mouse anti-human
DARC (BD, 5,66,424) at 1:400. Single cells from specific
populations were collected for subsequent analysis by FACS
sorting using a FACSAria II cell sorter (BD Biosciences),
and data were analyzed with FlowJo software (Tree Star).

10 X Genomics 3’ single-cell RNA-seq
The FACS-sorted CD45% and CD45~ single cells were

processed through the Chromium"™ Single-Cell platform
using Chromium™ Single-Cell 3’ Library and Gel Bead Kit
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(10 x Genomics) according to the manufacturer’s protocol.
Briefly, 10,000 ~ 15,000 individual cells were sorted into
PBS plus 2% FBS and loaded on the Chromium'" Single-
Cell A Chip Kit (10 x Genomics) according to the manu-
facturer’s protocol. The cells were then partitioned into Gel
Beads in Emulsion in the Chromium instrument, where the
cells and barcoded reverse transcription occurred, followed
by amplification, fragmentation and 5" adaptor, and sample
index attachment. Libraries were sequenced on an Illumina
HisegX system.

10 x Genomics 5’ single-cell RNA-seq
and TCR profiling

CD3™ cells from the LV of explanted hearts and correspond-
ing peripheral blood were isolated by FACS separately.
Single-cell 5 transcriptome libraries were prepared with
the Chromium" Single-Cell 5' Library kit. TCR-enriched
libraries were prepared with the Chromium' Single-Cell
V(D)J Enrichment kit. Briefly, 10,000~ 15,000 individual
T cells were loaded on a Chromium'™ Single-Cell A Chip
Kit (10 X Genomics) following the manufacturer’s protocol.
The cells were then partitioned into Gel Beads in Emulsion
in the Chromium instrument. After reverse transcription,
barcoded cDNAs were fragmented, end-repaired, ligated to
adaptor and indexed as above. In addition, single-cell TCR
sequences from the same individual cells were amplified
from cDNA. Both transcriptome and TCR libraries were
sequenced on an Illumina HiseqX system.

Computational analysis of scRNA-seq data

Reads were mapped to the GRCh38 human genome
(Ensembl 88, http://asia.ensembl.org) using the CellRanger
toolkit (version 3.0.2, 10 X Genomics) with the default
parameters. Cells were discarded according to the following
criteria: (1) cells that had fewer than 500 genes (UMI > 0);
(2) cells that had fewer than 800 UMI or over 8000 UMI;
and (3) cells that had more than 10% mitochondrial UMI
counts. After the above quality control, adhering to the sug-
gested integration workflow of Seurat V3 (version 3.1.1).
To construct a reference, we identified “anchors” among
batches. First, we split the combined object into a list using
“SplitObject” function, with each donor as an element.
Prior to finding anchors, we performed log-normalization
and identified 2000 variable features individually for each
with the “vst” method. Next, we identified anchors using the
“FindIntegrationAnchors” function with default parameters.
Here, we specified the normal datasets as a “reference”, with
the remainder designated as “query”’ datasets. This approach
substantially reduced computational time, particularly a

large number of datasets. We then integrated the batches
using the anchors with the “IntegrateData” function with
the “dims” parameter set to 30, which returns a Seurat object
with a batch-corrected expression matrix for all cells. We
then used this new integrated matrix for downstream anal-
ysis and visualization. We scaled the integrated data, set-
ting the parameter “vars.to.regress” to “percent.mito” and
“nCount_RNA”. Principal component analysis (PCA) was
performed using the “RunPCA” function. The number of
PCs was chosen by visualization plot with the ‘ElbowPlot’
function. A shared nearest neighbor (SNN) graph was con-
structed using the “FindNeighbors” function with the top 30
PCs, then cells were clustered by the “FindClusters” func-
tion with the 'resolution' parameter set to 0.5. The “RunU-
MAP” function was used for the visualization plot with the
“umap-learn” method, setting “n.neighbors” to 40L, “dims”
to 1:30, and “min.dist” to 0.3. Marker genes for each cluster
were detected using the “FindAllMarkers” function, setting
the parameter 'min.pct' to 0.3 and “logfc.threshold” to 0.6.
Subsequently, cell clusters were annotated manually to the
major cell types according to known markers. Any cluster
with multiple markers of two types of cells was manually
discarded as a doublet. A second round of clustering was
performed on the B cells, CMs, endothelial cells (ECs),
fibroblasts (FBs), myeloid cells, pericyte, smooth muscle
cells (SMCs), and T/NK (namely, T and NK cell) popula-
tions, respectively. After grouping and separation using the
“subset” command, and the above procedure was applied.
For ECs, FB, myeloid cells and TNKSs populations, the num-
ber of PCs used in the “FindNeighbors” function was 20, 15,
25, and 20, respectively. The “resolution” parameter of the
“FindClusters” function was 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.3,
and 1.2. Any cluster with an extraordinarily high number of
detected genes or UMI count was manually discarded as a
doublet.

Differentially expressed genes (p <0.01) were identified
with the “FindMarkers” function of the Seurat package, set-
ting “logfc.threshold” to 0.25, “min.pct” to 0.1, and “test.
use” to the MAST method [16]. Gene symbols were first
converted to Entrez gene IDs, while GO and KEGG pathway
enrichment analysis (p <0.01) was implemented using the
clusterProfiler package (version 3.9.2).

We retrieved signature genes (neutrophil activation, inter-
leukin-1 beta production, response to tumor necrosis fac-
tor, positive regulation of angiogenesis, arterial endothelial
cell differentiation, endothelial cell proliferation, vasculo-
genesis, artery morphogenesis, extracellular matrix assem-
bly, fibroblast proliferation, and cytotoxicity) from the GO
database (G0:0,042,119, GO:0,032,611, GO:0,034,612,
G0:0,045,766, GO:0,060,842, GO:0,001,935,
G0:0,001,570, GO:0,048,844, GO:0,085,029,
GO0:0,048,144, and GO:0,019,835, respectively, http://geneo
ntology.org/). The exhaustion score was calculated by the
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mean expression values of LAG3, TIGIT, PDCDI, HAVCR?2,
and CTLA4. The pro-inflammatory scores were calculated
by the mean expression values of KLRD1, KLRC1, CXCR3,
STAT3, IFNGRI, and HLA-B [15], whereas the endothelium
activation scores were calculated by the mean expression
value of DARC, SELE1, SELP, CSF3, RAB3C, IL33, CCLI14,
CX3CLI1, and VWF[36]. The signature score was computed
by the Seurat function “AddModuleScore”.

RNA velocity analysis

The loom file representing the spliced and unspliced infor-
mation of each sample was constructed by the velocyto (ver-
sion 0.17.17) python package based on the bam files from
the CellRanger toolkit. After merging all the loom files,
we separated cell clusters of interest. Data were normal-
ized and scaled with the “SCTransform” function with the
top 2000 HVGs. Clustering information was imported from
the Seurat results, and the UMAP coordinates were rerun
by the “RunUMAP” for visualization. RNA velocity values
were calculated by the “RunVelocity” function of Seurat-
Wrappers package, and visualization was performed by the
“show.velocity.on.embedding.cor” function with the default
parameter.

Cell-cell interaction analysis

The cell-cell interaction prediction was performed by
CellphoneDB (version 2.0) [52] using the log normalized
expression data, setting the parameter “iterations” to 1000,
“threshold” to 0.1, and “p value” to 0.05.

Developmental trajectory inference

We used the monocle R package (version 2.12.0). The cell
clusters of interest were separated using the “subset” com-
mand of Seurat, and then a CellDataSet object was created
with the “as. CellDataSet” function of monocle. After cal-
culating size factors and estimating dispersions, differen-
tially expressed genes among clusters along the trajectory
were identified via the “differentialGeneTest” function.
When determining significance, we set a q value threshold
of 1E-100 for FB and 1E-80 for macrophages. We selected
the top 800 genes ordered by q value for ECs and CD8" T
cells and the top 2000 genes for CD4" T cells. Dimension
reduction was performed by the “reduceDimension” func-
tion with the “DDRTree” method. After cell ordering, the
“plot_cell_trajectory”, “plot_genes_in_pseudotime”, and
“plot_genes_branched_heatmap” functions were used for
visualization.

@ Springer

TCR analysis

We built a CellRanger V(D)J-compatible reference using
the “mkvdjref” command with genes whose “gene_bio-
type” was annotated as “TR_C_gene”, “TR_D_gene”,
“TR_J_gene” or “TR_V_gene” in the GRCh38 human
genome. The “vdj” command of CellRanger was used
to assemble TCR contigs and calculate their expression
abundance in each library, setting “chain” to “TR”. We
first selected the “high_confidence”, “productive” contigs
and those UMIs > =2. Only in-frame TCR a—f} pairs were
considered to define the dominant TCR of a single cell.
For cells with two or more o or § chains assembled, the
o—f pair showing the highest read number was defined as
the dominant a—f pair. Each unique dominant o—f} pair was
defined as a clonotype. If two or more cells had identical
dominant o—f pairs, the dominant a—f pair was identified
as a clonal TCR, and these T cells were identified as clonal
T cells. To integrate the TCR results with scRNA-seq data,
the TCR-based analysis was performed only for interesting
cell clusters from the Seurat results. Cells with TCR infor-
mation were analyzed using the STARTRAC R package
(version 0.1.0) [56] with default parameters.

Regulatory analysis of transcription factors

To infer TF-target interactions, four software were
included: the ARACNe-AP (ARACNe with Adaptive
Partitioning) tool (version 1.4) [29], pySCENIC (ver-
sion, 0.11.1), Dorothea (written in python), and CoReg-
Net package (version 1.20.0). ARACNe was run with the
input of normalized expression values. First, the signifi-
cance threshold for mutual information was calculated
(p value < 1E-8), and thereafter, ARACNe ran 100 boot-
straps to generate a consensus network that was robust to
expression outliers with default parameters. The Pearson
correlation coefficient was calculated with the “cor.test”
function of R with normalized UMI counts. Raw expres-
sion matrix was adopted as input for SCENIC analysis
[1]. The regulons and TF activities (AUCell) for each cell
were calculated with motif collection version mc9nr. The
significantly upregulated regulon was defined as log fold
change more than 0.1 and adjusted p value < 1E-5. The
normalized and log transformed data were obtained and
TF activities was calculated according to Dorothea instruc-
tion. CoRegNet was implemented with default paraments
with normalized expression matrix. The co-regulatory
network was obtained by hLICORN function. Regulatory
and cooperative evidence were used for gene regulatory
network and co-regulatory network enrichment. All these
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results were visualized with the complexheatmap and
igraph package (version 1.2.4).

Immunofluorescence staining

Histological analysis was performed according to the stand-
ard protocols for paraffin-embedded samples. Embedded
human myocardium samples were sectioned at a thickness
of 5 pm. The sections were dewaxed in water for 45 min,
and antigens were repaired in boiling EDTA solution in a
pressure cooker. The antibodies used were as follows: DARC
(Abcam, ab137044) at 1:400, CD31 (Abcam, ab9498) at
1:20, CXCLS8 (Abcam, ab18672) at 1:100, SI00A8/A9
complex (Abcam, ab22506) at 1:400, CD68 (Immunoway,
PT-0054) at 1:100, Collagen-1 (Abcam, ab90395) at 1:100,
and Periostin (Abcam, ab14041) at 1:400. The primary
antibody was detected using biotin-conjugated anti-mouse
or anti-rabbit secondary antibodies in conjunction with
streptavidin horseradish peroxidase. The PerkinElmer Opal
Multicolor THC system was utilized to visualize antibody
staining according to the manufacturer’s protocol. Stained
slides were scanned over the whole slide using the Vectra
Polaris system (PerkinElmer), which initially captured the
fluorescence spectra in five channels (DAPI, FITC, Cy3,
Texas Red and Cy5).

Bulk RNA sequencing of human cardiac
samples

Left ventricular tissues from explanted hearts (n=52) and
donor hearts (n=15) were obtained. RNA was extracted
using TRIzol (Thermo Fisher, 15,596-026) following the
manufacturer’s protocol, and subsequently, the RNA was
quantified using a NanoDrop (Thermo Fisher). The quality
of the RNA was evaluated with a fragment analyzer (AATI).
All samples had an RNA integrity number greater than 7.0.
Libraries were constructed in a strand-specific manner after
depletion of rRNA. Briefly, rRNA depletion was performed
with a Ribo-Zero"" Magnetic kit (Illumina, MRZG12324).
RNA was reverse-transcribed into cDNA with reagents
containing dUTP, and the ends containing “A” overhangs
were polished and ligated with adaptors. Then, cDNA was
sheared to an average size of 300 ~400 bp. The libraries
were sequenced on an Illumina HiSeq X.

In vitro stimulation of DARC* ECs
and sequencing

DARC* ECs were isolated by FACS from the LVs of
explanted hearts. Cells were incubated in 0.1% gelatin-

coated dishes with an endothelial cell medium complete
kit (ScienCell, 1001). Human CXCLS8 protein (R&D,

208-1-050) was added to stimulate DARC* ECs at a final
concentration of 8 ng/ml. Seventy-two hours after stimula-
tion, the cells were harvested and washed twice with PBS.
RNA was extracted using an RNeasy Mini kit (QIA-
GEN, 74,104) by following the manufacturer’s protocol.
The concentration of RNA was quantified using a Nan-
oDrop (Thermo Fisher), and the quality was evaluated with
a fragment analyzer (AATI). Libraries were prepared with
an NEBNext Poly(A) mRNA Magnetic [solation Module
kit (NEB) and an NEBNext Ultra RNA Library Prep Kit for
Tllumina Paired-end Multiplexed Sequencing Library (NEB).
The libraries were sequenced on an Illumina Novaseq 6000.

Bulk RNA-seq data processing

Gene expression was quantified by RSEM with the same
version of transcriptome annotation used for scRNA-seq
data. TPM (transcripts per kilobase per million reads) were
calculated by aggregating reads mapping to identical genes
and then converting them to read counts implemented in
the R function tximport. Differential gene expression was
analyzed with DESeq?2.

Data visualization and statistics

Microsoft R Open (version 3.6.1, https://mran.microsoft.
com/) was used. The R packages ggplot2 (version 3.1.0),
pheatmap (version 1.0.12) were used to generate graphs
of the data. A false discovery rate (FDR) correction using
Bonferroni procedure was applied jointly for all genes in
the dataset.

Data and code availability

The raw sequence data and processed expression matrix
files have been deposited in the Gene Expression Omnibus
under accession number GEO: GSE145154. Code and cus-
tom scripts for analyzing data are available upon request via

Dr. Jiangping Song, fwsongjiangping @ 126.com.

Results

Major cell types in the human heart revealed
by scRNA-seq

To understand gene express perturbation and generate
a comprehensive cellular map of human failing heart at
single-cell resolution, we included late-stage idiopathic
DCM and ICM patients. As summarized in workflow: for
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«Fig. 1 Study design and the cellular landscape of human heart fail-
ure. a Workflow: for DCM and normal heart: left ventricle (LV)
and right ventricle (RV) were dissected, whereas for ICM infarcted
(MI) and non-infarcted myocardium (NMI) in LV were sampled. For
each enrolled subject cardiac CD45, cardiac CD45™" cells and blood
CD45™" cells were sorted by FACS separately for scRNA-seq. b The
enrolled subject baseline information and numbers of cell sequenced
from each corresponding tissue. ¢ Representative Masson staining of
heart tissue samples enrolled in our study. d Representative FACS
plots derived from a normal LV and a DCM LV. HF: heart failure. e
UMAP plots showing major cell types found in heart and peripheral
blood. EC: endothelial cell, EndoC: endocardial cell, SMC: smooth
muscle cell, FB: fibroblast, CM: cardiomyocyte. f Dot—plot repre-
senting the signature gene expression in each major cell type. Circle
size indicates the cell fraction expressing the signature gene and color
indicates the gene expression level

DCM and nonfailing donor hearts, we dissected left ventri-
cle (LV) and right ventricle (RV) myocardium. While for
ICM hearts, the infarcted (MI) and non-infarcted (NMI)
myocardium were sampled from LV (Fig. 1A). This sam-
pling strategy was aimed to obtain differentially fibrotic
and inflamed tissue within the same individual and, there-
fore, investigate genes deeply involved in cardiac fibrosis
and inflammation. Moreover, DCM RV and ICM NMI
would shed light on transcriptional profiles in less disease
severity or remote remodeling region. In total, three DCM
hearts, three ICM hearts and two nonfailing donor heart
were subjected to droplet-based scRNA-seq (Fig. 1B). We
outlined the baseline information and cell yield of enrolled
subjects in Fig. 1B and Supp. Table 1.

As evident by pathological examination, DCM LV
and ICM MI were found to be more fibrotic compared
to DCM RV and ICM NMI, respectively (Fig. 1C). In
each dissected myocardium, we isolated CD45~ cells and
CD45" cells separately by flow cytometry (FACS); addi-
tionally, we also isolated peripheral blood CD45" cells
from the same individual to track the CD45" cell lineages
in the myocardium. Further, the FACS data suggested an
increase in CD45™ cell content in failing hearts compared
to normal hearts (Fig. 1D).

A total of 40 samples from eight individuals were used
for the scRNA-seq experiment, yielding a total of 165,999
cells after stringent quality-control filtering (see Methods,
Fig. 1B, Fig.S1A). Clustering analysis revealed 13 major cell
types, similar to recent studies [34, 51]. Based on canoni-
cal markers, the CD45 cells included fibroblasts (FBs),
endothelial cells (ECs), smooth muscle cells (SMCs),
pericytes (PCs), endocardial cells and a small proportion
of CMs, whereas the CD45% cells included T cells, natural
killer (NK) cells, B cells, and myeloid cells (monocytes,
macrophages, dendritic cells, and mast cells) (Fig. 1E and
Fig. S1B). All those cell types were detected in normal and
failing hearts (Fig.S1C). The signature gene expression of
each cell type also inferred robust cell clustering (Fig. 1F).

Most CMs could not be captured by 10X Genomics experi-
ments due to their elongated shape and large size.

AEBP1 is a new cardiac fibrosis regulator
that functions in activated fibroblasts
and myofibroblasts

As cardiac fibroblasts (FBs) are a unique cell type of mesen-
chymal origin that provide the main source of extracellular
matrix (ECM) production in cardiac fibrosis [18], we first
investigated cellular composition in FBs. The FB lineage
contained eight subsets: two resting FB subsets (C1 and C2),
lipogenic FBs, collagen-processing FBs (COL-processing
FBs), activated FBs, activated myofibroblasts (myoFBs),
matrix myoFBs and contractile FB (Fig. 2A, B, and Supp.
Table 2). Consisting with pathological examination, dif-
ferentially expressed genes (DEG) analysis showed that
pro-fibrogenic signatures (POSTN, CTCF, AGT, COLIA2,
COLIA2, COL3AI, and THYI) were more pronounced in
DCM LV and ICM MI when compared to DCM RV and
ICM NMI, respectively (Fig. S2A). Matrix myoFB highly
expressed different types of collagens was mainly found in
ICM ML, resembling a subset structure-supporting FB found
in fully matured fibrotic scar myocardium [18] (Fig. 2C,
Fig.S2B). In addition, the matrix myoFBs, activated FBs
and activated myoFBs showed highly concentrated ECM
assembly properties (Fig. 2D). Furthermore, as the most
pro-fibrotic population, activated myoFBs showed active
proliferation features (Fig. 2D). Within normal heart, the C1
and C2 resting FBs were predominant with minimal ECM
signatures (POSTN and COLIA2) (Fig. 2B, C). Lipogenic
FBs highly expressed DLK, which could suppress myoFB
transition in mice, therefore, implying a potential fibrosis
inhibition mechanism in HF and may explain its enrichment
in DCM RV and ICM NMI [42] (Fig. S2B). Therefore, sin-
gle-cell analysis showed FBs heterogeneity in terms of pro-
fibrogenic signature, which is correlated with their spatial
distribution.

To understand possible developmental connections
among those FB subsets, we performed pseudo-time trajec-
tory analysis. The transcription factor AEBP1 was increas-
ingly expressed in activated FBs and activated myoFBs
(Fig. 2E), in correlation with the fibrotic markers COLIA2
and POSTN (Fig. S2C). Furthermore, AEBP1 showed highly
expression in more fibrotic myocardium, through DEG anal-
ysis when compared DCM LV to RV, and ICM MI to NMI
(Fig. S2A). This phenomenon was further supported by bulk
RNA sequencing on LVs collected from 15 normal hearts
and 52 failing hearts, AEBPI was notably upregulated in
HF and its expression correlated with POSTN and COLIA2
(Fig. 2F and Supp. Table 3). Further, the co-expression of
AEBPI1 and COL1A2 was also validated in Litvinukova
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«Fig. 2 Identifying fibroblast changes in human failing hearts. a
UMAP plots of FB subsets, colored by disease (middle), and tis-
sue location (right). b FB subset composition in normal, DCM and
ICM hearts, separated by topographic regions. ¢ Heatmap showing
the differentially expressed genes of FB subsets. d GO enrichment
analysis of FB subsets for fibrotic features. e Pseudo-time analysis of
FB subsets and AEBPI expression plotted on the trajectory. f. Bulk
RNA sequencing (HF: n=52, normal: n=15) confirmed that AEBP]
expression was significantly upregulated in failing hearts and strongly
correlated with fibrotic markers. g. AEBP1 expression was confirmed
in fibrotic FBs in the human heart. h GO enrichment analysis of
AEBP-targeted genes in activated FBs and activated myoFBs. Circle
size indicates the proportion of enriched gene in each functional term
and color indicates FDR value for the enrichment score. i Network
analysis showed AEBPI-co-expressed genes in activated FBs and
activated myoFBs

et al. [34] data (Fig. S2D). We confirmed AEBP1 expres-
sion within fibrotic cells in diseased hearts by immunostain-
ing (Fig. 2G). Gene Ontology (GO) analysis of AEBPI co-
expressed genes in activated FBs and activated myoFBs
showed enrichment for ECM production and organization
(Fig. 2H). Fibrotic genes such as FAP, POSTN, and THBS4
and extracellular matrix genes including VCAN, BGN,
COLIA2, and ELN were co-expressed with AEBP1 and
might serve as AEBP1 targets in activated FB and activated
myoFB, respectively (Fig. 2I). These results strongly indi-
cate that AEBP1 could be a new fibrosis regulator function-
ing via activated FB and activated myoFB in advanced HF.

An infiltration of dysfunctional CD8* T
cells and pro-inflammatory CD4 +T cells
within lesion site accounts for cardiac
inflammation.

Prior rodent-based study has suggested a crucial role of
immune cells infiltration in cardiac fibrosis, especially in
rodent cardiac injury models. However, less is known in
human sample that how immune cells intervene with fibro-
sis and contribute to heart failure progression. We first
assessed immune cells composition in normal and failing
heart, from which T cells content was significantly higher
in failing hearts (Fig. S3A, B). Our results demonstrated
that the numbers of both CD4" T cells and CD8" T cells
increased in the failing heart (Fig. S3B, C), and both CD4™*
T cells and CD8* T cells in DCM LV and ICM MI gained
enhanced chemo-attractive and pro-inflammatory signature
(Fig.S3D, E). Notably, CD69, a classical tissue-residency
marker [28], was expressed in most cardiac T cells (Fig.
S3F). In addition, T cells from peripheral blood showed dis-
tinct expression compared to heart (Fig. S3A, B). Therefore,
the origination of cardiac T cells deserves more in-depth
transcriptional analysis. We thereafter performed scRNA-
seq with single-cell T cell receptor (TCR) VDJ sequencing

(scTCR-seq) on T cells sorted from the LV and peripheral
blood collected from two additional DCM patients and one
ICM patient (Fig.S3G, Supp. Table 1,4). ScTCR-seq would
allow tracing T cell identity and identifying corresponding
T cell transcriptional profile simultaneously. To comprehen-
sively characterize the dynamic association among T cell
subsets, we incorporated STARTRAC analysis to quantify
the clonal expansion (expa), tissue migration (migr) and
state transition (tran) of different T cell subsets [56].

Twenty-five subsets were annotated based on canonical
markers and signature expression (Fig. 3A and Fig. S4A, B,
Supp. Table 2). Among CD8* T cells, we identified naive
(Ty), central memory (Ty,), effector memory (Tgy,), effec-
tor (Tgpp), and recently activated effector (Tgyp,) subsets
and a small population of exhausted CD8" (Tgy) T cells
exhibiting high expression of PDCDI and LAG3 [54]
(Fig. S4B and Supp. Table 2). CD8" Ty, and CD8" Typg
cells were exclusively detected in the blood, while CD8"
Temra and CD8* Tgy cells were exclusively enriched in
the myocardium (Fig. S4C). A descending cytotoxic signa-
ture (NKG7, PRF1, GZMB, GNLY) along with an increas-
ing cell cycle arrest feature were observed with respect to
CD8* Tgpg, CD8" Tgyra, blood Ty, Teyy, tissue Tgy and
Tex cells, consecutively (Fig. 3B). CD8* Tgg and CD8™
Temra cells were highly proliferative and had strong STAR
TRAC migr scores, indicating that the effector CD8* T cells
actively migrated into the myocardium and expanded in the
heart (Fig. 3C). Cells with identical TCRs could also illumi-
nate the relationships between different T cell clusters, and
the shared TCR usage implied CD8* blood T experienced
extensive state transition and developed into CD8" Tgyra
cells in myocardium (Fig. 3D). The pairwise STARTRAC
trans index quantitatively describes the developmental tran-
sition within T cells considering T cell clones defined by
TCR sequence.

We could observe extensive and tight state transitions
among CD8* Ty, blood CD8* Tgy;, CD8" Tgrp, CD8*
Temra» tissue CD8F Tgy, and CD8* Tgy cells (Fig. 3E).
To understand CD8* T cell development, we constructed
a pseudo-time trajectory of the aforementioned cell subsets
(Fig. 3F). Together with RNA velocity, we observed that
the CD8* Tgpr population was activated, differentiated into
CD8™* Tgyra cells and further progressed into tissue CD8*
Tgy cells, which ultimately underwent exhaustion and gave
rise to CD8% Ty cells (Fig. S4D). This observation was
also validated by TCR clonal analysis (Fig. 3D). Resembling
the CD8™ T cell exhaustion observed in cancer, the CD8™
Tgx population downregulated its cytolysis and prolifera-
tion ability and displayed extremely low state transition and
migration capacity[56] (Fig. 3B, G). NR4A 1, a transcription
factor that was recently revealed to dominate the transcrip-
tional profile of self-tolerant dysfunctional T cells [35], was
upregulated along this path (Fig. S4E). Our findings provide
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«Fig.3 Combined scRNA-seq and scTCR-seq of T cells in human
failing hearts. a UMAP plots of T cells, split by tissue location (top,
right) and disease (bottom, right). b Gene expression enrichment of
selected functional terms for CD8* T cells and CD4* T cells. ¢ STAR
TRAC analysis of CD8" T cells, showing the clonal expansion, tissue
migration, and state transition abilities. d Developmental connection
was validated by TCR clones for CD8" T cells (CD8" Ty and CD8*
Teymra) and CD4Y T cells (CD4Y Tgy, and CD4" Tg,p). € Pairwise
STARTRAC transition analysis of CD8* T cell subsets, suggesting a
potential correlation of CD8% Tgge CD8" Tgyr,, tissue CD8* Ty,
and CD8" Tgy cells. f Monocle result predicted CD8* T cell trajec-
tory. g Clonal expansion, migration, and transition potential of CD4*
T cells measured by STARTRAC analysis. h Relationship of CD4*
Teyras CD4" Ty CD4Y Tgy, and CD4* Tyy, subsets assessed by
pairwise STARTRAC transition indices. i Monocle result showing
the developmental origin of CD4* Tp,, cells

novel direct evidence that infiltrated cytotoxic CD8" T cells
lose their effector function and become exhausted in the fail-
ing heart.

Within CD4" T subsets, we detected CD4* Ty, CD4*
Tgre CD4Y Ty, CD4Y Tgyy, and CD4* Tyyy, as well as two
CD4*CD28'°" T cell subsets with high expression of GNLY
and GZMH [56] (Fig. S4B). CD4* Ty, CD4* Tggp, and
CD4* Ty, cells predominantly emerged in the blood, while
CD4* Ty, and CD4* Ty, cells were exclusively enriched in
the myocardium (Fig. S4C). As a group of IFN-y producing
cells, the CD4* Tgy, cells had a strong pro-inflammatory
signature [15] (Fig. 3B and Fig. S4B). The CD4" Ty, cells
specifically expressed the tissue repair-promoting protein
AREG [31] (Fig. S4B). Two subsets of CD4*CD28'" T cells
were specifically enriched in ICM (Fig. 3A). These two sub-
sets are well known for their pro-inflammatory functions and
their ability to kill ECs in vitro, and, therefore, likely con-
tribute to coronary artery disease [37]. The CD4*CD28°%
T cells showed an inter-tissue distribution, with high expres-
sion of the tissue-shuttling genes S/PRI and ITGB7 [46,
56] (Fig. S4B). The observation that they had the highest
STARTRAC migr score among CD4" T cells also confirmed
this feature (Fig. 3G). The pairwise STARTRAC tran index
illustrated that CD4*CD28!°Y T cells experienced a possi-
ble transition with CD4" Tgy, (Fig. 3H). The trajectory and
velocity analysis confirmed that the CD4*CD28'°" T cells
and pro-repair CD4* Ty, cells independently transitioned to
less cytotoxic but pro-inflammatory CD4* T, cells, which
led to the final state in the failing heart (Fig. 3I and Fig.
S4F). The identical T cell clones across CD4* T cell clusters
also verified their state connections (Fig. 3D). Previously
reported transcription factors, such as BATF [8], BHLHE40
and RBPJ [56], were upregulated during the development of
pro-inflammatory CD4" T cells (Fig. S4E). Therefore, we
speculated that since the cytotoxicity of massive infiltrated
CD8™" T was alleviated in failing hearts, preventing CD4* T
cells pro-inflammatory transition would be a favorable and
effective anti-fibrosis direction.

CCR2*HLA-DR" macrophages are major
tissue-resident immune cells promoting
inflammation in failing hearts

scTCR-seq analysis revealed majority pro-inflammatory
T cells were infiltrated from blood, according to estab-
lished work, cardiac tissue-resident populations mainly
involved macrophages played essential roles in lympho-
cyte recruitment and cardiac fibrosis. We next examined
myeloid cells in our dataset, clustering of myeloid cells
identified 13 clusters: CDI4" monocytes (mono), CDI16"
mono, dendritic cells (DCs), inflammatory DCs, plasma-
cytoid DCs, mast cells, and macrophages (Fig. 4A and
Supp. Table 2.). The canonical marker for each subset was
plotted on UMAP reflected minimal cell contamination
(Fig.S5A).

We first compared the transcriptional profiles of mac-
rophages among three groups: failing and normal hearts,
LV and RV of DCM, MI, and NMI in ICM, respectively.
The shared regulation may highlight the common pathway
in cardiac fibrosis and inflammation. We found that in more
fibrotic counterpart, highly expressed genes were prone to
enrich in leukocyte chemotaxis (CXCR4, CXCLS, CXCL2,
and /LIB), antigen processing and presentation (HLA-DRA
and HLA-DRBI) and cytokine secretion (NLRP3, EGRI, and
BIRC3) (Fig. S5B and Supp. Table 5). On the contrary, nor-
mal heart or less fibrotic myocardium had more pronounced
expression in homeostasis-related terms such as cell res-
piration, endocytosis, LDL particle clearance and pattern
recognition receptor signaling pathway (Fig. S5B and Supp.
Table 5). Both DCM LV and ICM MI showed more pro-
nounced genes expression on hemopoiesis and chemoattract-
ant compared to DCM RV and ICM NMLI, respectively (Fig.
S5B, Supp. Table 5). Therefore, our result reflected mac-
rophages enriched in severely fibrotic region could activate
NF-b signaling, facilitate hemopoiesis and leukocyte recruit-
ment and thereafter promote adverse cardiac remodeling
including cardiomyocyte death, fibrosis and inflammation
in heart failure, in accordance with previous works [4, 44].

Insights from lineage tracing mice have demonstrated
that macrophages of different origin selectively orchestrated
distinct tissue responses [3, 13]. In our data macrophages
can be further divided into different subsets by CCR2 and
MHC class II molecule expression [4]: CCR2™HLA-DR™
and CCR2*HLA-DR" macrophages. Additionally, we identi-
fied a novel TREM2" subset with a signature similar to that
of murine aortic TREM2* macrophages [11] (Fig. S5C,D).
The expression of LYVEI [4], VSIG4 [30], and FOLR?2 [34]
identified the CCR2"HLA-DR"™, CCR2*HLA-DR" Cl1,
CCR2THLA-DR™ C2, and TREM2* M¢ clusters as tissue-
resident populations whereas CCR2YHLA-DR"™ C3 was
likely newly infiltrated subset (Fig. S5C, D).
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Since previous study in human heart only described
CCR2™ and CCR2" macrophage, little is known in their
subpopulation emerged in healthy and diseased heart. In
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«Fig.4 Diversity of myeloid cells in human failing hearts. a UMAP
plots of myeloid subsets, colored by disease (middle), and tissue loca-
tion (right). b Comparison of macrophages in HF/normal heart (top
left), DCM LV/RV (top right) and ICM MI/NMI (bottom left). ¢
Radar plot showed GO enrichment of highly expressed genes in dif-
ferent tissue-resident macrophages subsets. d Dot-plot showed differ-
entially expressed genes in different tissue-resident macrophages sub-
sets. Top bar indicated comparison groups. e Violin plots of CXCLS8
expression in macrophages. f Bulk RNA-seq showed that CXCLS$
expression was significantly upregulated in failing hearts (HF: n=52,
normal n=15). g The presence of CXCL8' macrophages in the
failing heart (upper) and the normal heart (lower) was validated by
immunostaining. h Macrophage development in failing hearts and the
expression of transcription factors were plotted on trajectory maps.
i SCENIC analysis indicated the regulon of ATF3 and KLF4 was
switched on in CCR2*HLA-DR" C2 macrophages

(Fig. 4B). Consequently, we performed DEG analysis for
CCR2*HLA-DR" C1/C2 and CCR2-HLA-DR" C1/C2 sepa-
rately. The CCR2~HLA-DR" C1 displayed highly expression
of genes involved in negative immunomodulation (LILRBS,
MAF, SIGLECI), tissue-residency (LYVEI) and homeosta-
sis (SLC40A1, BLVRB, STABI, DAB2) while pattern rec-
ognition receptors (CLEC4E, CLEC7A, and CLECI0A)
were upregulated in CCR2~HLA-DR" C2 (Fig. 4C, D and
Supp. Table 5). Correspondingly, CCR2*HLA-DR" C1
showed high phagocytosis facilitators (C/QA and CIQB)
but CCR2*HLA-DR" C2 actively expressed key components
in NLRP3 inflammasome and NF-kb signaling (Fig. 4C, D).
The DEG analysis reflected that CCR2"HLA-DRM C2 and
CCR2*HLA-DR"M C2 were likely a pro-inflammatory status
compared to CCR2-HLA-DR" C1 and CCR2*HLA-DR" C1,
respectively. Notably, the pro-angiogenic chemokine CXCLS
was upregulated in CCR2YHLA-DR™ C2 cells, particularly
highly expressed in DCM LV and ICM MI (Fig. 4D, E). The
increased expression of CXCLS was verified by bulk RNA
sequencing (52 HF and 15 normal hearts) (Fig. 4F and Supp.
Table 3). The enrichment of CXCL8" macrophages in failing
heart was further confirmed by immunostaining (Fig. 4G).
Taken together, our data suggested that CCR2*HLA-DR"
macrophages play a pro-inflammatory role in failing hearts.

The TREM2" M¢ subset that we characterized in the fail-
ing heart was previously reported in adipose tissue and brain
as a disease-associated tissue-resident macrophage popula-
tion [25, 26] (Fig. S5C). The specific expression of SPP]
and LGALS3 (Fig. S5C) suggested that TREM2* M¢p may
influence angiogenesis and immune suppression [25], play
a protective role under stress. Functional analysis showed
that TREM2* M¢ may represent an intermediate status with
a compromised inflammatory response and phagocytosis
compared to CCR2-HLA-DR" and CCR2*HLA-DR" tissue-
resident macrophages (Fig. SSE).

We further investigated the developmental connection of
macrophages in failing hearts. Monocle analysis showed that
both CCR2YHLA-DR" C3 (the right branch) and TREM2*

M¢ (the middle branch) could potentially link with tissue-
resident subsets: CCR2*HLA-DR" C2 (Fig. 4H). The RNA
velocity results also confirmed that both TREM2" M
and CCR2THLA-DR" C3 show directional flow towards
CCR2*HLA-DR™ tissue-resident subsets, suggesting that
CCR2THLA-DR" tissue-resident macrophages might arise
from both infiltrated CCR2*HLA-DR" C3 and TREM2* M¢
rather than CCR2-HLA-DR™ macrophages in silico (Fig.
S5F). The transcription factors ATF3 [12] and KLF4 [33],
which were reported to be involved in macrophage differen-
tiation, might promote the transition from C CR2*HLA-DR"
C3 into CCR2HLA-DR™ C2 (Fig. 4H). Indeed, single-cell
regulatory network inference and clustering (SCENIC) anal-
ysis also indicated the ATF3 and KLF4 regulon were on in
CCR2*HLA-DR™ C2 (Fig. 41 and Fig.S5G). All the analysis
above supports the notion that CXCL8"CCR2 + HLA-DR"
macrophage, might arise from both infiltrated CCR2 + HLA-
DRM C3 and TREM2 +M¢ play a distinctive pro-inflamma-
tory role in failing hearts.

EC remodeling is witnessed and activated
EC with leukocyte recruitment potential
is enriched in severely fibrotic myocardium

As a central cellular component of the human myocardium,
ECs regulate leukocyte infiltration and thereby local inflam-
mation [50], in addition to angiogenesis and neovasculariza-
tion during tissue remodeling [27]. We found that vascular
ECs were the most prevalent EC lineage, while lymphatic
ECs accounted for only a small fraction (Fig. 5A). In dis-
eased heart, activated EC was enriched in DCM LV and
ICM MI comparing to DCM RV and ICM NMI (Fig.S6A).
The CD36 and AQPI implied active metabolic status (Fig.
S6B, C) [40]. The pseudo-time analysis inferred that acti-
vated EC exhibited unique cell fate (Fig. 5B). The chemo-
tactic cytokine CCL14 [9], the Duffy antigen receptor for
chemokines DARC and the endothelial-leukocyte adhesion
molecule SELE were specifically expressed in activated ECs,
in accordance with the Litvinokova et al.’s report (Fig. 5B
and Fig. S6C) [34]. The activated ECs had a significant
endothelium activation signature [36] (Fig. 5C), and the
transcription factors NR2F2 and CEBPD associated with
this EC subset (Fig. 5B). NR2F?2 is the master regulator
that induces venous fate and antagonizes arterial fate [55],
whereas CEBPD participates in activating the transcription
of various inflammatory genes [5]. In addition, cell adhe-
sion molecules involved in leukocyte recruitment (VCAMI,
SELE, SELP) were closely co-expressed with NR2F2
(Fig. 5B and Fig. S6C), highlighting the leukocyte recruit-
ment potential of this subset. Further, we validated that acti-
vated EC accounted for a subset vessel in failing heart by
immunofluorescence (Fig. 5D).
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«Fig.5 Endothelial cells remodeling and interaction with
CXCL8+ macrophages further promoted inflammation in human fail-
ing hearts. a UMAP plots of EC subsets, colored by disease (middle)
and tissue location (right). b Pseudo-time relationship of EC subsets
and expression of genes involved in leukocyte recruitment on trajec-
tory map. ¢ GO enrichments of selected functions in EC subsets. d
Immunostaining validated the subset of DARC* EC. e Correlation
of the CCR2*HLA-DR" C2 and the activated EC retention in each
sample. f Circos plots showing the predicted cell-cell interactions
mediated by CXCL8 and DARC. The expression of the CXCLS-DARC
pair is highlighted in purple. g Multicolor IHC staining of DARC*
ECs and CXCL8" macrophages confirmed juxtaposition in the fail-
ing heart. h Snapshot of CXCLS8-stimulated activated ECs and non-
stimulated activated ECs (left), heatmap of differentially expressed
genes between the two groups and the GO enrichment of differen-
tially expressed genes. T1 and T2: stimulated activated ECs derived
from two patients, N1 and N2: non-stimulated activated ECs derived
from the two patients. i Schematic representation of predicted cell—
cell interactions in the failing hearts. CXCL8-DARC interaction could
potentially facilitate monocyte recruitment and subsequent fibroblast
activation. This will ultimately exacerbate cardiac inflammation in the
failing heart

Other functional EC groups present in our data were pro-
angiogenic ECs, consistent with the observation in mouse
ischemic injury (Fig. SA) [32]. We could identify three sub-
sets: (i) pro-angiogenic EC Cl1 cells, which highly expressed
HEY] and might mediate arterial cell fate decisions and pro-
angiogenic effects in mammals [17, 21] (Fig. 5C and Fig.
S6D); (ii) pro-angiogenic EC C2 cells, which were charac-
terized by a sprouting signature; and (iii) pro-angiogenic EC
C3 cells having a specific expression on TNFRSF4, suggest-
ing its potential interaction with T cells (Fig. S6C, D) [24].
Our results revealed complex cellular composition of the
EC lineage. To further investigate EC remodeling associ-
ated with fibrosis, and compare ECs derived from DCM LV
and ICM MI with DCM RV and ICM NMLI, respectively,
we detected genes involved in response to ROS, chemokine,
IFN- and TNF were activated within more fibrotic myocar-
dium (Fig. S6E). These results indicated that endothelium
inflammation, particularly in activated EC was also strongly
associated with fibrosis.

CXCL8"CCR2*HLA-DRM macrophage interacts
with activated endothelial cell via DARC, which
potentially facilitate leukocyte recruitment
and infiltration in heart failure.

Complex cell crosstalk orchestrated adverse cardiac remod-
eling, however, details in cellular communications in fail-
ing heart are yet to be unraveled. As such, to investigate
the rewiring of cell—cell interactions during HF, we mapped
receptor-ligand pairs onto cell subsets to construct a puta-
tive cell interaction network by CellPhoneDB [52] and sum-
marized interacting ligand-receptor pairs in Supp. Table 6.
Knowing that DCM LV and ICM MI were more fibrotic
than DCM RV and ICM NMLI, respectively, we characterized

highly expressed receptor-ligand pairs expressed by the
cell subsets that were preferential distributed in DCM LV
and ICM MI. Subsequently, we observed a strong corre-
lation between the proportion of CCR2*HLA-DR™ C2
cells in each sample and the proportion of activated ECs
(Fig. SE), potentially reflecting their functional connection.
The cell—cell interaction analysis found that CXCL8-DARC
was among top interacting pair between CCR2*HLA-DR"
C2 cells and activated EC (Supp. Table 6). Aforementioned
analysis demonstrated that CCR2*HLA-DR" C2 cells highly
expressed CXCLS, while its receptor DARC was expressed
in activated ECs (Fig. 5F). Multicolor IHC staining of both
DCM and ICM heart tissues confirmed the physical jux-
taposition of CXCL8-expressing macrophages and DARC-
expressing ECs (Fig. 5G). We then isolated activated ECs
from explanted hearts and exposed them to CXCLS8 for
72 h. CXCLS8-stimulated activated ECs transformed from
a cobble stone-shaped into an elongated shape, upregulated
genes involved in cell adhesion and leukocyte infiltration
were determined by bulk RNA-seq. Upon stimulation, the
function of highly expressed genes mainly associated with
the type I interferon signaling pathway, regulation of angio-
genesis and cell-matrix adhesion (Fig. SH). These results
further supported that CXCL8 could activate endothelium
and potentially enhance leukocyte infiltration (Fig. 5I).

Discussion

Inflammation and cardiac fibrosis are known to play cru-
cial roles in HF [2]. Previous preclinical studies provided
promising approaches targeting interactions of the immune
and stromal cells in HF [22, 38], however, the failure of
related clinical trials [10] highlighted that a comprehensive
understanding of the complex microenvironment in the fail-
ing human heart is of great importance. Fine mapping the
landscape in diseased heart tissue at single-cell resolution
facilitate the identification of effective cell-type-specific
drug targets. In this scRNA-seq study, we purposely sam-
pled differentially fibrotic myocardium to reveal the shared
mechanisms that DCM and ICM adopted to develop fibro-
sis and inflammation. Hence our study generated a valu-
able resource for HF therapeutic navigation regardless of
the cause. Although lack of further experimental validation,
we suggested that transcription factor AEBP1 was a strong
candidate for a novel cardiac fibrosis regulator specifically
expressed in activated fibroblasts and myofibroblasts, Addi-
tionally, AEBP1 loss-of-function could lead to deficiency in
collagen assembly and the knock-out mouse model further
support the potential role in cardiac fibrosis [7].
Meanwhile, T cell infiltration has been proposed to
facilitate cardiac fibrosis, however, the origin and function
of infiltrated T cell in human heart failure was not clearly
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defined. Our study demonstrated the dynamic change of
different T cell subset at an unprecedent depth with state-
of-the-art technology. Among infiltrated massive lympho-
cytes in failing heart, CD8" T cells undergo exhaustion
in the failing human heart. Considering that at least some
CDS8* T cells could be autoreactive, in contrast to the role
of CD8" T cells in cancer [54], CD8* T cell exhaustion
might be regarded as beneficial to the heart. With lineage
tracing, we confirmed that recruited CD4*CD28"" T cells
and tissue-resident CD4™ Ty, cells experienced extensive
transition towards a pro-inflammatory Th1-like status in HF,
therefore, preventing BATF/RBPJ-mediated CD4" T cell
transition may constitute a novel and promising therapeutic
strategy. The tissue-resident CCR2*HLA-DR" macrophages,
activated ECs and activated myoFBs were synergistically
enriched in DCM LV and ICM MI. Together with infiltrated
T cells, our results demonstrated that both the tissue-resident
and infiltrated immune cell population orchestrated inflam-
mation in the failing heart.

The concomitant enrichment of different cell types in
severely fibrotic myocardium suggested those cellular com-
munications likely contributing to disease progression. With
the known roles and our analysis, thus it is rational to con-
clude CCR2*HLA-DR™ macrophages were tightly connected
with fibrosis and cardiac inflammation. Meanwhile, DARC™
ECs were also enriched in inflamed ileum and fibrotic liver,
cell migration assay confirmed activated endothelium facili-
tated monocyte infiltration [36, 41]. However, the detailed
molecular stimulus was not previously identified. Inference
of cell—cell interaction identified a possible underlying
mechanism for sustained inflammation that CXCLS8-stim-
ulated DARC™" ECs upregulate cell adhesion molecules to
facilitate leukocyte infiltration. Indeed, three cognate recep-
tors were known for CXL8, CXCRI, CXCR2, and DARC,
however, CXCRI/CXCR?2 expression were hardly detectable
in our dataset (Fig.S7). Therefore, we reasonably presumed
in failing heart DARC was the main receptor interacting with
CXCLS.

CXCLS is almost undetectable in unstimulated cells and
could be significantly upregulated by cellular stress [20].
Intriguingly, CXCLS8 was not expressed in rodents, therefore,
this study highlights importance of human sample-based
discovery. Although CXCLS was reported to be expressed
by various cells, minimal CXCLS expression was found in
other but CCR2*HLA-DR" macrophages, reflecting that
CCR2*HLA-DR" macrophages were the major source for
CXCLS production in human failing heart. Clinical studies
revealed that CXCLS level in acute ST-segment elevation
myocardial infarction patients’ blood was positively associ-
ated with infarct size and LV dysfunction, indicating CXCL8
may facilitate HF progression [48]. A recent study dem-
onstrated that CXCLS8 associated elevated levels of neutro-
phil/monocyte and worse prognosis in cancers, supporting

@ Springer

CXCLS could promote immune cell infiltration [45]. An
anti-CXCL8 monoclonal antibody is in a Phase II trial for
treating chronic obstructive pulmonary disease and rheu-
matoid arthritis [43]. Considering its upregulation in mac-
rophages during HF, inhibiting CXCLS8 may be a potential
novel approach for suppressing inflammation in the failing
myocardium.

Conclusions

This study provides the first single-cell transcriptome atlas
of leukocytes and non-myocytes in the failing adult human
heart. Beyond providing reference information as a resource,
we report on interaction networks that may stimulate a mul-
titude of further mechanistic studies. Here, we highlight our
major findings: (1) Fibroblasts underwent extensive pheno-
typic remodeling in human failing heart, AEBPI could be a
novel cardiac fibrosis regulator mainly functions in POSTN*
fibroblast and ACTA2" myofibroblast. (2) Massive cytotoxic
CD8* and pro-inflammatory CD4% infiltrated into failing
heart, however, CD8" T would ultimately become exhausted
and CD4" T would transit into a more inflammatory sta-
tus. (3) As major tissue-resident immune cells, a subset of
CXCLS"CCR2*HLA-DR" macrophages preferentially locate
in severely fibrotic myocardium and facilitate leukocytes
recruitment and inflammation. (4) A unique subset of DARC
* EC associates with cardiac fibrosis and would interact with
CXCLS8"CCR2*HLA-DR" macrophages in human heart fail-
ure. This crosstalk could potentially facilitate leukocyte infil-
tration, aggravate sustained cardiac inflammation and fur-
ther deteriorate cardiac function. A major limitation of our
study is that particular cell subsets and conclusions derived
from cell state transition analysis need further experimental
validation, for instance, using animal models to recapitulate
the cell lineage development. Such confirmed findings may
ultimately help to implement novel therapeutic approaches
for the treatment of myocardial remodeling in ischemic and
nonischemic HF patients.
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tary material available at https://doi.org/10.1007/s00395-021-00897-1.
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