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Aims Investigating human heart development and applying this to deviations resulting in disease is incomplete without
molecular characterization of the cell types required for normal functioning. We investigated foetal human heart
single-cell transcriptomes from mid-gestational healthy and anti-SSA/Ro associated congenital heart block (CHB)

samples.
Methods Three healthy foetal human hearts (19th to 22nd week of gestation) and one foetal heart affected by autoimmune-
and results associated CHB (21st week of gestation) were subjected to enzymatic dissociation using the Langendorff prepara-

tion to obtain single-cell suspensions followed by 10x Genomics- and lllumina-based single-cell RNA-sequencing
(scRNA-seq). In addition to the myocytes, fibroblasts, immune cells, and other minor cell types, previously unchar-
acterized diverse sub-populations of endothelial cells were identified in the human heart. Differential gene
expression analysis revealed increased and heterogeneous interferon responses in varied cell types of the CHB
heart compared with the healthy controls. In addition, we also identified matrisome transcripts enriched in CHB
stromal cells that potentially contribute to extracellular matrix deposition and subsequent fibrosis.

Conclusion These data provide an information-rich resource to further our understanding of human heart development, which,
as illustrated by comparison to a heart exposed to a maternal autoimmune environment, can be leveraged to pro-
vide insight into the pathogenesis of disease.
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1. Introduction

The heart, the first organ to function in the embryo, is complex in mor-
phology and composed of diverse cell types that develop during cardio-
genesis from the mesoderm. Development of the heart is a finely tuned
dynamic process involving cell migration, lineage diversification, prolifer-
ation, cell transition, and programmed cell death." Our molecular un-
derstanding of the developing heart has largely been drawn from
studies in animal models and in vitro systems such as human pluripotent
stem cell (hPSC) derived cardiomyocytes.”> The cardiac progenitors
arise from mesoderm and segregate into two populations that form first
(FHF) and second (SHF) heart fields.®> The FHF gives rise to the early
cardiac tube that contributes to the left ventricle and parts of the atria
whereas the SHF is placed within and at the entry of the developing
tube and contributes to the outflow tract, right ventricle, and atria.”
Genetic cell-fate-mapping studies in animal model systems have greatly
enhanced the understanding of lineage contribution to diverse cell
groups that constitute the heart. Such studies have revealed the epicar-
dium as a major source of cell types that populate the heart.* However,
similar studies of mapping the lineage of cell types in the developing hu-
man heart have not been done. In addition, knowledge of cellular com-
position and gene expression signatures that predict distinct cellular
function is extremely crucial for understanding cardiac remodelling, re-
pair, and regeneration.

Single-cell RNA-sequencing (scRNA-seq) provides new and unique
opportunities to define the cellular composition and transcriptional het-
erogeneity in different cell types during development of the human
heart.>* ScRNA-seq analysis also provides a detailed atlas of ligands and
receptors expressed by cell types that can be leveraged to generate a
cell—cell communication map of the heart. Such mapping can be used as
a reference blueprint for comparing and contrasting diseases affecting
human heart development.

Congenital heart block (CHB) is a remarkable foetal disease that
occurs de novo in an otherwise normally developing heart during the 18—

Foetal heart e Congenital heart block e Endothelial cells e Single-cell RNA-seq

25th week of human gestation.” The majority of affected foetuses are
exposed to maternal autoantibodies against components of the SSA/Ro
and SSB/La ribonucleoprotein complexes via neonatal-Fc-receptor-
mediated transplacental passage. The disease carries a significant mortal-
ity (17.5%) and most surviving children eventually require permanent
pacing® Foetal and in utero factors, in addition to maternal autoantibod-
ies, likely contribute to disease since only 2% of anti-SSA/Ro-exposed
offspring develop CHB’ and recurrent rates approach 18%.” Histology
of foetuses dying with CHB reveals fibrotic replacement of the atrioven-
tricular node and often a macrophage infiltrate including multinucleated
giant cells as the signature lesions."® Especially given the intracellular lo-
cation of the candidate antigens, identifying a pathologic link between the
putative autoantibodies and tissue damage has been challenging.

This study was initiated to generate an atlas of the human foetal heart
to gain insights into cardiogenesis and in doing so to provide understand-
ing of transcriptomic changes in foetal heart cells experiencing the patho-
logic cascade to heart block. For the former, it should be noted that
current approaches to study heart development applying scRNA-seq

have relied solely on animal models'""?

or heart-like systems derived
from hPSCs">™ with no direct evaluation of human tissue. To accom-
plish these goals scRNA-seq analysis of >17 000 cells isolated from three
mid-gestational healthy hearts and an anti-SSA/Ro-associated CHB heart,
unexposed to any maternal medications, was performed. This study
identified several known and previously uncharacterized cell sub-
populations in healthy hearts. Moreover, the CHB heart showed diver-
sity in interferon (IFN)-stimulated gene expression across cell types and
increased matrisome expression in stromal cells.

2. Methods

2.1 Tissue collection and dissociation
CHB and control hearts were obtained following written informed con-
sent from the New York University (NYU) Institutional Review Board as
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part of the Research Registry for Neonatal Lupus and the investigation
conformed to the principles outlined in the Declaration of Helsinki.
Foetal human hearts of the healthy group were obtained at 19, 22, and
22 weeks of gestation. The CHB case was obtained at 21 weeks of gesta-
tion. The mother is a 35-year-old Asian anti-SSA/Ro positive female with
Sjogren’s syndrome, G1PO0. This foetus was found to be bradycardic by
auscultation at 20 weeks after a normal echocardiogram at 18 weeks.
The echocardiogram at 20 weeks showed 2:1 AV block; shortly thereaf-
ter, a subsequent echocardiogram revealed complete AV block with a
heart rate of 75 beats/min and no signs of a cardiomyopathy as demon-
strated by the absence of endocardial fibroelastosis or evidence of car-
diac dilatation or decreased function. The heart was otherwise
structurally normal. The mother was on no prior medications, and she
declined dexamethasone and IVIG and elected to terminate the preg-
nancy. The procedure for termination of pregnancy was identical for all
cases and involved a standard dilation and evacuation (D & E) with no
toxic (KCl or other) injections.

For each specimen, the aorta was cannulated for continuous perfusion
of the coronary arteries using a Langendorff preparation with proteolytic
enzymes to Yyield a single-cell suspension of primary human foetal cells as
previously described."® The dissociated cells were collected by centrifu-
gation at 300 g for 5 min and resuspended in 2 mL of phosphate-buffered
saline (PBS) maintained at 37°C. To lyse the RBCs, 5mL of ACK lysing
buffer (A104920; Thermo Fisher Scientific) was added and incubated for
4 min at room temperature followed by centrifugation at 300 g for 5 min,
supernatant discarded and 5 mL of ice-cold PBS was added. Cells and
PBS were gently mixed. Cells were collected by centrifugation at 300 g
for 5 min at 4°C and 1 mL of freshly prepared PBS-bovine serum albumin
(BSA; 1x PBS and 0.04% BSA) was added. To remove debris, low-speed
centrifugation at 200 g for 3 min was performed followed by discarding
the supernatant and resuspension of cells in 50 pL of 1x PBS—BSA. Cell
viability was assessed using the Trypan blue (1450013; Bio-Rad) exclu-
sion method on a TC20 automated cell counter (Bio-Rad). The time
from procurement of the foetal hearts to single-cell capture was <4 h.

2.2 Single-cell capture, library preparation,

and sequencing

scRNA-seq libraries were generated using the Chromium Single Cell 3’
Reagent Kit V2 (10x Genomics) according to the manufacturer’s
instructions. The library was sequenced on Illumina HiSeq 2500 platform
as follows: 26 bp (Read1) and 98 bp (Read2). The sequencing was per-
formed to obtain 150-200 million reads (each for Read1 and Read2).
The CHB library was sequenced twice to achieve this depth and two se-
quencing round files were combined for the downstream analysis.

2.3 scRNA-seq data processing

The 10x raw data were processed separately for individual samples us-
ing the standard pipeline (Drop-seq core computational protocol V1.2,
http://mccarrolllab.com/dropseq/) with the following changes. The
Read1 bases 1-16 were tagged with cell barcode “XC’, and bases 17-26
were tagged with a unique molecular identifier (UMI) XM’. Reads
with low-quality bases were removed, and the 3’-end of Read2 was
trimmed to remove poly(A) sequences of length six or more and
then aligned to human genome (hg38) reference using the STAR
aligner (STAR_2.5.1a), allowing no more than three mismatches. Next,
a gene expression matrix was generated for each sample using the
‘MIN_BC_READ_THRESHOLD =2’ option to retain UMIs with two or
more reads.

2.4 Clustering and sub-clustering analysis

using Seurat and t-SNE visualization

Clustering, gene expression and cell-type identification were performed
independently for healthy and CHB samples using Seurat V2.0. In brief,
only those genes that were expressed in more than three cells and cells
that expressed more than 100 but less than 5000 genes were retained.
Ubiquitously expressed genes such as ribosomal protein-coding (RPS
and RPL) and non-coding RNA (MALAT1) genes were removed. We also
removed mMiRNA and snoRNA genes from clustering analysis.
Separate Seurat objects were created and then merged by using
‘CreateSeuratObject’ and ‘MergeSeurat’ options followed by scaling data
(ScaleData) and finding variable (between 1600 and 2000) genes
(FindVariableGenes). Multiple rounds of iteration were performed to
identify and remove poor-quality cells. All cells (expect for cardiomyo-
cytes) with >25% mitochondrial content (based on UMIs) were re-
moved as these were considered of poor quality. However, since
biologically, cardiomyocytes contain high mitochondrial density, cardio-
myocytes with >25% mitochondrial content were not filtered out.
Consequently we did still observe a poor-quality cardiomyocyte popula-
tion of high mitochondrial (all cells with >25%) content but distinctly
low numbers of detected genes and transcripts as compared with other
cardiomyocyte populations. This poor-quality cardiomyocyte population
was removed from the final analysis. Once the poor-quality cells were
identified, mitochondrially encoded genes (MT-) were dropped from
clustering analysis. For the final round of analysis, clusters were identified
using ‘FindClusters’ with PCA parameter ‘dims.use = 1: 20’ and resolu-
tion of 0.4. A similar strategy was applied for CHB sample analysis with
‘dims.use = 1:10’ and ‘0.6 resolution’ parameters. With the cell types
identified, we performed sub-clustering analysis on single or groups of
closely related cell types to identify hidden sub-populations. To identify
differentially expressed genes by each cluster, Wilcoxon rank sum test
inbuilt in the Seurat package was used with parameters ‘min.pct = 0.25’
and ‘thresh.use = 0.25’. Combination of known lineage markers and
genes identified in differential gene expression analysis were then used
to generate dotplots.

2.5 Averaged cell-type specific expression
profiles and transcription factors enrich-

ment analysis

Cardiomyocytes constituted ~50% of all cells in the foetal heart and the
most abundantly expressed genes in cardiomyocytes showed back-
ground ‘noisy’ expression in other cell types. Similarly, haemoglobin sub-
unit and other erythroblast-specific genes showed background
expression in other cell types. Such background expression is most likely
contributed by ambient RNA in cell suspension due to lysis of cardio-
myocytes and erythroblasts. Therefore, for generating cell-type-specific
averaged expression profiles, a set of cardiomyocyte- and erythroblast-
specific genes were removed from all other cell types whereas only
cardiomyocyte-specific genes were removed from erythroblasts and
vice versa. After taking averages for each cell type, gene expression was
normalized to 10 000 to create a TPM (transcript per million)-like value,
followed by transforming to log,(TPM + 1). To identify cell-type-specific
transcription factors (TFs), we used a list of published TFs described ear-
lier>'® and crossed this list with TPM-normalized expression by cell
types. For each cell type, only top expressed (max. of 10) TFs and TFs
expressed in >10% of cells were considered. For each selected TF, a z-
score based on log;(TPM + 1) was calculated, and to find highly cell-
type-specific TFs, we applied a threshold of 0.6 to the ratio of the second
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maximal expression value to the maximal. The only exception for this fil-
tering rule was erythroblasts as they shared many TFs with mast cells.

2.6 Differential gene expression analysis:

Healthy vs. CHB

Combined (healthy and CHB) Seurat objects for each of the cell groups
were generated by using ‘MergeSeurat’ followed by scaling (ScaleData).
A list of the top 60 differentially genes (expressed by >30% of cells) was
generated for each cell group using ‘FindAllmarkers’ option. Next, genes
with fold change >1.5 log (TPM+ 1) were retained for downstream
analysis. Only IFN-stimulated genes (ISGs) were plotted as dotplots in
Figure 4A, whereas all the differentially expressed genes were plotted
in heatmaps (Figure 5).

2.7 Immunostaining of foetal heart tissue
Formalin-fixed, paraffin-embedded sections of human foetal heart were
placed onto charged microscope slides (SL6332-4, Avantik SureBond) and
adult heart tissue was sectioned onto SHUR/Mark + charged slides (SM-
CCU-W). Paraffin was removed by immersing the slides in two changes of
Clear-Rite 3 (22-046-341, Richard-Allan, Kalamazoo, MI, USA) for 5 min.
Tissue was rehydrated by a series of graded ethanol washes to water. High
temperature antigen retrieval was performed in a steamer by immersing
the slides in a solution of citrate buffer pH 6.0 (00-5000, Life Technologies,
Frederick, MD, USA) for 30 min. Endogenous peroxidase was blocked by
incubating the slides in a dual enzyme block (5200389-2, Agilent, Santa
Clara, CA, USA). Slides were incubated with a primary antibody to
TNNTS3 at a 1:200 dilution (HPA037810, Sigma-Aldrich, St. Louis, MO,
USA\) for 45 min. This was followed by a 30 min incubation with a polymer
HRP IgG (PV6119, Leica Biosystems, Pleasanton, CA, USA). The antibody
complex was detected with ImmPact DAB (SK-4105, Vector Laboratories,
Burlingame, CA, USA) and the slides were counterstained with haematox-
ylin (7211, Richard-Allen Scientific, Kalamazoo, Ml, USA). The stained
slides were digitized using an Aperio AT Scanner (Leica Biosystems) and
served using Proscia software (Proscia, Philadelphia, PA, USA).

2.8 IFN-score calculations for macrophages

and monocytes

Previously published scRNA-seq (10x Genomics) raw data of peripheral
blood mononuclear cells (PBMCs) from healthy (https://support.10xge
nomics.com/single-cell-gene-expression/datasets), systemic lupus ery-
thematosus (SLE) ‘Der et al’, IFN-untreated, and SLE IFN-treated cells"®
were downloaded."”” Graph-based analysis was performed on each of
the datasets to identify macrophage and monocyte populations. The av-
eraged expression profiles of macrophage and monocytes were used to
generate TPM-like values generated as described above. In addition to
the healthy and SLE macrophages and monocytes, we also calculated
IFN-scores for the same cell types that we detected in our CHB heart
sample that was used in this study. A list of ISGs was obtained as de-
scribed earlier and crossed with the averaged expression profiles. Only
ISGs with >4 TPM in at least one sample were retained. All the TPM for
the final list of ISGs were averaged and log,(TPM + 1) was calculated
and referred as IFN-score in Figure 4C.

2.9 Matrisome enrichment analysis

Averaged expression profiles of stromal cells [fibroblasts (FBs) and
smooth muscle cells (SMCs)] from all individual healthy (H1, H2, and
H3) and CHB samples were generated. We used a previously described
list of matrisome genes'® for which we derived TPM values from

averaged expression profiles. Genes with expression <1 TPM were re-
moved. Next, only genes with >1.5 TPM fold change expression be-
tween CHB and combined healthy were retained. For this final list of
matrisome genes, z-scores were calculated across all four (three healthy
and one CHB) individual samples.

3. Results

3.1 Strategy for scRNA-seq, clustering

analysis, and cell-type identification

Freshly dissociated cells from three healthy foetal human hearts were
subjected to 10x Genomics-'? and lllumina-based scRNA-seq; Figure 1A,
Supplementary material online, Table S7), along with one foetal heart
with anti-SSA/Ro associated CHB. Bioinformatic analysis identified
12 461 and 5286 high-quality scRNA-seq profiles originating from the
healthy and CHB samples, respectively, with average read depth of
42 000/cell. The data of healthy samples were combined and analysed by
graph-based clustering as described earlier keeping track of the sample
identity for each cell barcode (H1, H2, and H3)*° (Figure 1B,
Supplementary material online, Figure STA, B). Subsequent gene expres-
sion analysis and the presence of established cell lineage markers differ-
entiated 18 cell types referred to as cardiomyocytes (CM1 to 3),
fibroblasts (FB1 and 2), SMCs, mesothelial cells (MESO), endothelial cells
(EC.A and EC.B), erythroblasts (EB1 to 3), monocytes (MONO), macro-
phages (MAC), T cells (TC), natural killer cells (NKT), B cells (BC), and
mast cells (MAST). Pearson correlation of averaged expression profiles
of healthy foetal heart cells provided a matrix of cell-type similarity. FB1
and 2, SMC, ECA, EC.B, and MESO clustered together, suggesting a
common origin (Figure 1C). Cardiomyocytes have been debated to origi-
nate from MESO* but CM1-3 formed their own distinct subgroup.
Immune-cell types and erythroblasts EB1-3 also clustered separately.
With respect to the cell-type composition of these dissociated foetal
hearts, CMs accounted for nearly half of the total cell composition, fol-
lowed by ECs and FBs at similar proportions adding up to nearly a quar-
ter of the cells (Figure 1D, Supplementary material online, Figure S1C).
Immune cells dominated in the remaining quarter. EBs were excluded
from calculating relative cell proportions, because the heart was per-
fused and resulting cell suspensions were also treated to minimize EB
contributions. In addition, the majority (more than 90%) of EBs was con-
tributed by one (H3) sample (Supplementary material online, Figure STA).

3.2 Cell types of healthy foetal hearts

3.2.1 Cardiomyocytes

Resolving gene expression to cellular levels provides unique insights into
cellular processes active in each cell type (Figures 1E and 3A). CMs were
characterized by parallel expression of myosin light (MYL2, MYL3, MYL4,
MYL7, and MYL9) and heavy chains (MYH7, MYH7B, and MYH6) as well
as troponins (TNNT2, TNNI1, TNNI3, and TNNCT), together constituting
the contractile system.”’ The most distinctive feature between CM sub-
types was a cluster of proliferation markers including TOP2A and MKI67
expressed at high levels in CM3, which were also defined by the absence
of muscle assembly regulating factor TCAP (Figure 3B). All CMs expressed
the Na™/Ca®>" exchanger-1 (SLC8AT) important for Ca>" homeostasis
and contraction and relaxation of the hear‘t;22 however, the parallel ex-
pression of SLC25A4, an adenine nucleotide translocator-1, whose com-
plete absence causes cardiomyopathy,” has not been noted previously.
A subset of small-heat-shock-protein genes, HSPB7 and HSPB3, was
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specifically expressed in CMs, implicated in CM-specific protein folding,** : 3.2.2 Immune cells

whereas the similarly abundant HSPB1 was expressed ubiquitously. The Several major populations of lymphoid cell types were identified in the
spliced IncRNA BANCR was also uniquely expressed by CMs althoughit . normal foetal heart, including TCs differentiated by LTB, and IL7R from
was originally reported for its involvement in cancer cell migration and :  cytotoxic NKTs expressing NKG7, GNLY, GZMA, GZMB, and PRF1, and
epithelial-mesenchymal transition (EMT).?® - BGCs uniquely expressing MS4A1 and IGLL5. The myeloid lineage cell
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types included MASTSs specific for TPSB2 and GATA2 expression, and
EBs identified by haemoglobin expression, including a proliferating
EB2 sub-population. The myeloid origin MONO and MAC cell popu-
lations identified by first-level graph-based analysis separated into
four distinct cell clusters at second-level analysis (Figure 2A, B). The
macrophages separated into non-proliferating (MAC.A) and prolifer-
ating (MAC.B) subtypes both referred to as alternatively activated
M2 macrophage based on co-expressing MS4A4A and SEPP1. In addi-
tion to CD68, MONO abundantly expressed LYZ, ST00A8, and
S100A6. Finally, a small group of dendritic cells (DCs) of the CD1C™
subtype was uncovered.

3.2.3 Diversity of ECs

ECs separated into EC.A and EC.B populations by first-level analysis, but
separated further into six distinct EC sub-populations upon second-level
analysis (EC1-6; Figure 2C, D). ECs shared expression of the canonical

markers PECAM1 and CDHS5 (Figure 2E). In addition, several ECs
expressed genes such as COL3A1, COL1A2, FN1, and BGN usually
expressed by fibroblasts indicating endothelial-mesenchymal transition
(EndMT) required for the formation of atrioventricular cushion and
valves.2® Natriuretic peptide hormone NPPC was exclusively expressed
by EC1 and EC5, whereas NPPA and NPPB were expressed uniquely by
CMs (Figure 3B, Supplementary material online, Figure S2). Natriuretic
peptides are implicated in a wide range of functions such as control of
blood pressure and volume, protection against atherosclerosis, myocar-
dial ischaemia, and cardiac remodelling. Impairment or abnormality in
the natriuretic peptide system leads to cardiovascular complications.
The natriuretic peptide receptor NPR3 was predominantly expressed by
EC1 and EC2 with NPR1 sparsely expressed by all ECs. NPR3 is preferen-
tially expressed in mouse atrial and ventral endocardium suggesting that
EC1 and EC2 represent endocardial ECs. EC1 also expressed MEIS2,
mutations of which cause septal defects and aortic coarctation in
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humans?” (Figure 2D). EC2 and EC3 highly expressed APOE, an important
secreted lipid transporter. EC3 also expressed SERPINF1, a neurotrophic
agent and inhibitor of angiogenesis, as well as PDGFRA*® and BMP4,>°
both crucial for outflow tract development as shown in the mouse. EC4s
are defined by elastin ELN and elastin-binding component FBLN5 expres-
sion, both of which are necessary for organizing elastic fibres and organ
remodelling during development, as well as expression of RSPO3 pro-
moting proliferation and sprouting in human ECs.*® ECs were also the
only source of nitric oxide (NO) synthase (NOS) in the foetal hearts
with NOS1 expressed by EC4 and NOS3 by EC1 and to a lesser extent
also by EC2-6. The pathway is crucial for cardiovascular functions
through regulation of Ca>" fluxes and homeostasis, sarcomeric protein
Ca*t sensitivity, and mitochondrial respira‘cion.31 WNT2, WNT4, and
NDP involved in WNT signalling were abundantly and specifically

expressed in EC5 along with CD44 and SELL previously implicated in

lymphocyte migration suggesting EC5 is a migratory endothelial cell
type in the developing heart. LncRNA LINC00520 was also uniquely
expressed by EC5. EC6 uniquely expressed genes involved in fatty
acid (FA) binding and transport including CD36, FABP4, and FABPS,
thereby providing the basis for the FA-biased energy metabolism that
contributes up to 70% of cardiac ATP (Supplementary material on-
line, Figure S3). Unexpectedly, fast skeletal muscle troponin TNNT3 is
specifically expressed in EC6 in the foetal heart, which was further
2D-F and 3A).
Furthermore, blood vessels formed by EC6 are characterized also by

confirmed by immunohistochemistry (Figures

the presence of perivascular cells surrounding them. This observation

is supported by the specific co-expression of PDGFB in EC6 impli-

cated in recruitment of these perivascular cells.
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3.2.4 Cardiac fibroblasts and smooth muscle cells

Cardiac FBs that play a crucial role in organogenesis by depositing and
maintaining extracellular matrix (ECM) proteins®? shared the expression
of abundant collagens and collagen-binding protein COLTA1, COL1A2,
and TGFBI with SMCs (Figures 1E and 3B). Although the FB population
separated into proliferating (FB2) and non-proliferating sub-populations
(FB1), SMCs did not. FBs and SMCs were discriminated by expression of
DCN, DLK1, LUM, and TAGLN, RGS5, ACTA2, respectively. Insulin-like
growth factor (IGF) signalling is important for heart development,® with
the receptor IGF1R being mainly expressed by CMs, whereas secreted
IGF1 was highly expressed by SMCs and moderately by FBs, and an even
wider range of cell types expressed the secreted modulators of IGF sig-
nalling proteins including IGFBP3, IGFBP5, and IGFBP7 (Figure 3B).

3.2.5 Mesothelial cells

The epicardium is composed by a layer of MESO, which specifically
expressed UPK3B, MSLN, WT1* as well as NPY (Figure 3B).
Neuropeptide Y (NPY) is expressed in neurons but is also involved in
cardiac remodelling, angiogenesis, and vasoconstriction.>* It was, there-
fore, surprising to discover its expression in MESO. Another peculiarity
of MESO was the unique expression of slow muscle troponin TNNT1
and a wide range of complement immune system genes such as C1R, CFl,
(3, and SERPINGT1 (Figure 3B).

3.3 TFs enrichment analysis

We performed TF enrichment analysis to annotate the highest
expressed TFs in each cell type and identified at least one cell-type-
specific TF able to complement lineage assignment. In addition to the
classical cardiomyocyte TF NKX2-5, CMs also expressed ESRRG, CASZ1,
and SRF (Figure 2G). Stromal cells (FBs and SMCs) preferentially
expressed TCF21 and SNAI2, known mesenchymal markers, among
other TFs. MESOs are defined by enriched expression of WT1, BNCT,
BNC2, and OSR1. ECs transcribed a range of SOX family TFs including
SOX7, SOX17, and SOX18. Immune cell types MONO, MAC, TC, NKT,
BC, and MAST preferentially expressed immune-cell-specific TFs BATF3,
MAF, GATA3, EOMES, BCL11A, and GATAZ2, respectively. Although, EBs
expressed the erythropoiesis regulator KLF1, interestingly, MAST also
expressed TFs enriched in EBs suggesting a shared developmental
trajectory.

3.4 Potential ligand-receptor interactions

in foetal heart

To investigate intercellular communication in the healthy foetal heart,
we visualized averaged expression of the most abundant ligands (>5
TPM) and their cognate receptors (>1.8 TPM) from each cell type
(Figure 3C). NPPA that regulates cardiovascular homeostasis through
natriuresis, diuresis, and vasodilation showed the highest expression in
CMs communicating with EC1 and EC2 via NPR3 receptor. MDK
(midkine), the deficiency of which causes heart failure in mice, was the
ubiquitously and highly expressed ligand that interacts with PTPRB recep-
tor expressed by several cell types (Supplementary material online,
Figure S2B). In addition, PTN, an angiogenic as well as MDK-related factor,
was abundantly expressed by FBs and potentially interacts with its EC-
specific receptor (EC4-6) PTPRB to regulate vasculogenesis in the devel-
oping heart. CCL2 1 was the most abundantly expressed cytokine in EC6
with receptor CCR7 being expressed on TCs. Other cytokines with high-
expression levels were CCL5 from NKT and CXCL8 from MAC and
MONO interacting with ACKR receptor expressed by EC6.

3.5 CHB specimen analysis

In the CHB foetal heart similar major cell types were obtained compared
with each healthy foetal heart, although MESO, EC5, SMC, and DC were
not captured, most likely because they represented rare cell populations
(<1.3%) even in the healthy heart. To provide insights into the pathogen-
esis of CHB and the cellular mechanisms by which exposure to maternal
anti-SSA/Ro antibodies compromises atrioventricular function in an oth-
erwise normally developing heart in the second trimester of gestation,
we investigated differentially expressed genes (Wilcoxon rank sum test)
between cell types of healthy and CHB samples (Figures 4A and 5).
Overall, all CHB cell types showed overexpression of ISGs including
TXNIP, IFITM3, ISG15, IFI6, and IFI16, and ‘interferon signalling’ was also
identified as the most up-regulated biological process according to path-
way analysis (Figure 4B). However, varying degrees of ISG up-regulation
were also apparent among cell types. Specifically, the CHB CM popula-
tion showed the least up-regulation of ISGs whereas FB1 and 2, EC,
MONO, and MAC displayed the greatest up-regulation. The expression
of individual ISGs also differed by cell type, e.g. ISG20 was preferentially
induced in lymphoid origin cell types.

3.6 IFN-score of macrophages and
monocytes in CHB and SLE

Systemic IFN responses are observed in other autoimmune diseases in-
cluding SLE, which has recently been studied by scRNA-seq.35 For com-
parison to CHB, we calculated an IFN response score for MAC and
MONO from the CHB and healthy sample (this study) and SLE patients
as well as from an in vitro IFN-stimulated PBMC sample'” (Figure 4C). As
expected, the in vitro IFN-stimulated cells displayed the highest IFN re-
sponse. Nevertheless, the CHB macrophages and monocytes showed
greater IFN responses than cells isolated from the SLE patients.

3.7 Enrichment of fibrotic gene signature
in CHB

The signature histologic feature of CHB is fibrotic replacement of the
atrioventricular node."® Accordingly, to address the contribution of
ECM components to tissue injury, we performed differential expression
analysis of matrisome genes'® on stromal cells (FB and SMC). Most of
the genes that belong to different categories of matrisome including
COL21A1, COL4A1, and COL8AT were highly enriched in the CHB sample
compared with all three healthy hearts (Figure 4D) supporting stromal
cells as the potential source of ECM thereby leading to fibrosis.

4. Discussion

In summary, our transcriptome profiles provide insights into the human
foetal heart at single-cell resolution. We show an unanticipated diversity
of cardiac cell types and gene expression patterns including novel EC
sub-populations highlighting the complexity of the vasculature in the de-
veloping human heart. In addition, using ligand-receptor enrichment
analysis, we also identified potential cell-cell communication in the niche
of the developing human heart. Cardiomyocytes that formed the major
cell population in foetal heart samples revealed proliferative and non-
proliferative states. However, they failed to group into region-specific
(atrial or ventricular) or any other subtype-specific cardiomyocytes.
Applying the recent finding of AV-nodal-cell-specific expression of the
GJD3 gene in a murine model*® we identified that of approximately 5000
cardiomyocytes that were captured, only four GJD3™ cells likely


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvz257#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvz257#supplementary-data

1456

H. Suryawanshi et al.

represent AV-nodal cells. (Supplementary material online, Figure S2C).
The fraction of AV node cells in the overall heart is expected to be low
and fluorescent labelling and microdissection or cell sorting may be nec-
essary to increase their proportion.

Having generated an atlas of the human second trimester foetal heart,
we leveraged a truly unique opportunity to compare cell expression lev-
els in a CHB heart in the absence of exposure to any maternal medica-
tions, which could have influenced the transcriptome. To date,
delineating the pathogenesis of CHB has relied on in vitro models of hu-
man foetal cardiomyocytes,’*”® bulk mRNA sequencing,’ and immu-
nohistochemistry.*® The comparative cell-type-specific expression
analysis performed herein revealed a previously unexplored, wide, and
dynamic spectrum of IFN response in different cardiac cell types isolated
from a human heart with CHB. The profound IFN response confirms
and extends previous work, which employed bulk sequencing”‘41 and
did not address the foetal myocardiocytes per se. Although expression of
ISGs in these cells was less than that observed in the fibroblast and mac-
rophages populations, the scRNA-seq data attest to the profound by-
stander effect of an IFN-rich environment present in the CHB heart. It
remains speculative whether the source of IFN generates from the ma-
ternal or foetal circulation, but it has been reported that mothers of
CHB children have significantly higher levels of circulating IFNa than
anti-SSA/Ro-exposed healthy children, which the authors speculate influ-
ences the development of cardiac disease via maternal transplacental
passage.*? Pertinent to therapy is the observation that hydroxchloro-
quine, which inhibits TLR signalling and likely downstream IFN
responses,** has been shown to decrease both the primary and sec-
ondary rate of CHB.*™* In addition, we also identified a set of genes
that potentially contribute to the characteristic fibrosis of CHB via ECM
deposition. Both of these findings provide potentially targetable candi-
dates for treatment of a disease that is irreversible with current anti-
inflammatory approaches.

It is readily acknowledged that there are limitations to the work pre-
sented. Specialized cardiomyocytes that form the sinoatrial and atrioven-
tricular nodes were with extremely rare exception not identified in
normal or the CHB heart. These and other rare cell populations may be
absent not only because of their assumed low abundance but also be-
cause of their sensitivity to tissue digestion, unusual size, or short-term
viability upon dissociation. It is also conceivable that the disease impacted
the specialized cardiomyocytes. Although only one CHB heart was ana-
lysed, it is important to point out that it is highly unlikely to have another
CHB heart donated in proximity to a major research facility, unexposed
to maternal immunosuppression, and electively terminated with early
disease. The agnostic cell dissociation approach allowed for numerous
cell types to be evaluated with no a priori biases.

In summary, providing a high-resolution cellular atlas has fundamental
implications for investigating human heart development and congenital
heart diseases. This foundation will guide developing novel regenerative
strategies for treatment of myocardial infarction. Our study that cata-
logues the cell-type-specific gene programmes will also help to evaluate
results previously obtained using human heart tissue culture and differ-
entiation models.
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Translational perspective

This study provides a single cell transcriptomic atlas of cells obtained from healthy second trimester fetal hearts to further understand human heart
development and impart insight into autoimmune associated congenital heart block. In addition to myocytes and fibroblasts, previously uncharacter-
ized subpopulations of endothelial cells were identified. Leveraging an unprecedented opportunity, healthy heart transcriptomes were compared to
an age matched anti-SSA/Ro exposed fetal heart with third degree block in which no maternal medications were taken. Differential gene expression
analysis revealed a remarkable interferon response in many cell types of the diseased heart. In addition, matrisome transcripts were enriched in the
stromal cells likely contributing to the extracellular matrix deposition and thereby fibrosis, a signature lesion of heart block. Thus, targeting the inter-

feron pathway merits therapeutic consideration.




