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Aims Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) directly binds to ACE2 (angiotensin-converting
enzyme 2) to facilitate cellular entry. Compared with the lung or respiratory tract, the human heart exhibits greater
ACE2 expression. However, little substantial damage was found in the heart tissue, and no viral particles were ob-
served in the cardiac myocytes. This study aims to analyse ACE2 and SARS-CoV-2 spike (S) protein proteases at
the single-cell level, to explore the cardiac involvement in COVID-19 and improve our understanding of the poten-
tial cardiovascular implications of COVID-19.

Methods With meta-analysis, the prevalence of cardiac injury in COVID-19 patients varies from 2% [95% confidence interval

and Results (Cl) 0-5%, I* = 0%] in non-ICU patients to 59% (95% C| 48-71%, I* = 85%) in non-survivors. With public single-
cell sequence data analysis, ACE2 expression in the adult human heart is higher than that in the lung (adjusted P <
0.0001). Inversely, the most important S protein cleavage protease TMPRSS2 (transmembrane protease serine
protease-2) in the heart exhibits an extremely lower expression than that in the lung (adjusted P < 0.0001), which
may restrict entry of SARS-CoV-2 into cardiac cells. Furthermore, we discovered that other S protein proteases,
CTSL (cathepsin L) and FURIN (furin, paired basic amino acid cleaving enzyme), were expressed in the adult heart
at a similar level to that in the lung, which may compensate for TMPRSS2, mediating cardiac involvement in
COVID-19.

Conclusion Compared with the lung, ACE2 is relatively more highly expressed in the human heart, while the key S protein
priming protease, TMPRSS2, is rarely expressed. The low percentage of ACE2T/TMPRSS2™ cells reduced heart vul-
nerability to SARS-CoV-2 to some degree. CTSL and FURIN may compensate for S protein priming to mediate
SARS-CoV-2 infection of the heart.
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Introduction

The continued spread of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has presented a pressing public challenge for the global
community.’ Greater insights into the features of COVID-19 presenta-
tion and their pathogenesis remains of great importance. An increasing
number of studies have shown that clinical manifestations of COVID-19
were not only primarily related to respiratory inflammation, but were
also associated with cardiac injury.P' A large cohort study even found
that cardiac injury was independently associated with increased in-
hospital mortality.” However, the degree of cardiovascular involvement
in COVID-19 and mechanisms of cardiovascular tropism of SARS-CoV-
2 virus are incompletely understood.

SARS-CoV-2 uses its spike (S) protein to directly bind with
angiotensin-converting enzyme 2 (ACE2) on the host cell surface.®
Upon binding to ACE2, the S protein requires cleavage by proteases to
fuse with the cell membrane and activate the process to enter the host
cell” Several host proteases have the ability to cleave the S protein of
SARS-CoV-2, including transmembrane protease serine protease-2
(TMPRSS2), cathepsins, and FURIN.2 Among these proteases, TMPRSS2
is essential for viral entry and spread in the host infected by SARS-CoV
as well as SARS-CoV-2.8

According to a previous study, ACE2 exhibits greater expression in
human foetal heart tissue (7.5%) than in the lung (<1%) and respiratory
tract (~2%),” indicating that the human heart is vulnerable to SARS-
CoV-2. However, pathological studies showed that little substantial dam-
age was observed in the heart tissue and no viral particles were observed
in the cardiac myocytes.'®"" The underlying mechanisms of this inconsis-
tency between ACE2 expression and pathological manifestation remain
to be elucidated.

In this study, we summarized the cardiac involvement of COVID-19
and analysed the expression of ACE2 and S protein cleavage proteases
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in human coronary artery, as well as in human foetal and adult heart tis-
sue at the single-cell level, to identify mechanisms of cardiac injury in
COVID-19 patients.

Methods

Study selection and data extraction for meta-

analysis

Studies found on PubMed, Embase, a Chinese database (http://journalyiigle.
com/), and medRxiv were systematically reviewed by three authors (H.L,
XW., and S.G.) independently. The search was performed from its inception
until 22 May 2020. Studies reporting data on complications of COVID-19
patients, including cardiac injury, liver injury (abnormal liver function), and re-
nal injury, were eligible for inclusion. More detailed methods have been pro-
vided in the Supplementary material online.

Analysis of scRNA-seq data

Published single-cell RNA sequencing (scRNA-seq) datasets from human
heart tissues, lung, and HBECs (human bronchial epithelial cells) were ex-
plored, and four types of scRNA-seq data were obtained: (i) foetal heart data
were obtained from GSE106118, which contains 20 samples from different
developmental stages, ranging from 5 weeks to 25 weeks of gestation;'? (i)
adult coronary artery data were obtained from GSE131778, which contains
four cardiac transplant recipients;'? (iii) adult heart data were obtained from
GSE109816 and GSE121893, which contain 14 normal heart samples from
healthy organ donors, and six heart failure (HF) samples from patients under-
going heart transplantation;'* (iv) lung and HBEC data were obtained from a
database (https://data.mendeley.com/datasets/7r2cwbw44m/1) which con-
tains four endobronchial lining fluid-sampled patients and 12 lung cancer
patients.® We used criteria which are as similar to the original studies as pos-
sible when filtering cells; for adult cardiomyocytes, cells containing >72%
mitochondrial genes were excluded.®''* A Seurat object list was set up
each individual different datasets. ‘SCTransform’ and

for across
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‘FindIntegrationAnchors’ functions in Seurat (v.3.1.5) were run to remove
batch effects and integrate multiple samples across different datasets.
Corrected UMIs (unique molecular identifiers) after integration were applied
with ‘NormalizeData’ function (RC method, scale.factor = 1e6) to calculate
CPM (counts per million), which was further transformed into log,(CPM +
1) to plot the expression level. Principal component analysis was used for di-
mensionality reduction, followed by clustering based on the K-nearest neigh-
bour graph with optimal resolution. UMAP (https://github.com/Imcinnes/
umap) was used for visualizing the results. The ‘FindAllMarkers’ function
(min.pct = 0.25, logfc. threshold = 0.25) was applied to analyse differentially
expressied genes. Cell identities were annotated based on data-derived
marker genes and marker genes from the literature.’ "¢ Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analyses, and visualization of results were performed using
ClusterProfiler (version 3.14)."

Statistical analysis

Detailed statistical methods for the meta-analysis are shown in the
Supplementary materials online. For analysis of scRNA-seq data, we used
Wilcoxon rank-sum tests to detect differential genes, with P-values adjusted
based on Bonferroni correction.'® For comparisons of expression values be-
tween two groups, the Wilcoxon rank sum test was used. For comparisons
of multiple groups, the Kruskal-Wallis test was utilized,'” followed by a post-
hoc test with Bonferroni-adjusted P-valuesy. The correlation between differ-
ent cell types was presented with a Spearman similarity heat map. To explore
the correlation between specific genes (e.g. ACE2) and clinical characteristics,
gene average expression and percentage of positive cells per patient were
calculated for further analysis. The relationship between different gene ex-
pression and age was analysed using a linear regression model, with R* as
model evaluation indices. Differences in the percentage of specific gene-
positive cells between normal and HF tissues, as well as between male and fe-
male heart tissues, were tested using ¥ test, with P-values <0.05 considered
as significant. Analyses were performed using R version 3.6.1 (R Foundation
for Statistical Computing, Vienna, Austria).

Results

Complications observed in COVID-19

patients

Forty studies were eventually included for analysis (Supplementary ma-
terial online, Figure ST7), and the majority of studies were from Wuhan,
China (26/40, 65%) (Supplementary material online, Table S2). In total,
26, 11, and 23 cohorts reported the incidence of cardiac, liver, and renal
injury, respectively, in COVID-19 patients (Supplementary material on-
line, Table S3). The pooled prevalence estimate of cardiac injury varies
from 2% [95% confidence interval (Cl) 0-5%, 1> = 0%] in non-ICU
patients to 59% (95% Cl 48-71, * = 85%) in non-survivors
(Supplementary material online, Figure S2). In studies where patients
were not divided into specific groups, the overall prevalence of cardiac
injury was 13% (95% C| 8-18%, I = 84%), intermediate between liver in-
jury (23%, 95% CI 15-33%, I = 94.5%) and renal injury (9%, 95% Cl 3—
15%, 1> = 99%) (Supplementary material online, Figure S3). In addition,
compared with their counterparts, high-severity patients showed a
heavier burden of cardiovascular-related pre-existing conditions, with
significantly increased hypertension [overall odds ratio (OR) 2.63, 95%
Cl 2.08-3.33, I = 39.9%), diabetes (overall OR 2.44, 95% Cl 1.88-3.17,
1> = 26.9%), and cardiovascular disease (overall OR 4.54, 95% Cl 2.69—
7.64, I = 37.3%) (Supplementary material online, Figure S4). Moreover,
compared with their counterparts, high-severity patients also exhibited a

higher risk of cardiac injury (overall OR 4.72, 95% Cl| 2.48-8.97, P =
56.6%) (Supplementary material online, Figure S5).

Expression pattern of ACE2 and TMPRSS2

across different heart tissues

A total of 41 samples were included for analysis, among which adult
heart accounted for 48.8% (20/41). After quality control, 3373 qualifying
cells from foetal heart, 10 554 cells from adult coronary artery, and 12
554 cells from adult heart were obtained for subsequent analyses
(Supplementary material online, Figure ST). Previous studies demon-
strated that ACE2 and TMPRSS2 were important for SARS-CoV-2 S
protein priming and cell entry.” Thus, we explored the variation in ACE2
and TMPRSS2 expression across different heart tissues. Here, we pre-
sent ‘gene expression’ from two perspectives, one is the percentage of
gene-positive (UMI count >0) cells and the other is log,(CPM + 1).

As shown in Supplementary material online, Figure S1, the percentage
of ACE2" or TMPRSS2™ cells varied depending on sample source. Adult
heart samples contained the largest number of ACE2" cells (6.44%), fol-
lowed by foetal heart samples (4.17%), and lastly adult coronary artery
samples (0.46%). However, the percentages of TMPRSS2" cells across
different heart tissues were relatively low. Adult and foetal heart con-
tained 0.36% and 0.47% TMPRSS2™ cells, respectively, with no
TMPRSS2™ cells in adult coronary artery samples. After utilizing UMAP
for dimensional reduction and visualization (Figure 1A-C), nine cell types
in foetal heart, nine cell types in adult coronary artery, and five cell types
in adult heart were identified. The distribution of ACE2" or TMPRSS2™
cells among different cell types is shown in Figure 1D—F, and almost no
cells expressed ACE2 and TMPRSS2 simultaneously. Thus, we further
explored the percentage of ACE2" or TMPRSS2* cells across cell types
and across heart tissues. As shown in Figure 1G, ACE2" percentages
across cell types in foetal heart and adult coronary artery samples were
lower than 4.70% and 1.83%, respectively. In the adult heart, the percent-
age of ACE2" cells was relatively high, with 10.38% in SMCs (smooth
muscle cells). This raises a basic question: at what point can a specific cell
type expressing ACE2 be considered vulnerable to COVID-19 infection?
Several researchers have postulated that the heart is at high risk of
COVID-19 infection, based on the findings that foetal myocardial cells
have >7.5% ACE2" cells, while type Il alveolar cells (AT2) in the lung
only have ~1% ACE2" cells.” Here, we found that 62.5% (5/8) of cell
types in the foetal heart (red blood cells were excluded), 11.1% (1/9) in
the adult coronary artery, and 100% (5/5) in the adult heart display >1%
ACE2" cells, and among adult heart SMCs, ACE2" cells reach 10.38%
(Figure 1G). However, the percentage of ACE2™ cells may not be enough
to draw this conclusion, especially since studies demonstrated that
SARS-CoV-2 cell entry requires not only ACE2 binding but also cleavage
by proteases such as TMPRSS2.” We further explored the proportions
of TMPRSS2™ cells across different cell types. Overall, percentages of
TMPRSS2™ cells were <1.85% across all heart tissue cell types
(Figure 1G).

Considering that the percentages of ACE2™ or TMPRSS27 cells were
not the only parameters used to measure risk of SARS-CoV-2 infection,
we further explored their gene expression levels (Figure 1H). The violin
plot showed that ACE2 was highly expressed in the adult heart cell
types; however, TMPRSS2 expression was still considered low across
heart tissues. Considering the low expression of these genes and varia-
tion between individuals, we aggregated the mean expression of ACE2
and TMPRSS2 per cell type per patient (20 adult heart donors) (Figure
2A and B). Adult heart SMCs show the highest ACE2 expression and no
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Figure | ACE2 and TMPRSS2 are expressed in specific cell types in the human heart. (A-C) Foetal heart cell atlas (A), adult coronary artery cell atlas (B),
adult heart cell atlas (C) visualized by UMAP, coloured by the main cell groups. (D—F) Expression profile of ACE2 and TMPRSS2 in subset cell groups of the
foetal heart (D), adult coronary artery (E), and adult heart (F); green represents the expression of TMPRSS2, red represents the expression of ACE2, and yel-
low represents the co-expression of ACE2 and TMPRSS2. (G) Percentage of ACE2- and TMPRSS2-positive cells in each subset cell group (nine cell groups
in foetal heart, nine in adult coronary artery, and five in adult heart). (H) The expression of ACE2 and TMPRSS2 in each subset cell group. The expression
level is displayed as log 2(CPM + 1). MC, mast cell; RBC, red blood cell; CM, cardiomyocyte; B, B cell; T, T cell; FIB, fibroblast; EC, endothelial cell; EP, epicar-
dial cell; VC, valvular cell; SMC, smooth muscle cell; MP, macrophage; PC, pericyte; NK, natural killer cell; ACE2, angiotensin-converting enzyme 2;
TMPRSS2, transmembrane protease serine 2; CPM, counts per million.
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Figure 2 Expression pattern of ACE2, TMPRSS2, CTSL, and FURIN in the heart and lung. (A and B) Individual mean expression of ACE2 (A) and
TMPRSS2 (B) in five major cell types; each point represents an individual sample (n = 20) and bars indicate the first and third quartile, with the median is
shown as horizontal lines. The expression level is displayed as log 2(CPM 4 1). (C) Venn plot showing the number of ACE2 cells, TMPRSS2" cells, and
double positive cells in adult heart cells. (D) Dot plot representing the gene expression of the main coronavirus receptors and cofactors in major cell types
of adult heart. (E and F) Expression of CTSL (E) and FURIN (F) in five major cell types; points represent cells (left) and individual samples (n = 20) (right). (G)
Comparison of positive rates of ACE2, TMPRSS2, CTSL, and FURIN in individual samples between the lung and adult heart. Twelve patients are shown in
lung and 20 patients in the heart. (H) Expression of ACE2, TMPRSS2, CTSL, and FURIN across five single-cell datasets. The expression level is displayed as
log 2(CPM + 1). () Nine major endothelial and epithelial cell clusters in the lung and heart are visualized by UMAP, coloured by main cell groups. (J)
Spearman similarity heat map of gene expression profiles of nine major endothelial and epithelial cell clusters in the lung and heart. (K) Expression of ACE2
(left) and TMPRSS2 (right) in nine major endothelial and epithelial cell clusters in the lung and heart; each point represents a cell. CTSL, cathepsin L; FURIN,
furin (paired basic amino acid cleaving enzyme); HBEC, human bronchial epithelial cell. For comparison of positive rates of specific genes between the lung
and heart, the Wilcoxon rank sum test was used. The P-values are shown in the figure.
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significant results in terms of TMPRSS2 expression (Supplementary ma-
terial online, Figure S2A). Further subgroup analysis showed that in tradi-
tional SMCs (highly expressing MYH11), the SMC2 subgroup exhibited
3.5% ACE2™" cells, while the SMC1 subgroup highly expressing RGS5/
ABCC9/CALD1 exhibited 15.7% ACE2" cells (Supplementary material
online, Figure S6). Further functional enrichment analysis revealed that
both SMC1 and SMC2 displayed extracellular matrix (ECM)—receptor
interaction, regulation of the actin cytoskeleton, vascular smooth muscle
contraction, and other SMC-related functions, and the differential genes
of SMC1 were more enriched in human papillomavirus infection, bacte-
rial invasion of epithelial cells, Salmonella infection, and other viral and
bacterial infection pathways (Supplementary material online, Figure S6E
and F). Intercellular communication analysis revealed that SMC1 inter-
acts with various cell groups in the heart (Supplementary material online,
Figure S6G). TMPRSS2 is a transmembrane protease, thus ACE2 and
TMPRSS2 dual-positive (ACE2/TMPRSS2) cells may be more permis-
sive to SARS-CoV-2 infection.”®?° For this reason, we calculated ratios
of ACE2*/TMPRSS2* cells across heart tissues. ACE2/TMPRSS2 ™" cells
only exist in the adult heart, as shown in Figure 2C, and the percentage of
these cells was rather small (4/12554, 0.03%).

Expression patterns of CTSL and FURIN in

the adult heart

Although SARS-CoV-2 cell entry can be mainly inhibited by blocking
TMPRSS2, there remained speculations as to whether any other prote-
ase can be used for virus priming.”?" Prior studies have demonstrated
that CTSL (cathepsin L) and FURIN (furin, paired basic amino acid cleav-
ing enzyme) are expected to be efficient in facilitating cleavage of the
SARS-CoV-2 S-protein."?? Thus, we explored expression patterns of
CTSLand FURIN in the adult heart. CTSL" and FURIN™ cells accounted
for 28.6% and 8.7%, respectively, in the entire adult heart and appeared
evenly distributed across different cell types (Figure 2D). In terms of
CTSL and FURIN expression, there was no significant difference
between cell types (Figure 2E and F; Supplementary material online,
Figure S2).

Comparison of specific gene expression
between different tissues

The respiratory system is the major target of COVID-19 attack, and sub-
stantial damage can be seen in lung tissues from pathological findings."®
However, cardiac injury is common especially in high-severity patients,
but little substantial damage was found from pathological findings.>'° To
learn more about this disparity, we compared the expression of ACE2
and TMPRSS2 between the heart and lung, also including HBECs. After
integration as previously mentioned,' we found that the percentage of
ACE2" cells in the adult heart was much higher than that in the lung
(median: 3.6% vs. 0.5%, P < 0.0001), while the percentage of TMPRSS2™"
cells was rather lower in the adult heart (median: 0% vs. 27.2%, P <
0.0001) (Figure 2G). Comparison of CTSL* and FURIN™ cells between
adult heart and lung isalso shown in Figure 2G. We further compared
gene expression which showed that ACE2 expression in the adult heart
is higher than that in the lung (P < 0.0001) and HBECs (P < 0.0001), while
the TMPRSS2 expression level is considerably lower than that in the lung
(P <0.0001) and HBECs (P < 0.0001) (Figure 2H; Supplementary material
online, Figure 2). These scRNA-seg-based results are also consistent with
RNA-seq data from the NCBI Gene Database (Supplementary material
online, Figure S7). Previous studies suggest that compared with adults,

paediatric COVID-19 cases seemed less severe and symptoms experi-
enced by children might be different.'>** Thus, we compared ACE2 and
TMPRSS2 expression between the adult and foetal heart. The results
showed that ACE2 expression is lower in the foetal heart and TMPRSS2
expression exhibits no significant difference (Figure 2H; Supplementary
material online, Figure S2). We speculate that a lower level of illness ex-
perienced by children might also exist in the cardiovascular system.
However, these findings must be interpreted with caution.

Comparison of endothelium between heart

and lung

After being released from the lung, SARS-CoV-2 circulates in the blood
and may cause multiorgan damage through endothelial d>/sfunc‘cion.24’25
We further integrated endothelium from the heart and lung to compare
their heterogeneity and correlations. Considering that diffuse alveolar
damage was the primary finding in histology, epithelium-like type | and
type Il alveolar cells were also included in the analysis.24 Endothelium
and epithelium from the heart and lung clustered separately in UMAP,
but more closely among cells derived from the same tissue (Figure 2I).
The Spearman similarity also shows a distinct gene expression of adult
heart endothelium compared with the lung (Figure 2J). Interestingly, en-
dothelium from the coronary artery and HBECs cluster together on the
dendrogram, indicating partial overlap of the transcriptome signatures
(Figure 2J). This is consistent with the opinion that epithelium in the air-
ways plays a role similar to that of blood vessel endothelium.?® We also
compared the expression of ACE2 and TMPRSS2 between heart and
lung epithelium (Figure 2K). The expression pattern between these two
genes is consistent with previous findings, which showed higher ACE2
but lower TMPRSS2 expression in the heart endothelium. Mean ranks
and P-values of multiple group comparisons are shown in Supplementary
material online, Figure S2.

Correlation between different genes and

clinical characteristics

The clinical characteristics of adult heart donors in this study are shown
in Supplementary material online, Table S8. A total of 14 healthy donors
and 6 HF patients, ranging from 21 to 63 years of age, were included in
this analysis. The average ACE2 expression value and percentage of
ACE2" cells per patient were calculated to assess the relationship be-
tween ACE?2 and clinical characteristics, including age, sex, and heart fail-
ure. A negative correlation between overall expression of ACE2 and age
(R* = 0.35, P = 0.006) is shown in Figure 3A, which is consistent with pre-
vious studies observing that ACE2 is age related.”® In terms of the per-
centage of ACE2™ cells, a moderate inverse correlation with age still
existed (R* = 0.25, P = 0.025) (Figure 3A). There was no significant corre-
lation between gene (TMPRSS2, CTSL, and FURIN) expression and age
(Figure 3C and D). Cells in the male adult heart showed a lower ACE2™"
rate than in females (5.93% vs. 9.32%, P < 0.01) (Figure 3E). HF patients
tended to exhibit a higher number of ACE2" cells, but the difference
was not statistically significant (7.03% vs. 6.20%, P = 0.08). HF cells
showed a lower TMPRSS2* rate (0% vs. 0.51%, P < 0.01) and higher
CTSL* rate (30.83% vs. 27.66%, P < 0.01) than cells in the normal heart.
The male heart tended to have a lower ACE2" rate (5.93% vs. 9.32%, P
< 0.01), lower CTSL" rate (28.06% vs. 31.62%, P < 0.01), and lower
FURIN™ rate (8.44% vs. 9.85%, P = 0.04) (Figure 3E).
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Figure 3 Age, sex, and disease as possible factors influencing ACE2 expression. (A—D) Average ACE2 (A), TMPRSS2 (B), CTSL (C), and FURIN (D) expres-
sion value (left) and percentage of the above positive genes (right) over all individual samples vs. age in adult heart cells; points represent individual samples
(n = 20). (E) Bar plot showing the comparison of the percentage of positive ACE2, TMPRSS2, CTSL, and FURIN cells in normal and heart failure hearts, as
well as in female and male hearts. The significance of correlations was tested by using linear regression. Differences in the percentage of specific gene-positive
cells between the two groups were tested using ? test. The P-values are shown in the figure.

Discussion

Clinical manifestations of COVID-19 were primarily related to respira-
tory inflammation, while cardiac complications are rapidly emerging as
an important threat.>**% In the present study, we also found that the in-
cidence of cardiac injury increased with COVID-19 severity. However,
regarding pathological findings, little substantial damage was seen in the
heart tissue and no viral particles were observed in cardiac myo-
cy‘ces.m‘11 This raises questions regarding cardiovascular involvement in
COVID-19. Further, mechanisms of cardiovascular tropism of SARS-
CoV-2 virus are incompletely understood. We explored the expression
of ACE2 and SARS-CoV-2 spike (S) protein proteases at single-cell reso-
lution and expect to improve our understanding of the cardiovascular
implications of COVID-19.

Previous in vitro experimentation demonstrated that ACE2 can be
used as the host cellular receptor for the SARS-CoV-2 S protein.* Thus,
several studies focusing on ACE2 expression in different tissues have
been published;9’31 however, a comprehensive integration of cardiovas-
cular datasets is lacking. We systematically analysed data from foetal
heart, adult coronary artery, and adult heart tissues, and compared these
with data from lung tissues and HBECs to explore the cardiovascular in-
volvement in COVID-19. Our results showed a disparity in the expres-
sion of ACE2 and TMPRSS2 between the heart and lung, not only at the
expression level, but also as regards the rates of positivity. The remark-
able contrast in gene expression may reflect a difference between heart
and lung in susceptibility to SARS-CoV-2 infection. Given that dual-
positive ACE2 and TMPRSS2 cells are key conditions for SARS-CoV-2
cell entry, the heart may suffer less owing to the reduced expression of
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TMPRSS2, which may explain why little substantial damage occurs in the
heart tissue compared with the lung. Evidence from other organs also
supports our hypothesis. Research showed that ACE2 is highly
expressed in the digestive system,” and expression of TMPRSS2 in di-
gestive system organs was considerably high (Supplementary material
online, Figure S7), which indicates that the digestive system is at high risk
of SARS-CoV-2 infection. This has been further proven by the clinical
observation of gastrointestinal symptoms, such as diarrhoea, as well as
the detection of viral RNA in digestive tissues.>> Thus, ACE2 and
TMPRSS2 may determine SARS-CoV-2 infection to a large extent and,
although cardiac cells exhibit abundant ACE?2 as viral receptors, the pos-
sibility of infection could be low."®"" Notably, several published COVID-
19 cases exhibited dominant cardiac involvement (Supplementary mate-
rial online, Table $9),"3*3¢ which indicates that there may be a small
number of people with severe heart infection. In this condition, we as-
sume that CTSL and FURIN, which are considerably expressed in the
adult heart, may play a potential role in mediating SARS-CoV-2 infection
of the heart.

From the analysis above, cardiac injury seems more likely to be a con-
comitant phenomenon of systemic inflammatory responses.m'37 In this
biological process, endothelial cells could be an important correlation
between lung infection and other organ damage.25 We analysed features
and correlations of endothelium from the heart and lung. The gene ex-
pression pattern of ACE2 and TMPRSS2 is heterogeneous between
them, with higher ACE2 but lower TMPRSS2 expression in the heart en-
dothelium. This indicates that the endothelium could be an abluminal
barrier protecting cardiac tissue from circulating SARS-CoV-2 infection.
From the recent autopsies performed on 67 COVID-19-positive
patients, we can also see that little substantial endothelial dysfunction
was found in 25 heart samples.”*

Several limitations of this study should be mentioned. First, heteroge-
neity of our meta-analysis results is high, although we restricted criteria
for study enrolment and performed subgroup analysis. An external vali-
dation of this estimate of cardiac injury should be considered. Secondly,
we studied only single-cell transcriptome data of human heart and lung
tissues, representing characteristics of the single-cell gene expression
level. However, this analytical method therefore has an inherent bias be-
cause it is unclear what level of expression is considered biologically sig-
nificant. In addition, confounders of sample source and depth of
sequencing must be considered as a possible explanation for the results
herein. However, the large number of cells (83 780) included in our
study might dilute this impact. Although different data collaborations
provided us with new insights into the possible explanation for the sus-
ceptibility heterogeneity in SARS-CoV-2 infection, our results and con-
clusions are data driven, which requires further laboratory verification.
Lastly, limited sample size restricts determination of further implications
of the correlation between different genes and clinical characteristics.

In conclusion, compared with lung tissues, ACE2 is relatively highly
expressed in the human heart, while the key S protein priming protease,
TMPRSS2, is barely expressed. The low percentage of ACE2"/
TMPRSS2™ cells to some degree makes the heart less vulnerable to
SARS-CoV-2 infection. The other S protein priming proteases, CTSL
and FURIN, are relatively highly expressed in the human heart, which
may compensate for mediating SARS-CoV-2 infection of the heart.

Supplementary material

Supplementary material is availabble at Cardiovascular Research online.
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Translational perspective

Understanding the mechanisms of cardiovascular tropism of SARS-CoV-2 is important for treating patients in a timely and effective way. We show
that SARS-CoV-2 receptor ACE2 is relatively highly expressed in the human heart, while the key S protein priming protease, TMPRSS2, is barely
expressed compared with lung tissues. The low percentage of ACE2T/TMPRSS2™ cells may indicate that the heart is less vulnerable to SARS-CoV-2
infection, and cardiac injury seems more likely to be a concomitant phenomenon of systemic inflammatory responses. These findings provide a new
perspective for interpreting cardiac involvement in COVID-19 infection and highlight the importance of anti-inflammatory therapy.




