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1 | INTRODUCTION

Coronavirus disease-2019 (COVID-19) is a global pandemic with high

infectivity and pathogenicity, accounting for tens of thousands of

Abstract

Coronavirus disease-2019 (COVID-19) is a global pandemic with high infectivity and
pathogenicity, accounting for tens of thousands of deaths worldwide. Recent studies
have found that the pathogen of COVID-19, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), shares the same cell receptor angiotensin converting
enzyme Il (ACE2) as SARS-CoV. The pathological investigation of COVID-19 deaths
showed that the lungs had characteristics of pulmonary fibrosis. However, how
SARS-CoV-2 spreads from the lungs to other organs has not yet been determined.
Here, we performed an unbiased evaluation of cell-type-specific expression of ACE2
in healthy and fibrotic lungs, as well as in normal and failed adult human hearts, using
published single-cell RNA-seq data. We found that ACE2 expression in fibrotic lungs
mainly locates in arterial vascular cells, which might provide a route for bloodstream
spreading of SARS-CoV-2. Failed human hearts have a higher percentage of ACE2-
expressing cardiomyocytes, and SARS-CoV-2 might attack cardiomyocytes through
the bloodstream in patients with heart failure. Moreover, ACE2 was highly ex-
pressed in cells infected by respiratory syncytial virus or Middle East respiratory
syndrome coronavirus and in mice treated by lipopolysaccharide. Our findings in-
dicate that patients with pulmonary fibrosis, heart failure, and virus infection have a
higher risk and are more susceptible to SARS-CoV-2 infection. The SARS-CoV-2
might attack other organs by getting into the bloodstream. This study provides new
insights into SARS-CoV-2 blood entry and heart injury and might propose a ther-

apeutic strategy to prevent patients from developing severe complications.
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deaths worldwide. The pathogen named severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) showed 79.5% genome simi-
larity to SARS-CoV and 96% to a bat coronavirus RaTG13 (P. Zhou,
Yang, et al., 2020). Angiotensin converting enzyme Il (ACE2) can
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specifically bind to the S1 domain of SARS-CoV S protein as a
functional receptor (Li et al., 2003) and is also the cellular receptor of
SARS-CoV-2 (Lan et al.,, 2020). ACE2 has been widely recognized as a
negative regulatory enzyme of the renin-angiotensin system (RAS)
that converts Ang Il into Ang1-7/Ang1-9 and has a protective role in
cardiovascular function (Donoghue et al, 2000). Upon the spike
protein of coronavirus binding to the cellular receptor ACE2, the
type Il transmembrane serine protease (TTSP) TMPRSS2 cleaves the
SARS-CoV-2 spike protein to promote fusion of viral and cellular
membranes (Hoffmann et al., 2020). FURIN also cleaves the SARS-
CoV-2 spike protein (Walls et al., 2020). Both TMPRSS2 and FURIN
play an essential role in viral entry (Hoffmann et al., 2020; Walls
et al,, 2020).

ACE2 was shown to be present in human lung alveolar epithelial
cells (Hamming et al., 2004). Analysis of single-cell RNA-Seq (scRNA-
seq) data in normal human lung tissues demonstrated that ACE2 is
mainly expressed in type Il alveolar cells (AT2; Zhao et al., 2020). The
pathological investigation of COVID-19 fatal cases showed exudation
and hemorrhage, epithelium injuries, infiltration of macrophages, and
fibrosis in the lungs (C. Wang et al., 2020). Pulmonary fibrosis is not
only due to SARS-CoV-2 directly attacking the lung as its target or-
gan, the activation of the cytokine storm in COVID-19 patients also
contributes (Huang et al., 2020; Wan et al., 2020). A retrospective
cohort study indicates that patients with chronic obstructive pul-
monary disease (COPD) and bilateral pulmonary infiltration are as-
sociated with higher mortality (F. Zhou, Yu, et al., 2020). This may be
due to the change of ACE2 gene expression profile in lung tissues in
patients with lung diseases, and makes these patients more suscep-
tible to SARS-CoV-2 infection, but the cell-type specific expression
change of ACE2 in healthy populations and patients with underlying
lung diseases has not been reported.

Epidemiology analysis of COVID-19 has identified cardiac in-
jury as among the most severe organ function damages, with
symptoms of arrhythmia and cardiac arrest (Huang et al., 2020).
Elevated high sensitivity Troponin | (hs-cTnl) or new ECG/echo-
cardiographic abnormalities suggested that cardiac injury was
present in 7.2% of patients and 22% of those who required ICU
care (D. Wang, Hu, et al., 2020). Moreover, advanced age and pre-
existing cardiovascular diseases were high-risk factors of infection
and lethality (Wu & McGoogan, 2020). In a study involving
138 COVID-19 patients, many had cardiovascular-related co-
morbidities and/or complications, including severe hypertension
(31.2%), cardiovascular disease (14.5%), and arrhythmia (16.7%; D.
Wang, Hu, et al., 2020). However, how SARS-CoV-2 spreads from
the lungs to other organs and the cause of the high mortality rate
in COVID-19 patients with pre-existing cardiovascular diseases
are still not fully understood.

To investigate the possible route of SARS-CoV-2 spreading from
the lungs to other organs, we performed an unbiased evaluation of
cell-type specific expression of ACE2 in healthy and fibrotic lungs, as
well as in normal and failed adult human hearts, using published
single-cell RNA-seq data. We found that ACE2 is mainly expressed in

arterial vascular cells in fibrotic lungs, and might be essential for
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SARS-CoV-2 to enter the bloodstream and to start its circulatory
spreading. We observed higher enrichment of ACE2 expression in
cardiomyocytes of failed adult human hearts, and higher gene ex-
pression of ACE2 in cells infected by the respiratory syncytial virus
(RSV) or Middle East respiratory syndrome coronavirus (MERS-CoV).
Our findings indicate that patients with pulmonary fibrosis, heart
failure, and virus infection have a higher risk and are more suscep-
tible to SARS-CoV-2 infection.

2 | MATERIALS AND METHODS
2.1 | Cell filtering and cell-type clustering analysis

The R package Seurat was used for cell filtration, clustering analysis,
and uniform manifold approximation and projection (UMAP) as de-
scribed in the vignettes (https://satijalab.org/seurat/vignettes.html).
Cells expressing <200 or >3000 genes in normal lung samples, <200
or >4000 genes in lung fibrosis samples, <200 or >7000 genes in
normal heart samples, and <200 or >5000 genes in heart failure
samples were filtered out for exclusion of noncell or cell aggregates.
Next, the data were log-normalized and we identified highly variable
genes using the FindVariableFeatures function. The ScaleData func-
tion were used for linear regression and principle component analysis
was performed on the scaled data for linear dimensional reduction.
Then, a graph-based clustering approach (FindClusters function) was
performed to cluster cells and UMAP was used to visualize clusters.
Visualization of gene expression was shown with violin plot, feature
plot was implemented by the VInPlot, FeaturePlot function. The Fin-
dAllMarkers function (min.pct=0.25, logfc. threshold =0.25) was
used to identify marker genes. Type Il alveolar cells, endothelial cells,
smooth muscle cells, immunocytes, ciliated cells, fibroblasts, and
cardiomyocytes clusters were removed based on their expression of
known type Il alveolar cell markers such as SFTPC, endothelial cell
markers such as PECAM1, VWF, and GJA4, smooth muscle cell mar-
kers such as ACTA2 and MYH11, immunocyte markers such as
CD163, HLA-DRA, GNLY, CD68, and PTPRC, ciliated cell markers such
as FCN3 and TPPP3, fibroblast markers such as DCN and COL1A2,
and cardiomyocyte markers such as MYH6, MYH7 and TNNT2. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis were performed with marker genes on
DAVID website (https://david.ncifcrf.gov/).

2.2 | Immunofluorescence

Normal heart and heart failure samples were permeabilized with
0.3% Triton X-100 for 10 min and blocked with 5% donkey serum in
phosphate buffered saline (PBS) for 2hr, incubated with primary
antibodies ACE2 (1:50; affinity #AF5165) overnight at 4°C, washed
with PBS, incubated with secondary antibodies for 1hr at room
temperature, washed with PBS and then stained with 4',6-diamidino-

2-phenylindole.
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2.3 | Clinical specimens

We collected four cases of normal heart and four cases of heart
failure where death occurred suddenly and unexpectedly. Reviewing
patients' charts was exempted from informed consent by the Ethics
Committee Board at the School of Basic Medical Sciences, Fudan

University.

2.4 | Statistical analysis

Data are presented as mean = SEM. Statistical analyses were con-
ducted with GraphPad prism 7. Differences among groups were de-
termined with one-way analysis of variance followed by Tukey's test
for multiple comparisons. Differences between two groups were

determined with unpaired Student's t test.

2.5 | Data availability

Public data for normal and fibrotic lungs scRNA-seq is available in
GSE132771. Public data for healthy hearts scRNA-seq was available
in GSE109816, failed hearts scRNA-seq in GSE121893. Public data
for respiratory syncytial virus infection RNA-seq is available in
GSE140226, MERS-CoV in GSE139516, and lipopolysaccharide (LPS)
injection in GSE136848.

3 | RESULTS

3.1 | ACE2 is mainly expressed in arterial vascular
cells in fibrotic lungs

To explore whether there is a cell-type-specific expression differ-
ence of the ACE2 gene in healthy populations and patients with
pulmonary fibrosis, we analyzed a published data set containing
scRNA-seq data of the normal whole-lung tissues from three heal-
thy donors and fibrotic lung samples from three patients
(GSE132771). 11,594 cells in normal lung tissues and 13,069 cells in
fibrotic lung tissues were analyzed. We classified the entire popu-
lation of normal lung tissue into five major cell types, including type
| and type Il alveolar cells (AT1, AT2), ciliated bronchial epithelial
cells, immune cells, fibroblasts, and vascular cells based on their
respective molecular features (Figure S1A-S1B). Similar cell types
were also observed in fibrotic lung samples (Figure S2A-S1B). We
found that the majority of ACE2-expressing cells in normal human
lung tissues were AT2 cells (SFTPC positive; Figure 1a,c), which is
consistent with a previous study (Zhao et al., 2020). Unexpectedly,
ACE2 was mainly expressed in arterial vascular cells, but rarely in
AT2 in fibrotic lung tissues (Figure 1b,d), indicating that the dis-
tribution of ACE2 in fibrotic lung tissues has shifted compared to

the normal.

Further analysis showed that chemokines (CCL2, CXCL12) and
the complement component (C1R) were highly expressed in
ACE2-positive arterial vascular cells of fibrotic lungs, but showed a
lower expression in ACE2-positive AT2 cells of normal lungs
(Figure 2a,b), which suggests that ACE2-expressing arterial vascular
cells in fibrotic lungs may be associated with inflammation. SARS-
CoV-2 depends on TMPRSS2 and FURIN to infect target cells
(Hoffmann et al., 2020; Walls et al., 2020). Both TMPRSS2 and
FURIN were expressed in AT2 cells of normal lungs, whereas only
FURIN was expressed in arterial vascular cells of fibrotic lungs
(Figure 2a,b), indicating that the entryway of SARS-CoV-2 might
depend on FURIN in fibrotic lungs, which is different from that in
normal lungs. These observations show that ACE2 is mainly ex-
pressed in arterial vascular cells in fibrotic lungs, and might help
SARS-CoV-2 to enter blood vessels and cause bloodstream
spreading of SARS-CoV-2 after infection.

3.2 | Failed human hearts have a higher percentage
of ACE2-expressing cardiomyocytes

To assess the cell-type specific expression of ACE2 gene in the
heart, we analyzed the published scRNA-seq data of adult human
heart tissues from 12 healthy donors (GSE109816) and six patients
with heart failure (GSE121893; L. Wang, Yu, et al., 2020). After
quality filtering for detected genes, we analyzed 9,994 cells in
normal heart tissues and 4,221 cells in heart failure tissues. Four
major cell types were identified, including cardiomyocytes, fibro-
blasts, vascular cells, and immune cells (Figures S3A-S3B and S4A-
S4B). Cells in failed hearts showed a higher ACE2-positive rate than
in normal hearts (7.60% of all cells vs. 5.88% of all cells). We ob-
served higher enrichment of ACE2 expression in cardiomyocytes of
failed hearts than that of normal hearts (9.87% of cardiomyocytes
vs. 6.75% of cardiomyocytes). In contrast, there was a lower ex-
pression of ACE2 in arterial vascular cells of failed hearts compared
to that of normal (7.93% of arterial vascular cells vs. 19.4% of ar-
terial vascular cells; Figure 3a,b). Immunofluorescence staining re-
vealed a significantly higher percentage of ACE2-positive cells in
human heart sections of heart failure compared with healthy donors
(Figure 3c).

Given that the ACE2 gene is highly expressed in arterial vascular
cells, we next employed GO enrichment analysis in ACE2-expressing
arterial vascular cells (cluster 7, GJA4- and HES1-positive cells) in the
normal hearts. The highly expressed genes in these vascular cells
were associated with virus infection response, including viral pro-
cesses, response to the virus, and response to interferon-gamma
(Figure 4a). KEGG pathway analysis revealed that these highly ex-
pressed genes might be involved in viral myocarditis and pathogenic
Escherichia coli infection, indicating that these arterial vascular cells
may be the afferent pathway of infectious heart diseases (Figure 4b).
Moreover, these cells highly expressed chemokine (CXCL12, CCL2)
and integrin subunit (ITGA1, ITGA7; Figure 4c), which may participate
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FIGURE 1 Different distribution pattern of angiotensin converting enzyme Il (ACE2)-expressing cells in normal and fibrotic lungs. (a and b)
Feature plot showing the distribution of ACE2, SFTPC, and GJA4 expression levels in normal lungs (a) and in fibrotic lungs (b). (c and d) Violin plot
showing the distribution of ACE2, SFTPC, and GJA4 expression levels in normal lungs (c) and in fibrotic lungs (d)
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FIGURE 2 Distribution of chemokine and proteases in normal and fibrotic lungs. (a,b) Feature plot showing the distribution of ACE2, CCL2,
CXCL12, C1R, TMPRSS2, and FURIN expression levels in normal lungs (a) and in fibrotic lungs (b)

in viral infection, postinfection immune response, migration, and
adhesion of immune cells. GO and KEGG analysis of ACE2-expressing
arterial vascular cells in the failed heart also suggested that these

cells were highly correlated with virus response and infectious

diseases (Figure 5a,b). Unlike the normal heart, these cells in the
failed heart expressed some regulators of monocyte and B cell dif-
ferentiation, such as SOX4 and MEF2C (Figure 5c), which might be

related to immune response and inflammation.
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FIGURE 3 Different distribution of angiotensin converting enzyme Il (ACE2)-expressing cells in normal and failed hearts. (a,b) Feature plot
showing the distribution of ACE2, GJA4, and MYH6 expression levels in normal hearts (a) and in failed hearts (b). (c) Immunofluorescence
staining of ACE2 (red) expression and DAPI, 4',6-diamidino-2-phenylindole (DAPI) (blue) in normal hearts, and in failed hearts. Scale bar = 20 um
(n = 4). Significance is determined with a two-tailed unpaired Student's t test, **p <.01

3.3 | Higher gene expression of ACE2 in cells
infected by RSV or MERS-CoV

Given that hospital-related transmission of SARS-CoV-2 was sus-
pected in 41% of patients (D. Wang, Hu, et al., 2020), we specu-
lated that patients simultaneously infected by other viruses may

be more susceptible to SARS-CoV-2 infection. We then

determined whether other viral infections might affect the ex-
pression of ACE2. We analyzed ACE2 expression in cells infected
by various viruses, using published RNA-Seq data (GSE140226 and
GSE139516; McAllister et al., 2020). As expected, ACE2 expres-
sion was significantly upregulated when lung carcinoma cells
were infected with the respiratory syncytial virus and MERS-CoV

(Figure 6a,b). Moreover, Ace2 expression in pulmonary endothelial
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FIGURE 4 Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analysis of artery vascular cells in normal
hearts. (a) GO term (biological process) analysis of enriched Marker genes of cluster 7. (b) KEGG pathway analysis of enriched Marker
genes of cluster 7. (c) Feature plot showing the distribution of expression levels of ACE2, CCL2, CXCL12, IGFBP7, ITGA7, ITGA1, FN1,

and CD9 in normal hearts
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FIGURE 5 Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analysis of artery vascular cells in failed hearts. (a)
GO term (biological process) analysis of enriched Marker genes of cluster 5. (b) KEGG pathway analysis of enriched marker genes of cluster 5.
(c) Feature plot showing the distribution of expression levels of ACE2, CD36, CD9, ITGA1, ITGA7, CCL2, CXCL12, SOX4, and MEF2C in failed
hearts

cells of mice was upregulated 72 hr after LPS injection (Jambusaria 4 | DISCUSSION

et al., 2020; Figure 6c). Together, these results indicate that pa-

tients with a virus infection or inflammation might be more sus- SARS-CoV-2 has been reported to exist in human feces, urine, and
ceptible to SARS-CoV-2 infection. blood (W. Wang, Xu, et al., 2020). Given that very few viruses can
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survive gastric acid, the SARS-CoV-2 found in feces is less likely to be
transmitted through the digestive tract than through the blood-
stream. Urine is also directly filtered from blood. Therefore, blood
entry of SARS-CoV-2 is a pivotal step for its spread to other organs,

body fluids and excreta, but how this virus enters the bloodstream
has not been fully elucidated. ACE2 was shown to be a receptor for
SARS-CoV-2, whose expression pattern might provide possible
routes for SARS-CoV-2 entry. In the present study, we demonstrated
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that ACE2 was mainly expressed in arterial vascular cells in fibrotic
lungs, which might cause blood transmission of SARS-CoV-2. Patients
with COPD bear a high mortality rate after being infected with SARS-
CoV-2 (W. Wang, Xu, et al., 2020), and the lungs of COVID-19 patient
displayed characteristics of pulmonary fibrosis (Pan et al., 2020).
Therefore, we speculate that pulmonary artery vascular cells may be
the main target of SARS-CoV-2 attack in patients with pulmonary
fibrosis. SARS-CoV-2 might invade arterial vascular cells, recruit
immune cells, leading to subsequent inflammatory storms, then enter
the bloodstream through the pulmonary artery and cause multiple
organs injury in critical patients or patients with underlying lung
diseases. Further and more detailed work will be needed to explore
whether and how SARS-CoV-2 invades pulmonary artery vascular
cells in COVID-19 patients. We also found that FURIN but not
TMPRSS2 was highly expressed in pulmonary artery vascular cells,
indicating that blocking FURIN may help prevent SARS-CoV-2 in-
vading the pulmonary artery. Thus, our study has provided new in-
sights into SARS-CoV-2 transmission between organs in critical
patients or patients with underlying lung diseases.

The first destination of pulmonary circulation outflow is the
heart. Therefore, we assume that SARS-CoV-2 may attack the heart
through the blood flow, which may explain the high incidence of
cardiac injury in critical patients (W. Wang, Xu, et al., 2020). Also,
heart failure samples displayed a more substantial proportion of
ACE2-positive cells in cardiomyocytes and higher overall expression
of ACE2 than the normal heart, which might explain why patients
with underlying heart diseases were correlated with higher mortality.
Thus, preventing SARS-CoV-2 from entering the bloodstream may
reduce the chance of myocardial damage in patients with underlying
heart diseases. In contrast, the lower proportion of ACE2-expressing
cells in arterial vascular cells of failed hearts might be correlated with
weaker anti-infection ability, along with the activation of the in-
flammatory response induced by SARS-CoV-2 infection.

Finally, we observed a higher gene expression of ACE2 in cells
infected by RSV or MERS-CoV. We speculated that patients si-
multaneously infected by other viruses may have a higher expression
of ACE2, indicating those who bear a coinfection are possibly at a
higher risk and are more susceptible to SARS-CoV-2 infection.
This may explain the high incidence of hospital-related transmission/
infection of SARS-CoV-2 (D. Wang, Hu, et al., 2020). A recent study
also found that ACE2 expression is highly associated with innate
immune genes (Sungnak et al, 2020), and this is an interferon-
stimulated gene (Ziegler et al., 2020). Further study will be needed to
confirm whether interferon therapy can increase the risk of patients’
organ injury.

In conclusion, our findings indicate that patients with pulmonary
fibrosis, heart failure, and virus infection have a higher risk and are
more susceptible to SARS-CoV-2 infection. SARS-CoV-2 might
spread into the bloodstream to attack other organs (Figure 6d). This
study provides new insights into how the virus transmits between
organs. We also propose a potential therapeutic strategy to mitigate
SARS-CoV-2 transmission to the heart and to prevent develop-

ment into severe cases in COVID-19 patients.
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