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Abstract 

The outbreak of pneumonia caused by SARS-CoV-2 posed a great threat to global human health, which 
urgently requires us to understand comprehensively the mechanism of SARS-CoV-2 infection. 
Angiotensin-converting enzyme 2 (ACE2) was identified as a functional receptor for SARS-CoV-2, 
distribution of which may indicate the risk of different human organs vulnerable to SARS-CoV-2 infection. 
Previous studies investigating the distribution of ACE2 mRNA in human tissues only involved a limited 
size of the samples and a lack of determination for ACE2 protein. Given the heterogeneity among 
humans, the datasets covering more tissues with a larger size of samples should be analyzed. Indeed, 
ACE2 is a membrane and secreted protein, while the expression of ACE2 in blood and common blood 
cells remains unknown. Herein, the proteomic data in HIPED and the antibody-based immunochemistry 
result in HPA were collected to analyze the distribution of ACE2 protein in human tissues. The bulk 
RNA-seq profiles from three separate public datasets including HPA tissue Atlas, GTEx, and FANTOM5 
CAGE were also obtained to determine the expression of ACE2 in human tissues. Moreover, the 
abundance of ACE2 in human blood and blood cells was determined by analyzing the data in the 
PeptideAtlas and the HPA Blood Atlas. We found that the mRNA expression cannot reflect the 
abundance of ACE2 factor due to the strong differences between mRNA and protein quantities of ACE2 
within and across tissues. Our results suggested that ACE2 protein is mainly expressed in the small 
intestine, kidney, gallbladder, and testis, while the abundance of which in brain-associated tissues and 
blood common cells is low. HIPED revealed enrichment of ACE2 protein in the placenta and ovary 
despite a low mRNA level. Further, human secretome shows that the average concentration of ACE2 
protein in the plasma of males is higher than those in females. Our research will be beneficial for 
understanding the transmission routes and sex-based differences in susceptibility of SARS-CoV-2 
infection. 
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Introduction 

The 2019 novel coronavirus disease (COVID-19) 
is highly infectious [1, 2], outbreak of which has been 
announced as a global pandemic by the World Health 
Organization on 11 March 2020. The pathogen 

contributed to COVID-19 is Severe Acute Respiratory 
Syndrome Coronavirus 2(SARS-CoV-2), a sister of 
SARS-CoV [3, 4]. As showed by the Center for 
Systems Science and Engineering at Johns Hopkins 
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University (latest updated at 05/20/2020), the global 
cumulative number of confirmed cases has reached 
5,019,609, with 1,983,479 cured cases and 325,855 
deaths [5]. However, there were currently no effective 
drugs and vaccines against SARS-CoV-2, which was 
partly limited by the lack of recognition of the 
mechanism of SARS-CoV-2 infection. Previous 
studies had reported that SARS-CoV-2 used 
angiotensin-converting enzyme 2(ACE2) as the host 
receptor, but not other coronavirus receptors such as 
aminopeptidase N and dipeptidyl peptidase 4 [3, 6]. 
The RNA binding domain of SARS-CoV-2 spike 
protein binds to ACE2 with a 20-30-fold higher 
affinity than SARS-CoV [6-9], which may contribute 
to the rapid transmission of COVID-19. Therefore, the 
distribution of ACE2 in human tissues may indicate 
the susceptibility of different human organs to SARS- 
CoV-2 infection [10]. Some studies explored the 
heterogeneity of ACE2 expression in specific tissue at 
the single-cell level [10-13]. Also, there were several 
studies using transcriptome data to analyze the 
distribution of ACE2 mRNA in human tissues [14-17]. 
However, all these researches only analyzed the 
mRNA level of ACE2, while failed to determine the 
distribution of ACE2 protein. Indeed, given the 
complex composition of a tissue, the result of single- 
cell RNA-sequencing also cannot reflect the average 
abundance of ACE2 in the whole tissues. Further, 
ACE2 is a membrane and secreted protein, while the 
abundance of ACE2 in blood and common blood cells 
remains uncertain. 

To obtain the accurate distribution of ACE2 in 
human tissues, we comprehensively investigated the 
level of ACE2 mRNA and protein across human 
tissues and blood using public transcriptome datasets, 
mass spectrum-based tissues proteomic and 
secretome, and antibody-based immunochemistry 
(IHC). Our study would have implications for 
understanding the transmission routes of SARS-CoV- 
2 as well as the pathogenesis and future treatment for 
SARS-CoV-2. 

Results 

The mRNA expression of ACE2 in normal 
human tissues using different separate public 
datasets 

To comprehensively investigate the mRNA 
expression of ACE2 in human tissues, we collected the 
transcriptome datasets in three public databases, 
including the Tissue Atlas of Human Protein Atlas 
(HPA), Genotype-Tissue Expression (GTEx), and 
Functional Annotation of Mammalian Genomes 5 
(FANTOM5) Cap Analysis of Gene Expression 
(CAGE) [18-22]. These data were separately analyzed 

according to the description in Materials and 
Methods. Given the samples of each tissue maybe 
come from the different individuals, all RNA-seq 
tissue data were present as mean protein-coding 
transcripts per million (pTPM), corresponding to 
mean values of the different individual samples from 
each tissue. As indicated by the result of HPA, ACE2 
mRNA can be virtually detected in many tissues 
(Figure 1A). The top 10 tissues with the highest 
abundance of ACE2 mRNA are small intestine 
(pTPM: 366.3), duodenum (264.5), gallbladder (134.6), 
testis (120.0), kidney (107.2), heart muscle (31.1), colon 
(14.1), rectum (9.0), seminal vesicle (7.0), and thyroid 
gland (5.8) (Figure 1A). Most belonged to 
gastrointestinal tract-associated tissues or organs 
including the small intestine, duodenum, colon and 
rectum. Several were male reproductive 
system-associated organs, including testis and 
seminal vesicle, in accordance with the findings of 
previous publication [16]. As showed by the result of 
GTEx RNA-seq data, the top 10 tissue with the highest 
abundance of ACE2 mRNA were small intestine 
(pTPM:55.2), testis (36.7), adipose tissue (8.8), thyroid 
gland (7.0), kidney (6.8), heart muscle (6.5), colon (5.6), 
breast (4.4), ovary (2.4), salivary gland (1.8), and 
esophagus (1.8) (Figure 1B). Consistent with the result 
of HPA, a relatively high abundance of ACE2 mRNA 
was observed in gastrointestinal tract-associated 
organs, i.e. small intestine and colon. The breast and 
female reproduction system-associated organs 
including breast and ovary also rank in the top 10, 
which is distinct from HPA (Figure 1B). The vagina 
also expressed a low level of ACE2 mRNA with a 
pTPM of 1.4, which was close to the salivary gland 

and esophagus (Figure 1B).  The mRNA expression of 
ACE2 in tissue obtained from the FANTOM5 project 
was reported as scaled tags per million. The top 10 
tissue with the highest abundance of ACE2 mRNA in 
FANTOM5 project included small intestine (scaled 
tags per million: 420.9), colon (197.3), testis (92.3), 
gallbladder (52.6), heart muscle (31.6), kidney (31.5), 
thyroid gland (16.7), epididymis (10.2), ductus 
deferens (6.5), and adipose tissue (5.6) (Figure 1C). Of 
note, despite small intestine and colon rank in Top2 
tissues with the highest abundance of ACE2 mRNA, 
the male reproduction system-associated organs also 
occupied three of ten, i.e., testis, epididymis, and 
ductus deferens (Figure 1C). Given the minor 
difference between these three data sets, we analyzed 
the overlapped tissues among them using a Venn 
diagram. As demonstrated by the Venn diagram, 
there were six overlapped tissues with the top10 
highest abundance of ACE mRNA, including testis, 
kidney, heart muscle, colon, and thyroid gland 
(Figure 1D). 



Int. J. Med. Sci. 2020, Vol. 17 
 

 
http://www.medsci.org 

1524 

 
Figure 1. The mRNA expression of ACE2 in normal human tissues in different separate public datasets. (A) Bar plot of ACE2 mRNA expression across normal 
human tissues and organs based on the RNA-sequencing datasets in HPA tissue Atlas. The level of ACE2 mRNA was represented by the mean protein-coding transcripts per 
million (pTPM). The top10 tissues with highest abundance of ACE2 mRNA were also indicated; (B) Bar plot of the transcript abundance of ACE2 across normal human tissues 
and organs based on the RNA-sequencing datasets in GTEx project. The level of ACE2 mRNA was represented by the mean pTPM. The top10 tissues with highest abundance 
of ACE2 mRNA were also indicated; (C) Bar plot of the transcript abundance of ACE2 across normal human tissues and organs based on the FANTOM5 CAGE dataset. The level 
of ACE2 mRNA was reflected by the normalized Tags Per Million for ACE2, which were calculated by HPA; The top10 tissues with highest abundance of ACE2 mRNA were also 
indicated; (D) Venn diagram analysis (https://bioinfogp.cnb.csic.es/tools/venny/index.html) for obtaining the overlapped tissues with top10 highest level of ACE2 mRNA from the 
result of (A), (B), and (C). 

 

The distribution of ACE2 protein in human 
tissues using immunohistochemistry-based 
protein profiles and mass spectrometry-based 
proteomic dataset 

Given the level of ACE2 mRNA cannot represent 
the abundance of a functional protein, we 
investigated the distribution of ACE2 protein in 

human tissues through analyzing the 
immunohistochemistry data from normal tissue in 
HPA and the public mass spectrometry (MS)-based 
proteomics data in Human Integrated Protein 
Expression Database (HIPED). The antibody-based 
protein profiles were analyzed by HPA, which based 
on basic annotation and knowledge-based annotation, 
to describe the rough relative abundance of ACE2 
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proteins in various tissues. Detailed information can 
be obtained from the Materials and Methods. As 
indicated by the quantitative result of 
immunohistochemistry, there was a high abundance 
of ACE2 protein in five tissues, including the small 
intestine, duodenum, gallbladder, kidney, and testis, 
(Figure 2A). By contrast, the adrenal gland, colon, 
rectum, and seminal vesicle expressed a low level of 
ACE2 protein (Figure 2A). Moreover, ACE2 protein 
was not detected in other tissues including the 
cerebral cortex, cerebellum, hippocampus, caudate, 
thyroid gland, nasopharynx, bronchus, lung, oral 
mucosa, salivary gland, esophagus, stomach, liver, 
pancreas, and urinary bladder et.al, based on the 
rough quantitative result of immunohistochemistry 
(Figure 2A). Next, we analyzed the distribution of 
ACE2 protein in human tissues using the MS-based 
proteomics dataset in HIPED. The level of ACE2 
protein was calculated based on the spectral counts. 
The quantitative results suggested that the ACE2 
protein was enriched in the ovary (log10ppm: 2.2), 
urine (2.0), pancreatic juice (1.9), gut (fetal) (1.0), 
kidney (0.8), testis (0.7), heart (0.3), pancreas (0.3), 
placenta (-0.3), heart (fetal) (-0.7), and gallbladder 
(-1.0), which were ordered by the abundance of ACE2 
protein (Figure 2B). In particular, ACE2 protein was 
positively differentially expressed in that entity in the 
ovary, urine, and pancreatic juice, as defined by the 
quantitative result in HIPED (Figure 2B). However, 
the unique peptides of ACE2 protein cannot be tested 
in both the fetal ovary and testis (Figure 2B). 
Moreover, the ACE2 protein also tested negative in 
human common blood cells, including monocyte, 
neutrophil, B-lymphocyte, T-lymphocyte, CD4 T-cells, 
CD8 T-cells, NK cells, and peripheral blood 
mononuclear cells (Figure 2B). 

The expression of ACE2 in human plasma and 
common blood cells 

Give ACE2 is a membrane and secreted protein, 
we analyzed the level of ACE2 mRNA in the common 
blood cells using the public transcriptome data for the 
common human blood cells sorted by the flow 
cytometry in HPA Blood Atlas [23, 24]. Consistent 
with the proteomic data for ACE2 protein, ACE2 
mRNA was also tested negative in virtually all blood 
cells, including the basophil, eosinophil, neutrophil, 
classical monocyte, non-classical monocyte, 
intermediate monocyte, regulatory T-cells, memory 
CD4 T-cell, naive CD4 T-cell, memory CD8 T-cell, 
naive CD8 T-cell, memory B-cell, naive B-cell, NK cell 
and total PBMC et al., as indicated by the quantitative 
results (Figure 3A). Indeed, such results were further 
supported by the transcriptome in other different 
databases, including Monaco scaled dataset and 

Schmiedel dataset [25, 26] (Supplement Figure 1). We 
also obtained the abundance of ACE2 protein from 
human blood using MS-based proteomics in 
PeptideAtlas [27-29] and proximity extension 
assays-based protein profiling in HPA blood Atlas 
[23, 24]. Based on the spectral counts of MS-based 
proteomics in the PeptideAtlas, the concentration of 
ACE2 protein in plasma approximately reached to 85 
ng/L (Figure 3B). Further, as showed by the quantity 
results of proximity extension assays-based protein 
profiling, the average concentration of ACE2 protein 
in plasma from male showed a minor higher than 
those from female across four visits during one year 
(Figure 3C). 

Discussion 

With the global outbreak of COVID-19, the 
development of the drugs against SARS-CoV-2 had 
become an urgent work. Accomplishment of the virus 
life cycle largely depends on host factors; therefore, 
targeting the virus-host interactions and host cellular 
mechanisms are promising treatment options [30]. On 
the theory, the agents with the ability to target any 
step in the virus life cycle can be designed as antiviral 
drugs. Cell entry is the first step of cross-species 
transmission of the virus, of which for SARS-CoV-2 
was mediated by the spike proteins on its surface to 
bind to the ACE2 receptor [3, 6-9]. Based on the 
strategy of targeting ACE2, several scientists have 
screened potential anti-SARS-CoV-2 drugs [31, 32]. 
Therefore, the comprehensive investigation of ACE2 
expression in human tissues has implications for 
understanding the transmission routes of SARS-CoV- 
2 and the development of anti-COVID-19 drugs. 
Previous studies had investigated the distribution of 
ACE2 mRNA in human tissues and explored the 
expression heterogeneity among specific tissue using 
single-cell RNA-sequencing but with a limited size of 
samples and a lack of determining the protein level of 
ACE2 [10-17]. However, given the great heterogeneity 
among humans, the transcriptome and proteomic 
dataset with a larger number of samples and a wider 
range of tissues such as blood cells should be collected 
to analyze. Indeed, a prior deep proteome and 
transcriptome of 29 healthy human tissues suggested 
a strong difference between mRNA and protein 
quantities and that protein expression was often more 
stable across tissues than that of transcripts [33]. 
Therefore, protein is a more accurate indicator than 
the mRNA of reflecting the abundance of ACE2. In 
this study, we made a comprehensive investigation of 
the mRNA and protein expression of ACE2 in human 
tissues using public transcriptome, proteomic 
datasets, and antibody-based protein profiles. Given 
blood immune cells are also crucial for combating 
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virus infection, we analyzed the expression of ACE2 
mRNA and protein in common blood cells and 
plasma. 

Despite all these databases utilized in this study 
based on RNA-seq, there is a minor difference among 
the transcriptome result obtained from different 
databases, which may be caused by tissue source, 
technical artifacts inherent in the respective 
methodologies, and gene model annotation issues 
among them. In detail, the RNA data in HAP based on 

surgically removed tissues[18], while those in GTEx 
based on postmortem samples [19, 20]. Moreover, the 
mRNA without polyadenylation tails are excluded in 
HPA, leading to the absence of many histone genes, 
while which are present in the FANTOM. Further, the 
cap analysis gene expression peaks mapping more 
than 500 base pairs from the transcription start site are 
absent in the FANTOM. Also, the peaks mapping 
more than one location on the genome are removed 
from FANTOM [34]. 

 

 
Figure 2. The distribution of ACE2 protein in human tissues obtained by immunohistochemistry-based protein profiles and mass spectrometry 
(MS)-based proteomic dataset. (A) The rough relative abundance of ACE2 in human tissues based on immunohistochemistry-base protein profiles, which was obtained from 
HPA. The antibody-based rough relative abundance was determined by combining the basic annotation and knowledge-based annotation. The basic annotation includes staining 
intensity, average positive staining area percentage, and subcellular localization. For the obscure samples, the knowledge annotation such as RNA level was introduced to assess 
the abundance of protein. The data no histogram meant no ACE2 expression in corresponding samples. Detailed information can be obtained from the Materials and Methods; 
(B) The protein expression of ACE2 based on normalized abundances in 69 normal human anatomical entities. The ppm values of ACE2 for each anatomical entity were 
calculated to present as expression value according to the description in Materials and Methods. The expression values were drawn on a root scale, an intermediate between log 
and linear scales. Top10 tissues with highest abundance of ACE2 protein were also indicated. The data no labeling meant no ACE2 expression in corresponding samples. 
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Figure 3. The level of ACE2 mRNA in common blood cells and the abundance of ACE2 protein in human plasma. (A) Bar plot of the transcript abundance of 
ACE2 across common blood cells. The level of ACE2 mRNA was represented by the mean pTPM; The data no labelling meant no ACE2 expression in corresponding samples; 
(B) The concentration of ACE2 in human plasma based on the spectral counts in the proteomics of HIPED, which was obtained from HPA. Other proteins in right Y axis were 
also labeled in the position corresponding to their concentration; (C)Violin plots showing the distribution of levels of ACE2 protein in plasma across the individuals for four visits 
during one years in females and males. Protein expression levels were represented as Normalized Protein Expression (NPX). 
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Of note, we found that the lung expresses a low 
level of ACE2 in both mRNA and protein, which 
seems to be controversial with the lung as the main 
tissue with the typical symptoms in response to 
SARS-CoV-2 infection. Such a result can be explained 
by several reasons as follows. Specifically, and in 
particular, as revealed by prior single-cell RNA- 
sequencing, ACE2 expression positive is only 
observed in a small population (approximately 1%) of 
type II alveolar cells, while the remaining cell 
population in lung express a low level of ACE2 [10, 
11], which supported previous 
immunohistochemistry [35]. However, SARS-CoV-2 
infection remarkably induces the expression of ACE2, 
as an interferon-stimulated gene, in human airway 
epithelial cells [36, 37]. Therefore, the type II alveolar 
cells would represent a basic target of SARS-CoV-2 in 
the lung. The infection of SARS-CoV-2 in type II 
alveolar cells upregulates the level of ACE2 in the 
lung and thereby further facilitates the infection of 
SARS-CoV-2. Indeed, we also cannot exclude the 
possibility that SARS-CoV-2 used other unknown 
factors as a receptor that may be highly expressed in 
lung, especially given that previous study had 
revealed that both TMPRSS2 and CD147 also partly 
mediated the cell entry of SARS-CoV-2 [32, 38]. Also, 
a host restriction factor that lowly expressed in the 
lung for SARS-CoV-2 cell entry needs to be 
considered. Indeed, in accordance with previous 
research [39], we noted that A549 lung alveolar cells 
expressed a low level as indicated by HPA Cell Atlas 
(data not show), implying the cell line is not an ideal 
model to study SARS-CoV-2 in vitro. The in vitro 
model of SARS-CoV-2 infection should be established 
using A549 with exogenous ACE2 or other primary 
lung-derived cells, such as normal human bronchial 
epithelial cells [39]. 

Both testis and kidney tissues expressed a high 
level of ACE2 mRNA and protein, which is consistent 
with previous publications [13, 16]. Such results may 
explain the damage of testis and the impairment of 
male gonadal function caused by SARS-CoV-2 [40]. 
Moreover, both antibody-based IHC and tissue 
transcriptome data also showed a high abundance of 
ACE2 in the small intestine, which is supported by a 
single-cell transcriptome of revealing that the 
digestive system may be an important route of 
SARS-CoV-2 transmission [12]. The high expression 
level of ACE2 in the gastrointestinal tract may explain 
why most of COVID-19 patients show gastrointestinal 
symptoms in the early stage of the infection [41]. 
However, the proteomic data of the small intestine is 
not available in the HIPED. By contrast, some tissues 
harbor with a high abundance of ACE2 mRNA but 
show a low level of ACE2 protein. For example, ACE2 

mRNA can be detected in the bladder, which is 
consistent with a previous study [13], while no ACE2 
protein was observed in urinary bladder as indicated 
by the quantitative result of proteomic data and 
antibody-based IHC. Given there was a divergence 
toward the potential of intrauterine vertical 
transmission in women who develop COVID- 
19 pneumonia during pregnancy [42-44], we also paid 
attention to the expression of ACE2 in the female 
reproduction-associated tissues. Of note, the 
quantitative result of transcriptome supported that 
ovary virtually did not express ACE2, while ovary 
was the organ with the highest level of ACE2 protein 
as indicated by the proteomic data. The placenta also 
expressed a high level of ACE2 protein. Based on 
these results, the intrauterine vertical transmission 
potential of SARS-CoV-2 cannot be underestimated 
despite uterus was tested negative for ACE2 protein. 

Of note, all the transcriptome in different 
database revealed no ACE2 mRNA and protein in the 
common blood cells, including basophil, eosinophil, 
neutrophil, classical monocytes, non-classical 
monocyte, Treg, gd-T cell, MAIT T-cell, memory CD4 
T-cell, naïve CD4 T-cell, memory B-cell, naïve B-cell, 
plasmacytoid DC, myeloid DC, NK cell, and total 
PBMC, suggesting the potential of resistance of 
immune cell against SARS-CoV-2. However, these 
results did not suggest that viral particles cannot 
survival from blood because the public human 
secretome suggested the concentration of ACE2 
protein in plasma is approximately 85 ng/L. Indeed, 
according to the description in the latest New 
Coronavirus Pneumonia Prevention and Control 
Program published by the National Health 
Commission of China, the nucleotides of SARS-CoV-2 
can be tested from the blood sample of patients. 
SARS-CoV-2 infection also caused a remodeling 
myeloid in severe COVID-19 patients [45]. 
Interestingly, a prior study reported that COVID-19 
susceptibility seems to be related to blood group, 
whereas whether such results are associated with the 
level of ACE2 remains uncertain [46]. Further, 
although our result found that there was virtually no 
ACE2 mRNA and protein in the central nervous 
system (CNS), including the cerebral cortex, brain, 
cerebrospinal fluid, and cerebellum, the possibility of 
CNS infection of SARS-CoV-2 cannot be neglected. 
Indeed, accumulating evidence supported the 
neuroinvasive potential of SARS-CoV2 [47, 48]. There 
are also several studies have shown that ACE2 
enzymatic activity can be detected in human brain 
tissue and CSF samples [49], indicating that ACE2 is 
expressed and functional in the CNS of humans. The 
way the tissue is fixed or processed can affect the 
result of IHC or proteomics of these databases. 
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Specifically, there is no need for an autopsy to study 
human blood. By contrast, unlike the data from blood 
cells, for tissue like brain, it required autopsy study. 

In summary, our study reveals that the tissue 
distribution of ACE2 mRNA and protein might differ 
and their correlation is complex. However, our study 
was limited by only analyzed public datasets with a 
lack of confirmation by experiments. Nevertheless, 
our study would be beneficial for understanding the 
risk of different human organs vulnerable to SARS- 
CoV-2 infection. 

Materials and Methods 

Transcriptome sequencing data for human 
tissues acquisition and analysis 

To obtain the comprehensive information 
regarding the transcriptome of human tissues, we 
collected the transcriptome from three public 
databases, including the Human Protein Atlas (HPA) 
tissues atlas, Genotype-Tissue Expression (GTEx) 
project, and Functional Annotation of Mammalian 
Genomes 5 (FANTOM5) project. All these databases 
update irregularly and the version of them we 
analyzed is the latest. In detail, the HPA shows the 
expression of human proteins across tissues and 
organs based on deep RNA-sequencing from 37 major 
different normal tissue types [18]. The mRNA data in 
the HPA tissue Atlas provide quantitative data on the 
average gene expression within an entire tissue to 
estimate the transcript abundance of each 
protein-coding gene. The HPA integrates RNA and 
protein expression data corresponding to 
approximately 80% of the human protein-coding 
genes with access to the primary data for both the 
RNA and the protein analysis on an individual gene 
level. The GTEx project includes genotype data from 
approximately 714 donors and 11688 RNA-seq 
samples across 53 tissues [19, 20]. RNA-seq data from 
36 of their tissue types were mapped based on 
RSEMv1.2.22 (v7) and the resulting TPM values have 
been included in HPA for all corresponding genes. 
Both HPA and GTEx RNA-seq tissue of the 
protein-coding gene is reported as mean pTPM 
(protein-coding transcripts per million), 
corresponding to mean values of the different 
individual samples from each tissue. The FANTOM5 
project provides comprehensive expression profiles 
using Cap Analysis of Gene Expression (CAGE) [21, 
22], which is based on a series of full-length cDNA 
technologies developed in RIKEN. CAGE data for 60 
of their tissues were obtained from the FANTOM5 
repository and mapped to ENSEMBL. The normalized 
Tags Per Million for each gene were calculated in 
HPA. 

HPA immunohistochemistry data for human 
tissues acquisition and analysis 

The HPA Tissue Atlas shows the expression of 
human proteins across tissues and organs based on 
immunohistochemistry on tissue microarrays 
containing 44 different tissues [18, 50]. Annotated 
protein expression profiles were obtained by single 
antibodies or independent antibodies (two or more 
independent antibodies with non-overlapping 
epitopes on the same protein). For independent 
antibodies, the immunohistochemical data from all 
the different antibodies were taken into consideration. 
To obtain a comprehensive overview of protein 
expression patterns in normal human tissues, the 
basic annotation was combined with 
knowledge-based annotation to determine the rough 
relative abundance of proteins in these tissues as 
calculated by HPA tissue Atlas. Basic annotation 
parameters include an evaluation of i) staining 
intensity (negative, weak, moderate or strong), ii) 
fraction of stained cells (<25%, 25-75% or >75%) and 
iii) subcellular localization (nuclear and/or 
cytoplasmic/membranous). Knowledge-based 
annotation was achieved by stringent evaluation of 
immunohistochemical staining pattern, RNA-seq data 
from internal and external sources and available 
protein/gene characterization data, with special 
emphasis on RNA-seq. All immunohistochemical 
images are available and the annotation data can be 
found under primary data in HPA. 

The proteomics datasets of Human Integrated 
Protein Expression Database (HIPED) 
acquisition and analysis 

HIPED is an integrated proteomics platform 
residing within GeneCards, which involved 69 
normal anatomical entities (tissues, cells, and fluids) 
from four databases including ProteomicsDB, 
MOPED, PaxDb, and MaxQB [51]. The ppm protein 
values were calculated for each sample, if not 
provided so by data sources. The intensity-based 
absolute quantification (iBAQ) expression values 
were divided by the sum of values of each sample and 
multiplied by 1,000,000. iBAQ is a proxy for protein 
abundance levels [52]. For all samples, data was gene 
centrically aggregated by summing expression values 
of all isoforms for each gene. Samples from similar 
tissues were averaged, using geometric mean. For 
better visualization of graphs, expression values are 
drawn on a root scale, which is an intermediate 
between log and linear scales [51]. The protein 
expression images present a protein expression vector 
for each gene, based on normalized abundances in 69 
normal human anatomical entities. 
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Protein differential expression provides a list of 
anatomical entities for which a gene is positively 
differentially expressed, based on the 69 integrated 
normal proteomics datasets in HIPED. Genes with 
fold change value >6 and protein abundance value 
>0.1 PPM in an anatomical entity are defined as 
positively differentially expressed in that entity. Fold 
change values were calculated as the ratio between 
the tested dataset protein abundance and the average 
of all datasets. 

The transcriptome, MS-based proteomics 
datasets, and antibody-based immune assays 
of the Human Blood Atlas acquisition and 
analysis 

The Blood Atlas contains single cell type 
information on genome-wide RNA expression 
profiles of human protein-coding genes covering 18 
cell types obtained by Fluorescence-Activated Cell 
Sorting [23]. These cells include various B-cells, 
T-cells, NK-cells, monocytes, and dendritic cells. The 
RNA expression for each gene was analyzed by the 
online tools resided in HPA blood Atlas. The public 
transcriptome datasets from Schmiedel B.J. [25] and 
Monaco G. [26] were also collected to analyze the 
mRNA expression of ACE2 in human common blood 
cells. Give ACE2 is a membrane and secreted protein 
in the blood we further analyzed its abundance in the 
human blood using public MS-based proteomics in 
PeptideAtla [27-29] and HPA blood Atlas [24]. An 
analysis of the proteins detected in human blood was 
presented with an estimation of the respective protein 
concentrations determined with MS-based proteomics 
and proximity extension assays-based protein 
profiling. HPA Blood Atlas provides the protein 
concentration in plasma based on proximity extension 
assays (Olink) for a longitudinal wellness study 
covering 86 individuals with four visits during one 
year at three months intervals. Protein expression 
levels are reported as Normalized Protein Expression 
(NPX). 

Abbreviations 

SARS-CoV-2, Severe Acute Respiratory 
Syndrome Coronavirus 2; COVID-19, Coronavirus 
Disease 2019; ACE2, Angiotensin-converting enzyme 
2; SARS, Severe Acute Respiratory Syndrome; GTEx, 
Genotype-Tissue Expression; FANTOM5 CAGE, 
Functional Annotation of The Mammalian Genome 
Cap Analysis of Gene Expression; HPA, Human 
Protein Atlas; NPX, Normalized Protein Expression. 

Supplementary Material  

Supplementary figure S1.  
http://www.medsci.org/v17p1522s1.pdf  

Acknowledgements 

Funding 

This work was supported by Grants from the 
National Natural Science Foundation of China (No. 
81872908), the Key Projects of Biological Industry 
Science & Technology of Guangzhou China 
(201300000060), Science and Technology Program of 
Guangzhou, China (201604020178), Science and 
Technology Plan Program of Guangdong Province 
China (2012A080204003), and the grant of Research 
&Development, and industrialization of Artemisia 

Argyi-derived disinfectant (No. 2020KZDZX1025) for 
the prevention and control of COVID-19 of 
Guangdong universities. 

Authors’ Contribution 

Yiliang Wang, Yun Wang and Yifei Wang: 
conception and design, collection and/or assembly of 
data, data analysis and interpretation, manuscript 
writing; Weisheng Luo, Lianzhou Huang and Ji Xiao: 
collection and/or assembly of data, data analysis and 
interpretation; Feng Li, Shurong Qin, Xiaowei Song, 
Yanting Wu, Qiongzhen Zeng and Fujun Jin: final 
approval of manuscript. All authors read and 
approved the final manuscript. Yiliang Wang and 
Yun Wang contributed equally to this manuscript. 

Competing Interests 

The authors have declared that no competing 
interest exists. 

References 
1. Wang C, Horby PW, Hayden FG, Gao GF. A novel coronavirus outbreak of 

global health concern. Lancet. 2020; 395: 470-3. 
2. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early Transmission 

Dynamics in Wuhan, China, of Novel Coronavirus-Infected Pneumonia. N 
Engl J Med. 2020; 382: 1199-207. 

3. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and 
epidemiology of 2019 novel coronavirus: implications for virus origins and 
receptor binding. Lancet. 2020; 395: 565-74. 

4. Coronaviridae Study Group of the International Committee on Taxonomy of 
V. The species Severe acute respiratory syndrome-related coronavirus: 
classifying 2019-nCoV and naming it SARS-CoV-2. Nat Microbiol. 2020; 5: 
536-44. 

5. Dong E, Du H, Gardner L. An interactive web-based dashboard to track 
COVID-19 in real time. Lancet Infect Dis. 2020; 20: 533-4. 

6. Xu X, Chen P, Wang J, Feng J, Zhou H, Li X, et al. Evolution of the novel 
coronavirus from the ongoing Wuhan outbreak and modeling of its spike 
protein for risk of human transmission. Sci China Life Sci. 2020; 63: 457-60. 

7. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the 
recognition of SARS-CoV-2 by full-length human ACE2. Science. 2020; 367: 
1444-8. 

8. Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, et al. Structure of the SARS-CoV-2 
spike receptor-binding domain bound to the ACE2 receptor. Nature. 2020. 

9. Shang J, Ye G, Shi K, Wan Y, Luo C, Aihara H, et al. Structural basis of receptor 
recognition by SARS-CoV-2. Nature. 2020. 

10. Zou X, Chen K, Zou J, Han P, Hao J, Han Z. Single-cell RNA-seq data analysis 
on the receptor ACE2 expression reveals the potential risk of different human 
organs vulnerable to 2019-nCoV infection. Front Med. 2020. 

11. Zhao Y, Zhao Z, Wang Y, Zhou Y, Ma Y, Zuo W. Single-cell RNA expression 
profiling of ACE2, the putative receptor of Wuhan. bioRxiv. 2019-nCov; 2020. 

12. Zhang H, Kang Z, Haiyi G, Xu D, Wang J, Li Z, et al. The digestive system is a 
potential route of 2019-nCov infection: a bioinformatics analysis based on 
single-cell transcriptomes. bioRxiv. 2020. 



Int. J. Med. Sci. 2020, Vol. 17 

 
http://www.medsci.org 

1531 

13. Lin W, Hu L, Zhang Y, Ooi J, Meng T, Jin P, et al. Single-cell Analysis of ACE2 
Expression in Human Kidneys and Bladders Reveals a Potential Route of 
2019-nCoV Infection. bioRxiv. 2020. 

14. Shen Q, Xiao X, Aierken A, Liao M, Hua J. The ACE2 Expression in Sertoli cells 
and Germ cells may cause male reproductive disorder after SARS-CoV-2 
Infection. OSF Preprints. 2020. 

15. Li M, Li L, Zhang Y, Wang X. An investigation of the expression of 2019 novel 
coronavirus cell receptor gene ACE2 in a wide variety of human tissues. 
ResearchSquare. 2020. 

16. Fan C, Li K, Ding Y, Lu W, Wang J. ACE2 Expression in Kidney and Testis 
May Cause Kidney and Testis Damage After 2019-nCoV Infection. medRxiv. 
2020. 

17. Chai X, Hu L, Zhang Y, Han W, Lu Z, Ke A, et al. Specific ACE2 Expression in 
Cholangiocytes May Cause Liver Damage After 2019-nCoV Infection. bioRxiv. 
2020. 

18. Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, 
et al. Proteomics. Tissue-based map of the human proteome. Science. 2015; 
347: 1260419. 

19. Carithers L, Moore H. The Genotype-Tissue Expression (GTEx) Project. 
Biopreservation and biobanking. 2015; 13: 307-8. 

20. Keen JC, Moore HM. The Genotype-Tissue Expression (GTEx) Project: Linking 
Clinical Data with Molecular Analysis to Advance Personalized Medicine. J 
Pers Med. 2015; 5: 22-9. 

21. Takahashi H, Lassmann T, Murata M, Carninci P. 5' end-centered expression 
profiling using cap-analysis gene expression and next-generation sequencing. 
Nature protocols. 2012; 7: 542-61. 

22. Lizio M, Abugessaisa I, Noguchi S, Kondo A, Hasegawa A, Hon CC, et al. 
Update of the FANTOM web resource: expansion to provide additional 
transcriptome atlases. Nucleic Acids Res. 2019; 47: D752-D8. 

23. Uhlen M, Karlsson MJ, Zhong W, Tebani A, Pou C, Mikes J, et al. A 
genome-wide transcriptomic analysis of protein-coding genes in human blood 
cells. Science. 2019; 366. 

24. Uhlen M, Karlsson MJ, Hober A, Svensson AS, Scheffel J, Kotol D, et al. The 
human secretome. Sci Signal. 2019; 12: eaaz0274. 

25. Schmiedel BJ, Singh D, Madrigal A, Valdovino-Gonzalez AG, White BM, 
Zapardiel-Gonzalo J, et al. Impact of Genetic Polymorphisms on Human 
Immune Cell Gene Expression. Cell. 2018; 175: 1701-15 e16. 

26. Monaco G, Lee B, Xu W, Mustafah S, Hwang YY, Carre C, et al. RNA-Seq 
Signatures Normalized by mRNA Abundance Allow Absolute Deconvolution 
of Human Immune Cell Types. Cell Rep. 2019; 26: 1627-40 e7. 

27. Desiere F, Deutsch EW, King NL, Nesvizhskii AI, Mallick P, Eng J, et al. The 
PeptideAtlas project. Nucleic Acids Res. 2006; 34: D655-8. 

28. Desiere F, Deutsch EW, Nesvizhskii AI, Mallick P, King NL, Eng JK, et al. 
Integration with the human genome of peptide sequences obtained by 
high-throughput mass spectrometry. Genome Biol. 2005; 6: R9. 

29. Schwenk JM, Omenn GS, Sun Z, Campbell DS, Baker MS, Overall CM, et al. 
The Human Plasma Proteome Draft of 2017: Building on the Human Plasma 
PeptideAtlas from Mass Spectrometry and Complementary Assays. J 
Proteome Res. 2017; 16: 4299-310. 

30. Wang Y, Jin F, Wang R, Li F, Wu Y, Kitazato K, et al. HSP90: a promising 
broad-spectrum antiviral drug target. Arch Virol. 2017; 162: 3269-82. 

31. Wu C, Liu Y, Yang Y, Zhang P, Zhong W, Wang Y, et al. Analysis of 
therapeutic targets for SARS-CoV-2 and discovery of potential drugs by 
computational methods. Acta Pharm Sin B. 2020. 

32. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, 
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked 
by a Clinically Proven Protease Inhibitor. Cell. 2020; 181: 271-80 e8. 

33. Wang D, Eraslan B, Wieland T, Hallstrom B, Hopf T, Zolg DP, et al. A deep 
proteome and transcriptome abundance atlas of 29 healthy human tissues. 
Mol Syst Biol. 2019; 15: e8503. 

34. Uhlen M, Hallstrom BM, Lindskog C, Mardinoglu A, Ponten F, Nielsen J. 
Transcriptomics resources of human tissues and organs. Mol Syst Biol. 2016; 
12: 862. 

35. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H. Tissue 
distribution of ACE2 protein, the functional receptor for SARS coronavirus. A 
first step in understanding SARS pathogenesis. J Pathol. 2004; 203: 631-7. 

36. Wang P-H, Cheng Y. Increasing Host Cellular 
Receptor—Angiotensin-Converting Enzyme 2 (ACE2) Expression by 
Coronavirus may Facilitate 2019-nCoV Infection. bioRxiv. 2020: 
2020.02.24.963348. 

37. Ziegler C, Allon S, Nyquist S, Mbano I, Miao V, Tzouanas C, et al. SARS-CoV-2 
receptor ACE2 is an interferon-stimulated gene in human airway epithelial 
cells and is detected in specific cell subsets across tissues. Cell. 2020. 

38. Wang K, Chen W, Zhou Y-S, Lian J-Q, Zhang Z, Du P, et al. SARS-CoV-2 
invades host cells via a novel route: CD147-spike protein. bioRxiv. 2020: 
2020.03.14.988345. 

39. Nilsson-Payant B. Imbalanced host response to SARS-CoV-2 drives 
development of COVID-19. Cell. 2020. 

40. Ma L, Xie W, Li D, Shi L, Mao Y, Xiong Y, et al. Effect of SARS-CoV-2 infection 
upon male gonadal function: A single center-based study. medRxiv. 2020. 

41. Cholankeril G, Podboy A, Aivaliotis VI, Tarlow B, Pham EA, Spencer S, et al. 
High Prevalence of Concurrent Gastrointestinal Manifestations in Patients 
with SARS-CoV-2: Early Experience from California. Gastroenterology. 2020. 

42. Chen H, Guo J, Wang C, Luo F, Yu X, Zhang W, et al. Clinical characteristics 
and intrauterine vertical transmission potential of COVID-19 infection in nine 

pregnant women: a retrospective review of medical records. Lancet. 2020; 395: 
809-15. 

43. Chen Y, Peng H, Wang L, Zhao Y, Zeng L, Gao H, et al. Infants Born to 
Mothers With a New Coronavirus (COVID-19). Front Pediatr. 2020; 8: 104. 

44. Zeng L, Xia S, Yuan W, Yan K, Xiao F, Shao J, et al. Neonatal Early-Onset 
Infection With SARS-CoV-2 in 33 Neonates Born to Mothers With COVID-19 
in Wuhan, China. JAMA Pediatr. 2020. 

45. Bost P, Giladi A, Liu Y, Bendjelal Y, Xu G, David E, et al. Host-viral infection 
maps reveal signatures of severe COVID-19 patients. Cell. 2020. 

46. Zhao J, Yang Y, Huang H-P, Li D, Gu D-F, Lu X-F, et al. Relationship between 
the ABO Blood Group and the COVID-19 Susceptibility. medRxiv. 2020. 

47. Li YC, Bai WZ, Hashikawa T. The neuroinvasive potential of SARS-CoV2 may 
play a role in the respiratory failure of COVID-19 patients. J Med Virol. 2020. 

48. Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, et al. Neurologic Manifestations 
of Hospitalized Patients With Coronavirus Disease 2019 in Wuhan, China. 
JAMA Neurol. 2020. 

49. Xu J, Sriramula S, Xia H, Moreno-Walton L, Culicchia F, Domenig O, et al. 
Clinical Relevance and Role of Neuronal AT1Receptors in ADAM17-Mediated 
ACE2 Shedding in Neurogenic Hypertension. Circ Res. 2017; 121: 43-55. 

50. Uhlen M, Björling E, Agaton C, Al-Khalili Szigyarto C, Amini B, Andersen E, 
et al. A Human Protein Atlas for Normal and Cancer Tissues Based on 
Antibody Proteomics. Molecular & cellular proteomics : MCP. 2006; 4: 1920-32. 

51. Safran M, Chalifa-Caspi V, Shmueli O, Olender T, Lapidot M, Rosen N, et al. 
Human Gene-Centric Databases at the Weizmann Institute of Science: 
GeneCards, UDB, CroW 21 and HORDE. Nucleic Acids Res. 2003; 31: 142-6. 

52. Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, et al. 
Global quantification of mammalian gene expression control. Nature. 2011; 
473: 337-42. 


