
Article

The protein expression profile of ACE2 in human
tissues
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Abstract

The novel SARS-coronavirus 2 (SARS-CoV-2) poses a global chal-
lenge on healthcare and society. For understanding the susceptibil-
ity for SARS-CoV-2 infection, the cell type-specific expression of the
host cell surface receptor is necessary. The key protein suggested
to be involved in host cell entry is angiotensin I converting enzyme
2 (ACE2). Here, we report the expression pattern of ACE2 across
> 150 different cell types corresponding to all major human tissues
and organs based on stringent immunohistochemical analysis. The
results were compared with several datasets both on the mRNA
and protein level. ACE2 expression was mainly observed in entero-
cytes, renal tubules, gallbladder, cardiomyocytes, male reproduc-
tive cells, placental trophoblasts, ductal cells, eye, and vasculature.
In the respiratory system, the expression was limited, with no or
only low expression in a subset of cells in a few individuals,
observed by one antibody only. Our data constitute an important
resource for further studies on SARS-CoV-2 host cell entry, in order
to understand the biology of the disease and to aid in the develop-
ment of effective treatments to the viral infection.
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Introduction

Coronaviruses are enveloped RNA virions, and several family

members of Coronaviridae belong to the most prevalent causes of

common cold. Two previous coronaviruses that were transmitted

from animals to humans have caused severe disease: the severe

acute respiratory syndrome coronavirus (SARS-CoV) and the Middle

East respiratory syndrome coronavirus (MERS-CoV). The novel

coronavirus SARS-coronavirus 2 (SARS-CoV-2), which shares ~80%

amino acid identity with SARS-CoV, is the agent of the coronavirus

disease 19 (COVID-19), the new rapidly spreading pandemic.

When coronaviruses enter the target cell, a surface unit of the

spike (S) glycoprotein binds to a cellular receptor. Upon entry, cellu-

lar proteases cleave the S protein which leads to fusion of the viral

and cellular membranes. SARS-CoV has previously been shown to

enter the cell via the ACE2 receptor, primed by the cellular serine

protease TMPRSS2 (Li et al, 2005; Matsuyama et al, 2010). Recent

studies suggest that also SARS-CoV-2 employs ACE2 and cellular

proteases for host cell entry, including TMPRSS2, CTSB, and CTSL

(Hoffmann et al, 2020) and that the affinity between ACE2 and the

SARS-CoV-2 S protein interaction is high enough for human trans-

mission (Shang et al, 2020).

For a full understanding of the susceptibility for SARS-CoV-2

infection and the role of ACE2 in clinical manifestations of the

disease, it is necessary to study the cell type-specific expression of

ACE2 in human tissues, both on the mRNA and protein level. The

respiratory system is of special interest due to its high susceptibility

to inhaled viruses, and most viruses infecting humans use different

airway epithelial cells for replication. Given the fact that COVID-19

leads to severe respiratory symptoms, in-depth characterization of

both the upper and lower respiratory tract is of high priority.

Expression of ACE2 in the lung or upper respiratory epithelia would

suggest that these cells can serve as a reservoir for viral invasion

and facilitate SARS-CoV-2 replication. It is however important to

study other tissue locations expressing ACE2 that could serve as

potential points for host entry, or explain the systemic clinical

processes related to severe disease progression in infected

individuals.

ACE2 is a carboxypeptidase negatively regulating the renin–

angiotensin system (RAS), which can induce vasodilation by cleav-

ing angiotensin II. The protein was identified in 2000 as a homolog

to ACE (Tipnis et al, 2000) and due to the importance of ACE in

cardiovascular disease, and the use of ACE inhibitors for treatment

of high blood pressure and heart failure, there has been a large

interest in understanding the function and expression of ACE2 in

various human organs. Early studies based on multi-tissue Northern

blotting and QRT-PCR have suggested moderate to high transcript

expression of ACE2 in kidney, testis, heart, and the intestinal tract,
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while the expression was low or absent in lung (Tipnis et al, 2000;

Harmer et al, 2002). More recently, several large-scale transcrip-

tomics efforts based on next-generation sequencing allow for quanti-

tative assessment across all major human tissue types (Keen &

Moore, 2015; Uhlen et al, 2015; Yu et al, 2015). Complementing

these datasets with single-cell RNA-seq (scRNA-seq) provides an

excellent tool in studies of transcript levels expected to be found in

smaller subsets of cells in complex tissue samples. Several recent

studies using scRNA-seq identified ACE2 expression in specific cell

types, both in the respiratory system and other organs (Lukassen

et al, 2020; preprint: Muus et al, 2020; Sungnak et al, 2020). The

spatial localization of ACE2 on the protein level across the entire

human body is however still poorly understood and necessary for

determining how the expression on the mRNA level can be trans-

lated to physiological and functional phenotypes.

In the present investigation, we performed a large-scale stringent

immunohistochemical analysis based on two independent antibod-

ies and provide a comprehensive summary of ACE2 in situ protein

expression levels in > 150 different cell types corresponding to 45

different human tissues. The analysis included an in-depth charac-

terization of human airways using large sections of nasal mucosa

and bronchus, as well as an extended patient cohort of 360 normal

lung samples. The results were compared with transcriptomics,

scRNA-seq, Western blot, and mass spectrometry data, in order to

provide a comprehensive overview of ACE2 expression across all

major human tissues and organs at different levels.

Results

Transcriptomic profiling of ACE2

For understanding human physiology and disease, it is necessary to

quantify the expression of all protein-coding genes across different

organs, tissues, and cell types and study the expression in a tissue-

restricted manner. Several recent large-scale transcriptomics efforts

provide a framework for defining the molecular constituents of the

human body. Three such body-wide initiatives include the Human

Protein Atlas (HPA) consortium (Uhlen et al, 2015) and the

genome-based tissue expression (GTEx) consortium (Keen & Moore,

2015) based on RNA-seq, and the FANTOM5 consortium (Yu et al,

2015) based on cap analysis gene expression (CAGE). The HPA

consortium aims at characterizing the entire human proteome in

tissues, organs, cells, and organelles using a combination of tran-

scriptomics and antibody-based proteomics. In the open-access

database www.proteinatlas.org, expression profiles based on both

external and internal datasets are shown, together with primary

data, criteria used for validation and original high-resolution images

of immunohistochemically stained human tissue samples. The HPA

displays mRNA expression data from HPA, GTEx, and FANTOM5

and also summarizes the three datasets as normalized expression

levels (NX) across 61 tissues, organs, and blood cell types (Uhlen

et al, 2016b, 2019). Figure 1 shows an overview of ACE2 expression

based on transcriptomics. The analysis covers all major parts of the

human body, corresponding to 16 different organ systems, including

blood (Fig 1A). Based on the consensus of the three datasets and

NX = 1.0 as detection limit, expression above the cutoff was

observed in 20 different tissue types (Fig 1B). The highest

expression was observed in the intestinal tract, followed by kidney,

testis, gallbladder and heart. A few tissues showed a lower expres-

sion of < 5 NX, e.g., thyroid gland and adipose tissue, while several

organs had an expression level just above or below cutoff, including

liver, female reproductive organs, and lung, with some variations

between the three different datasets. Brain, lymphoid tissues, skin,

smooth muscle, and immune cells showed a consistent lack of

expression.

Single-cell transcriptomic profiling of ACE2

In order to study the role of ACE2 in human tissues, it is necessary

to analyze the expression at a cell type-specific level, since smaller

subsets of cells may express the receptor and may result in expres-

sion values below detection limit when mixed with all other cells in

a complex tissue sample. Single-cell RNA-seq (scRNA-seq) consti-

tutes an excellent tool in studies of transcript levels expected to be

found in smaller subsets of cells in complex tissue samples. The

largest initiative aiming to create a comprehensive map of human

organs based on scRNA-seq is the Human Cell Atlas consortium,

which coordinates efforts from > 1,000 different institutes across

> 70 countries (Regev et al, 2017).

Recently, several datasets presenting the expression of ACE2 in

different human tissue types, including the respiratory system, have

been described. In the present investigation, nine publicly available

scRNA-seq datasets from ileum (Wang et al, 2020b), kidney (Liao

et al, 2020), testis (Guo et al, 2018), lung (Reyfman et al, 2019;

Viera Braga et al, 2019; Han et al, 2020), bronchus (Viera Braga

et al, 2019; Lukassen et al, 2020), and nasal mucosa (Viera Braga

et al, 2019) were re-analyzed (Fig 2). The results were largely

consistent with the transcriptomics datasets from HPA, GTEx, and

FANTOM5, confirming high expression levels in > 60% of ileal ente-

rocytes and > 6% of renal proximal tubules. In testis, > 3% of

Leydig/Sertoli cells and peritubular cells showed a high expression

of ACE2. The percentage of testicular cells expressing ACE2 could

however be biased due to underrepresentation of Sertoli cells in the

original study (Guo et al, 2018).

The analysis of human lung from three different datasets

suggested an enrichment in alveolar cells type 2 (AT2), although it

should be noted that expression was identified only in a very small

fraction of the AT2 cells (< 1%), which is in line with other recent

studies (preprint: Zhao et al, 2020; Zou et al, 2020). Low expression

was also observed in 2–3% and 7% of the cells in bronchus and

nasal mucosa, respectively, with the highest expression observed in

ciliated cells and goblet cells.

Protein profiling of ACE2 based on immunohistochemistry

Several recent studies and datasets both on whole tissue transcrip-

tomics and scRNA-seq have provided careful evaluation of ACE2

expression patterns on the mRNA level. For a complete understand-

ing of the role of ACE2 in health and disease, validation on the

protein level is however necessary, as the exact localization of

proteins is tightly linked to protein function. Complementing the

transcriptomics datasets with imaging-based proteomics allows

studying proteins at their native locations in intact tissue samples.

The standard method for visualizing proteins is antibody-based

proteomics using immunohistochemistry, which not only gives the
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Figure 1. ACE2 expression in human tissues based on transcriptomics.

A Overview of the tissues and organs analyzed based on transcriptomics by the three independent consortia Human Protein Atlas (HPA), FANTOM5, and GTEx. In total,
16 organ systems (with several tissues comprising an organ system) were used to create a consensus normalized expression (defined as the unit NX) based on the
expression levels of all three datasets.

B ACE2 gene expression summary in human tissues in 61 different tissues and cells in NX. Cutoff for what is regarded as expressed was set to 1.0 NX.
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possibility to define protein localization in different compartments

at a single-cell and subcellular level but also provides important

spatial information in the context of neighboring cells.

Standardized immunohistochemistry using two independent

antibodies toward ACE2 was performed on TMAs containing up to

22 unique patient samples per tissue type from 44 different human

tissues and organs (Table EV1), as well as a large section of human

eye. ACE2 immunoreactivity was manually quantified in 159 dif-

ferent cell types, out of which 28 were positive using MAB933

(R&D Systems), and 32 were positive using HPA000288 (Atlas Anti-

bodies). Protein expression data for all cell types using both anti-

bodies are summarized in Table EV2. A schematic figure of ACE2-

positive cell types can be observed in Fig 3A, as well as an over-

view of ACE2 expression patterns where at least one tissue sample

showed staining with at least one antibody (Fig 3B). The results are

well in line with mRNA datasets from both whole tissue transcrip-

tomics and scRNA-seq. ACE2 immunoreactivity was observed in

the intestinal tract, most abundant in duodenum and small intes-

tine, with lower levels in stomach and large intestine (Fig 4).

Consistent with high mRNA levels, distinct expression was also

found in kidney, gallbladder, and testis. The expression in heart dif-

fered between the antibodies, with HPA000288 showing more

prominent expression in cardiomyocytes. Several organs with lower

mRNA levels, such as thyroid gland, epididymis, seminal vesicle,

pancreas, liver, and placenta, showed positivity in smaller subsets

of cells. High expression was also found in conjunctiva and cornea

of the eye. Interestingly, small capillaries were consistently stained

by both antibodies only in a few organs, including heart, pancreas,

thyroid gland, parathyroid gland, and adrenal gland. Staining of cili-

ated cells in fallopian tube was only found for HPA000288. In

general, the same tissue types showed similar expression patterns

with low inter-individual variation, except for bronchus and nasal

mucosa, where only one sample each out of six or eight analyzed

TMA samples, respectively, showed positivity in a subset of ciliated

cells for HPA000288. No immunoreactivity was observed in

bronchus or nasal mucosa samples for MAB933, and none of the

antibodies showed positivity in any of the lung samples. This is

inconsistent with recent findings based on scRNA-seq suggesting

low expression levels of ACE2 in specific cell types of lung and

respiratory epithelia.

Despite mRNA expression levels above 1.0 NX, no confident

expression on the protein level could be confirmed in adipose

tissue, breast, ovary, esophagus or salivary gland. All other tissues

with very low or absent expression based on transcriptomics were

consistently negative also on the protein level, including brain,

lymphoid tissues, skin, smooth muscle and immune cells

(Fig EV1).
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▸Figure 2. ACE2 expression in human tissues based on single-cell
transcriptomics.

Dot plots summarizing the transcriptomics levels of ACE2 based on different
scRNA-seq datasets and tissues. Three different scales were used, in order to be
able to compare percentages of cells expressing ACE2 both between and within
tissue types. The size of the dots indicates the percentage of cells expressing ACE2
in respective cell type with a maximum of 60% (left column), 10% (middle
column) and 1% (right column), and the color saturation corresponds to the
average expression level. Plots were generated using Seurat package in R.
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Immunohistochemical analysis of ACE2 in the upper and lower
respiratory tract

Given the importance of the respiratory system for further under-

standing of SARS-CoV-2 infection and the fact that expression in

these tissues could not be confidently confirmed on the protein

level, we decided to perform an in-depth characterization of both

the upper and lower respiratory tract in order to determine if rare

expression had been missed in the initial analysis. An extended

immunohistochemical analysis was performed for both antibodies

on eight large sections of bronchus, 12 large sections of nasal

mucosa, as well as a TMA cohort comprising histologically normal

lung samples from 360 individuals (Table EV3). The results for

bronchus and nasal mucosa were consistent with the initial TMA

analysis, with cilia staining for the HPA000288 antibody only in a

subset of cells in a few individuals, more abundant in nasal mucosa

compared to bronchus (Fig 5, Table 1). In the lung cohort, only two

individuals showed positivity for the HPA000288 antibody in struc-

tures most likely representing AT2 cells, while all other samples

were negative (Fig 5, Table 1). The MAB933 antibody showed

ACE2 expression of AT2 cells in one lung individual only, while all

other samples of both the upper and lower respiratory tract were

negative.

Protein profiling of ACE2 based on Western blot and
mass spectrometry

While immunohistochemistry has the advantage of determining

spatial localization of proteins, the method is only semi-quantita-

tive. Another method for determining protein levels in a tissue

sample is mass spectrometry. Based on publicly available mass

spectrometry datasets and protein abundance data obtained from

PaxDB, ACE2 seemed to be most abundant in kidney and testis,

followed by gallbladder, liver and heart (Fig 6A). No expression

was observed in nasal mucosa, lung, oral mucosa or esophagus.

Similar results were obtained with data from ProteomicsDB

(Fig 6B), which underlined a high expression of ACE2 in kidney,

rectum, ileum and testis, but no data were available for lung or

upper airways. PaxDB and ProteomicsDB both take into

consideration the large-scale studies based on mass spectrometry of

different normal human tissues published in 2014 (Kim et al, 2014;

Wilhelm et al, 2014). Data from these studies generally correlated

well with mRNA expression levels from HPA, GTEx and FANTOM5,

with higher expression observed in, e.g., kidney and testis, and no

expression in lung. Since methods used in these studies were untar-

geted, it cannot be ruled out that ACE2 was expressed at lower

levels in lung.

In order to determine the specificity of the ACE2 antibodies used

for immunohistochemistry with another method, both antibodies

were analyzed with Western blot, using lysates from lung (one male

and one female), kidney, colon and tonsil (Fig 6C). Both antibodies

showed a strong band corresponding to 100–130 kDa in kidney. A

weaker band of slightly lower size was seen for MAB933 in colon,

while no bands were detected in lung or tonsil for any of the anti-

bodies.

Discussion

ACE2 is suggested to be the key protein involved in SARS-CoV-2

host cell entry. Here, we present the overall expression profile of

ACE2 using multiple technologies, to gain insights into the impor-

tance of this protein for the development of treatments and vaccines

to combat COVID-19 and related diseases. Using an integrated omics

approach, we here analyzed the spatial localization of ACE2 on the

protein level in > 150 different cell types corresponding to all major

human tissues and organs, and compared the expression profiles

with multiple transcriptomics datasets.

In order to achieve the best estimate of protein expression across

tissues and cells, stringent antibody validation strategies are needed.

The International Working Group for Antibody Validation (IWGAV)

formed with representatives from several major academic institu-

tions (Uhlen et al, 2016a) has proposed five different pillars to be

used for antibody validation to ensure reproducibility of antibody-

based studies and promote stringent strategies for validation. To

ensure that an antibody binds to the intended protein target, the

validation must be performed in an application-specific manner,

using at least one of the strategies suggested by IWGAV (Edfors

◀ Figure 3. ACE2 protein expression in human tissues based on immunohistochemistry.

A Summary of cell types positive for ACE2 using at least one antibody. Illustrations were in part adapted from https://biorender.com/.
B Details of cell type-specific protein expression levels based on immunohistochemistry in tissues showing distinct immunohistochemical staining in at least one cell

type using at least one antibody. Left panel: MAB933 (R&D Systems). Right panel: HPA000288 (Atlas Antibodies). Dot size: level of immunohistochemical staining based
on staining intensity and fraction of positive cells. Asterisk: no ACE2 protein expression was observed in the standard TMA analysis, however ACE2 protein expression
in lung AT2 cells was detected in an extended lung TMA cohort.

▸Figure 4. Cell type-specific localization of ACE2 in human tissues based on immunohistochemistry.

Representative images of 20 tissue types and histological structures stained on consecutive sections with immunohistochemistry using two antibodies targeting human
ACE2 protein (brown), and counterstained with hematoxylin (blue). Most intense antibody staining was observed in microvilli of the intestinal tract and renal proximal
tubules, in membranes of gallbladder epithelium, epididymis epithelium, testicular Sertoli cells and Leydig cells, a subset of glandular cells in seminal vesicle and cytoplasm
of cardiomyocytes, with HPA000288 also staining the cardiac muscle fibers, while MAB933 only showed staining in a few cells. Distinct ACE2 staining for both antibodies was
also present in cornea and conjunctiva of the eye, interlobular pancreatic ducts, as well as in placental villi, both in cytotrophoblasts, syncytiotrophoblasts, and also in
extravillous trophoblasts, while placenta decidua was negative. ACE2 staining could be observed at the base of ciliated fallopian tube epithelium, however only for one of the
antibodies. Note that ACE2 protein expression was less prominent in the crypts of the mucosal intestinal layer. ACE2 was also positive in endothelial cells and pericytes in
several tissues, see fallopian tube, thyroid, parathyroid, adrenal gland, pancreas, and heart. Scale bar = 50 lm. Scale bar in dashed squares = 10 lm (Brunner = Brunner’s
gland, EVT = extravillous trophoblasts, endo = endothelial cells).
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MAB933 HPA000288 MAB933
Bronchus - re. epitheliumNasal mucosa - re. epithelium

HPA000288

Male 58y Female 71y

Male 64y Male 75y

Female 55y Female 61y

Lung

MAB933

HPA000288

Nasal mucosa - sq. epithelium Lung - bronchiolus

Male 58y Female 71y

Bronchus - submucosal glandNasal - submucosal gland

Male 58y Male 58y

Male 60y

Male 60y

Male 9y Male 72y

Male 22y Male 58y

Male 54y Female 46y

Figure 5. Cell type-specific localization of ACE2 in human respiratory system based on immunohistochemistry.

Representative images of human respiratory tissues, all stained on consecutive sections, with immunohistochemistry using two antibodies targeting human ACE2 protein
(brown), and counterstained with hematoxylin (blue). Respiratory tissues were composed of different structures in nasal mucosa, bronchus, smaller bronchioles, and lung
parenchyma. ACE2 staining could be observed at the base of ciliated cells in both nasal mucosa and bronchial epithelium (arrowheads). Rare ACE2 staining was present in a
few alveolar cells (arrows). No staining was observed in nasal squamous epithelium, bronchioles, or submucosal glands in either tissue. Gender and age are shown for all
individuals. Red and green colored squares mark the positions in the TMA cores shown as magnifications. Scale bar = 50 lm. Scale bar for images in dashed
squares = 10 lm (re = respiratory; sq = squamous).
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et al, 2018). For immunohistochemistry, two different strategies for

antibody validation can be used: orthogonal strategy, based on

comparison of protein expression levels using an antibody-indepen-

dent method analyzing the expression levels of the same target

across tissues expressing the target protein at different levels (1); or

independent antibody strategy, defined as a similar expression

pattern observed by an independent antibody targeting the same

protein (2). In the present investigation, both antibodies used for

ACE2 immunohistochemistry passed validation criteria suggested by

IWGAV. The overall protein expression patterns showed a high

correlation with mRNA expression levels from three different data-

sets (HPA, GTEx and FANTOM5), thereby validating the antibodies

using an orthogonal method. Protein expression levels based on

immunohistochemistry were also highly consistent with tissue

levels observed by mass spectrometry-based proteomics. In addi-

tion, the protein expression patterns were in general similar

between the two different antibodies that were raised toward partly

overlapping epitopes.

We could confidently present the cell type-specific localization of

ACE2 across several tissues with consistent high expression levels

both on the mRNA and protein level, including the intestinal tract,

kidney, gallbladder, heart, and testis. Several recent studies have

highlighted COVID-19 related symptoms in organs expressing high

levels of ACE2, including gastrointestinal symptoms (Guan et al,

2020), renal failure (preprint: Cheng et al, 2020; preprint: Wang

et al, 2020a), cardiac injury (Huang et al, 2020; preprint: Hui et al,

2020a; Zheng et al, 2020), and effects on male gonadal function

(preprint: Ma et al, 2020). SARS-CoV-2 has also been detected in

stool (Xu et al, 2020), urine (Peng et al, 2020), and semen (Li et al,

2020) samples. Recently, it was shown that the virus can produc-

tively infect human gut enterocytes, highlighting the need to further

study virus shedding in the gastrointestinal tract and the possibility

of fecal–oral transmission. While the transcriptomics datasets from

HPA, GTEx, and FANTOM5 did not include whole samples of human

eye, both antibodies showed distinct ACE2 expression in superficial

layers of cornea and conjunctiva. Interestingly, ex vivo cultures of

human conjunctiva have shown high tropism for SARS-CoV-2, and a

recent study also suggested transcript expression of ACE2 in corneal

epithelium (Hui et al, 2020b; preprint: Sun et al, 2020).

The use of strict IWGAV recommendations has major advantages

in confirming expression patterns that consistently show a high

level of expression based on orthogonal methods and more than

one antibody. It is also useful for confidently identifying tissues that

are expected to lack expression and can serve as negative controls.

In the present investigation, no dataset showed ACE2 expression in

the brain, lymphoid tissues, skin, smooth muscle, and immune

cells. However, it is important to point out that identification of

mRNA transcripts or proteins expressed at very low levels can be

inconclusive. Several organs that based on transcriptomics showed

low ACE2 mRNA levels were here found to be positive in smaller

structures in the immunohistochemical analysis. Such structures

include subsets of epithelial cells in epididymis or seminal vesicle,

or capillaries that correspond to a small fraction of the total amount

of cells in a certain sample. Such staining patterns that are repre-

sented by both antibodies are highly interesting for further studies.

In this context, it is worth noting that expression of ACE2 has

recently been described in the vasculature, suggesting a high expres-

sion of ACE2 in microvascular pericytes. One could speculate that

the expression in the vasculature in heart or other organs may

explain clinical manifestations of the SARS-CoV-2, such as hyperin-

flammation, coagulation, vascular dysfunction, and troponin leak-

age, resulting in a higher risk of thromboembolism and critically ill

conditions (Chen et al, 2020a; preprint: He et al, 2020; preprint:

Muus et al, 2020). Further colocalization studies using high-resolu-

tion microscopy are needed in order to confirm if the vascular

expression identified here is in fact endothelial cells or pericytes,

but the consistent expression in smaller capillaries of several

organs, especially in heart and the endocrine system, highlights the

importance to explore the role of the vasculature in SARS-CoV-2

infection. Both antibodies also showed distinct expression in placen-

tal trophoblasts, most prominent with one of the antibodies. The

high ACE2 protein expression in syncytiotrophoblasts is consistent

with recent studies on SARS-CoV-2 invasion of human placenta,

where the virus was localized predominantly to syncytiotro-

phoblasts (Hosier et al, 2020). This highlights the importance to

further explore the possibility of transmission of SARS-CoV-2 from

mother to fetus.

The original report of ACE2 protein expression showed positivity

in most tissue and cell types examined, including AT2 cells

(Hamming et al, 2004). However, only one antibody was used in

this study and the antibody showed strong staining in several

organs that lack mRNA expression according to the data from HPA,

GTEx, and FANTOM5 presented here. The antibody thus does not

meet the criteria for enhanced validation proposed by the Interna-

tional Working Group for Antibody Validation (IWGAV). Several

other studies are also inconclusive. As an example, the MAB933

Table 1. Summary of ACE2 positive and negative cases in extended normal lung TMA cohort and whole slide tissue sections of nasal mucosa
and bronchus.

Tissue ACE2 IHC

MAB933 HPA000288

Female Male Female Male

Nasal mucosa (n = 12) Positive 0 0 1 5

Negative 1 11 0 6

Bronchus (n = 8) Positive 0 0 0 2

Negative 4 4 4 2

Lung (n = 360) Positive 0 1 1 1

Negative 183 176 182 176

The number of positive or negative cases is shown for each antibody and gender of each tissue.

ª 2020 The Authors Molecular Systems Biology 16: e9610 | 2020 9 of 16

Feria Hikmet et al Molecular Systems Biology



A

B

G
al

lb
la

dd
er

 - 
In

te
gr

at
ed

G
al

lb
la

dd
er

 - 
K

im
, 2

01
4

G
al

lb
la

dd
er

 - 
W

ilh
el

m
, 2

01
4

Li
ve

r -
 In

te
gr

at
ed

Li
ve

r -
 C

H
LP

PC
, 2

01
0

Li
ve

r -
 D

LP
E

P
, 2

00
6

Li
ve

r -
 D

LP
E

P
, 2

00
7

Li
ve

r -
 K

im
, 2

01
4

Li
ve

r -
 P

ep
tid

eA
tla

s,
 2

01
3

Li
ve

r -
 W

ilh
el

m
, 2

01
40

20

40

60

80

100

120

140

160

K
id

ne
y 

- I
nt

eg
ra

te
d

K
id

ne
y 

- K
im

, 2
01

4
K

id
ne

y 
- P

ep
tid

eA
tla

s,
 2

01
3

K
id

ne
y 

- W
ilh

el
m

, 2
01

4
Te

st
is

 - 
In

te
gr

at
ed

Te
st

is
 - 

K
im

, 2
01

4
Te

st
is

 - 
W

ilh
el

m
, 2

01
4

H
ea

rt 
- I

nt
eg

ra
te

d
H

ea
rt 

- A
ye

, 2
01

0
H

ea
rt 

- K
im

, 2
01

4
H

ea
rt 

- K
lin

e,
 2

00
8

H
ea

rt 
- P

ep
tid

eA
tla

s,
 2

01
4

P
an

cr
ea

s 
- I

nt
eg

ra
te

d
P

an
cr

ea
s 

- K
im

, 2
01

4
P

an
cr

ea
s 

- W
ilh

el
m

, 2
01

4
O

ra
l m

uc
os

a 
- W

ilh
el

m
, 2

01
4

E
so

ph
ag

us
 - 

In
te

gr
at

ed
E

so
ph

ag
us

 - 
K

im
, 2

01
4

E
so

ph
ag

us
 - 

W
ilh

el
m

, 2
01

4
C

ol
on

 - 
In

te
gr

at
ed

C
ol

on
 - 

K
im

, 2
01

4
C

ol
on

 - 
W

ilh
el

m
, 2

01
4

R
ec

tu
m

 - 
In

te
gr

at
ed

R
ec

tu
m

 - 
Ki

m
, 2

01
4

R
ec

tu
m

 - 
W

ilh
el

m
, 2

01
4

N
as

al
 m

uc
os

a 
- W

ilh
el

m
, 2

01
4

Lu
ng

 - 
In

te
gr

at
ed

Lu
ng

 - 
A

bd
ul

-S
al

am
, 2

01
0

Lu
ng

 - 
K

im
, 2

01
4

Lu
ng

 - 
W

ilh
el

m
, 2

01
4

P
ro

st
at

e 
- I

nt
eg

ra
te

d
P

ro
st

at
e 

- K
im

, 2
01

4
P

ro
st

at
e 

- W
ilh

el
m

, 2
01

4
B

ra
in

 - 
In

te
gr

at
ed

B
ra

in
 - 

M
ar

te
ns

, 2
00

6
B

ra
in

 - 
P

ep
tid

eA
tla

s,
 2

01
1

B
ra

in
 - 

P
ep

tid
eA

tla
s,

 2
01

3

pa
rts

 p
er

 m
ill

io
n 

(p
pm

)

Lung Lung Kidney Colon Tonsil

250

130

100

70

55

35

25

15

10

 

HPA000288

Lung Lung Kidney Colon Tonsil

250

130

100

70

55

35

25

15

10

 

MAB933

H
ea

rt
G

al
lb

la
dd

er

K
id

ne
y

R
ec

tu
m

C
ol

on
Ile

um
Te

st
is

P
an

cr
ea

s
P

la
ce

nt
a0

1

2

3

4

5

lo
g 

10
 n

or
m

al
iz

ed
 iB

A
Q

 in
te

ns
ity

C

Figure 6.

10 of 16 Molecular Systems Biology 16: e9610 | 2020 ª 2020 The Authors

Molecular Systems Biology Feria Hikmet et al



antibody from R&D Systems that was used here was in an earlier

report observed in primary cultures of human airway epithelia (Jia

et al, 2005), while a more recent study on many individuals using

the same antibody found very limited expression in the respiratory

system (preprint: Aguiar et al, 2020). The latter study confirms the

results shown in the present investigation using this antibody. Other

studies showed different results between antibodies, or did not

study the protein expression across many individuals in comparison

with levels observed in other tissues (preprint: Lee et al, 2020;

preprint: Muus et al, 2020).

While the two antibodies used in the present study showed

consistent staining patterns in most tissues and cell types, only one

antibody showed positivity in ciliated cells of fallopian tube and

respiratory epithelium. Several recent studies based on scRNA-seq

analysis of the respiratory system point at highest expression in cili-

ated cells, suggesting that these cells could serve as a main route of

infection for SARS-CoV-2 (preprint: Muus et al, 2020; Sungnak et al,

2020). This is underpinned by the fact that swabs from the throat

and nose often contain high levels of SARS-CoV-2. Novel data from

experimental infection of human bronchial epithelial cells (HBECs)

also highlight ciliated cells as the major target of infection (preprint:

Ravindra et al, 2020). The staining in ciliated cells observed by one

antibody in the present investigation was mainly localized to ciliary

rootlets in a subset of cells in nasal mucosa from a few individuals

and in only one bronchus sample. Since the staining of ACE2 was

mainly observed in nasal epithelium, it would be of interest to study

the difference in ACE2 expression between epithelial cells situated

in the upper nasal and lower bronchial respiratory tract. In a recent

study by the Human Cell Atlas Lung Biological Network and co-

workers (Ziegler et al, 2020), it could be established that an inter-

feron stimulation in fact leads to overexpression of ACE2 in bron-

chial cells, among other cell types. Based on scRNA-seq of human

lung, low ACE2 expression is mainly found in a small subset of AT2

cells, often in < 1% of the cells. Here, ACE2 positivity in a few cells,

most likely representing AT2 cells, was observed in two samples of

a patient cohort consisting of normal lung parenchyma from 360

patients, while all other individuals were completely negative.

ACE2 protein expression based on other methods for protein

detection, such as mass spectrometry and Western blot, was mainly

consistent with the immunohistochemistry-based analysis. It should

however be noted that these methods represent low-sensitivity

approaches not well suited in the search for low abundant proteins.

Antibody-based proteomics using immunohistochemistry has the

advantage of spatial localization of proteins in the context of neigh-

boring cells and is therefore useful for the detection of staining

patterns observed only in small subsets of cells. The method

however requires careful optimization, as even specific antibodies

that have been shown to target the correct protein may generate

additional unspecific off-target binding depending on antigen

retrieval method, dilution or detection method (O’Hurley et al,

2014). While immunohistochemistry is a comparably more sensitive

approach than mass spectrometry and Western blot, it may however

fail to show expression of proteins detected at very low levels, as

they may fall under detection limit. Immunohistochemistry on

formalin-fixed tissue samples involves cross-linking that may mask

access of the antibody to certain epitopes, or antibody binding may

be hindered by glycosylation. In the present investigation, two anti-

bodies both targeting the extracellular domain of ACE2 were used

for immunohistochemical analysis, and only one of the antibodies

showed positivity in ciliated cells. Further studies using other anti-

bodies with non-overlapping epitopes including antibodies targeting

the cytoplasmic domain are needed to confirm these findings.

Analysis of ACE2 mRNA transcripts based on spatial transcrip-

tomics or in situ hybridization would also add important information

on ACE2 expression in a tissue context that can be compared with

results from antibody-based proteomics. Since transcript levels largely

can be considered as a proxy for protein expression levels, transcrip-

tomics analyses constitute attractive approaches for quantitative

measurements across different tissues and cell types. High-

throughput mRNA sequencing based on RNA-seq of whole tissue

samples is a robust and sensitive method that has low technical varia-

tion, thereby valuable for comparisons between organs and identifi-

cation of genes elevated in certain organs. Bulk RNA-seq however

reflects the average gene expression across thousands of cells in

complex tissue samples, making the method less suitable for answer-

ing questions on cell-to-cell variations in gene expression levels. With

the introduction of scRNA-seq, another level of specificity is added,

revolutionizing transcriptomics studies allowing for dissecting gene

expression at single-cell resolution. This new method however leads

to noisier and more variable data compared to bulk RNA-seq (Chen

et al, 2019). Technical limitations related to the different techniques

used for tissue dissociation result in a lower amount of starting mate-

rial for sequencing. The proportions of different cell types analyzed

within a tissue may be biased and not reflect the true biological

proportions, due to some cell types being less tolerant for dissocia-

tion. It may also lead to the “drop out” phenomenon, where a gene

showing high expression levels in a certain cell lacks expression in

other cells corresponding to the same cell type (Haque et al, 2017).

Other limitations include challenges related to interpretation and

analysis of the complex datasets, involving quality control for remov-

ing low-quality scRNA-seq data, normalization and manual annota-

tion of cell clusters. It is also important to note that scRNA-seq data

generated by different methods or platforms may lead to batch

effects. To be able to compare expression data based on scRNA-seq

datasets from different sources across diverse cell and tissue types in

a consistent way, the global Human Cell Atlas effort promotes stan-

dardization of methods and strategies used for both scRNA-seq proto-

cols and data analysis (Ding et al, 2020; Mereu et al, 2020). Further

advances in this emerging field are likely to lead to more refined

maps on the single-cell transcriptomes of different human tissues and

organs in health and disease. As various methods for mRNA and

protein detection have different advantages and disadvantages, an

◀ Figure 6. ACE2 expression in human tissues based on mass spectrometry and Western blot.

A ACE2 protein abundance in different human tissues based on various studies processed by PaxDB, with expression levels presented as parts per million (ppm). The
“Integrated” dataset corresponds to PaxDB estimation of average expression.

B ACE2 protein abundance in different human tissues from ProteomicsDB, with the median expression presented in log10(iBAQ).
C Western blot of ACE2 using five different human tissue lysates. For lung, two different lysates were used: one male (left) and one female (right).
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integrated omics approach combining data across different platforms

is necessary in order to obtain a complete overview of ACE2 expres-

sion across the human body.

Here, we observed none or only very low levels of ACE2 protein

in normal respiratory system. Further studies are needed to investi-

gate if the very limited staining shown in ciliated cells and AT2 cells

represents a true expression of ACE2 and whether this would be

enough for SARS-CoV-2 host cell entry. It also remains to be eluci-

dated if alternate receptors may be involved to facilitate the initial

infection as has been suggested by a few other groups (Ibrahim

et al, 2020; Wang et al, 2020c), or the possibilities that SARS-CoV-2

enters the host via non-receptor-dependent infection. It should also

be noted that the prerequisites of the interplay between SARS-CoV-2

attachment pattern to human cell surface receptors and COVID-19

disease progression are multifactorial, including not only the bind-

ing of the virus to the target cells but also other factors such as the

host’s immune system and the total virus load. It has been

suggested that the initial host immune response to SARS-CoV-2 may

trigger an interferon-driven upregulation of ACE2, leading to an

increase in the number of cells in respiratory epithelia susceptible

for SARS-CoV-2 infection, which could potentially explain the possi-

bility of SARS-CoV-2 to enter via ACE2 receptors in the respiratory

tract despite low ACE2 expression under normal conditions

(preprint: Chua et al, 2020; Ziegler et al, 2020). Upregulation of

ACE2 in respiratory epithelia of COVID-19 patients on the protein

level has however not yet been shown.

While it is evident that COVID-19 leads to significant respiratory

symptoms, the exact pathophysiological mechanisms of human

transmission and infection are still unclear. Recent clinical descrip-

tions of severe cases point at an inflammatory reaction both system-

ically and in the lungs leading to acute respiratory disease syndrome

(ARDS) and in some cases death (Chen et al, 2020b; Huang et al,

2020). It however remains to be elucidated if the symptoms are

driven by local virus infection of the cells in the respiratory tract or

caused by secondary effects. To increase the understanding of the

role of ACE2 in SARS-CoV-2 infection, we here provide an extensive

and comprehensive overview of ACE2 expression across multiple

datasets both on the mRNA and protein level. The results confirm

expression of ACE2 in cell types previously suggested to harbor

ACE2, but also adds novel insights into ACE2 expression in tissues

and cell types with no previous or only limited evidence of expres-

sion. The data therefore constitute a resource for further studies on

SARS-CoV-2 host cell entry with strong evidence that ACE2 expres-

sion in the respiratory tract is limited, with none or low levels of

ACE2 expression in lung and respiratory epithelia. Studies using

samples from COVID-19 patients are urgently needed to confirm the

histological colocalization of the virus with ACE2 and other SARS-

CoV-2-related proteins to gain a complete understanding of COVID-

19 disease progression and the viral pathogenesis of SARS-CoV-2.

Materials and Methods

Data sources

RNA expression data from HPA (Uhlen et al, 2015), GTEx (Keen &

Moore, 2015), and FANTOM5 (Yu et al, 2015) as well as the normal-

ized RNA expression dataset were retrieved from the HPA database

(https://v19.proteinatlas.org). Consensus transcript expression levels

were obtained through a normalization pipeline, as described previ-

ously (Uhlen et al, 2019). Protein levels based on immunohistochem-

istry correspond to staining intensity based on manual annotation, as

described below. The lung scRNA-seq data (gene raw counts) were

downloaded from the Gene Expression Omnibus (GEO) (https://

www.ncbi.nlm.nih.gov/geo/) database under the series numbers:

GSE130148 (Viera Braga et al, 2019), GSE134355 (Han et al, 2020)

(samples: GSM4008628, GSM4008629, GSM4008630, GSM4008631,

GSM4008632, and GSM4008633) and GSE122960 (Reyfman et al,

2019) (samples: GSM3489182, GSM3489185, GSM3489187, GSM34

89189, GSM3489191, GSM3489193, GSM3489195, and GSM3489197).

The same applies to testis, kidney, and small intestine datasets,

obtained from the following accession numbers: testis GSE112013

(Guo et al, 2018), kidney GSE131685 (Liao et al, 2020), and small

intestine GSE125970 (Wang et al, 2020b). Other datasets were

retrieved from https://www.covid19cellatlas.org/ (Sungnak et al,

2020) including nasal brushes (Lukassen et al) and bronchi (Viera

Braga et al, 2019; Lukassen et al, 2020).

ACE2 mass spectrometry-based expression among different

tissues was assessed by retrieving data in two proteomics databases:

Protein abundance database (PaxDB) (Wang et al, 2015) and

ProteomicsDB (Schmidt et al, 2018). ACE2 protein abundances from

different tissues were downloaded from PaxDB, and these values

are based on MS publicly available data including large-scale studies

of different normal human tissues (Kim et al, 2014; Wilhelm et al,

2014). In this database, quantification data from different datasets

were processed in order to be unified, and then, if more than one

value was available, integrated by weighted averaging in order to

provide an estimated dataset (Wang et al, 2015). The results,

presented in PPM (part per million), provide an estimation of

protein abundance relative to the other proteins of the tissue.

ProteomicsDB facilitated exploration of protein expression patterns,

comparisons across datasets, and gave an average intensity across

the human body. Protein abundance data for ACE2 were obtained

from the expression tab of ProteomicsDB and presented as a

normalized intensity-based absolute quantification (iBAQ) value.

Analysis of scRNA-seq data

Data analysis including filtering, normalization, and clustering was

performed using Seurat V3.0 (https://satijalab.org/seurat/9) (Butler

et al, 2018) in R (CRAN). The same workflow (including normaliza-

tion, scaling, and clustering of cells) was performed for each

dataset. Cells were removed when they had < 500 genes and > 20%

reads mapped to mitochondrial expression genome. The gene

expression data were normalized using Seurat default settings, and

cell clustering was based on the 5,000 most highly variable genes.

All scatter plots were obtained using the UMAP method. Cluster

identity was manually assigned based on well-known cell type

markers and named based on the main cell type in each cluster.

Seurat also allowed an intuitive visualization of ACE2 expression

among the cell types thanks to the DotPlot function.

Human tissues and sample preparation

Human tissues samples for analysis of mRNA and protein expres-

sion in the HPA datasets were collected and handled in
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accordance with Swedish laws and regulation. Tissues were

obtained from the Clinical Pathology department, Uppsala Univer-

sity Hospital, Sweden, and collected within the Uppsala Biobank

organization. All samples were anonymized for personal identity

by following the approval and advisory report from the Uppsala

Ethical Review Board (Ref # 2002-577, 2005-388, 2007-159, 2011-

473). Informed consent was obtained from all subjects in the

study. The RNA extraction and RNA-seq procedure have been

described previously (Uhlen et al, 2015). For immunohistochemi-

cal analysis, formalin-fixed, paraffin-embedded (FFPE) tissue

blocks from the pathology archives were selected based on

normal histology using a hematoxylin–eosin-stained tissue section

for evaluation. In short, representative 1 mm diameter cores were

sampled from FFPE blocks and assembled into tissue microarrays

(TMAs) of normal tissue samples. Several different arrays were

analyzed for each antibody, corresponding to between four and

22 unique individuals per tissue type (Table EV1). In addition to

the standard TMA analysis, both antibodies were analyzed on

large sections from eye, bronchus and nasal mucosa, as well as

an extended cohort comprising 360 normal lung samples

(Table EV3).

Extended lung cohort

Normal lung tissue cores of 1 mm in diameter were sampled from

FFPE tissue blocks of 360 patients diagnosed with lung cancer and

assembled into TMAs. Only distant areas of non-malignant lung

parenchyma were sampled. The cohort has been described previ-

ously (Djureinovic et al, 2016) and is based on consecutive patients

with non-small-cell lung cancer that underwent surgical resection at

Uppsala University Hospital, Uppsala, Sweden, between the years

2006 and 2010, and approved by the Uppsala Ethical Review Board

(Ref# 2013/040).

Immunohistochemistry

Immunohistochemical staining and high-resolution digitization of

stained TMA slides were performed essentially as previously

described (Kampf et al, 2012). TMA blocks were cut in 4 lm
sections using a waterfall microtome (Microm H355S, Thermo

Fisher Scientific, Freemont, CA), placed on SuperFrost Plus slides

(Thermo Fisher Scientific, Freemont, CA), dried overnight at room

temperature (RT), and then baked at 50°C for at least 12 h. Auto-

mated immunohistochemistry was performed by using Lab Vision

Autostainer 480S Module (Thermo Fisher Scientific, Freemont,

CA), as described in detail previously (Kampf et al, 2012). Primary

antibodies toward human ACE2 were the polyclonal rabbit IgG

antibody HPA000288, RRID:AB_1078160, (Atlas Antibodies AB,

Bromma, Sweden) and monoclonal mouse IgG antibody MAB933,

RRID:AB_2223153, (R&D Systems, Minneapolis, MN). The antibod-

ies were diluted and optimized based on IWGAV criteria for anti-

body validation (Uhlen et al, 2016a). Protocol optimization was

performed on a test TMA containing 20 different normal tissues.

The stained slides were digitized with ScanScope AT2 (Leica

Aperio, Vista, CA) using a 20× objective. All tissue samples were

manually annotated by two independent observers (FH and CL) in

159 different cell types. Annotation parameters included staining

intensity and quantity of stained cells, determined using a 4-

graded scale based on standardized HPA workflow (Uhlen et al,

2015): 0 = Not detected (negative, or weak staining in < 25% of

the cells); 1 = Low (weak staining in ≥ 25% of the cells, or

moderate staining in < 25% of the cells); 2 = Medium (moderate

staining in ≥ 25% of the cells, or strong staining in < 25% of the

cells); or 3 = High (strong staining in ≥ 25% of the cells). A

consensus classification per cell type and antibody was determined

taking all individual samples into consideration, and difficult cases

were discussed with a third independent observer—a certified

pathologist (PM).

Western blot

Protein extracts were generated from fresh frozen lung (male/

female), kidney, colon, and tonsil using a ProteoExtract Complete

Mammalian Proteome Extraction Kit (cat#539779, Merck Millipore,

Darmstadt, Germany), following tissue homogenization with a

Precellys 24 (Bertin Instruments, France). Lysates were measured

for protein concentration using a Non-Interfering Protein Assay kit

(cat#488250, Merck Millipore, Darmstadt, Germany) at 480 nm and

stored in �70°C.

Based on the protein concentration, the lysates were mixed

with MilliQ H2O and 3xTCEP sample buffer (9 ll 3xTCEP sample

buffer per 21 ll (protein lysate + MilliQ H2O)). Ingredients for

1 ml 3xTCEP sample buffer were as follows: 0.187 ml 0.5 M

Tris-HCl pH 6.8, 0.436 ml 87% glycerol, 0.03 ml 1% bromophe-

nol blue, 0.3 ml 10% SDS, 0.03 ml 0.5 M TCEP pH 7, and

0.017 ml MilliQ H2O. The mixed samples were heated for 5 min

at 95°C, cooled down, and vortexed before loading to gel (4–

20% Criterion TGX Precast Midi Protein Gel, Bio-Rad Laborato-

ries, USA). Total amount of protein loaded per well was 15 lg.
Gel was run in 1× Tris/Glycine/SDS running buffer (Bio-Rad

Laboratories, USA) for 45 min at 200V. PageRuler Plus

Prestained Protein Ladder (#26619 Thermo Fisher Scientific, Free-

mont, CA) was applied with the following molecular sizes: 250,

130, 100, 70, 55, 35, 25, 15, and 10 kDa.

For protein transfer, a Trans-Blot Turbo Transfer System (Bio-

Rad Laboratories, USA) was used. The gel was placed on a PVDF

membrane from a transfer pack (Bio-Rad Laboratories, USA), and

the Trans-Blot Turbo Transfer System was run for 9 min at a high

molecular weight setting. After the run, the membranes were dried

and stored dark for further downstream testing. One membrane per

batch was stained with Ponceau S (Sigma-Aldrich, Darmstadt,

Germany) for 5 min to control proper protein transfer. The same

membrane was then rinsed and used as negative control and run in

the same manner as the other membranes except for the primary

antibody step. Equilibration of the dry PVDF membrane was done

in 95% EtOH, followed by rinsing with Tris-buffered saline with

Tween 20 (TBST) (0.05% Tween) and a blocking step with TBST

(0.5% Tween 20) + 5% dry milk in for 45 min. The membranes

were incubated with two different primary antibodies toward ACE2:

HPA000288 (Atlas Antibodies AB) and MAB933 (R&D Systems).

HRP-conjugated antibodies were used as secondary antibod-

ies (Swine anti-rabbit 1:3,000, Goat anti-mouse 1:5,000, Dako,

Glostrup, Denmark). Membranes were developed with Clarity

Western ECL Substrate 1:1 (Bio-Rad Laboratories, USA), and chemi-

luminescence signal was detected with a ChemiDoc Touch camera

(Bio-Rad Laboratories, USA).
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Data availability

High-resolution images corresponding to immunohistochemically

stained TMA cores (using both antibodies) from 44 different tissue

types, as well as the lung cohort of 360 individuals and whole slide

images of bronchus, nasal mucosa and eye tissue are available in the

BioStudies repository (https://www.ebi.ac.uk/biostudies) under the

accession S-BSST421. The normalized consensus transcript expression

levels based on transcriptomics data from HPA, GTEx, and FANTOM5

are readily available under the download page in the latest version

19.3 of the Human Protein Atlas (https://v19.proteinatlas.org).

Expanded View for this article is available online.

Acknowledgements
The project was funded by the Knut and Alice Wallenberg Foundation. Pathol-

ogists and staff at the Department of Clinical Pathology, Uppsala University

Hospital, are acknowledged for providing the tissues used for RNA-seq and

immunohistochemistry. The authors would also like to thank all staff of the

Human Protein Atlas for their work.

Author contributions
CL conceived and coordinated the study. FH, LM, and ÅE performed experi-

ments, and all authors analyzed and interpreted data. PM provided clinical

samples and pathology expertise. CL wrote the manuscript, with contributions

by MU, FH, LM, and ÅE. CL, FH, and LM assembled the final figures. All authors

commented on and agreed on the presentation.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Aguiar JA, Tremblay BJ, Mansfield MJ, Woody O, Lobb B, Banerjee A,

Chandiramohan A, Tiessen N, Dvorkin-Gheva A, Revill S et al (2020) Gene

expression and in situ protein profiling of candidate SARS-CoV-2 receptors

in human airway epithelial cells and lung tissue. bioRxiv https://doi.org/10.

1101/2020.04.07.030742 [PREPRINT]

Butler A, Hoffman P, Smibert P, Papalexi E, Satija R (2018) Integrating single-

cell transcriptomic data across different conditions, technologies, and

species. Nat Biotechnol 36: 411 – 420

Chen G, Ning B, Shi T (2019) Single-cell RNA-Seq technologies and related

computational data analysis. Front Genet 10: 317

Chen L, Li X, Chen M, Feng Y, Xiong C (2020a) The ACE2 expression in human

heart indicates new potential mechanism of heart injury among patients

infected with SARS-CoV-2. Cardiovasc Res 116: 1097 – 1100

Chen L, Liu HG, Liu W, Liu J, Liu K, Shang J, Deng Y, Wei S (2020b) Analysis of

clinical features of 29 patients with 2019 novel coronavirus pneumonia.

Zhonghua Jie He He Hu Xi Za Zhi 43: 203 – 208

Cheng YLR, Wang K, Zhang M, Wang Z, Dong L, Li J, Yao Y, Ge S, Xu G (2020)

Kidney impairment is associated with in-hospital death of COVID-19

patients. medRxiv https://doi.org/10.1101/2020.02.18.20023242 [PREPRINT]

Chua RLLS, Trump S, Hennig BP, Wendisch D, Pott F, Debnath O, Thürmann

L, Kurth F, Kazmierski J, Timmermann B et al (2020) Cross-talk between

the airway epithelium and activated immune cells defines severity in

COVID-19. medRxiv https://doi.org/10.1101/2020.04.29.20084327

[PREPRINT]

Ding J, Adiconis X, Simmons SK, Kowalczyk MS, Hession CC, Marjanovic ND,

Hughes TK, Wadsworth MH, Burks T, Nguyen LT et al (2020) Systematic

comparison of single-cell and single-nucleus RNA-sequencing methods.

Nat Biotechnol 38: 737 – 746

Djureinovic D, Hallstrom BM, Horie M, Mattsson JSM, La Fleur L, Fagerberg L,

Brunnstrom H, Lindskog C, Madjar K, Rahnenfuhrer J et al (2016) Profiling

cancer testis antigens in non-small-cell lung cancer. JCI Insight 1: e86837

Edfors F, Hober A, Linderback K, Maddalo G, Azimi A, Sivertsson A, Tegel H,

Hober S, Szigyarto CA, Fagerberg L et al (2018) Enhanced validation of

antibodies for research applications. Nat Commun 9: 4130

Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, Liu L, Shan H, Lei CL, Hui

DSC et al (2020) Clinical characteristics of coronavirus disease 2019 in

China. N Engl J Med 382: 1708 – 1720

Guo J, Grow EJ, Mlcochova H, Maher GJ, Lindskog C, Nie X, Guo Y, Takei Y,

Yun J, Cai L et al (2018) The adult human testis transcriptional cell atlas.

Cell Res 28: 1141 – 1157

Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H (2004)

Tissue distribution of ACE2 protein, the functional receptor for SARS

coronavirus. A first step in understanding SARS pathogenesis. J Pathol 203:

631 – 637

Han X, Zhou Z, Fei L, Sun H, Wang R, Chen Y, Chen H, Wang J, Tang H, Ge W

et al (2020) Construction of a human cell landscape at single-cell level.

Nature 581: 303 – 309

Haque A, Engel J, Teichmann SA, Lonnberg T (2017) A practical guide to

single-cell RNA-sequencing for biomedical research and clinical

applications. Genome Med 9: 75

Harmer D, Gilbert M, Borman R, Clark KL (2002) Quantitative mRNA

expression profiling of ACE 2, a novel homologue of angiotensin

converting enzyme. FEBS Lett 532: 107 – 110

He LMMA, Sun Y, Muhl L, Nahar K, Liébanas EV, Fagerlund MJ, Oldner A, Liu J,

Genové G, Pietilä R et al (2020) Pericyte-specific vascular expression of

SARS-CoV-2 receptor ACE2 – implications for microvascular inflammation

and hypercoagulopathy in COVID-19 patients. bioRxiv https://doi.org/10.

1101/2020.05.11.088500 [PREPRINT]

Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S,

Schiergens TS, Herrler G, Wu NH, Nitsche A et al (2020) SARS-CoV-2 cell

entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven

protease inhibitor. Cell 181: 271 – 280

Hosier HFS, Farhadian S, Morotti R, Deshmukh U, Lu-Culligan A, Campbell K,

Yasumoto Y, Vogels C, Casanovas-Massana A, Vijayakumar P, Geng B et al

(2020) SARS-CoV-2 infection of the placenta. J Clin Invest https://doi.org/10.

1172/JCI139569

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X et al

(2020) Clinical features of patients infected with 2019 novel coronavirus

in Wuhan, China. Lancet 395: 497 – 506

Hui HZY, Yang X, Wang X, He B, Li L, Li H, Tian J, Chen Y (2020a) Clinical and

radiographic features of cardiac injury in patients with 2019 novel

coronavirus pneumonia. medRxiv https://doi.org/10.1101/2020.02.24.

20027052 [PREPRINT]

Hui KPY, Cheung MC, Perera R, Ng KC, Bui CHT, Ho JCW, Ng MMT, Kuok DIT,

Shih KC, Tsao SW et al (2020b) Tropism, replication competence, and

innate immune responses of the coronavirus SARS-CoV-2 in human

respiratory tract and conjunctiva: an analysis in ex-vivo and in-vitro

cultures. Lancet Respir Med 8: 687 – 695

Ibrahim IM, Abdelmalek DH, Elshahat ME, Elfiky AA (2020) COVID-19 spike-

host cell receptor GRP78 binding site prediction. J Infect 80: 554 – 562

Jia HP, Look DC, Shi L, Hickey M, Pewe L, Netland J, Farzan M, Wohlford-

Lenane C, Perlman S, McCray PB Jr (2005) ACE2 receptor expression and

14 of 16 Molecular Systems Biology 16: e9610 | 2020 ª 2020 The Authors

Molecular Systems Biology Feria Hikmet et al

https://www.ebi.ac.uk/biostudies
https://v19.proteinatlas.org
https://doi.org/10.15252/msb.209610
https://doi.org/10.1101/2020.04.07.030742
https://doi.org/10.1101/2020.04.07.030742
https://doi.org/10.1101/2020.02.18.20023242
https://doi.org/10.1101/2020.04.29.20084327
https://doi.org/10.1101/2020.05.11.088500
https://doi.org/10.1101/2020.05.11.088500
https://doi.org/10.1172/JCI139569
https://doi.org/10.1172/JCI139569
https://doi.org/10.1101/2020.02.24.20027052
https://doi.org/10.1101/2020.02.24.20027052


severe acute respiratory syndrome coronavirus infection depend on

differentiation of human airway epithelia. J Virol 79: 14614 – 14621

Kampf C, Olsson I, Ryberg U, Sjostedt E, Ponten F (2012) Production of tissue

microarrays, immunohistochemistry staining and digitalization within the

human protein atlas. J Vis Exp 3620

Keen JC, Moore HM (2015) The genotype-tissue expression (GTEx) project:

linking clinical data with molecular analysis to advance personalized

medicine. J Pers Med 5: 22 – 29

Kim MS, Pinto SM, Getnet D, Nirujogi RS, Manda SS, Chaerkady R,

Madugundu AK, Kelkar DS, Isserlin R, Jain S et al (2014) A draft map of

the human proteome. Nature 509: 575 – 581

Lee ITNT, Wu C-T, Goltsev Y, Jiang S, Gall PA, Liao C-K, Shih L-C, Schurch

CM, McIlwain DR, Chu P et al (2020) Robust ACE2 protein expression

localizes to the motile cilia of the respiratory tract epithelia and is not

increased by ACE inhibitors or angiotensin receptor blockers. medRxiv

https://doi.org/10.1101/2020.05.08.20092866 [PREPRINT]

Li W, Zhang C, Sui J, Kuhn JH, Moore MJ, Luo S, Wong SK, Huang IC, Xu K,

Vasilieva N et al (2005) Receptor and viral determinants of SARS-

coronavirus adaptation to human ACE2. EMBO J 24: 1634 – 1643

Li D, Jin M, Bao P, Zhao W, Zhang S (2020) Clinical characteristics and results

of semen tests among men with coronavirus disease 2019. JAMA Netw

Open 3: e208292

Liao J, Yu Z, Chen Y, Bao M, Zou C, Zhang H, Liu D, Li T, Zhang Q, Li J et al

(2020) Single-cell RNA sequencing of human kidney. Sci Data 7: 4

Lukassen S, Chua RL, Trefzer T, Kahn NC, Schneider MA, Muley T, Winter H,

Meister M, Veith C, Boots AW et al (2020) SARS-CoV-2 receptor ACE2 and

TMPRSS2 are primarily expressed in bronchial transient secretory cells.

EMBO J e105114

Ma LXW, Li D, Shi L, Mao Y, Xiong Y, Zhang Y, Zhang M (2020) Effect of

SARS-CoV-2 infection upon male gonadal function: a single center-based

study. medRxiv https://doi.org/10.1101/2020.03.21.20037267 [PREPRINT]

Matsuyama S, Nagata N, Shirato K, Kawase M, Takeda M, Taguchi F (2010)

Efficient activation of the severe acute respiratory syndrome coronavirus

spike protein by the transmembrane protease TMPRSS2. J Virol 84:

12658 – 12664

Mereu ELA, Moutinho C, Ziegenhain C, McCarthy DJ, Álvarez-Varela A, Batlle

E, Sagar GD, Lau JK, Boutet SC, Sanada C et al (2020) Benchmarking

single-cell RNA-sequencing protocols for cell atlas projects. Nat Biotechnol

38: 747 – 755

Muus CLMD, Eraslan G, Waghray A, Heimberg G, Sikkema L, Kobayashi Y,

Vaishnav ED, Subramanian A, Smilie C, Jagadeesh K et al (2020) Integrated

analyses of single-cell atlases reveal age, gender, and smoking status

associations with cell type-specific expression of mediators of SARS-CoV-2

viral entry and highlights inflammatory programs in putative target cells.

bioRxiv https://doi.org/10.1101/2020.04.19.049254 [PREPRINT]

O’Hurley G, Sjostedt E, Rahman A, Li B, Kampf C, Ponten F, Gallagher WM,

Lindskog C (2014) Garbage in, garbage out: a critical evaluation of

strategies used for validation of immunohistochemical biomarkers. Mol

Oncol 8: 783 – 798

Peng L, Liu J, Xu W, Luo Q, Chen D, Lei Z, Huang Z, Li X, Deng K, Lin B et al

(2020) SARS-CoV-2 can be detected in urine, blood, anal swabs, and

oropharyngeal swabs specimens. J Med Virol https://doi.org/10.1002/jmv.

25936 [Epub ahead of print]

Ravindra NGAMM, Gasque V, Wei J, Filler RB, Huston NC, Wan H, Szigeti-

Buck K, Wang B, Montgomery RR, Eisenbarth SC et al (2020) Single-cell

longitudinal analysis of SARS-CoV-2 infection in human bronchial

epithelial cells. bioRxiv https://doi.org/10.1101/2020.05.06.081695

[PREPRINT]

Regev A, Teichmann SA, Lander ES, Amit I, Benoist C, Birney E, Bodenmiller B,

Campbell P, Carninci P, Clatworthy M et al (2017) The human cell atlas.

Elife 6: e27041

Reyfman PA, Walter JM, Joshi N, Anekalla KR, McQuattie-Pimentel AC, Chiu S,

Fernandez R, Akbarpour M, Chen CI, Ren Z et al (2019) Single-cell

transcriptomic analysis of human lung provides insights into the

pathobiology of pulmonary fibrosis. Am J Respir Crit Care Med 199:

1517 – 1536

Schmidt T, Samaras P, Frejno M, Gessulat S, Barnert M, Kienegger H, Krcmar

H, Schlegl J, Ehrlich HC, Aiche S et al (2018) ProteomicsDB. Nucleic Acids

Res 46: D1271 –D1281

Shang J, Ye G, Shi K, Wan Y, Luo C, Aihara H, Geng Q, Auerbach A, Li F (2020)

Structural basis of receptor recognition by SARS-CoV-2. Nature 581:

221 – 224

Sun KGL, Ma L, Duan Y (2020) Atlas of ACE2 gene expression in mammals

reveals novel insights in transmisson of SARS-Cov-2. bioRxiv https://doi.

org/10.1101/2020.03.30.015644 [PREPRINT]

Sungnak W, Huang N, Becavin C, Berg M, Queen R, Litvinukova M, Talavera-

Lopez C, Maatz H, Reichart D, Sampaziotis F et al (2020) SARS-CoV-2

entry factors are highly expressed in nasal epithelial cells together with

innate immune genes. Nat Med 26: 681 – 687

Tipnis SR, Hooper NM, Hyde R, Karran E, Christie G, Turner AJ (2000) A

human homolog of angiotensin-converting enzyme. Cloning and

functional expression as a captopril-insensitive carboxypeptidase. J Biol

Chem 275: 33238 – 33243

Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A,

Sivertsson A, Kampf C, Sjostedt E, Asplund A et al (2015) Proteomics.

Tissue-based map of the human proteome. Science 347: 1260419

Uhlen M, Bandrowski A, Carr S, Edwards A, Ellenberg J, Lundberg E, Rimm DL,

Rodriguez H, Hiltke T, Snyder M et al (2016a) A proposal for validation of

antibodies. Nat Methods 13: 823 – 827

Uhlen M, Hallstrom BM, Lindskog C, Mardinoglu A, Ponten F, Nielsen J

(2016b) Transcriptomics resources of human tissues and organs. Mol Syst

Biol 12: 862

Uhlen M, Karlsson MJ, Zhong W, Tebani A, Pou C, Mikes J, Lakshmikanth T,

Forsstrom B, Edfors F, Odeberg J et al (2019) A genome-wide

transcriptomic analysis of protein-coding genes in human blood cells.

Science 366: eaax9198

Viera Braga FKG, Berg M, Carpaij OA, Polanski K, Simon LM, Brouwer S,

Gomes T, Hesse L, Jiang J, Fasouli ES et al (2019) A cellular census of

human lungs identifies novel cell states in health and in asthma. Nat Med

25: 1153 – 1163

Wang M, Herrmann CJ, Simonovic M, Szklarczyk D, von Mering C (2015)

Version 4.0 of PaxDb: protein abundance data, integrated across model

organisms, tissues, and cell-lines. Proteomics 15: 3163 – 3168

Wang KCW, Zhou Y-S, Lian J-Q, Zhang Z, Du P, Gong L, Zhang Y, Cui H-Y,

Geng J-J, Wang B et al (2020a) SARS-CoV-2 invades host cells via a novel

route: CD147-spike protein. bioRxiv https://doi.org/10.1101/2020.03.14.

988345 [PREPRINT]

Wang S, Zhou X, Zhang T, Wang Z (2020b) The need for urogenital tract

monitoring in COVID-19. Nat Rev Urol 17: 314 – 315

Wang Y, Song W, Wang J, Wang T, Xiong X, Qi Z, Fu W, Yang X, Chen YG

(2020c) Single-cell transcriptome analysis reveals differential nutrient

absorption functions in human intestine. J Exp Med 217: e20191130

Wilhelm M, Schlegl J, Hahne H, Gholami AM, Lieberenz M, Savitski MM,

Ziegler E, Butzmann L, Gessulat S, Marx H et al (2014) Mass-

spectrometry-based draft of the human proteome. Nature 509:

582 – 587

ª 2020 The Authors Molecular Systems Biology 16: e9610 | 2020 15 of 16

Feria Hikmet et al Molecular Systems Biology

https://doi.org/10.1101/2020.05.08.20092866
https://doi.org/10.1101/2020.03.21.20037267
https://doi.org/10.1101/2020.04.19.049254
https://doi.org/10.1002/jmv.25936
https://doi.org/10.1002/jmv.25936
https://doi.org/10.1101/2020.05.06.081695
https://doi.org/10.1101/2020.03.30.015644
https://doi.org/10.1101/2020.03.30.015644
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1101/2020.03.14.988345


Xu Y, Li X, Zhu B, Liang H, Fang C, Gong Y, Guo Q, Sun X, Zhao D, Shen J

et al (2020) Characteristics of pediatric SARS-CoV-2 infection and

potential evidence for persistent fecal viral shedding. Nat Med 26:

502 – 505

Yu NY, Hallstrom BM, Fagerberg L, Ponten F, Kawaji H, Carninci P, Forrest AR,

Fantom C, Hayashizaki Y, Uhlen M et al (2015) Complementing tissue

characterization by integrating transcriptome profiling from the human

protein atlas and from the FANTOM5 consortium. Nucleic Acids Res 43:

6787 – 6798

Zhao YZZ, Wang Y, Zhou Y, Ma Y, Zuo W (2020) Single-cell RNA expression

profiling of ACE2, the putative receptor of Wuhan 2019-nCov. bioRxiv

https://doi.org/10.1101/2020.01.26.919985 [PREPRINT]

Zheng YY, Ma YT, Zhang JY, Xie X (2020) COVID-19 and the cardiovascular

system. Nat Rev Cardiol 17: 259 – 260

Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN, Cao Y,

Yousif AS, Bals J, Hauser BM et al (2020) 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 181: 1016 – 1035.e19

Zou X, Chen K, Zou J, Han P, Hao J, Han Z (2020) 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 14:

185 – 192

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

16 of 16 Molecular Systems Biology 16: e9610 | 2020 ª 2020 The Authors

Molecular Systems Biology Feria Hikmet et al

https://doi.org/10.1101/2020.01.26.919985

