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ARTICLE INFO ABSTRACT

Article history: COVID-19, which is caused by SARS-CoV-2, has been declared a global pandemic. Although effective
Received 14 September 2020 strategies have been applied to treat the disease, much is still unknown about this novel virus. SARS-
Received in revised form 20 November 2020 CoV-2 enters host cells through ACE2, which is a component of the angiotensin-regulating system.
252?11;; Efli iglngvggnzzrvgngb%r 2020 Binding of the SARS-CoV-2 S protein to ACE2 is a prerequisite for SARS-CoV-2 infection. Many studies

have indicated a close relationship between ACE2 expression and SARS-CoV-2 infection. The structural
basis of receptor recognition by SARS-CoV-2 has been analyzed in detail. The diversification of the

ﬁg‘:‘gord&' ACE2 sequence due to ACE2 polymorphisms and alternative splicing has to a large extent affected the
susceptibility of different species. Differential ACE2 expression makes specific populations more prone

COVID-19

SARS-CoV-2 to be infected, and ACE2 also plays a role in the broad tropism of SARS-CoV-2 in human organs and tis-

Host range sues. In this review, we comprehensively summarize how the ACE2 expression profile affects the host

Host tropism

range and tropism of SARS-CoV-2, which will provide mechanistic insights into the susceptibilities and

outcomes of SARS-CoV-2 infection.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

COVID-19, which emerged in the winter of 2019, has been

* Corresponding author at: Department of Laboratory Medicine, The First declared a pandemic by the WHO and spread to more than 200
Affiliated Hospital of Shandong First Medical University, Ji'nan 250014, Shandong, countries around the world. Over 57 million people have been
China. Institute of Basic Medicine, Shandong First Medical University & Shandong affected as of Nov 19, 2020. Although the overall mortality rate

Acad f Medical Sci i 250062, Shand China. . . .
cacemy of Vecica clences, Jinan ) » >hancons, thina of COVID-19 is lower than that of SARS, which broke out in
E-mail address: armzhang@hotmail.com (L. Zhang).

https://doi.org/10.1016/j.csbj.2020.11.032
2001-0370/© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2020.11.032&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2020.11.032
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:armzhang@hotmail.com
https://doi.org/10.1016/j.csbj.2020.11.032
http://www.elsevier.com/locate/csbj

S. Gao and L. Zhang

2002-2003, COVID-19 has aroused global concern as a huge threat
to public health and the international economy.

Not long after the outbreak of COVID-19, researchers identified
the causal pathogen to be 2019-nCoV [1,2], which was later named
severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) by
ICTV (International Committee on Taxonomy of Viruses). Phyloge-
netic analysis revealed that SARS-CoV-2 belongs to the subgenus
Sarbecovirus of Coronaviridae and is closely related to SARS-CoV,
with 77.2% amino acid similarity [2]. After SARS-CoV and MERS-
CoV (Middle East Respiratory Syndrome Coronavirus), SARS-CoV-
2 is the third coronavirus that has threatened human life in the
new century [3]. The high similarity of the sequences of SARS-
CoV-2 and SARS-CoV has allowed researchers and physicians to
study the mechanisms of pathogenesis and identify treatment
strategies based on the knowledge of SARS-CoV. Patients infected
by SARS-CoV-2 exhibit fever and cough, which are also observed
in SARS and are typical symptoms of respiratory infectious disease
[4]. However, there are obvious differences in their epidemiologi-
cal and clinical features. SARS-CoV-2 shows stronger transmission
ability and targets more organs, indicating the urgent need for
comprehensive study of SARS-CoV-2.

The genome of SARS-CoV-2 is a single-strand positive RNA that
produces ORF1a, ORF1b, and at least six accessory proteins and
structural proteins, including spike protein (S), envelope protein
(E), membrane protein (M), and nucleocapsid protein (N) [5]. S pro-
tein causes the entry of SARS-CoV-2 into the target cell. Upon
entry, S needs to be primed for further fusion with the membrane
by cellular proteases, which cleave S at the linkages of S1/S2 and
within S2. Similar to SARS-CoV, SARS-CoV-2 mainly utilizes angio-
tensin converting enzyme I (ACE2) as the receptor for entry and
TMPRSS2 for S protein priming [6,7]. Several other proteins are
proposed to mediate SARS-CoV-2 entry, while the evidence is rel-
atively lack and need to be strengthened. CD147, GRP78, and hep-
aran sulfate (HS) interact with SARS-CoV-2, making them
candidate routes for SARS-CoV-2 entry. ACE2, which was originally
identified as a component of the angiotensin (Ang) regulating sys-
tem, played an important role in those two coronavirus-caused
epidemic diseases. It is speculated that the distribution and expres-
sion level of ACE2 largely affects the susceptible species, targeted
organs, and severity of disease. In this review, we aim to explain
the SARS-CoV-2 infection from the view of ACE2 expression profile.
We will first describe the function of the ACE2 receptor in SARS-
CoV-2 entry. Then, we will summarize the differential expression
of ACE2 among species, within the human body and in specific
populations with complications. We will focus on not only the
mechanisms of infection but also the implications for treating this
disease.

2. ACE2: from vascular regulator to viral receptor

ACE2 was first discovered in 2000 and shown to share 40%
amino acid similarity with ACE1 [8]. Unlike ACE1, which converts
Ang I into Ang II, the primary function of ACE2 is to cleave Leu or
Phe in Ang II to produce Ang (1-7). Ang (1-7) counteracts the
vaso/broncho-constriction effect of Ang II, which may alleviate
acute respiratory distress syndrome (ARDS) and inflammation
caused by SARS-CoV and SARS-CoV-2 [9]. ACE2 was experimentally
determined to be a functional receptor for SARS-CoV [7]. ACE2 con-
sists of a peptidase domain in the N-terminus and a collectrin-like
domain in the C-terminus, with a single transmembrane helix and
a short intracellular segment [10]. The structure of SARS-CoV S in
complex with ACE2 has been solved, and the important amino
acids (AAs) residing within the interface between two proteins
were identified [11].
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Receptor-mediated viral entry is a prerequisite for infection.
Considering the close relationship between SARS-CoV-2 and
SARS-CoV, ACE2 was immediately predicted as a potential recep-
tor, which was later verified by in vitro experiments. Using HeLa
cells that did not express ACE2 per se, Zhou et al. showed that
the introduction of the human ACE2 gene facilitated SARS-CoV-2
infection [12]. Based on ACE2, other species supporting SARS-
CoV-2 infection included Chinese horseshoe bats, civets, and pigs,
with mice being the exception. In addition, they found that
SARS-CoV-2 did not use aminopeptidase N (APN) and dipeptidyl
peptidase 4 (DPP4) for entry, which are the receptors used by
HCoV-229E and MERS, respectively [13,14]. This conclusion was
validated by another work [6]. Using S protein expressed by vesic-
ular stomatitis virus, they confirmed that cell lines lacking ACE2
can be infected when human/bat ACE2 but not DPP4 or APN is
expressed. They also confirmed the dependence on proteases for
infection and found that camostat mesylate, a clinically approved
inhibitor of TMPRSS2, effectively inhibited viral entry. There are
alternative proteins to be predicted as potential receptors for
SARS-CoV-2. The glycoprotein CD147 and ER chaperone GRP78
attracted attention, as both of the two have higher mRNA and pro-
tein levels than ACE2 in lung [15]. CD147 showed direct associa-
tion with SARS-CoV-2 S in vitro. For GRP78, it was proposed to
bind S through cyclic structure constituted by disulfide bonds.
However, direct evidence supporting their receptor identity need
to be strengthened.

Importantly, the AAs within the receptor binding domain (RBD)
critical for ACE2 binding are conserved in SARS-CoV and SARS-CoV-
2 [16]. A series of studies provided structural information on recep-
tor binding. Since ACE2 also functions as a chaperone, Yan et al.
obtained a high-resolution (2.9 A) structure of the full-length
ACE2 dimer in the presence of its trafficking cargo B°AT1 [10]. Fur-
thermore, they resolved the complex of the RBD of SARS-CoV-2 and
ACE2-B°AT1. Structural analysis indicated that an ACE2 dimer
simultaneously binds to two S trimers, with one trimer binding
with one ACE2 monomer. Specifically, they showed the detailed
structure of the interface between the SARS-CoV-2 RBD and
ACE2. The a1 helix is the main component of the interaction, with
the o2 helix and linker between the B3 and B4 sheets also con-
tributing to binding. Wrapp et al. provided the atomic-level struc-
ture of the SARS-CoV-2 S protein in the prefusion conformation
and compared it with that of SARS-CoV [17]. The S trimer primarily
adopted a state in which one RBD was exposed for receptor recog-
nition. When measuring the kinetics of the interaction, the SARS-
CoV-2 RBD was found to bind ACE2 with a 10- to 20-fold higher
affinity (15 nM) than SARS-CoV. This result provided a clue to
explain the rapid transmission of SARS-CoV-2. The structure of
the SARS-CoV-2-CTD in complex with ACE2 at a resolution of
2.5 A was resolved. Further investigation of the interface demon-
strated that SARS-CoV-2-CTD has an increase in the number of
residues that directly bind with ACE2 [18]. The dynamics of the
binding of the ACE2 extracellular domain to the SARS-CoV/SARS-
CoV-2 S proteins were studied by biolayer interferometry [19]. It
is worth noting that neutralizing antibodies against SARS-CoV S
were shown to potently inhibit SARS-CoV-2 pseudovirus entry,
which was contrary to the results of other studies [17,18]. Two
independent studies elucidated the interaction of the SARS-CoV-2
RBD and ACE2 by X-ray crystallography [1,20]. Structural analysis
and protein pull-down assays illustrated that the residue changes
in SARS-CoV-2 increase the stability of the binding of the virus
with ACE2 [1]. This information on the SARS-CoV-2 sequence and
structure provided insights helpful in identifying potential host
and high-risk species and developing antiviral strategies targeting
the S-RBD/ACE2 interaction.
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3. Diversified ACE2 leads to differences in SARS-CoV-2 infection
outcomes

Recognition and binding of ACE2 is a critical step for SARS-CoV-
2 entry into cells. In this regard, any difference in ACE2, including
sequence alterations and expressional regulation, will affect the
susceptibility of the host. To a large extent, ACE2 determines the
potential host range of SARS-CoV-2. For individuals, many factors
associated with ACE2 affect susceptibility to the virus. Further-
more, the organs targeted by SARS-CoV-2 are determined by the
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differential expression of ACE2. Next, we will discuss the relation-
ship of ACE2 with SARS-CoV-2 infection at levels of species, popu-
lation and organ/tissue (Fig. 1).

3.1. Sequence changes in ACE2 and host range

Given that close and stable contact is essential for RBD binding
of ACE2, residue changes in the binding interface will have an
effect on receptor recognition. Based on the resolved structure of
the RBD-ACE2 complex, ACE2 residues that are critical for binding
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Fig. 1. Susceptibility and outcoming of SARS-CoV-2 infection is dependent on ACE2 expression profile. Upper: SARS-CoV-2 host range could be predicted based on ACE2
orthologs. Animal species which possess ACE2 that has binding capacity to SARS-CoV-2 S (in wine red) are potential hosts of SARS-CoV-2. Animals of which the ACE2 is not
suitable for SARS-CoV-2 S binding (in black) are resistant to this virus. Middle: Although humans are generally susceptible to this novel virus, the outcoming of infection is
partially affected by different race, gender, age, underlying disease, and even living habits. Bottom: Clinical data showed that multiple organs other than lung could be injured
by SARS-CoV-2. Researches about organ and cellular tropism of SARS-CoV-2 (marked in the Figure) are accumulating especially with the application of single-cell sequencing.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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have been identified. These residues are located at the surface of
the claw-like structure of ACE2. Lan et al. used a 4 A distance cutoff
and determined that 20 AAs of ACE2 were in contact with the
SARS-CoV-2 RBD [1]. Wang et al. analyzed the interface using a dis-
tance cutoff of 4.5 A and identified additional involved residues (24
AAs) compared to Lan et al. [18]. Critical AAs are clustered into two
hot spots: one extends from AA 20 to 40 and the other from AA 330
to 360. It is believed that these conserved AAs determine cross-
species and human-to-human transmission. ACE2 in potential
hosts of SARS-CoV-2 must possess most of the key residues neces-
sary for ligand binding. Therefore, many groups set out to screen
ACE2 sequences from multiple species and compare them with
that of human ACE2 to identify potential hosts of SARS-CoV-2.
The palm civet is thought to be the intermediate host of SARS-
CoV, and is a potential susceptible species to SARS-CoV-2. Wan
et al. analyzed critical residue changes in ACE2 from civets [21].
While the hot spot residue K31 was changed to T31 and no longer
able to form a salt bridge with E35 in the SARS-CoV-2 RBD, the
overall surface was still capable of ligand binding. Hence, the civet
can also be infected by the novel coronavirus. This group also ana-
lyzed critical changes in hotspots in ACE2 in other animals and
speculated based on these changes that pigs, ferrets, cats, orangu-
tans and monkeys were potential hosts. Another hotspot residue,
K353, was changed to H in mice and rats, leading to unfavorable
contact with the SARS-CoV-2 RBD. According to the relative syn-
onymous codon usage bias, snakes had most similarity with
SARS-CoV-2 [22]. Another paper indicated that turtles can function
as a natural viral host because the interaction of residues 41 and
353 with the RBD showed more resemblance to that of human
ACE2 than that of bat ACE2 [23]. However, these results were in
contrast to the consensus that reptiles are resistant to SARS-like
coronavirus and were disproved by other studies. Luan et al. per-
formed two successive studies on ACE2. They collected the
sequences of 40 mammalian ACE2 and constructed a phylogenetic
tree. Potential hosts were predicted by matching the five most
important AAs, including K31, E35, D38, M82 and K353. Through
homogeneous modeling, they found that the change of M82 to
N82 in the Chinese hamster shortened the distance between it
and F486 in the SARS-CoV-2 RBD [16]. In another work, they
expanded the analysis to all 20 key AAs involved in RBD-ACE2
binding [24]. Sequence alignment showed that nearly half of the
critical AAs in turtles, snakes and birds were different from those
in humans, indicating that they were hardly permissive for SARS-
CoV-2 entry. By combining bioinformatic analysis and functional
assays of ACE2 from various species, Liu et al. characterized 44
ACE2 orthologs from 49 species that could mediate SARS-CoV-2
entry, suggesting a broad host range of this novel coronavirus
[25]. One of the results of this work showed that although they
shared more than 90% similarity with human ACE2, ACE2 orthologs
from three New World monkeys, including Callithrix jacchus, exhib-
ited little, if any, permission for SARS-CoV-2 infection. This is con-
sistent with another study that aimed to establish a nonhuman
primate model for COVID-19 [26]. In this research, two Old World
monkeys (Macaca mulatta and Macaca fascicularis) and Callithrix
jacchus were inoculated with SARS-CoV-2. While the viral genome
was successfully detected in swabs and blood from Callithrix jac-
chus, none of the monkeys had an increased body temperature,
and there was no detection of the viral genome in any organs by
necropsy [26]. The reason why Callithrix jacchus is resistant to
SARS-CoV-2 and whether it is due to the deficiency of marmoset
ACE2 remains to be clarified.

A detailed analysis of the susceptibility of multiple domesti-
cated animals was performed [27]. SARS-CoV-2 replicated effec-
tively in ferrets and cats. Dogs exhibited low susceptibility, and
other livestock animals are insensitive to SARS-CoV-2. Since the
animals used in this research are in close contact with humans,
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their susceptibility to viruses would have profound effects on
human health. It is noticeable that dog and cat varied in response
to SARS-CoV-2, notwithstanding both of them have canonical ACE2
that is capable of binding S. Alternative splicing is a way to increase
protein complexity, which produces protein isoforms of different
sizes. Different from human and ferret which have the only ACE2
isoform, both cat and dog have more than one isoform of ACE2.
However, all three isoforms of cat are of the same length and have
functional domains. As for dogs, one of the five isoforms lack the
predicted transmembrane domain and so exists as a soluble
ACE2. We think that this soluble dog ACE2 could play a competitive
inhibitory role for interaction between SARS-CoV-2 S and canonical
ACE2. We also made prediction of host susceptibility based on
ACE2 isoform diversity [28]. Natural soluble ACE2 has been devel-
oped as an antiviral strategy. A human recombinant soluble ACE2
(hrsACE2) protein, which contains the catalytic ectodomain of
human ACE2, has undergone phase 1 and phase 2 clinical testing
for treating patients with acute respiratory distress syndrome
(ARDS) [29]. Recently, this clinical-grade soluble ACE2 protein
was found to significantly reduce viral growth in Vero cells. In
human blood vessel organoids and kidney organoids, hrsACE2
markedly inhibited SARS-CoV-2 infection at the early stage [30].
Other studies studied the neutralization effect by fusing the extra-
cellular domain of human ACE2 to the Fc region of human
immunoglobulin with or without mutation. Li et al. developed
ACE2-Fc variants of different lengths and found that ACE2-Fc con-
taining the 18-740 residue fragment performed better than that
containing the 18-615 residue fragment in blocking SARS-CoV-2
entry [31]. Another study also confirmed that both the SARS-CoV
RBD and the SARS-CoV-2 RBD bound ACE2-Fc with high affinity
and were neutralized by this fusion protein [32]. By combining
structural analysis and docking experiments, Renzi et al. found a
minimal ACE2 fragment consisting of two a-helices [33]. This sol-
uble ACE2 retained its binding capacity with SARS-CoV-2 as well as
the physiological ligand angiotensin II. The cross reactivity and
specific inhibition of coronavirus indicated that soluble ACE2 is a
potent therapeutic strategy.

3.2. Expression of ACE2 in specific populations and their susceptibility

Susceptibility to SARS-CoV-2 among different species is depen-
dent on ACE2 orthologs. Although human beings are generally per-
missive to this novel virus at present, factors related to race, age,
gender, underlying disease, or even living habits still lead to differ-
ent susceptibilities and severities of infection. Obviously, it cannot
be excluded that these factors also affect the immune response.
However, an increasing number of studies have demonstrated that
the ACE2 variation may be a critical factor.

ACE2 polymorphisms also affect individual susceptibility. Based
on structural information about the SARS-CoV-2 S RBD/ACE2 com-
plex, Calcagnile et al. searched the dbSNP and UNIPROT databases
and identified 301 ACE2 SNPs leading to missense mutations [34].
Through in silico analysis, two SNPs were found to alter RBD bind-
ing. K26R may increase the affinity for the RBD, while S19P does
the opposite, indicating that they may promote or inhibit infection,
respectively. Interestingly, K26R is most common in European peo-
ple, and S19P is common in Africa. Researchers speculated that the
geographical difference in susceptibility to SARS-CoV-2 may be
partially explained by this genetic factor. A similar study was per-
formed based on 290,000 samples from more than 400 population
groups [35]. It found that ACE2 variants were relatively rare, which
was perhaps due to a lack of selection pressure. However, some
SNPs may affect protein interactions, according to structural anal-
ysis. In summary, the SNPs that were predicted to strengthen bind-
ing to the SARS-CoV-2 RBD included S19P, 121V, E23K, K26R, T27A,
N64K, T92I, Q102P and H378R. In contrast, K31R, N33I, H34R,
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E35K, E37K, D38V, Y50F, N51S, M62V, K68E, F72V, Y83H, G326E,
G352V, D355N, Q388L and D509Y resulted in weak binding and
hence may have a protective function.

Patients with cancer, diabetes, and hypertension are prone to
infection and progress to more severe stages of COVID-19 than
other patients. A tertiary care hospital in Wuhan city investigated
1524 cancer patients in the Department of Radiation and Medical
Oncology and found that 12 of them had been diagnosed with
COVID-19. This infection rate (0.79%) was higher than the cumula-
tive incidence in this city (0.37%) during the same period [36]. In
another larger survey, researchers reported a nationwide analysis
of SARS-CoV-2 infection in cancer patients. Among the 1590
COVID-19 cases collected from 575 hospitals in 31 Chinese provin-
cial administrative regions, 18 people (1%) had a history of cancer,
which was higher than that in Chinese people overall (0.29%) [37].
In addition, a higher proportion of COVID-19 patients with cancer
were admitted to the intensive care unit (39% of patients with can-
cer vs 8% of patients without cancer). The deterioration process
was also shorter, with a median time to severe events of 13 days
and 43 days in patients with or without cancer, respectively. The
close relationship between cancer and SARS-CoV-2 can be attribu-
ted to many factors. Abnormal immune systems due to cancer
either fail to protect patients against viruses or induce cytokine
storms, which can cause lethal damage to many organs. Repeated
visits to the hospital for cancer treatment increase the chance of
infection within the hospital environment. Another important
issue is the changes in the ACE2 expression level. Recently, a sys-
tematic analysis was performed with the help of bioinformatical
tools such as cBioPortal, UALCAN, and gepia2. More than 10,000
samples of 30 kinds of cancers in TCGA database were used for
an analysis focusing on the genetic variation, expression level
and epigenetic changes of ACE2 in cancers [38]. Compared to its
expression in normal tissue, ACE2 was upregulated in six tumors,
including colon adenocarcinoma (COAD), kidney renal papillary
cell carcinoma (KIRP), pancreatic adenocarcinoma (PAAD), rectum
adenocarcinoma (READ), stomach adenocarcinoma (STAD), and
lung adenocarcinoma (LUAD). Mutation and DNA copy variation
was observed but was not relevant to ACE2 expression. Five of
the tumors with upregulated ACE2 expression exhibited decreased
methylation of ACE2. Considering that LUAD is the most frequent
cancer in COVID-19 patients with cancer, this analysis provided
valuable evidence that LUAD patients have high risk and should
be given more personal protection.

It is not difficult to understand the regulation of cancer by ACE2
because previous studies have determined that ACE2 is differen-
tially expressed in tumors [39]. In Zhang’s study on breast cancer,
ACE2 was found to be downregulated in patients. An in vitro study
verified that ACE2 downregulated VEGFA expression in breast can-
cer cells and inhibited cell migration. The causal relation between
ACE2 and VEGFA reminds us of its original function in the cardio-
vascular system. Hypertension was listed as a top comorbidity in
patients with confirmed COVID-19. In a study on ICU patients,
cerebrovascular diseases were the most distinctive comorbidity
[40]. In another study involving 1099 COVID-19 patients, 23.7%
had hypertension [4]. It seems that people with hypertension are
at higher risk for SARS-CoV-2 infection. However, Fang et al
pointed out that this may result from the treatment of hyperten-
sion rather than high blood pressure per se [41]. Their reasoning
stemmed from a statement in a review that hypertension is often
treated by ACE inhibitors (ACEis) and angiotensin receptor blockers
(ARBs), while ACE2 was found to be upregulated [42]. They sug-
gested that these ACE2-stimulating drugs result in a high risk of
developing severe COVID-19, and alternative treatment for hyper-
tension could be applied. Their assertion was questioned by other
researchers. Rossi et al. disagreed with them for two reasons [9].
First, the causal link between the use of drugs and increased
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ACE2 was not very solid. Second, ACEis and ARBs as well as Ang
(1-7) counteract vaso-/bronchoconstriction, inflammation, and
the development of acute respiratory distress syndrome (ARDS).
Thus, ACE is or ARBs administration and the ACE-2/Ang (1-7) axis
play protective roles against ARDS caused by COVID-19.

Another distinctive comorbidity is diabetes. In studies by Yang
and Guan, diabetes was reported in 22% and 16.2% of patients,
respectively [4,40]. Chronic hyperglycemia can lead to immune
deficiency in patients. Meanwhile, ACEis and ARBs were also used
for treating diabetes. Therefore, the effect of diabetes on COVID-19
remains to be further studied.

SARS-CoV-2 infection is also related to obesity. Heialy et al.
investigated the underlying molecular mechanisms [43]. By ana-
lyzing recently uploaded transcriptomics data, they found that
lipid metabolism was changed by SARS-CoV-2 infection, leading
to an increase in sterol-response element binding protein (SREBP).
To uncover the effect of dysregulated lipogenesis on SARS-CoV-2
infection, they further searched the available transcriptomics data
for the effect of ACE2 expression after inducing obesity. One data-
set from high-fat diet-induced obese mice showed that Ace2 was
significantly upregulated in the lung. The results of this study coin-
cide with the clinical characteristics that obesity confers patients
with a high risk of SARS-CoV-2 infection.

Clinical data also correlated living habits with outcomes in
COVID-19 patients. The clinical characteristics collected by Guan
et al. showed that a higher proportion of patients with severe dis-
ease were former or current smokers than those with nonsevere
disease [4]. On the other hand, smokers seem to have a higher
probability of developing severe disease. This clinical characteristic
may be partially explained by a previous study [44]. Researchers
analyzed data from six independent studies performed in healthy
people, patients with lung disease and smokers to determine
ACE2 expression in multiple organs. Surprisingly, the ACE2 level
was significantly higher in smokers than in healthy people, while
there was no obvious difference between healthy people and those
with chronic respiratory disease. This analysis indicated that
smoking may pose a risk for people in terms of infection with
SARS-CoV and SARS-CoV-2. The underlying mechanism may be
attributed to epigenetic regulation. Two studies mentioned
hypomethylation of ACE2 in malignancies and lupus [38,45].
Long-term smoking may affect ACE2 by changing the epigenetic
characteristics. Clinical data show a gender imbalance in the inci-
dence of the disease. More patients are men, and the disease seems
to be more serious in men, as men are more likely to be admitted to
the ICU and have longer disease duration [4,46]. This effect can be
partially attributed to higher rates of hypertension and smoking,
which are risk factors for SARS-CoV-2. However, the differential
expression of ACE2 in men and women should not be ignored,
which will be described in detail below.

3.3. Differential expression of ACE2 among human organs

The predominant clinical symptom of COVID-19 is in the respi-
ratory system. However, clinical features affecting other tissues,
such as inappetence, conjunctivitis, thrombus, and even mental
abnormalities, were observed in a subset of patients. Dysfunction
of multiple systems implies that COVID-19 is not merely pneumo-
nia. Moreover, SARS-CoV-2 RNA was detected in samples collected
from the pharynx, rectum, and even semen [47], indicating that
many organs other than the lung facilitate SARS-CoV-2 infection.
The delayed viral clearance in men compared to that in women
was thought to be associated with high ACE2 protein expression
in the testes [48]. Although treatment-induced secondary symp-
toms partially accounted for dysfunction, direct infection by
SARS-CoV-2 of multiple organs should be considered.
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For the potential targeted organ, expression of ACE2 receptor is
a prerequisite for virus entry. Two cutting-edge technologies aid in
the investigation of ACE2 distribution. One is single-cell RNA
sequencing (scRNA-seq), and the other is human organoids.
Although ACE2 has previously been identified in the respiratory
tract as a gateway for SARS-CoV entry, the exact cell type express-
ing ACE2 that mediates viral infection remains largely unknown.
By using single nuclei and single cell RNA sequencing, Lukassen
et al. analyzed ACE2 as well as the priming protease TMPRSS2 in
lung tissue and cells of subsegmental bronchial branches [49].
AT2 cells showed the highest ACE2 expression in the lung. In the
subsegmental bronchial branches, a subtype of transient secretory
cells was found to have the strongest ACE2 expression. In addition,
the ACE2-positive cell population was also enriched for TMPRSS2.
When the expression of FURIN was included in the analysis, an
obvious enrichment of double- or triple-positive cells for ACE2,
TMPRSS2, and FURIN was observed, indicating a coexpressional ten-
dency of SARS-CoV-2 entry factors.

Several studies examined the host tropism of SARS-CoV-2 in
other organs. Sungnak et al. surveyed scRNA-seq datasets from
multiple organs and tissues, including the respiratory tree, cornea,
retina, esophagus, ileum, colon, heart, skeletal muscle, spleen, liver,
placenta/decidua, kidney, testis, pancreas, prostate gland, brain,
skin and fetal tissues [50]. ACE2 and TMPRSS2 exhibited different
general expression profiles. TMPRSS2 had a broader distribution
with an overall high expression level, while ACE2 expression was
generally low in the analyzed datasets. Cells with ACE2 expression
were found in the airways, cornea, esophagus, ileum, colon, liver,
gallbladder, heart, kidney and testis. Qi et al. conducted similar
research by using scRNA-seq data from 31 organs from nine major
human systems [51]. The ratio of TMPRSS2/ACE2 expression in cells
and the TMPRSS2/ACE2 expression level in cell clusters were ana-
lyzed in each organ. This analysis indicated that the brain, gallblad-
der, and fallopian tubes were permissive for SARS-CoV-2 infection.
All susceptible organs were ranked into three risk levels based on
TMPRSS2 expression. Zhou et al. also reported a systematic analysis
of 36 tissues and ranked the cell types that were vulnerable to
SARS-CoV-2 [52]. They pointed out the discrepancy between the
scRNA-seq data and the clinical manifestations and attributed it
to a lack of protein expression information. Therefore, they com-
bined the protein expression data for ACE2, TMPRSS2, and FURIN
with the scRNA-seq data to develop so-called protein-proven
single-cell RNA (pscRNA) profiling. Systematic pscRNA profiling
revealed that lung AT2 cells and macrophages were at top of the
high-risk list, followed by cardiomyocytes, adrenal gland stromal
cells, stromal cells in testis, ovary and thyroid cells. It is worth not-
ing that all these scRNA-seq data analyses incorporated TMPRSS2
and/or FURIN expression information when predicting organ sus-
ceptibility. Considering that TMPRSS2 and FURIN are two impor-
tant cofactors assisting SARS-CoV-2 entry, it is necessary to
evaluate the coexpression of ACE2 with TMPRSS2 and FURIN.

The predicted target organs based on scRNA-seq data can be
partially verified by experiments in organoids. Lamers et al. estab-
lished human small intestinal organoids (hSIOs) under different
culture conditions and exposed them to SARS-CoV-2 [53]. By quan-
tifying the viral sequence and titering live virus, SARS-CoV-2 was
confirmed to productively infect hSIOs. Infection of intestinal ente-
rocytes was further demonstrated by confocal and electron micro-
scopy imaging, which was consistent with a previous study
showing that the brush border of intestinal enterocytes had rela-
tively high ACE2 expression in the human body [51,54]. Organoids
were also used in research of Monteil et al. [30], in which they gen-
erated human blood vessels and kidney organoids and demon-
strated that both can be infected by SARS-CoV-2.

When analyzing the correlation coefficients, ACE2 was found to
have a close association with genes involved in immune functions,
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including the antiviral innate response [50]. Through RNA-seq
analysis, Ziegler et al. made a striking discovery that ACE2 is a
human interferon-stimulated gene (ISG) in primary human nasal
epithelial cells, which means that this cellular target could be
maintained or strengthened by the host IFN response against
SARS-CoV-2 [55]. Recent study provided specific evidence that it
was a truncated isoform of ACE2 (dACE2) not the full-length
ACE2 that was induced by IFN [56]. Since the dACE2 lacks the N-
terminal 356 AAs, it fails to bind SARS-CoV-2 S RBD and affects
receptor binding of full-length ACE2, which has been demonstrated
by in vitro experiments [56]. It also raises a possibility that immune
response rather than ACE2 per se determines the clinical outcome
of SARS-CoV-2 infection. Zhang et al. performed a large genetic
study about 659 patients with life-threatening COVID-19 and
534 subjects with asymptomatic or weak infection to discover
the intrinsic factor of susceptibility of COVID-19. They focused on
Toll-like receptor 3 (TLR3) and interferon regulatory factor 7
(IRF7) dependent type I interferon (IFN) pathway, which plays an
important role in response to SARS-CoV-2 and other viruses. By
analyzing 13 loci of type I IFN pathway, whose mutants have been
described to confer other viruses’ susceptibility, 3.5% (23/659) of
patients were found possessing deleterious variants, indicating a
causal role of intrinsic type I IFN pathway in severe COVID-19 [57].

4. Conclusion

Currently, SARS-CoV-2 is spreading around the world at a rapid
speed. Clinical and basic researchers are in a race with SARS-CoV-2
to save patients and uncover the pathogenic mechanisms. This
novel virus has many features in common with the closely related
virus SARS-CoV, but there are clear differences between them, such
as the tighter binding of SARS-CoV-2 to the common receptor
ACE2. Although other proteins, such as CD147, were inferred to
mediate SARS-CoV-2 entry [58], ACE2 is well accepted as the func-
tional receptor for both SARS-CoV-2 and SARS-CoV. Host suscepti-
bility and the severity of COVID-19 are largely dependent on ACE2.

In this review, we summarized current studies on ACE2 from
two dimensions: ACE2 itself and the susceptibility of its targets
(Fig. 1). For ACE2, its association with the RBD of the spike protein
from SARS-CoV-2 is the molecular determinant of infection, and
the different AAs in binding hot spots determines its closer associ-
ation with SARS-CoV-2. There are ACE2 orthologs with variations
in AAs among multiple species and even in the same individual.
In addition to sequence variations, the expression level is also vari-
able. The difference in host susceptibility occurred at three levels,
species, population and tissues, and was shown to have a close
relationship with ACE2 variance.

However, when we evaluate the importance of ACE2 in SARS-
CoV-2 infection, there is something that needs to be paid special
attention to. Although SARS-CoV-2 entry is dependent on ACE2,
there is no evidence showing a linear correlation between the
severity of the disease and the expression level of ACE2. One con-
sensus is that the existence of functional ACE2 is a prerequisite for
SARS-CoV-2 infection. However, the negative results for ACE2
expression in some organs should be interpreted carefully. As
Sungnak et al. mentioned in their paper, the expression level may
be below the detection threshold. Moreover, the lack of ACE2
may be due to the sample isolation and the analysis methods
[50]. Regardless, the rapidly developed scRNA-seq technology pro-
vides exquisitely detailed information about ACE2 expression,
which greatly benefits antiviral studies.

As a regulating protein of angiotensin, ACE2 distributed broadly
in human body. Apart from mRNA and scRNA-seq information
introduced above, several groups detected ACE2 protein expression
especially in respiratory system by immunohistochemistry (IHC)
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and western blot. Right after SARS-CoV outbreak, ACE2 expression
in human organs was examined and showed positive signal in
alveolar epithelial cells of lung and enterocytes of the small intes-
tine, supporting infectious route for SARS-CoV [59]. Jennifer et al.
analyzed in situ localization of ACE2 from publicly available dataset
and performed immunoblot and IHC as well. Weak ACE2 signal
was observed in epithelium of airway and lung alveoli [15]. The
work of Hikmet et al. came to the same results. In their large-
scale analysis comprising more than 150 types of cells covering
major human organs, ACE2 was found none or low in respiratory
system, limiting in a subset of ciliated cells in a few individuals
[60]. Although ACE2 showed robust expression in airway epithelial
cells and within their motile cilia, those results were from only one
of six antibodies utilized in the study of Lee et al., leaving other
antibodies with negligible or less staining [61]. The discrepancy
of protein analysis could result from antibodies recognizing dis-
tinct epitopes and antigen retrieval of samples. However, it can
be concluded that the expression level of ACE2 in airway especially
in lung is relatively low, considering the consistent and high
expression in other organs, such as intestine and kidney
[15,60,61]. The low basal expression of ACE2 may be upregulated
after viral infection or in specific condition of comorbidities. It also
raised question about the existence of other receptors or co-
receptors which mediate SARS-CoV-2 entry. The negatively-
charged polysaccharide HS, which has been proven to be involved
in entry of human coronavirus NL63 and eastern equine encephali-
tis virus [62,63], was speculated as co-factor of SARS-CoV-2. Bind-
ing of S protein to HS stabilized it in the open conformation, which
facilitated interaction with ACE2 [64].

In fact, ACE2 alone was not sufficient for SARS-CoV-2 infection.
ACE2-mediated virus entry is assisted by TMPRSS2 and is affected
by FURIN. Many studies have demonstrated the preference for the
coexpression of ACE2 and TMPRSS2 [49,50,55]. Combining analysis
of the expression profiles of ACE2 and TMPRSS2 will give us a more
comprehensive and objective conclusion. ACE2 function may be
affected by other factors. As several groups have reported, soluble
human ACE2 could function as a decoy for SARS-CoV-2 S protein
[30,32,33]. This natural competitor can effectively inhibit virus
entry mediated by membrane-targeted ACE2. Moreover, we found
that both SARS-CoV-2 S and ACE2 have RGD/KGD motifs, which
can be recognized by integrin for binding. Thus, we speculated that
integrin could hinder the receptor targeting of S by shielding both S
and ACE2 [65].

In summary, the host range and cellular tropism of SARS-CoV-2
are dependent on the ACE2 expression profile. As the SARS-CoV-2
receptor, ACE2 is not only a gateway for SARS-CoV-2 entry into tar-
get host cells, but also a key to the understanding of SARS-CoV-2
pathogenesis.
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