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High Expression of ACE2 on Keratinocytes Reveals
Skin as a Potential Target for SARS-CoV-2
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TO THE EDITOR
Since December 2019, a novel coronavirus, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
has emerged in Wuhan, Hubei, China,
as an etiological agent causing a new
infectious respiratory disease, coronavirus disease 2019, which manifests as
fever, severe respiratory illness, and
pneumonia (Huang et al., 2020). With
significant morbidity and mortality,
coronavirus disease 2019 has now
evolved into a global pandemic (Park,
2020). To date, more than 3 million
cases of coronavirus disease 2019 have
been reported worldwide, including
252,336 deaths, according to the
World Health Organization.
The entry of coronavirus into target
cells mainly depends on the binding of
the viral spike proteins to cellular receptors (Hoffmann et al., 2020). ACE2
has been identified as a crucial functional receptor of SARS-CoV-2 (Wang
et al., 2020). The receptor-binding
domain of the SARS-CoV-2 spike protein was reported to have a strong
interaction with human ACE2 molecules, which was confirmed in molecular structure (Wrapp et al., 2020; Xu
et al., 2020b). These studies suggested
that the ACE2-expressing cells were
vulnerable to SARS-CoV-2 infection.
The RNA and protein expressions of
ACE2 have been widely investigated by
bulk samples from the heart, lung, kidney, and other organs (Hamming et al.,
2004). Recently, single-cell RNA
sequencing (scRNA-seq) was applied to
analyze ACE2 mRNA expression in
different cell subtypes. High ACE2
expression was identified in type II
alveolar cells, bronchial transient
secretory cells, small intestinal epithelium cells, and oral epithelial cells in
accordance with respiratory clinical
manifestations and rare clinical manifestations such as gastrointestinal

symptoms, suggesting the respiratory
droplet, digestive, and fecal-oral transmission routes of SARS-CoV-2 (Liang
et al., 2020; Lukassen et al., 2020; Xu
et al., 2020a). Therefore, we hypothesized that the expression and distribution of ACE2 in human organs and
tissues could reflect the potential
infection routes of SARS-CoV-2. However, scRNA-seq has not yet been
applied to examine ACE2 expression in
the cells of skin tissues, and the transmission of this virus by percutaneous
routes remains unclear.
To investigate whether skin was a
potential target for SARS-CoV-2 infection, we first analyzed ACE2 mRNA
expression and ACE2-positive cell
composition in skin tissues based on
public
databases
(GEPIA2
and
ARCHS4) and found that ACE2 was
expressed in skin tissues in addition to
testis, kidney, colon, lung, and so on.
The expression of ACE2 was significantly higher in keratinocytes than
other cell types in skin tissues, such as
fibroblasts and melanocytes (Figure 1a
and b). Moreover, our in-house data of
bulk RNA sequencing from 18 skin
samples showed ACE2 expression in all
samples (Figure 2a), which was further
validated by quantitative real-time RTPCR (Ct ¼ 28.97  1.91, Figure 2b).
We then performed scRNA-seq to
evaluate the cell typeespecific expression of ACE2 in six skin samples. After
data processing, 40,459 cells were acquired and eight cell types were identified based on their canonical markers,
including
keratinocytes
(KRT1þ,
KRT5þ, KRT10þ, and KRT14þ), endothelial cells (SELEþ and CD93þ), fibroCOL6A1þ,
and
blasts
(DCNþ,
þ
COL6A2 ), hair follicles (SOX9þ), immune cells (PTPRCþ, IL32þ, and
CD3Dþ), lymphatic endothelial cells
(CCL21þ and LYVE1þ), melanocytes
(TYRP1þ and PMELþ), and sweat gland

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; scRNA-seq, single-cell
RNA sequencing
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cells (DCDþ, KRT19þ, KRT7þ, and
AQP5þ) (Figure 2c). We found that
0.19% of skin cells in all six samples
were ACE2-positive. Among these positive cells, keratinocytes were most
enriched, accounting for 97.37%, and
sweat gland cells account for 2.63%,
confirming that ACE2 was mainly
expressed in keratinocytes (Figure 2d
and e). Moreover, we analyzed the
ACE2 expression level in keratinocytes
from different cell states and found that
ACE2 was mainly expressed in differentiating keratinocytes and basal cells
(Figure 2f). We did not find ACE2-positive fibroblasts, likely because of the
low expression of ACE2 in fibroblasts
(Figure 1b). Additionally, the ACE2
expression from eight skin samples by
immunohistochemistry was analyzed.
The results showed that 0.35% 
0.07% of cells in the skin samples were
ACE2-positive, mainly keratinocytes,
consistent with scRNA-seq data. The
stratum basale, stratum spinosum, and
stratum granulosum of epiderma displayed ACE2-positive keratinocytes
(Figure 2g). We also found few ACE2positive dermal cells in immunohistochemistry, which could not be observed
by scRNA-seq, likely because of the
limitation of high dropouts and low
capture efficiency of scRNA-seq technology (Haque et al., 2017). This study
was approved by the institutional review board of Shandong Provincial
Hospital for Skin Diseases, Shandong
First Medical University, and written
informed consent was obtained from all
the participants. Detailed study protocols and methods are provided in
Supplementary Materials and Methods.
Human skin as a functional physical
and immune barrier could prevent the
invasion
of
foreign
pathogens,
including bacteria, fungi, and viruses.
Once the skin barrier is disrupted,
humans have an increased susceptibility to microbial colonization and infections (Boguniewicz and Leung,
2011). Recently, the cutaneous manifestations of SARS-CoV-2 infection
were reported in 20.4% (18/88) patients
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Figure 1. Expression of ACE2 in skin tissues in public database. (a) Bar plot of ACE2 expression in human normal tissues from GEPIA2 database. Expression level
was indicated by log2(mean of TPM þ 1). (b) Boxplot of ACE2 in different tissue types from ARCHS4 database. TPM, transcript per million.

and were found to be similar with other
viral skin infections (Recalcati et al.,
2020). In this study, we systematically
analyzed ACE2 expression and ACE2positive cell composition in skin
tissues and found a high expression of
ACE2 in keratinocytes, especially in
differentiating keratinocytes and basal
cells, suggesting that skin might be a
potential target of SARS-CoV-2. Eczematoid dermatitis was induced by longterm wearing of protective clothing and
contacting disinfectant, which might be
a crucial factor to cause percutaneous
infection in patients with coronavirus
disease 2019 and medical personnel

(Yan et al., 2020). Healthcare workers,
especially those who worked at the first
line, and patients with dermatosis with
skin barrier dysfunction may be risk
populations for percutaneous infection.
In addition, keratinocytes may become
infected through hematogenous viral
spreading following inoculation of the
upper airways (To et al., 2020). Our
study provided a viewpoint to the
routes of SARS-CoV-2 transmission,
which to our knowledge were not reported previously.
In conclusion, the high expression
of ACE2 on keratinocytes in human
skin indicated that percutaneous

transmission might be a potential risk
route for SARS-CoV-2 infection, especially in conditions of skin barrier
dysfunction. Also, keratinocytes are potential target cells for the viral infection
when a patient is in a state of viremia.
Currently, SARS-CoV-2 has been
pandemic worldwide. The potential risk
routes by which SARS-CoV-2 infects
keratinocytes and cutaneous manifestations of SARS-CoV-2 infection should be
brought to our attention as well.
Data availability statement

The raw sequence data reported in this
paper has been deposited in the
www.jidonline.org
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Figure 2. ACE2 RNA and protein expression in skin tissues. (a) Violin plot of ACE2 expression in bulk RNA sequencing of skin tissues. Expression level was
indicated by log2(FPKM). (b) Amplification curve of skin samples and negative control from qRT-PCR. (c) Eight primary cell types in skin tissues were identified
by cell markers, and cells were clustered by the UMAP method. (d) Cells with positive (red plots) ACE2 expression. (e) Violin plot of ACE2 expression in different
cell types. Expression level was indicated by log2(UMI counts). (f) Violin plot of ACE2 expression in different cell subtypes of skin keratinocytes. Expression level
was indicated by log2(UMI counts). (g) ACE2 protein expression in human skin tissues (original magnification, 200). FPKM, fragments per kilobase million;
qRT-PCR, quantitative real-time RT-PCR; UMAP, uniform manifold approximation and projection; UMI, unique molecular identifier.
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Inflammasome and CD8þ T cells in CL

Genome Sequence Archive in BIG Data
Center, Beijing Institute of Genomics,
Chinese Academy of Sciences, under
project PRJCA002557. The accession
number is HRA000145. Further information about sequencing data can be
found at https://bigd.big.ac.cn/gsahuman/browse/HRA000145.
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Inflammasome Activation by CD8D T Cells from
Patients with Cutaneous Leishmaniasis Caused by
Leishmania braziliensis in the Immunopathogenesis
of the Disease
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TO THE EDITOR
Cutaneous leishmaniasis (CL) is characterized by an inflammatory response
mainly mediated by CD4þ T cells producing IFN-g, which are responsible for
macrophage
activation
and

intracellular Leishmania braziliensis
parasite killing. We recently showed
the importance of CD8þ T cells in the
pathogenesis of human CL as skin lesions from patients with CL present
higher frequencies of CD8þ T cells,

Abbreviation: CL, cutaneous leishmaniasis
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contributing to the inflammatory
response (Cardoso et al., 2015; Santos
et al., 2013). Moreover, lesion size
was found to positively correlate with
the frequency of CD8þ T cells‒
expressing granzyme B. The cytotoxic
response mediated by CD8þ T cells was
not found to be linked to decreased
parasite load in human macrophages
infected in vitro (Cardoso et al., 2015;
Santos et al., 2013).
www.jidonline.org
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SUPPLEMENTARY MATERIALS AND
METHODS
Public database acquisition

The public RNA sequencing (RNA-seq)
data of ACE2 expression in various
normal tissues were obtained from
GEPIA2 (http://gepia2.cancer-pku.cn/
#index). The public RNA-seq data of
ACE2 expression in various cell types of
different tissues were obtained from
ARCHS4
(https://amp.pharm.mssm.
edu/archs4/data.html), a web source
providing most of the published RNAseq data from human and mouse at
the gene and transcript levels
(Lachmann et al., 2018).
Samples

A total of 17 skin samples were obtained after written informed consent
from all participants and ethical
approval from Shandong Provincial
Hospital for Skin Diseases, Shandong
First Medical University. Six were used
for single-cell RNA-seq, and eight were
fixed with neutral buffered formalin and
embedded in paraffin for immunochemistry. The other three skin samples
used for total RNA extraction were
stabilized by RNAlater RNA Stabilization Reagent (Qiagen, Hilden, Germany) and stored at 80  C. The inhouse data of bulk RNA-seq of 18
healthy skin samples were available for
validation analysis.
Single-cell processing

Fresh skin samples were cut into
approximately 3-mm3 pieces and
digested using Dispase II (Gibco,
Thermo Fisher Scientific, Waltham, MA)
to separate dermis and epidermis.
Epidermis was minced finely with
dissection scissors in 5 ml 1 PBS
(Gibco) and was digested in 1 ml 0.25%
Trypsin-EDTA (Gibco) for 30 minutes.
Subsequently, 6 ml PBS containing 10%
fetal bovine serum was added to terminate the digestive reaction. Dermis was
minced finely using dissection scissors

209.e1

and was digested in 5 ml digestion
buffer (1 mg/ml collagenase P, 100 mg/
ml DNase I) (Sigma-Aldrich, St. Louis,
MO) for 50 minutes. After that, 5 ml PBS
containing 10% fetal bovine serum was
added to terminate the digestive reaction. The cell suspension was subsequently passed through a 70-mm cell
strainer and centrifuged at 500g for 7
minutes. After washing twice with 1
PBS, the cell pellets were resuspended
in 100 ml 1 PBS, and the cells were
counted under the microscope using
cell counting chamber.

Biosystems, Foster City, CA). The primers
were designed by Primer-BLAST (National
Center for Biotechnology Information).
Quantitative real-time PCR assays were
conducted in triplicate using the SYBR
green method (CWBIO) on a StepOnePlus
Real-Time PCR Systems (ABI) according
to manufacturer’s instructions. The
sequence of primers for ACE2 genes were
as follows: forward primer, 50 CGAGTGGCTAATTTGAAACCAAGAA30 and reverse primer, 50 -ATTGA(Zhang
TACGGCTCCGGGACA-30
et al., 2019).

Single-cell RNA-seq

Immunohistochemistry

The Chromium instrument and the
Single Cell 3’ Reagent kit (v2) were
used to prepare individually barcoded
single-cell RNA-seq libraries according to the manufacturer’s protocol (10x
Genomics, Pleasanton, CA). The libraries were sequenced on an Illumina
NovaSeq 6000 System. The FASTQ
files were analyzed with the Cell
Ranger Single Cell Software Suite (v
3.1; 10x Genomics). The initial processing of all skin cells was performed
using the Seurat R Package (v 2.3.4).
The mean reads per cell of our singlecell RNA-seq data were 50,000 reads,
and about 2,500 genes could be
detected per cell. For quality control,
we removed the cells with less than
200 genes or larger than 9% mitochondrial reads. The uniform manifold
approximation and projection method
was used for dimensionality reduction
and clustering the cells. The cell types
for the analysis were derived from the
Human Primary Cell Atlas. Uniform
manifold approximation and projection plots and violin plots were generated with Seurat in R.

The tissue slides were deparaffinized
and rehydrated, and the water-bath
heating method was used to perform
antigen retrieval. After washing with
1 PBS, the endogenous peroxidase
was blocked by 0.3% H2O2 for 15
minutes, and nonspecific binding was
blocked by 5 BSA for 25 minutes at
37  C. The slides were incubated with
rabbit anti-human ACE2 polyclonal
antibody (Proteintech, Rosemont, IL)
or rabbit polyclonal IgG isotype control at 1:200 dilution overnight at 4  C.
Next day, the slides were washed with
1 PBS and incubated with horseradish peroxidaseeconjugated goat
anti-rabbit IgG secondary antibody
(Abcam, Cambridge, United Kingdom)
for 30 minutes. Sections were mounted
by neutral resins and examined under
microscopy (EVOS FL Auto 2 Imaging
System, Thermo Fisher Scientific).

Quantitative real-time RT-PCR

Total RNA was extracted using the
RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instruction and
reverse transcribed into cDNA (Applied
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