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During the coronavirus disease 2019 (COVID-19) pandemic, it were reported that COVID-19 patients could have
cutaneous symptoms, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was observed on the
skin of COVID-19 patients, which indicated that the skin is one target of SARS-CoV-2. Meanwhile, reports about
SARS-CoV-2 transmission through food cold-chain overpacks emerged. With the fact that SARS-CoV-2 could
survive on the skin for more than 9 h, the skin could be implicated in SARS CoV-2 transmission. Angiotensin-
converting enzyme 2 (ACE2), a critical membrane protein for SARS-CoV-2 that enters a host cell, was recog-
nized to be associated with the risk of SARS-CoV-2 infection. Therefore, tissues that express ACE2 might have the
potential to be infected by and transmit SARS-CoV-2. The skin is one such tissue that expresses ACE2. However,
unlike the lung that expresses ACE2 on the upper-most epithelial layer, the skin is composed of different layers of
cells that function as a barrier, and cells under the top epidermal layer express ACE2. Since the skin barrier is the
first line of protection, the typical position of ACE2-expressing cells in the skin implies that the skin barrier
function could be the mediator of SARS-CoV-2. In our study, we found that ACE2 could be expressed in the skin,
and its expression level is increased in psoriasis, an inflammatory disease of the skin with barrier dysfunction.
Additionally, by applying the SARS-CoV-2 pseudovirus on mouse models with or without deteriorated skin
barrier, we found that the SARS-CoV-2 pseudovirus could infect the skin and lungs of mouse models, and when
the skin barrier was impaired, more SARS-CoV-2-infected cells could be found. Thus, we hypothesized that a
deteriorated condition of the skin barrier might increase the risk of SARS-CoV-2 infection through the skin.

Introduction skin was implicated in SARS CoV-2. Another fact that evoked our further

hypothesis was that a well-structured skin barrier is the first line of

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was
first discovered at the end of 2019, and it spread worldwide [1]. During
the coronavirus disease 2019 (COVID-19) pandemic, there were reports
that SARS-CoV-2 was transmitted through food cold-chain overpacks
[2], and that SARS-CoV-2 could survive on the skin for more than 9 h
[3], which brought about the question whether SARS-CoV-2 could
transmit through the skin.

Hypothesis

Considering the fact that the SARS-CoV-2 was present on the skin
[11], we evaluated two hypotheses. Our first hypothesis was that the

protection against external microbes. If the skin was implicated in the
SARS CoV-2 transmission, the function of the skin barrier could be the
mediator. Thus, our second hypothesis was that skin barrier could be the
mediator of the impact of SARS-CoV-2 on the skin and the well-
structured skin barrier is a potential weapon against transmission. In
other words, SARS-CoV-2 might transmit through the skin while the skin
barrier function could be the mediator.

Evaluation of the hypothesis

There were several indications to support our hypothesis regarding
the implication of the skin in SARS-CoV-2 transmission. First, the skin is

Abbreviations: ACE2, angiotensin-converting enzyme 2; AD, atopic dermatitis; COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syn-

drome coronavirus 2.
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one of the organs that can express angiotensin-converting enzyme 2
(ACE2) [8-10]. ACE2 on the cell surface serves as the binding point of
SARS-CoV-2, facilitating the entry of the virus and subsequent infection
[4,5]. Thus, ACE2 expression was considered to be associated with
susceptibility to SARS-CoV-2 [6]. Secondly, there were reports of coro-
navirus disease 2019 (COVID-19) patients having dermatological
symptoms [11-13], such as chilblains-like and pernio-like skin lesions.
SARS-CoV-2 particles were found in the skin endothelial cells of the
COVID-19 patients through electron microscopy [12], and a study re-
ported that skin rashes could be an orphan symptom in some patients
[14], for whom SARS-CoV-2 infection was first recognized through only
skin-related symptoms, but without respiratory symptoms, which might
provoke the thought that the skin was first infected in this patient. When
SARS-CoV-2 is transmitted through the respiratory tract, numerous cells,
known as alveolar epithelial type II cells, which express ACE2 on the
surface of the tract [5], were infected. This led to severe lung injury,
which could eventually result in death. The symptoms on the skin of
COVID-19 patients might be caused by systematic response to the SARS-
CoV-2 infection, which has not yet been verified. However, with the fact
that SARS-CoV-2 virus was detected in the skin, it is more likely that
these symptoms were caused by SARS-CoV-2 infecting the skin directly.
Thirdly, the SARS-CoV-2 virus was found to be present on cold chain
overpacks, and people who work in such cold chain environments could
be infected by SARS-CoV-2 as patient zero in certain areas. The skin is
the only organ that could directly be in contact with the SARS-CoV-2
contaminated surface in such environments, and SARS-CoV-2 could
survive on the skin for over 9 h. This implied that the skin could be
another target of the SARS-CoV-2, and a milieu for SARS-CoV-2 trans-
mission [7]. All of the above support our first hypothesis that the skin is
implicated in SARS-CoV-2 transmission.

As the “great wall” of the human body, the skin barrier protects us
from external microbes. Further, the well-structured skin barrier can
also block SARS-CoV-2 from entering the skin. Then, in which circum-
stances can the SARS-CoV-2 pass the barrier? Unlike the lung, which
contains only one layer of epithelial cells as a barrier to the external
microbial environment, the skin is composed of tight junctions of ker-
atinocytes and lipids that could be recognized as the “bricks and cement
of a wall,” respectively. The expression of ACE2 in the normal skin was
observed not on the surface, as in the lungs or gut, but on the stratum
basale, sweat glands, and blood vessel epithelia, which are located at the

Well structured
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bottom or under the skin barrier [7,9,10,12,16,17]. Thus, the target
ACE2-expressing cells of SARS-CoV-2 can be located in the innermost
layer of the “bricks” and in the basement. If there are fractures between
the external brick layers of the wall, infectious particles, such as SARS-
CoV-2, present on the external layer, gain contact with the vulnerable
bricks of the innermost bricklayer (Fig. 1). Thus, in certain pre-existing
cutaneous conditions with high ACE2 expression and barrier dysfunc-
tion, SARS-CoV-2 may be transmitted through the skin, and the well-
structured skin barrier can be a potential weapon against transmission
while the skin barrier function acts as the mediator.

Empirical data

Our hypothesis stands on the fact that the skin could express ACE2,
and that skin barrier dysfunction was associated with the skin acting as a
weapon against external microbes. We evaluated the skin ACE2
expression in psoriasis and atopic dermatitis (AD), typical skin diseases
with barrier dysfunction [22], and normal skin through RNAseq. Results
showed that the skin could express ACE2 in all the three conditions, and
patients with psoriasis had the highest expression of ACE2 on the skin
among the three conditions (Fig. 2). We used the SARS-CoV-2
pseudovirus-Luciferase (PSV001, Sino Biological, Beijing, China), which
contained recombinant pseudo-type lentiviral particles of SARS-CoV-2
spike protein, to mimic SARS-CoV-2 cell infection [18]. Additionally,
imiquimod- and calcipotriol-induced psoriatic and atopic dermatitis
(AD) mouse models with humanized ACE2 (Shanghai Model Organisms
Center, Inc., Shanghai, China) were used to verify whether the SARS-
CoV-2 could transmit through the skin in conditions with a deteriorated
barrier function. The mice(eight weeks)were divided into three groups
with three mice each: psoriatic mice, which received application of
imiquimod 10 mg (3 M Pharmaceuticals)per ear for 5 days; AD mice,
which received application of calcipotriol (MedChemExpress, Cat. No.:
HY-10001) 3 nmol per ear; and control mice, which received application
of vaseline 10 mg per ear for 5 days (Fargon) (mice without a deterio-
rated barrier). All groups were reared in one cage (specific-pathogen-
free conditions, P3 lab, The National Institute of Parasitic Diseases,
Shanghai, China) and treated with the SARS-CoV-2 pseudovirus (2 x 10°
copies/ml) at a dose of 30 pl per ear. The skin and lung tissues were
obtained 48 h after the virus treatment. The mice were anesthetized for
48 h after the viral treatment if the virus was transmitted through the

Deteriorated

T Jer—m [ -
=

@ ACE2

o o o ) o ) ‘ o
[N
| @
. 0
% SARS-CoV-2 | ) Keratinocyte == Vessel Lipids

Sweat gland @ Inflammation induced infiltrating
immune cells

Fig. 1. The hypothesis that deteriorated skin barrier might increase the risk of SARS-CoV-2 transmitting through skin.
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Fig. 2. The expression of ACE2 in the lesion skin of patients with psoriasis and
atopic dermatitis as well as the skin of normal control.

mouth or eyes [19,20]. Besides, we additionally reared three mice in the
same environment, and anesthetized them for 48 h without applying the
pseudo virus topically. Thereafter, fluorescence-activated cell sorting
was performed. The amount of green fluorescent protein cells detected
in the skin and lung tissues of the pseudovirus-treated mice with barrier
dysfunction was significantly higher than that in the control group
(Fig. 3). No green fluorescent protein cells were observed in the lung of
the three mice reared in the same environment without the topically
applied pseudovirus, which could prove that the SARS-CoV-2 was not
transmitted through the lung/respiratory tract.

Discussion

With the COVID-19 pandemic, establishing a method of preventing
SARS-CoV-2 spread has become increasingly urgent. Thus, elucidating
possible ways of SARS-CoV-2 transmission may encourage the devel-
opment of new methods to reduce the spread of COVID-19. The
expression of ACE2 in the skin indicates the possibility that the skin
might be another entry point for the SARS-CoV-2. The situation of the
wall fracture, herein referred to as barrier dysfunction of the skin, may
vary. From our clinical work, we found that in psoriasis, a typical in-
flammatory skin disease with barrier dysfunction, treatment with
interleukin (IL)-17 antibody resulted in a downregulation of ACE2
expression in the skin, while the skin barrier dysfunction and skin in-
flammatory status were restored [15]. This made us wonder whether the
deteriorated skin barrier or skin inflammation could be associated with
ACE2 expression. In our study, we could not conclude whether ACE2
was associated with skin barrier function; however, the results implied
that the psoriatic form of the skin inflammation with barrier dysfunction
might enable a higher risk for SARS-CoV-2 transmission in certain cir-
cumstances. However, another article demonstrated that the incidence
of COVID-19 in psoriatic patients was not elevated [21]. Nevertheless,
the conclusions were drawn in the context of a normal situation, and
whether patients were in a circumstance where exposure to SARS-CoV-2
occurred only through the skin surface was not determined. Thus, the
article could only conclude that psoriasis patients do not have an
elevated risk of contracting COVID-19 in most conditions. When the
environment contains surfaces contaminated by SARS-CoV-2, the risk of
transmission though the deteriorated skin barrier cannot be ruled out.
The protection of skin barriers could be more necessary for psoriasis
patients.

The use of a SARS-CoV-2 pseudovirus showed that the skin could be a
potential target of SARS-CoV-2, and that the cutaneous condition could
affect the infection risk. Our previous work revealed that ACE2 is
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Fig. 3. The percentage of GFP cells in mouse models with induced psoriasis,
atopic dermatitis and group control.

expressed not on the skin surface, but in the dermis and the cells be-
tween the dermis and epidermis. A deteriorated skin barrier provides
various infectious agents, such as SARS-CoV-2, the opportunity to
penetrate the epidermis. This study showed that based on the physical
structure of the skin barrier, the SARS-CoV-2 S protein binding the
ACE2-expressing cell in the stratum basale and dermis held a higher risk
of being infected by SARS-CoV-2 when the skin barrier was deteriorated.
Furthermore, this study showed that the deteriorated skin barrier
enabled SARS-CoV-2 infection of cells in both the skin and lungs.
Moreover, psoriasis might have increased the risk of SARS-CoV-2
transmission through the skin in certain circumstances. The inflamma-
tory environment, along with the deteriorated skin barrier, could be an
opportunity for SARS-CoV-2 transmission. An elevated ACE2 level in
skin inflammatory disorders with a deteriorated barrier provides a
suitable environment for such an opportunity.

Conclusions

With the indications above, we concluded that the skin is implicated
in SARS CoV-2 transmission while the skin barrier might be a mediator
that affects SARS-CoV-2 transmission through the skin. Since we use
pseudo virus not real SARS-CoV-2 virus to evaluate our hypotheses,
more work should be done to verify whether SARS-CoV-2 could transmit
through skin. And clinical data should be gathered in order to clarify if
patients with deteriorated skin barrier function gained higher risk of
infected by SARS-CoV-2. Most importantly, our hypotheses implied the
protection of the skin barrier be a solution of protecting against SARS-
CoV-2 more adequately.
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