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Abstract: Background: Interleukin-33 (IL-33) is an important cytokine in the pathophysiology of
atopic dermatitis (AD) and in the progression of COVID-19. Angiotensin converting enzyme 2 (ACE2),
the entry receptor for SARS-CoV-2, is expressed in epidermal keratinocytes. Whether IL-33 could
regulate the expression of ACE2 mechanistically in keratinocytes warrants investigation. Objective:
We questioned whether the ACE2 expression is increased in AD skin. We also questioned whether
ACE?2 is expressed in keratinocytes; if so, would its expression be enhanced mechanistically by
IL-33. Methods: We measured and compared the expression of ACE2 in skin from patients with
AD, patients with psoriasis, and healthy controls using immunohistochemistry. Flow cytometry,
immunofluorescent exam, and quantitative RT-PCR were used for measuring the ACE2 expression
in cultured keratinocytes treated with IL-33 and IL-17. Blocking antibodies were utilized to study
the intracellular signaling pathways governing the ACE2 expression using cytokines. Results: The
results showed that the ACE2 expression is increased in AD compared with that in healthy skin and
psoriasis. In primary epidermal keratinocytes, ACE2 is constitutively expressed. IL-33 induces a time-
dependent increase in ACE2 expression in cultured keratinocytes through quantitative PCR, flow
cytometry, and immunofluorescent examinations. Furthermore, pretreatment of an ERK inhibitor,
but not a STAT3 inhibitor, eliminated the increases in ACE2 by IL-33 in keratinocytes, indicating that
IL-33 enhances ACE2 expression through ERK on epidermal keratinocytes. Conclusion: This is the
first study to reveal that IL-33 enhances ACE2 expression on keratinocytes via ERK. Although further
mechanistic studies are required, the increased ACE2 expression in IL-33 might have a biological
implication on the transmission of SARS-CoV-2 in patients with AD.

Keywords: interleukin-33 (IL-33); angiotensin converting enzyme 2 (ACE2); atopic dermatitis;
COVID-19; SARS-CoV-2

1. Introduction

Atopic dermatitis (AD), a common inflammatory skin disease, affects 15-20% of
children and 1-3% of adults in industrialized countries [1]. Intensive itching and sleep
disturbance in AD cause huge burdens in patients, family, and society. Its pathogenesis
includes impaired skin barriers and the aberrant production of T helper-2 (Th2)-associated
cytokines [2]. When the epidermal barrier is impaired by exogenous insults or endogenous
immune responses, IL-33 is released from epidermal keratinocytes as an alarmin to activate
type-2 innate lymphoid cells (ILC2) [3] and basophils to release Th2 cytokines, including IL-
4 and IL-13, which reduce the expression of barrier protein filaggrin, forming a viscous cycle
to perturb the damaged skin barrier [4]. The IL-33 receptor, known as the membrane-bound
stimulation-2 receptor (ST2), is widely expressed in several immune cells, such as ILC2,
Th2 cells, regulatory T (Treg) cells, M2 macrophages, and eosinophils, along with epithelial
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cells, including lung epithelial cells [5] and skin epidermal keratinocytes [6]. Thus, during
the process of the perturbed skin barrier, IL-33 is released from keratinocytes and acts on a
variety of dermal and epidermal immunocompetent cells [7]. For example, IL-33 induces
the release of IL-31 and histamine from Th2 cells [8] and mast cells, respectively [9]. Both
IL-31 and histamine are mediators of pruritus [10]. In an animal model, Imai et al. revealed
that transgenic mice (IL33tg) with keratin 14 promoter developed dermatitis and severe
itching at the age of 5 weeks [11]. In addition, skin barrier proteins, including filaggrin
and claudin-1, were decreased in IL33tg mice [12]. The important role of IL-33 in AD is
further evidenced by a phase 2a clinical trial, demonstrating that Etokimab, an anti-IL-33
monoclonal IgG1 antibody, exhibited a therapeutic benefit for AD [13].

COVID-19 has caused a major pandemic throughout the last 2 years, and claimed
millions of lives worldwide. Damaged alveolar epithelial cells are one of the major patho-
logical findings in COVID-19 pneumonia [14]. IL-33 and other cytokines are released from
these damaged epithelial cells. These cytokines have an impact on disease severity. In
patients with mild symptoms, IL-33 stimulates Treg cells and ILC2 to release IL-4, which
in turn promotes mast cells to release histamine, causing allergy-like symptoms in these
patients [15,16]. In patients with mild to moderate symptoms, IL-33 induces ILC2, releasing
a large amount of IL-9, expanding effector memory T cells in the lungs [17,18]. In patients
with moderate to severe pneumonia, IL-33, IL-2, and IL-7 induce the expansion of ILC2,
CDA4 T cell, and GM-CSF-producing T cells [19,20]. In severe to critical cases, the cytokine
storm is induced by IL-33, GM-CSF, and IL-1 [21,22]. These cytokines might provoke
each other and act on multiple cell types, such as cardiac fibroblasts, endothelial cells,
or adipocytes [23,24]. This phenomenon could cause multiple systemic diseases, such as
thrombosis, heart failure, and even multiple organ failure [25-27]. In chronic stages, IL-33
stimulates M2 macrophage and ILC2 to release profibrotic cytokines, such as TGF3 and
IL-13, involved in pulmonary fibrosis diseases [28,29]. Therefore, how IL-33 would regulate
skin immune responses amid COVID-19 infection is interesting to know. On the other hand,
IL-17, released from T-helper 17 cells (Th17), is involved not only in psoriasis, but also
in the chronic phase of AD [30]. IL-17 could downregulate filaggrin or other skin barrier
proteins [31-33]. We were also interested in discovering how IL-33 regulates skin immune
responses amid COVID-19 infection.

SARS-CoV-2, the pathogen of COVID-19, infects lung cells via the angiotensin-converting
enzyme 2 receptor (ACE2 receptor) [34]. ACE2 is an enzyme located on the cell membranes. The
ACE2 transforms angiotensin II, a vasoconstrictor produced by angiotensin-converting enzyme
(ACE), into the vasodilator angiotensin [35]. Similar to ST2, the ACE2 receptor is expressed
not only in pulmonary type I alveolar cells, but also in other cells, including myocardial cells,
proximal tubule cells of the kidney, ileum and esophagus epithelial cells, and bladder urothelial
cells [36]. Zhu et al. demonstrated the relations between ACE2 expression on the keratinocytes
and SARS-CoV-2 percutaneous transmission [37]. In human skin, Xue et al. showed ACE2
was expressed more on keratinocytes than that on other types of cells, such as fibroblasts
and melanocytes. Through immunohistochemistry (IHC), ACE2-positive keratinocytes were
enriched in the stratum basale, stratum spinosum, and stratum granulosum. This result suggests
that skin could be a target organ for infection, particularly when the skin is inflamed with a
perturbed skin barrier (as in the case of AD). Murine models showed that mRNA and the protein
expression of ACE2 are induced by the application of imiquimod cream, MC903 (Calcipotriol, a
vitamin D3 analog), and DNFB (1-Fluoro-2,4-dinitrobenzene), which mimic psoriasis, atopic
dermatitis, and contact dermatitis, respectively [38]. Furthermore, one investigation in India
revealed that the expression of angiotensin-converting enzyme 2 in psoriatic skin was enhanced
by interferon-y [39].

Therefore, IL-33 is one of the crucial cytokines in both atopic dermatitis and in COVID-
19. We considered whether the ACE2 receptor expression in keratinocytes would increase in
atopic dermatitis, and whether it would be attributed to the regulation and action of IL-33.
In this study, we measured the expression of ACE2 in atopic skin and cultured keratinocytes,
and investigated how IL-33 regulates ACE2 expression in epidermal keratinocytes.
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2. Materials and Methods
2.1. Skin Samples for Immunohistochemistry

Human skin was obtained from AD through skin biopsy. All of the procedures were
performed according to national and institutional ethical guidelines. Here, 5 um serial
tissue sections obtained from the skin of AD patients (age 20-64), patients with psoriasis
(age 42-68), and controls (age 8-67) (n = 5, 4, and 9, respectively) were used.

2.2. Culture for Primary Keratinocytes

Normal human keratinocytes were obtained from adult foreskins through routine
circumcision. The keratinocytes were harvested and cultured as described previously [40].
Briefly, skin specimens were washed with PBS (phosphate buffer saline) (pH 7.2), cut into
small pieces, and harvested in Dulbecco’s Modified Eagle Medium (DMEM) containing
0.25% trypsin (Gibco, Grand Island, NY, USA) overnight at 4 °C. The epidermal sheet was
separated from the dermis using fine-tipped forceps. The epidermal cells were pelleted
through centrifugation (500x g, 10 min) and were then dispersed into individual cells
by repeated gentle aspiration. The keratinocytes were gently resuspended in 5 mL of
keratinocyte in a serum-free medium (Gibco), which contained 25 mg/mL bovine pitu-
itary extract and 5 ng/mL recombinant human epidermal growth factor. Keratinocytes
at the third passage were then grown in a keratinocyte in serum-free medium without
bovine pituitary extract and recombinant human epidermal growth factor for 24 h before
experimentation.

2.3. Immunohistochemistry

Tissues were fixed in 10% buffered formalin, dehydrated, and embedded in paraf-
fin at the pathology department. Deparaffinization with xylene was performed in our
lab. Subsequently, the sections were washed in PBS (phosphate buffer saline) and incu-
bated with primary antibodies directed against ACE2 (Rabbit, Genetex GTX101395, San
Antonio, TX, USA), CD207 (Langerin, Invitrogen 12-2075-82, Waltham, MA, USA), and
isotype antibody (Rabbit IgG and Rat IgG2a-PE). The slides were then washed in PBST
(phosphate buffer saline with 0.1% Tween 20) and visualization was performed using a
fluorescence microscope (Olympus DP80, Shinjuku-ku, Tokyo, Japan) according to the
manufacturer’s instructions.

2.4. Quantitative RI-PCR

The keratinocytes were cultured in a 12-well plate with keratinocyte SFM (serum-
free medium). Cytokines were added to the medium with different concentrations and
durations. The quantification and purity of the RNA were assessed using A260/A280
absorption (Nanodrop spectrophotometer; Thermo Fisher (Waltham, MA, USA)), and RNA
samples with ratios greater than 1.7 were stored at —70 °C for further analysis. Extracted
RNA (1 pL) was then subjected to PCR amplification using MPCR kits (Maxim Biotech,
San Francisco, CA, USA) according to the manufacturer’s instructions. Primer sequences
used were designed for human ACE2 FORWARD: CATTGGAGCAAGTGTTGGATCTT
and human ACE2 BACKWARD: GAGCTAATGCATGCCATTCTCA. The reactions were
carried out under the following conditions: 96 °C for 1 min and 60 °C for 4 min, 30 cycles
of 94 °C for 1 min and 60 °C for 3 min, and extension at 70 °C for 10 min.

2.5. Flow Cytometry

We treated keratinocytes with IL-33 (100 ng/mL) and IL-17 (100 ng/mL) for 2, 6, and
24 h, respectively. The cells were detached from the cultured dishes by trypsin. The cells
were fixed and holed by 1% Saponin for 30 min in room air. We stained the cells with
1:500 Rabbit (Genetex, GTX101395, San Antonio, TX, USA) overnight at 4 °C. Then, the cells
were bound by Goat anti-rabbit IgG-568 antibody (secondary antibody) for 1 h in room air.
We then measured the expressions of ACE2 by flow cytometry (BD Biosciences, San Jose,
CA, USA).
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The following cytokines and antibodies were used: IL-33: PeproTech #200-33, 100 ng/mL;
IL-17: PeproTech #200-17, 100 ng/mL; ACE2: Rabbit, Genetex, GTX101395; Isotype: Rabbit
IgG; secondary antibody: Goat anti-rabbit IgG-568.

In order to validate that IL-33 indeed enhances the expression of ACE2 in keratinocytes,
we used an immunofluorescent examination to measure the expression of ACE2 in ker-
atinocytes treated with IL-33. Furthermore, we were interested in the mechanism through
which IL-33 enhances the expression of ACE2. Therefore, in order to test this hypothesis,
inhibitors of ERK (PD98059) or STAT3 (STA21) were added to the keratinocytes treated
with IL-33.

2.6. Immunofluorescent Exam

Keratinocytes were cultured with keratinocyte SFM (serum-free medium). KCs, at-
tached on 16 mm cover glasses, were cultured in 12-well plates. Cytokines and protein
inhibitors were added to the 12-well plate for 24 h. Then, the cells were fixed and holed by
0.1% triton X for 1 h in room air. We stained the keratinocytes with 1:500 rabbit anti-ACE2
(Genetex GTX101395) overnight at 4 °C, followed by Goat anti-rabbit IgG-568 antibody
(secondary antibody) binding for 1 h in room air. Inmunostained samples were analyzed
using the feature of “Analyze Particles” in Image].

The following cytokines and protein inhibitors were used: IL-33: PeproTech #200-17,
100 ng/mL; PD98059 (ERK 1/2 inhibitor): Sigma P215, 50 uM STA21 (STAT3 inhibitor):
CAYMAN 14996, 250 nM. The following antibodies were used for immunofluorescent
staining: Isotype IgG: Rabbit IgG, ACE2: Rabbit, Genetex GTX101395. 4,6-Diamidino-2-
phenylindole (DAPI) (Fluka) was used for the staining of the nuclei.

3. Results
3.1. ACE2 Expression Was Increased in Atopic Dermatitis Compared with That in Normal Skin

In order to investigate whether the ACE2 receptor was indeed expressed on the skin
in vivo, we took skin samples from AD patients and psoriasis patients and performed an
immunohistochemical analysis (Figure 1). The results showed that ACE2 was expressed
in the basal and suprabasal epidermis. Of note, the ACE2 expression was significantly
increased in AD compared with that in normal skin and psoriasis.

3.2. Through Quantitative RI-PCR, ACE2 mRNA Expression Increased in a Time-Dependent
Manner under 1L-33 Stimulation

We demonstrated the expression of ACE2 in the epidermal keratinocytes in tissue
using IHC. We then asked whether ACE2 was expressed in cultured keratinocytes, and if so,
whether IL-33 would enhance ACE2 expression. To address this, we performed quantitative
RT-PCR to measure the transcriptional expression of ACE2 in keratinocytes treated with
IL-33 for 2, 6, and 24 h. The result revealed that the ACE2 mRNA expression is present in
keratinocytes (Figure 2). Under IL-33 stimulation, the ACE2 transcriptional expression was
enhanced over time (24 h > 6 h > 2 h). However, there was no dose-dependent effect of
IL-33 on the expression of ACE2. In contrast with that of IL-33, the ACE2 expression was
not enhanced by IL-17, a cytokine closely relevant to the pathophysiology of psoriasis.

3.3. ACE2 Is Constitutively Expressed in the Cultured Keratinocytes — Both IL-33 and IL-17
Enhance the ACE2 Protein Expression in a Time-Dependent Manner

We showed that IL-33 enhanced the ACE2 transcriptional expression in keratinocytes.
We then asked whether this would be verified at the translational level. We first used flow
cytometry to measure the ACE2 expression in cultured keratinocytes (Figure 3). The results
showed that the treatment of IL-33 or IL-17 at 10 ng/mL both enhanced the expression of
ACE2 in cultured keratinocytes in a time-dependent manner.
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Normal skin Atopic dermatitis Psoriasis vulgaris

Isotype control

Target antibodies

Figure 1. The ACE expression is increased in AD skin compared with that in psoriatic skin and
healthy skin. We performed immunohistochemistry on the skin from psoriatic, atopic, and healthy
patients. The ACE2 receptor (green color) was expressed in the basal and suprabasal epidermis in
all three disease conditions. Notably, the ACE2 expression was increased in AD (middle pictures)
compared with that in normal skin (left) and psoriasis (right). Green: ACE2; blue: DAPL red: CD207
(langerin), Langerhans cell. Representative images are shown.
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Figure 2. IL-33 enhanced the mRNA expression of ACE2 in a time-dependent manner. We performed
quantitative RT-PCR for measuring ACE2 mRNA expression in keratinocytes treated with IL-33 (A) or
IL-17 (B) at indicated time points. The results showed that IL-33 enhanced the mRNA expression
of ACE2 in a time-dependent manner, but not in a dose-dependent manner (A). On the other hand,
IL-17 did not enhance the ACE2 mRNA expression (B).
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Figure 3. ACE2 is constitutively expressed in the cultured keratinocytes. We performed flow cy-
tometry and immunofluorescence examinations for evaluating the ACE2 expression. Keratinocytes
were treated with IL-33 and IL-17 at 10 ng/mL for 2, 6, and 24 h, respectively. The ACE2 protein
expression under IL-33 (upper row) or IL-17 stimulation (lower row) was measured using flow
cytometry and immunofluorescence examinations (representative data from three repeated experi-
ments). The bar graph represents the quantification of the intensity of the ACE2 expression through
immunofluorescence examinations. * indicates p < 0.05 compared with baseline ACE2.

3.4. IL-33 Induces the ACE2 Expression, Which Is Abrogated by Pretreatment with PD98059

We then used an immunofluorescent examination to measure the expression of ACE2
in keratinocytes treated with IL-33. The results showed that the ACE2 expression increased
on the keratinocytes and IL-33 enhanced the expression of ACE2 on keratinocytes. In
order to reveal the probable mechanism, inhibitors for ERK (PD98059) or STAT3 (STA21)
were added to keratinocytes treated with IL-33. The expression of ACE2 was measured
by immunofluorescent examinations and flow cytometry (Figures 4 and 5, respectively).
The immunofluorescent examination results showed that IL-33 consistently enhanced the
expression of ACE2. Of note, pretreatment of the keratinocytes with PD98059, but not
STA21, eliminated the increase in ACE2 expression by IL-33. Through flow cytometry,
the data showed that IL-33 induced a modest expression of ACE2, which was abrogated
by both PD98059 and STA21. Interestingly, while IL-17 induced a minimally increased
expression of ACE2, the pretreatment of STA21 potentiated the expression of ACE2 by IL-17.
Taken together, both immunofluorescent examination and flow cytometry data indicated
that IL-33 induces the expression of ACE2 through ERK.
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Figure 4. IL-33 enhanced ACE2 expression through ERK in keratinocytes. We performed immunoflu-
orescent staining to measure the ACE2 expression in IL-33-treated keratinocytes. Small molecule
inhibitors for PD98059 or STA21 (ERK and STATS3, respectively) were also pretreated. In the DMSO
control, the fluorescence intensity of ACE2 (red color) was enhanced by IL-33 (bottom left). The
fluorescence intensity decreased after PD98059 pretreatment (bottom middle). This phenomenon
was not revealed after STA21 pretreatment (bottom right). Red: ACE2; blue: DAPI. The bar graph
shows the quantitative data. In the DMSO control (white bar), the value of fluorescent area per cell
increased under IL-33 stimulation. Moreover, under IL-33 stimulation (middle histogram), the value
dramatically decreased after PD98059 pretreatment (gray bar), but not after STA21 pretreatment
(black bar).
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Figure 5. IL-33 enhanced ACE2 expression through ERK in keratinocytes by flow cytometry. With a
similar experimental design, we performed flow cytometry to measure ACE2 expression in IL-33-
treated keratinocytes. Small molecule inhibitors for PD98059 or STA21 (ERK and STAT3, respectively)
were pretreated in order to investigate the role of ERK or STAT3 in IL-33-induced ACE2 expression.
The data showed that IL-33 induced a modest expression of ACE2, which was abrogated by both
PD98059 and STA21. Interestingly, while IL-17 induced a minimally increased expression of ACE2,
the pretreatment of STA21 potentiated the expression of ACE2 by IL-17.

4. Discussion

In this study, we demonstrated that the ACE2 expression was increased in AD skin,
but not in psoriatic skin. We also showed that the ACE2 expression in keratinocytes
was enhanced in a time-dependent manner by IL-33 at both a transcriptional level and a
translational level. In fact, the induction of ACE2 by IL-33 was mediated by ERK.

In our IHC (Figure 1), an increased ACE2 expression was presented in AD, but not
in psoriasis. This result was consistent with the results in Xue et al.’s research [38]. In
quantitative RT-PCR (Figure 2), we showed the time-dependent expression of ACE2 after
IL-33 treatment at a transcriptional level. However, the enhancement of ACE2 by IL-33 was
not dose dependent. At a translational level, we utilized flow cytometry to measure the
ACE2 protein expression (Figure 3). Under IL-33 stimulation, the ACE2 protein expression
increased in a time-dependent manner. To summarize, IL-33 enhanced the ACE2 expression
at a transcriptional and translational level. Incidentally, it was paradoxical that IL-17
enhanced the ACE2 expression at a translational level, but not a transcriptional level. It is
necessary to conduct more research to reveal the impact of IL-17 on the ACE2 expression.

We demonstrated that IL-33 induced the expression of ACE2 via ERK. In 2016, Ryu et al.
showed that IL-33 downregulated the filaggrin expression by inducing signal transducer
and activator of transcription 3 (STAT3) and extracellular signal-regulated protein kinase
(ERK) phosphorylation in human keratinocytes [41]. They also demonstrated that IL-
33 downregulated the expression of CLDN1, a tight junction protein on keratinocytes,
via the phosphorylation of the ERK/STAT3 pathway [42]. Extracellular signal-regulated
protein kinase (ERK)1/2 is a mitogen-activated protein kinase (MAPK) family protein with
typical cascade signaling characteristics and plays an important role in signal transduction
pathways and the function of transcription factors, including activator protein-1, proto-
oncogene c-Fos, and ETS domain-containing protein Elk-1 [43]. In brief, ERK 1/2 has
a role in delivering extracellular signals to the nucleus, and these signals regulate the
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cell cycle, cell proliferation, and cell development [44]. Signal transducer and activator
of transcription (STAT) is a class of transcription factors that are activated by cytokines,
growth factors, and other peptide ligands [45]. In humans, the Stat family consists of
seven proteins, including STAT-1, -2, -3, -4, -5A, -5B, and -6 [46]. STAT-3 regulates a variety
of functions, including proliferation, cell cycle progression, apoptosis, angiogenesis, and
immune evasion [47-49]. In AD, the activation of the IL-13/1L-4-JAK-STAT6/STAT3 axis
downregulates the expression of filaggrin, loricrin, and involucrin [50]. The dysfunction of
these proteins impairs the skin barrier. On the other hand, IL-17 reduces the expression of
filaggrin and involucrin via P38/ERK MAPK signaling pathways [51].

Our data showed that the IL-17 expression increased through IL-17 at a protein level,
but was not upregulated at an mRNA level. Theoretically, the increased ACE2 protein
level on the cell membrane of keratinocytes through IL-17 could result from ACE2 protein
trafficking, but not the increased ACE2 expression through the new protein synthesis
by transcription and translation. However, the mechanisms for the discrepancy in the
transcriptional and translational levels of ACE2 through IL-33 and IL-17 remain unknown.
A paper by Dr. Krueger showed that secukinumab, an IL-17 inhibitor, lowers the ACE2
expression in psoriatic skin [52]. Interestingly, in that report, the reduction in ACE2 at a
protein level by tissue immunohistochemistry seemed to be more prominent than that at a
transcriptional level by real-time tissue PCR.

One of the important limitations of this study was that we only had the pharmacologi-
cal inhibition, but not RNA interference examination, to demonstrate the regulation of ERK
in IL-33-induced ACE2 expression. Additional RNA interference experiments targeting
ERK and/or other intracellular signals might provide further evidence. Nevertheless, we
found scientific evidence that the ACE2 expression increased in atopic skin and epidermal
keratinocytes treated with IL-33.

5. Conclusions

The ACE2 receptor is expressed not only in pulmonary cells, but also in keratinocytes.
The expression of ACE2 is increased in the epidermis in AD. IL-33 increases the ACE2
expression on keratinocytes through ERK. Although SARS-CoV-2 has an affinity to pul-
monary cells through ACE2, the expression of ACE2 in epidermal keratinocytes cannot
be overlooked. Although further mechanistic studies are required, the increased ACE2
expression in IL-33 might have a biological implication on the transmission of SARS-CoV-2
in patients with AD.

Author Contributions: Conceptualization, C.-H.H. and E.-C.L.; methodology, C.-H.H.; software,
E.-C.L.; validation, C.-H.H.; formal analysis, C.-H.H. and E.-C.L.; investigation, E.-C.L.; resources,
C.-H.H. and E.-C.L.; data curation, C.-H.H. and E.-C.L.; writing—original draft preparation, E.-
C.L.; writing—review and editing, C.-H.H.; visualization, C.-H.H. and E.-C.L.; supervision, C.-H.H.;
project administration, C.-H.H.; funding acquisition, C.-H.H. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors are grateful for the funding support from the Ministry of Science and Tech-
nology in Taiwan (108-2314-B-010-045-MY3, CH Hong) and Kaohsiung Veterans General Hospital
(KSVGH111-093, CH Hong).

Institutional Review Board Statement: This study was approved by the Institutional Review Board
(IRB) of Kaohsiung Veterans General Hospital. IRB No.:KSVGH21-CT5-45. Informed consent was
obtained from all subjects involved in the study.

Informed Consent Statement: Consent was obtained by all participants in this study.

Data Availability Statement: Data are available from Kaohsiung Veterans General Hospital. Further
inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the Chang Gung Memorial Foundation for their generous
laboratory support. The funding agency had no role in the design of the study; in the collection,
analysis, and interpretation of data; or in writing the article.



Biomedicines 2022, 10, 1183 10 of 12

Conflicts of Interest: The authors declare that they have no competing interests regarding this study.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nutten, S. Atopic Dermatitis: Global Epidemiology and Risk Factors. Ann. Nutr. Metab. 2015, 66 (Suppl. S1), 8-16. [CrossRef]
Nakajima, S.; Nomura, T.; Common, J.; Kabashima, K. Insights into atopic dermatitis gained from genetically defined mouse
models. J. Allergy Clin. Immunol. 2019, 143, 13-25. [CrossRef] [PubMed]

Salimi, M.; Barlow, J.L.; Saunders, S.P.; Xue, L.; Gutowska-Owsiak, D.; Wang, X.; Huang, L.C.; Johnson, D.; Scanlon, S.T.;
McKenzie, A.N.; et al. A role for IL-25 and IL-33—driven type-2 innate lymphoid cells in atopic dermatitis. J. Exp. Med. 2013, 210,
2939-2950. [CrossRef] [PubMed]

Stott, B.; Lavender, P.; Lehmann, S.; Pennino, D.; Durham, S.; Schmidt-Weber, C. Human IL-31 is induced by IL-4 and promotes
TH2-driven inflammation. J. Allergy Clin. Immunol. 2013, 132, 446-454.e5. [CrossRef] [PubMed]

Coyle, AJ.; Lloyd, C,; Tian, J.; Nguyen, T.; Erikkson, C.; Wang, L.; Ottoson, P.; Persson, P; Delaney, T.; Lehar, S.; et al. Crucial Role
of the Interleukin 1 Receptor Family Member T1/5t2 in T Helper Cell Type 2-Mediated Lung Mucosal Immune Responses. . Exp.
Med. 1999, 190, 895-902. [CrossRef] [PubMed]

Savinko, T.; Matikainen, S.; Saarialho-Kere, U.; Lehto, M.; Wang, G.; Lehtimaki, S.; Karisola, P.; Reunala, T.; Wolff, H.; Lauerma,
A.; etal. IL-33 and ST2 in Atopic Dermatitis: Expression Profiles and Modulation by Triggering Factors. J. Investig. Dermatol. 2012,
132, 1392-1400. [CrossRef] [PubMed]

Moussion, C.; Ortega, N.; Girard, J. The IL-1-Like Cytokine IL-33 Is Constitutively Expressed in the Nucleus of Endothelial Cells
and Epithelial Cells In Vivo: A Novel ‘Alarmin’? PLoS ONE 2008, 3, e3331. [CrossRef]

Petra, I; Tsilioni, I.; Taracanova, A.; Katsarou-Katsari, A.; Theoharides, C. Interleukin 33 and interleukin 4 regulate interleukin
31 gene expression and secretion from human laboratory of allergic diseases 2 mast cells stimulated by substance P and/or
immunoglobulin E. Allergy. Asthma. Proc. 2018, 39, 153-160. [CrossRef]

Kaur, D.; Gomez, E.; Doe, C.; Berair, R.; Woodman, L.; Saunders, R.; Hollins, F; Rose, ER.; Amrani, Y.; May, R.; et al. IL-33
drives airway hyperresponsiveness through IL-13-mediated mast cell: Airay smooth muscle crosstalk. Allergy 2015, 70, 556-567.
[CrossRef]

Nakashima, C.; Otsuka, A.; Kabashima, K. Interleukin-31 and interleukin-31 receptor: New therapeutic targets for atopic
dermatitis. Exp. Derm. 2018, 27, 327-331. [CrossRef]

Mai, Y.; Yasuda, K.; Sakaguchi, Y.; Haneda, T.; Mizutani, H.; Yoshimoto, T.; Nakanishi, K.; Yamanishi, K. Skin-specific expression
of IL-33 activates group 2 innate lymphoid cells and elicits atopic dermatitis-like inflammation in mice. Proc. Natl. Acad. Sci. USA
2013, 110, 13921-13926. [CrossRef]

Kawasaki, H.; Nagao, K.; Kubo, A.; Hata, T.; Shimizu, A.; Mizuno, H.; Yamada, T.; Amagai, M. Altered stratum corneum barrier
and enhanced percutaneous immune responses in filaggrin-null mice. J. Allergy Clin. Immunol. 2012, 129, 1538-1546.e6. [CrossRef]
[PubMed]

Londei, M.; Kenney, B.; Los, G.; Marino, M.H. A phase 1 study of ANB020, an anti-IL-33 monoclonal antibody, in healthy
volunteers. . Am. Acad. Dermatol. 2017, 76, AB20. [CrossRef]

Polak, S.; Van Gool, I; Cohen, D.; von der Thiisen, J.; van Paassen, ]. A systematic review of pathological findings in COVID-19:
A pathophysiological timeline and possible mechanisms of disease progression. Mod. Pathol. 2020, 33, 2128-2138. [CrossRef]
[PubMed]

Chen, C.; Kobayashi, T,; lijima, K.; Hsu, F; Kita, H. IL-33 dysregulates regulatory T cells and impairs established immunologic
tolerance in the lungs. J. Allergy Clin. Immunol. 2017, 140, 1351-1363.€7. [CrossRef] [PubMed]

Wang, L.; Tang, J.; Yang, X.; Zanvit, P.; Cui, K.; Ku, W.L,; Jin, W,; Zhang, D.; Goldberg, N.; Cain, A.; et al. TGF-§ induces ST2 and
programs ILC2 development. Nat. Commun. 2020, 11, 35. [CrossRef] [PubMed]

Guggino, G.; Ciccia, F,; Di Liberto, D.; Lo Pizzo, M.; Ruscitti, P.; Cipriani, P; Ferrante, A.; Sireci, G.; Dieli, E; Fournie, ].J.; et al.
Interleukin (IL)-9/IL-9R axis drives yd T cells activation in psoriatic arthritis patients. Clin. Exp. Immunol. 2016, 186, 277-283.
[CrossRef]

Peters, C.; Hasler, R.; Wesch, D.; Kabelitz, D. Human V2 T cells are a major source of interleukin-9. Proc. Natl. Acad. Sci. USA
2016, 113, 12520-12525. [CrossRef]

Halim, T.; Krauf, R.; Sun, A.; Takei, F. Lung Natural Helper Cells Are a Critical Source of Th2 Cell-Type Cytokines in Protease
Allergen-Induced Airway Inflammation. Immunity 2012, 36, 451-463. [CrossRef]

Zhou, Y.; Fu, B.; Zheng, X.; Wang, D.; Zhao, C.; Qi, Y,; Sun, R;; Tian, Z.; Xu, X.; Wei, H. Pathogenic T-cells and inflammatory
monocytes incite inflammatory storms in severe COVID-19 patients. Natl. Sci. Rev. 2020, 7, 998-1002. [CrossRef]

Sheng, W.; Yang, E; Zhou, Y.; Yang, H.; Low, P.Y,; Kemeny, D.M.; Tan, P.; Moh, A.; Kaplan, M.H.; Zhang, Y.; et al. STAT5 programs
a distinct subset of GM-CSF-producing T helper cells that is essential for autoimmune neuroinflammation. Cell Res. 2014, 24,
1387-1402. [CrossRef] [PubMed]

Papotto, P; Reinhardt, A.; Prinz, I; Silva-Santos, B. Innately versatile: Y517 T cells in inflammatory and autoimmune diseases. J.
Autoimmun. 2018, 87, 26-37. [CrossRef] [PubMed]

Willart, M.A.; Deswarte, K.; Pouliot, P; Braun, H.; Beyaert, R.; Lambrecht, B.N.; Hammad, H. Interleukin-1« controls allergic
sensitization to inhaled house dust mite via the epithelial release of GM-CSF and IL-33. J. Exp. Med. 2012, 209, 1505-1517.
[CrossRef] [PubMed]


http://doi.org/10.1159/000370220
http://doi.org/10.1016/j.jaci.2018.11.014
http://www.ncbi.nlm.nih.gov/pubmed/30612664
http://doi.org/10.1084/jem.20130351
http://www.ncbi.nlm.nih.gov/pubmed/24323357
http://doi.org/10.1016/j.jaci.2013.03.050
http://www.ncbi.nlm.nih.gov/pubmed/23694808
http://doi.org/10.1084/jem.190.7.895
http://www.ncbi.nlm.nih.gov/pubmed/10510079
http://doi.org/10.1038/jid.2011.446
http://www.ncbi.nlm.nih.gov/pubmed/22277940
http://doi.org/10.1371/journal.pone.0003331
http://doi.org/10.2500/aap.2018.38.4105
http://doi.org/10.1111/all.12593
http://doi.org/10.1111/exd.13533
http://doi.org/10.1073/pnas.1307321110
http://doi.org/10.1016/j.jaci.2012.01.068
http://www.ncbi.nlm.nih.gov/pubmed/22409988
http://doi.org/10.1016/j.jaci.2016.12.286
http://doi.org/10.1038/s41379-020-0603-3
http://www.ncbi.nlm.nih.gov/pubmed/32572155
http://doi.org/10.1016/j.jaci.2017.01.015
http://www.ncbi.nlm.nih.gov/pubmed/28196763
http://doi.org/10.1038/s41467-019-13734-w
http://www.ncbi.nlm.nih.gov/pubmed/31911623
http://doi.org/10.1111/cei.12853
http://doi.org/10.1073/pnas.1607136113
http://doi.org/10.1016/j.immuni.2011.12.020
http://doi.org/10.1093/nsr/nwaa041
http://doi.org/10.1038/cr.2014.154
http://www.ncbi.nlm.nih.gov/pubmed/25412660
http://doi.org/10.1016/j.jaut.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29203226
http://doi.org/10.1084/jem.20112691
http://www.ncbi.nlm.nih.gov/pubmed/22802353

Biomedicines 2022, 10, 1183 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Llop-Guevara, A.; Chu, D.K.; Walker, T.D.; Goncharova, S.; Fattouh, R.; Silver, ].S.; Moore, C.L.; Xie, ].L.; O'Byrne, PM.; Coyle,
Al.; etal. A GM-CSF/IL-33 Pathway Facilitates Allergic Airway Responses to Sub-Threshold House Dust Mite Exposure. PLoS
ONE 2014, 9, e88714. [CrossRef]

McGonagle, D.; Sharif, K.; O'Regan, A.; Bridgewood, C. The Role of Cytokines including Interleukin-6 in COVID-19 induced
Pneumonia and Macrophage Activation Syndrome-Like Disease. Autoimmun. Rev. 2020, 19, 102537. [CrossRef] [PubMed]
Vabret, N.; Britton, G.J.; Gruber, C.; Hegde, S.; Kim, J.; Kuksin, M.; Levantovsky, R.; Malle, L.; Moreira, A.; Park, M.D.; et al.
Immunology of COVID-19: Current State of the Science. Immunity 2020, 52, 910-941. [CrossRef]

Marcu-Malina, V.; Balbir-Gurman, A.; Dardik, R.; Braun-Moscovici, Y.; Segel, M.; Bank, I. A Novel Prothrombotic Pathway in
Systemic Sclerosis Patients: Possible Role of Bisphosphonate-Activated I31" T Cells. Front. Immunol. 2014, 5, 414. [CrossRef]
George, P; Wells, A.; Jenkins, R. Pulmonary fibrosis and COVID-19: The potential role for antifibrotic therapy. Lancet Respir. Med.
2020, 8, 807-815. [CrossRef]

Xiong, Y.; Liu, Y,; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, ].; Tang, Z.; et al. Transcriptomic characteristics
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9,
761-770. [CrossRef]

Cesare, A.; Meglio, P; Nestle, F. A Role for Th17 Cells in the Inmunopathogenesis of Atopic Dermatitis? |. Investig. Dermatol.
2008, 128, 2569-2571. [CrossRef]

Gutowska-Owsiak, D.; Schaupp, A.L.; Salimi, M.; Selvakumar, T.A.; McPherson, T.; Taylor, S.; Ogg, G.S. IL-17 downregulates
filaggrin and affects keratinocyte expression of genes associated with cellular adhesion. Exp. Derm. 2012, 21, 104-110. [CrossRef]
[PubMed]

Chiricozzi, A.; Nograles, K.E.; Johnson-Huang, L.M.; Fuentes-Duculan, J.; Cardinale, I.; Bonifacio, K.M.; Gulati, N.; Mitsui,
H.; Guttman-Yassky, E.; Sudrez-Farifias, M. IL-17 Induces an Expanded Range of Downstream Genes in Reconstituted Human
Epidermis Model. PLoS ONE 2014, 9, €90284. [CrossRef] [PubMed]

Crish, J.; Gopalakrishnan, R.; Bone, E; Gilliam, A.; Eckert, R. The Distal and Proximal Regulatory Regions of the Involucrin Gene
Promoter have Distinct Functions and Are Required for In Vivo Involucrin Expression. J. Investig. Dermatol. 2006, 126, 305-314.
[CrossRef] [PubMed]

Zhou, P; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y,; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef] [PubMed]

Unger, T. The Angiotensin AT2 Receptor: A major constituent of the “Protective Arm” of the Renin-Angiotensin System. Hypertens.
News 2018. [CrossRef]

Zou, X.; Chen, K;; Zou, J.; Han, P; Hao, ].; Han, Z. Single-cell RNA-seq data analysis on the receptor ACE2 expression reveals the
potential risk of different human organs vulnerable to 2019-nCoV infection. Front. Med. 2020, 14, 185-192. [CrossRef]

Zhu, R.; Shi, Y; Tan, Y.; Xiao, R. ACE2 Expression on the Keratinocytes and SARS-CoV-2 Percutaneous Transmission: Are they
Related? J. Investig. Dermatol. 2021, 141, 197-198. [CrossRef]

Xue, X.; Mi, Z.; Wang, Z.; Pang, Z.; Liu, H.; Zhang, F. High Expression of ACE2 on Keratinocytes Reveals Skin as a Potential
Target for SARS-CoV-2. |. Investig. Dermatol. 2021, 141, 206-209.e1. [CrossRef]

Tembhre, M.K,; Parihar, A.S.; Sharma, V.K.; Imran, S.; Bhari, N.; Lakshmy, R.; Bhalla, A. Enhanced expression of angiotensin-
converting enzyme 2 in psoriatic skin and its upregulation in keratinocytes by interferon-y: Implication of inflammatory milieu
in skin tropism of SARS-CoV-2. Br. |. Dermatol. 2020, 184, 577-579. [CrossRef]

Lee, C.; Wu, S.; Hong, C.; Chen, G.; Wei, Y.; Yu, H. Involvement of mtDNA Damage Elicited by Oxidative Stress in the Arsenical
Skin Cancers. J. Investig. Dermatol. 2013, 133, 1890-1900. [CrossRef]

Ryu, W.; Lee, H.; Bae, H.; Ryu, H.; Son, S. IL-33 down-regulates filaggrin expression by inducing STAT3 and ERK phosphorylation
in human keratinocytes. J. Derm. Sci. 2016, 82, 131-134. [CrossRef] [PubMed]

Ryu, W.L; Lee, H.; Bae, H.C,; Jeon, J.; Ryu, H.J.; Kim, J.; Kim, J.H.; Son, ] W.; Kim, J.; Imai, Y. IL-33 down-regulates CLDN1
expression through the ERK/STAT3 pathway in keratinocytes. J. Derm. Sci. 2018, 90, 313-322. [CrossRef] [PubMed]

Plotnikov, A.; Zehorai, E.; Procaccia, S.; Seger, R. The MAPK cascades: Signaling components, nuclear roles and mechanisms of
nuclear translocation. Biochim. Et Biophys. Acta (BBA) Mol. Cell Res. 2011, 1813, 1619-1633. [CrossRef]

Zou,].; Lei, T,; Guo, P; Yu, J.; Xu, Q.; Luo, Y.; Ke, R.; Huang, D. Mechanisms shaping the role of ERK1/2 in cellular sene scence
(Review). Mol. Med. Rep. 2018, 19, 759-770. [CrossRef]

Gu, Y,; Mohammad, I; Liu, Z. Overview of the STAT-3 signaling pathway in cancer and the development of specific inhibitors
(Review). Oncol. Lett. 2020, 19, 2585-2594. [CrossRef] [PubMed]

Darnell, J., Jr. STATs and Gene Regulation. Science 1997, 277, 1630-1635. [CrossRef]

Yu, H.; Jove, R. The STATs of cancer—New molecular targets come of age. Nat. Rev. Cancer 2004, 4, 97-105. [CrossRef]

Haura, E.; Turkson, J.; Jove, R. Mechanisms of Disease: Insights into the emerging role of signal transducers and activators of
transcription in cancer. Nat. Clin. Pract. Oncol. 2005, 2, 315-324. [CrossRef]

Buettner, R.; Huang, M.; Gritsko, T.; Karras, J.; Enkemann, S.; Mesa, T.; Nam, S.; Yu, H.; Jove, R. Activated Signal Transducers and
Activators of Transcription 3 Signaling Induces CD46 Expression and Protects Human Cancer Cells from Complement-Dependent
Cytotoxicity. Mol. Cancer Res. 2007, 5, 823-832. [CrossRef]

Furue, M. Regulation of Skin Barrier Function via Competition between AHR Axis versus IL-13/IL-4-JAK-STAT6/STAT3 Axis:
Pathogenic and Therapeutic Implications in Atopic Dermatitis. J. Clin. Med. 2020, 9, 3741. [CrossRef]


http://doi.org/10.1371/journal.pone.0088714
http://doi.org/10.1016/j.autrev.2020.102537
http://www.ncbi.nlm.nih.gov/pubmed/32251717
http://doi.org/10.1016/j.immuni.2020.05.002
http://doi.org/10.3389/fimmu.2014.00414
http://doi.org/10.1016/S2213-2600(20)30225-3
http://doi.org/10.1080/22221751.2020.1747363
http://doi.org/10.1038/jid.2008.283
http://doi.org/10.1111/j.1600-0625.2011.01412.x
http://www.ncbi.nlm.nih.gov/pubmed/22229441
http://doi.org/10.1371/journal.pone.0090284
http://www.ncbi.nlm.nih.gov/pubmed/24587313
http://doi.org/10.1038/sj.jid.5700019
http://www.ncbi.nlm.nih.gov/pubmed/16374477
http://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://doi.org/10.30824/1803-8
http://doi.org/10.1007/s11684-020-0754-0
http://doi.org/10.1016/j.jid.2020.09.019
http://doi.org/10.1016/j.jid.2020.05.087
http://doi.org/10.1111/bjd.19670
http://doi.org/10.1038/jid.2013.55
http://doi.org/10.1016/j.jdermsci.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26867960
http://doi.org/10.1016/j.jdermsci.2018.02.017
http://www.ncbi.nlm.nih.gov/pubmed/29534857
http://doi.org/10.1016/j.bbamcr.2010.12.012
http://doi.org/10.3892/mmr.2018.9712
http://doi.org/10.3892/ol.2020.11394
http://www.ncbi.nlm.nih.gov/pubmed/32218808
http://doi.org/10.1126/science.277.5332.1630
http://doi.org/10.1038/nrc1275
http://doi.org/10.1038/ncponc0195
http://doi.org/10.1158/1541-7786.MCR-06-0352
http://doi.org/10.3390/jcm9113741

Biomedicines 2022, 10, 1183 12 of 12

51. Tan, Q. Yang, H.; Liu, E.; Wang, H. P38/ERK MAPK signaling pathways are involved in the regulation of filaggrin and involucrin
by IL-17. Mol. Med. Rep. 2017, 16, 8863-8867. [CrossRef] [PubMed]

52. Krueger, ].G.; Murrell, D.E; Garcet, S.; Navrazhina, K.; Lee, P.C.; Muscianisi, E.; Blauvelt, A. Secukinumab lowers expression of
ACE2 in affected skin of patients with psoriasis. J. Allergy Clin. Immunol. 2021, 147, 1107-1109.e.2. [CrossRef] [PubMed]


http://doi.org/10.3892/mmr.2017.7689
http://www.ncbi.nlm.nih.gov/pubmed/28990053
http://doi.org/10.1016/j.jaci.2020.09.021
http://www.ncbi.nlm.nih.gov/pubmed/33002515

	Introduction 
	Materials and Methods 
	Skin Samples for Immunohistochemistry 
	Culture for Primary Keratinocytes 
	Immunohistochemistry 
	Quantitative RT-PCR 
	Flow Cytometry 
	Immunofluorescent Exam 

	Results 
	ACE2 Expression Was Increased in Atopic Dermatitis Compared with That in Normal Skin 
	Through Quantitative RT-PCR, ACE2 mRNA Expression Increased in a Time-Dependent Manner under IL-33 Stimulation 
	ACE2 Is Constitutively Expressed in the Cultured Keratinocytes — Both IL-33 and IL-17 Enhance the ACE2 Protein Expression in a Time-Dependent Manner 
	IL-33 Induces the ACE2 Expression, Which Is Abrogated by Pretreatment with PD98059 

	Discussion 
	Conclusions 
	References

