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ORIGINAL ARTICLE

Keratinocytes-Derived Reactive Oxygen Species Play an 
Active Role to Induce Type 2 Inflammation of the Skin: 
A Pathogenic Role of Reactive Oxygen Species at the 
Early Phase of Atopic Dermatitis

Da-In Choi, Jun-Hyeong Park, Jee-Young Choi, MeiShan Piao, Min-Song Suh, Jee-Bum Lee, 
Sook-Jung Yun, Seung-Chul Lee

Department of Dermatology, Chonnam National University Medical School, Gwangju, Korea

Background: Atopic dermatitis (AD) is characterized by chro-
nic, relapsing skin inflammation (eczema) with itchy sensa-
tion. Keratinocytes, which are located at the outermost part 
of our body, are supposed to play important roles at the early 
phase of type 2 inflammation including AD pathogenesis. 
Objective: The purpose of this study was to evaluate whether 
keratinocytes-derived reactive oxygen species (ROS) could 
be produced by the allergens or non-allergens, and the kera-
tinocytes-derived ROS could modulate a set of biomarkers 
for type 2 inflammation of the skin. Methods: Normal human 
epidermal keratinocytes (NHEKs) were treated with an aller-
gen of house dust mites (HDM) or a non-allergen of com-
pound 48/80 (C48/80). Then, biomarkers for type 2 inflam-
mation of the skin including those for neurogenic inflam-
mation were checked by reverse transcriptase-polymerase 
chain reaction and western immunoblot experiments. Results: 
HDM or C48/80 was found to upregulate expression levels 
of our tested biomarkers, including type 2 T helper-driving 
pathway (KLK5, PAR2, and NFκB), epithelial-cell-derived 

cytokines (thymic stromal lymphopoietin, interleukin [IL]-25, 
IL-33), and neurogenic inflammation (NGF, CGRP). The HDM- 
or C-48/80-induced expression levels of the biomarkers could 
be blocked by an antioxidant treatment with 5 mM N-ace-
tyl-cysteine. In contrast, pro-oxidant treatment with 1 mM 
H2O2 could upregulate expression levels of the tested bio-
markers in NHEKs. Conclusion: Our results reveal that kerati-
nocytes-derived ROS, irrespective to their origins from aller-
gens or non-allergens, have a potential to induce type 2 in-
flammation of AD skin. (Ann Dermatol 33(1) 26∼36, 2021)
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INTRODUCTION

Atopic dermatitis (AD) is caused by type 2 inflammation 
encompassing type 2 T helper (Th2) response in the skin, 
manifesting with recurrent attacks of skin inflammation 
with itching sensation (pruritus). AD can be induced or ag-
gravated by a wide variety of factors, including allergenic 
(such as house dust mites [HDM]) and non-allergenic fac-
tors, such as pathogens, chemicals, and environmental 
pollutants. Innate and adaptive immune cells (mast cells, 
basophils, eosinophils, Langerhans cells, macrophage, and 
lymphocytes) have been reported as major cells that in-
duce the type 2 immune response of AD skin1-5. A triad of 
epithelial-cell-derived cytokines, i.e., thymic stromal lym-
phopoietin (TSLP), interleukin (IL)-25, and IL-33, which 
are produced from keratinocytes, are regarded as crucial 
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mediators that induce type 2 inflammation in the AD skin6. 
They can activate not only adaptive immune cells, includ-
ing mast cells, basophils, and eosinophils, but also innate 
lymphoid cells (ILCs), including invariant natural killer T 
(iNKT) cells and innate type-2 lymphoid cells (ILC2)7. 
Taken together, keratinocytes are actively implicated in 
the immune response, as they are located at the outermost 
layer of the skin to respond to various environmental fac-
tors in the AD skin7-9.
TSLP and IL-33 are critical cytokines that are expressed at 
the interface between the environment and our body with 
local and systemic immune responses9. They are potent 
activators of mast cells, leading to the production of type-2 
cytokines and chemokines in the skin1. HDM induces type 
2 inflammation by upregulating IL-25 and IL-33, while 
they activate toll-like receptors (TLRs) 1 and 6 signaling in 
keratinocytes8,10. IL-25-producing dendritic cells (DCs) in-
duce type-2 cell response to inhibit filagrin synthesis, sug-
gesting that IL-25 plays a role in bridging the gap between 
inflammation and skin barrier dysfunction in AD11. Collec-
tively, keratinocytes are supposed to play an active role in 
the early stage of type 2 inflammation of the skin by pro-
ducing epithelial-cell-derived cytokines of TSLP, IL-25, and 
IL-33, which play a key role to activate and/or attract in-
nate immune cells, including cutaneous DC12. Kallikrein is 
expressed in the outermost layer of the epidermis to ex-
ecute a biological role in maintaining the epidermal bar-
rier13,14. Elevated expression levels of kallikrein 5 (KLK5), 
proteinase-activated receptor (PAR2), and TSLP were de-
tected in an AD mouse model12. In humans, dysregulated 
KLK5 directly activates PAR2, which triggers TSLP ex-
pression in the AD-like skin lesions of Netherton syn-
drome15.
In relation with itchy sensation of AD patients, type 2 in-
flammation of the AD skin was reported to be mediated 
by a set of neurotransmitters, including cortisol, substance 
P (SP), and nerve growth factor (NGF)16. In the AD skin, 
the local release of such inflammatory mediators from af-
ferent neurons induces ‘neurogenic inflammation’. The re-
leased neuropeptides stimulate adjacent mast cells to re-
lease histamine, which in turn evokes the release of SP 
and CGRP from nerve cells, forming a bidirectional inter-
action of nerves with mast cells17,18. Therefore, afferent C-fi-
bers- or keratinocytes-releasing neuropeptides play an im-
portant role in producing itchy sensation as well as type 2 
inflammation in the AD skin19-21. As an allergen to induce 
AD, HDM was reported to mediate neurogenic inflamma-
tion as well as Th2-type responses in the skin and spleen22. 
Clinically, AD is frequently aggravated by emotional stress, 
and expression levels of biomarkers for neurogenic in-
flammation were closely related to AD severity23-26. For 

this study, we selected NGF and CGRP as biomarkers for 
neurogenic inflammation as well as those for type 2 in-
flammation of the skin, which can be regarded as crucial 
mediators to induce itchy sensation in the AD skin. 
Oxidative stress was reported to be one of factor to induce 
inflammatory conditions of AD including skin barrier dys-
function by modulating genes that code proinflammatory 
cytokines and structural proteins in the skin. For exam-
ples, reactive oxygen species (ROS) is implicated in the 
pathogenesis of type 2 inflammation in the airways of 
asthma and allergic rhinitis27 as well as in the skin with 
AD28-31. The increase of ROS could be detected in the cir-
culating system of AD patients30,31. HDM has been re-
ported to be a source of ROS from immune-related or in-
flammatory cells, inducing Th2 response in AD or asthma. 
Der-f1-producing ROS activated ERK and p38 MAPK phos-
phorylation in human basophilic cells32. Der-f or Der-f1 
could induce the production of ROS from neutrophils of 
asthmatic patients33. Unfortunately, there is still controver-
sial on the role of oxidative stress in the pathogenesis of 
type 2 inflammation in the skin including AD, partly due 
to the low number of studies. In this study, we evaluated 
whether HDM (allergen) or compound 48/80 (non-aller-
gen) could be sources for keratinocytes-derived ROS, and 
further evaluated the role of ROS in the pathogenesis of 
type 2 inflammation in the skin. For the purpose, we 
checked the expression level of the following biomarkers 
for type 2 inflammation in the skin in normal human epi-
dermal keratinocytes (NHEKs), which were treated with 
HDM- or C48/80: Th2-driving pathway (KLK5, PAR2, and 
NFκB); epithelial-cell-derived cytokines (TSLP, IL-25, and 
IL-33); and neurogenic inflammation (NGF and CGRP). To 
verify the role of ROS in type 2 inflammation in the skin, 
the effect of N-acetyl cysteine (NAC), an antioxidant and 
hydrogen peroxide (H2O2), a pro-oxidant, were evaluated 
in NHEKs. 

MATERIALS AND METHODS
Cell and culture

NHEKs (C0015C) were purchased from EpiLife (Cascade 
Biologics, Portland, OR, USA). The cells were cultured in 
basal keratinocyte growth media (EpiLife) supplemented 
with human keratinocyte growth supplement and anti-
biotics (100 U/ml penicillin and 100 μg/ml streptomycin) 
in a 5% CO2 incubator. Passages 2∼9 were used for all 
experiments. 

MTT asay

To test cell viability, NHEKs were seeded into 96-well 
plates and treated with different concentrations of HDM 
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Fig. 1. Establishing the optimal dose and time-point for evaluating candidate biomarkers for type 2 inflammation of the skin. (A) To 
find out the non-toxic experimental dose of compound 48/80 (C48/80) for cells, MTT assay was performed in normal human epidermal 
keratinocytes (NHEKs), which were treated with different concentrations of C48/80 between 0.1 μg/ml and 100 μg/ml for 24 hours. 
(B) When 10 μg/ml of C48/80 was set as the optimal experimental dose for our experiments, expression levels of the triad of 
epithelial-cell-derived cytokines (TSLP, IL-25, IL-33) were measured by reverse transcriptase-polymerase chain reaction experiments in 
C48/80-treated NHEKs. From densitometric analysis, time-dependent changes in relative mRNA expression levels for the three cytokines 
are depicted. TSLP: thymic stromal lymphopoietin, IL: interleukin.

and C48/80 for 24 hours. Cell viability was assayed with 
the colorimetric 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazoliumbromide (MTT) kit (Chemicon International, Inc., 
Billerica, MA, USA), according to the manufacturer’s instruc-
tions. Briefly, 10 mL of MTT solution was added to each 
well (0.5 mg/ml), and plates were incubated at 37oC for 2 
hours. The resulting formazan crystals were dissolved with 
100 ml of dimethylsulfoxide, and absorbance was read at 
570 nm in an ELISA reader (Molecular Devices, Sunnyvale, 
CA, USA). 

Measurement of ROS

Fluorogenic 2’,7’-dichlorodihydrofluorescein diacetate (DCF- 
DA; Invitrogen, Carlsbad, CA, USA) reacts with oxidant 
species and can be detected by confocal microscopy. Briefly, 
NHEKs were seeded in each well of a 60-mm culture dish 
at a density of 5×105 cells per well and were cultured up 
to approximately 70% confluence. Cells were treated with 
HDM (10 mg/ml) or C48/80 (10 μg/ml) for 6 hours in the 
absence and presence of NAC, and the intracellular ROS 
produced was detected with a confocal microscope using 
DCF-DA dye. Counter staining was performed with 4’,6- 
diamidino-2-phenylindole (DAPI), and fluorescence sig-
nals were detected with wavelengths of 492 to 495 nm for 
excitation and 517 to 527 nm for emission. Images were 
visualized using a confocal microscope with a 409 ob-
jective lens on the laser-scanning microscope (LSM 510; 
Carl Zeiss, Jena, Germany), and analyzed by the LSM 5 
browser imaging software (ZEN 2.6 blue edition; Carl Zeiss).

Reverse transcriptase-polymerase chain reaction

Total RNA was isolated using the RNeasy mini kit (Qiagen, 
Fremont, CA, USA), according to the manufacturer’s in-
structions. cDNA was generated from 1 μg of total RNA 
using the Omniscript RT kit (Qiagen). A polymerase chain 
reaction (PCR) pre-mixture kit (ELPIS, Daejeon, Korea) was 
used for reverse transcriptase-PCR (RT-PCR). PCR reac-
tions were performed with the primers for each enzyme 
shown in Supplementary Table 1. PCR products were ana-
lyzed using 1.5% agarose gel electrophoresis, stained with 
Sybr Safe DNA gel stain buffer (Invitrogen), and visualized 
by luminescence (LAS 3000; Fujifilm, Tokyo, Japan). Expres-
sion levels were normalized to endogenous GAPDH as a 
control.

Western blot analysis 

Nuclear and cytosolic extracts were collected with the 
NE-PER nuclear and cytoplasmic extraction reagents (Pierce, 
Rockford, IL, USA). For Western blotting, protein bands 
were probed with the antibodies to anti-Phospho NFκB 
p65 (Ser536, 1:1,000; Cell Signaling Technology, Danvers, 
MA, USA), anti-IkBα (sc-1643, 1:500; Santa Cruz Biotech-
nology, Dallas, TX, USA) or anti-lamin B (C-20, 1:200; Santa 
Cruz Biotechnology) overnight at 4oC. HRP-conjugated 
rabbit anti-mouse immunoglobulin G (IgG) (1:5,000; Santa 
Cruz Biotechnology) were used for secondary antibodies. 
The protein bands were visualized by luminescence (LAS 
3000, Fujifilm). Densitometric analyses were performed 
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Fig. 2. HDM or C48/80 induces reactive oxygen species (ROS) production from keratinocytes. To find out whether HDM (allergen) or 
C48/80 (non-allergen) could produce ROS from normal human epidermal keratinocytes (NHEKs), cells were treated with HDM (10 
mg/ml) or C48/80 (10 μg/ml), and DCF-DA-positive signals were detected with a confocal microscope. A DCF-DA (+) signal was 
detected from the (A) HDM-treated NHEKs or (B) C48/80-treated NHEKs in the absence or presence of NAC (+NAC). HDM: house 
dust mites, NAC: N-acetyl cysteine.

by using the Multi Gauge V3.0 software (Fujifilm). Expres-
sion levels were normalized to an endogenous control β- 
actin. All data represent three experiments. 

Immunocytochemistry for NFκB

Immunocytochemistry for confocal microscopy was per-
formed on NFκB. NHEKs were seeded in each well of 
the slide chamber at a density of 1×104 cells per well. 
The cells were treated with HDM (10 mg/ml) or C48/80 
(10 μg/ml) for 6 hours. After being washed with phos-
phate buffered saline (PBS), cells were fixed in 4% paraf-
ormaldehyde in PBS for 10 minutes, and then permeabil-
ized with PBS containing 0.5% Triton X-100 (PBS-T) for 15 
minutes. The cells were incubated with PBS-T containing 
1% bull serum albumin for 1 hour and stained with the 
anti-NFκB (1:150; Abcam, Cambridge, MA, USA) over-
night at 4oC, followed by incubation with Alexa Fluor 488 
goat anti-rabbit IgG (1:500; Invitrogen) for 1 hour. Images 
were visualized using confocal microscopy with a 20X ob-
jective on an LSM 510 laser scanning microscope (Carl 
Zeiss) and analyzed using the LSM 5 browser imaging soft-
ware.

Statistics

All experiments were carried out in triplicate, and the re-
sults are expressed as the mean standard deviation. Com-
parisons between samples were carried out using Student’s 
t-test or one-way analysis of variance (ANOVA) test with a 

post hoc Tukey’s test using SPSS program ver. 13.0 (SPSS 
Inc., Chicago, IL, USA). p-value＜0.05 was considered a 
statistically significant difference.

RESULTS
Setting-up the optimal experimental conditions to test bio-
markers for type 2 inflammation of the skin in NHEKs 

In our preliminary experiments using the MTT cell-via-
bility assay, 0.1∼12.8 μg/ml of C48/80 were the opti-
mum without cytotoxicity to NHEKs (Fig. 1A). From the 
result, for the next experiments, NHEKs were treated with 
10 μg/ml of C48/80. To decide on the optimal time-point 
for our experiments, we checked time-course changes in 
mRNA expression levels of the triad of epithelial cell-de-
rived cytokines, i.e., TSLP, IL-25, and IL-33. When NHEKs 
were treated with 10 μg/ml of C48/80, the optimal time- 
point to evaluate their expression levels was found to be 
1∼6 hours after treatment, showing a change in mRNA 
expression levels of tested biomarkers in a time-dependent 
manner (Fig. 1B). From experiments repeated at least three 
times, the optimal time-point for each biomarker was found 
for the following experiments: 10 minutes for NFκB; 1 hour 
for KLK5, PAR2, IL-25, IL-33, and CGRP; 6 hours for TSLP 
and CGRP; and 12 hours for NGF (data not shown).
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Fig. 3. HDM or C48/80 induces the upregulation of KLK5 and 
PAR2 as well as NFκB activation via reactive oxygen species. 
(A) Normal human epidermal keratinocytes (NHEKs) were treated
with HDM (10 mg/ml; left panel) or C48/80 (10 μg/ml; right 
panel) in the absence (−) or presence (+) of NAC for 1 hour, 
and cells were harvested for reverse transcriptase-polymerase 
chain reaction (RT-PCR) experiments of KLK5 and PAR2 as de-
scribed in the Materials and Methods. The pictures demonstrate
the typical results of three repetitive RT-PCR experiments for 
KLK5 and PAR2 in the HDM-treated NHEKs (left panel) and 
C48/80-treated NHEKs (right panel). (B) Relative mRNA expres-
sion levels were semi-quantified by densitometric analysis. HDM: 
house dust mites, NAC: N-acetyl cysteine, KLK5: kallikrein 5, 
PAR2: proteinase-activated receptor 2. *p＜0.05.

House dust mites or C48/80 induces the production of 
ROS from keratinocytes

Besides HDM as an allergenic factor, several studies dem-
onstrated that non-allergenic factors, such as diesel ex-
haust particles (DEP), cigarette smoke, and ultraviolet B 
(UVB) rays, could induce type 2 inflammation of AD32,34. 
From our hypothesis that ROS might be a common media-
tor to induce type 2 inflammation in the skin, we tested 
whether HDM (allergen) or C48/80 (non-allergen) could 
produce ROS from keratinocytes. In immunocytochemical 
staining, DCF-DA-positive signals were strongly detected 
in the cytoplasm of HDM-treated (Fig. 2A) or C48/80-treated 
(Fig. 2B) NHEKs. The signals were markedly suppressed 
by NAC treatment (5 mM), indicating that HDM or C48/80 
is a source of ROS in keratinocytes (Fig. 2).

House dust mites or C48/80 upregulates KLK5 and 
PAR2, as they activate NFκB via ROS

Next, we tested whether HDM or C48/80 could modulate 
the expression levels of KLK5, PAR2, and NFκB, which 
are known to drive type 2 inflammation in the skin. In 
RT-PCR experiments, HDM or C48/80 induced the upre-
gulation of mRNA levels of KLK5 and PAR2, which could 
be inhibited by 5 mM NAC treatment (Fig. 3A), showing a 
statistically significant difference by densitometric analysis 
(p＜0.05, n=3; Fig. 3B). In Western immunblots with a 
nuclear extract of NHEKs, NFκB protein expression was 
upregulated, but IκB, a NFκB inhibitor, protein ex-
pression was downregulated, by HDM or C48/80 treat-
ment (Fig. 4A). The HDM- or C48/80-modulated expres-
sion levels of NFκB and IκB could be reversed by NAC 
treatment (Fig. 4A), showing a statistically significant change 
by densitometric analysis (p＜0.01) (Fig. 4B). In immuno-
cytochemical staining, NFκB was upregulated and trans-
located to the nuclei by HDM or C48/80 treatment, which 
could be blocked by NAC treatment (Fig. 4C, D), indicat-
ing that HDM or C48/80 activates NFκB via ROS in 
keratinocytes.

House dust mites or C48/80 upregulates biomarkers for 
type 2 inflammation in the skin, including epithelial 
cell-derived cytokines and neurogenic inflammation, 
via keratinocytes-producing ROS

Next, we tested whether HDM or C48/80 could modulate 
biomarkers for type 2 inflammation of the skin. In RT-PCR 
experiments, HDM or C48/80 upregulated mRNA ex-
pression levels of epithelial-cell-derived cytokines, includ-
ing TSLP, IL-25, and IL-33, which could be inhibited by 
NAC treatment (Fig. 5A). As biomarkers for neurogenic in-
flammation as well as for type 2 inflammation in the skin, 

HDM or C48/80 upregulated mRNA expression levels of 
NGF and CGRP, which could be inhibited by NAC treat-
ment (Fig. 5A). In densitometric analysis, there was a stat-
istically significant difference in mRNA expression levels 
between the two compared groups (p＜0.01; Fig. 5B).

H2O2 induces the upregulation of 
epithelial-cell-derived cytokines and biomarkers for 
neurogenic inflammation in keratinocytes

To verify the active role of ROS, NHEKs were treated with 
1 mM H2O2, instead of HDM or C48/80, as a pro-oxidant 
agent to drive ROS production from NHEKs. In RT-PCR, 
H2O2 could upregulate mRNA expression levels of the tri-
ad of epithelial-cell-derived cytokines including biomarkers 
for neurogenic inflammation, i.e., TSLP, IL-25, IL-33, NGF, 
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Fig. 4. HDM or C48/80 induces NFκB activation via reactive oxygen species. (A) For evaluating the activation of NFκB, nuclear extracts 
of cells were harvested to perform western immunoblots of NFκB and IκB. Normal human epidermal keratinocytes (NHEKs) were 
treated with HDM (10 mg/ml; left panel) or C48/80 (10 μg/ml; right panel) in the absence (–) or presence (+) of NAC. (B) Relative 
mRNA expression levels were semi-quantified by densitometric analysis. Left: HDM-treated NHEKs. Right: C48/80-treated NHEKs. Immuno-
cytochemical staining for NFκB expression was performed in (C) HDM-treated NHEKs and (D) C48/80-treated NHEKs. HDM: house 
dust mites, NAC: N-acetyl cysteine, KLK5: kallikrein 5, PAR2: proteinase-activated receptor 2. **p＜0.01.

and CGRP (Fig. 6A, C). In densitometric analysis, there 
was a statistically significant difference in mRNA ex-
pression levels between the H2O2-treated and H2O2-non-
treated control groups (p＜0.01) (Fig. 6B, D), indicating 
that ROS plays an active role in modulating the expression 
of those cytokines in keratinocytes.

DISCUSSION

From this study, allergen- or non-allergen-producing ROS 
are revealed to induce a set of biomarkers for type 2 in-
flammation in the skin, including KLK5, PAR2, TSLP, 
IL-25, IL-33, NGF, and CGRP, from keratinocytes. The re-
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Fig. 5. HDM or C48/80 upregulates the biomarkers for epithelial cell-derived type 2 cytokines and neurogenic inflammation via reactive 
oxygen species. (A) Normal human epidermal keratinocytes (NHEKs) were treated with HDM (10 mg/ml, left panel) or C48/80 (10 μg/ml, 
right panel) in the absence (−) or presence (+) of NAC, and cell extracts were harvested to perform reverse transcriptase-polymerase 
chain reaction (RT-PCR) experiments for epithelial cell-derived type 2 cytokines (TSLP, IL-25, IL-33) and for neurogenic inflammation 
(NGF, CGRP) as described in the Materials and Methods. The pictures show the typical results of three repetitive RT-PCR experiments 
for type 2 cytokines in HDM-treated NHEKs and C48/80-treated NHEKs. (B) Relative mRNA expression levels were semi-quantified 
by densitometric analysis. Left: HDM-treated NHEKs. Right: C48/80-treated NHEKs. HDM: house dust mites, NAC: N-acetyl cysteine, 
TSLP: thymic stromal lymphopoietin, IL: interleukin, NGF: nerve growth factor. **p＜0.01.



A Pathogenic Role of ROS at the Early Phase of AD

Vol. 33, N o. 1, 2021 33

Fig. 6. H2O2, a pro-oxidant, induces 
the expression of a set of biomar-
kers for type 2 inflammation of the 
skin from keratinocytes. To verify 
the role of keratinocytes-derived re-
active oxygen species to induce type 
2 inflammation of the skin, NHEKs 
were treated with H2O2 (1 mM), 
and then cells were harvested at 6h 
post-treatment to check mRNA ex-
pression levels of epithelial-derived 
type 2 cytokines (TSLP, IL-25, IL-33) 
and biomarkers for neurogenic in-
flammation (NGF, CGRP). (A) Rever-
se transcriptase-polymerase chain re-
action (RT-PCR) experiment of the 
triad of epithelial-derived type 2 
cytokines. (B) Relative mRNA expres-
sion levels of TSLP, IL-25, and IL- 
33. (C) RT-PCR experiment of bio-
markers for neurogenic inflamma-
tion. (D) Relative mRNA expression 
levels of NGF and CGRP. TSLP: thy-
mic stromal lymphopoietin, IL: in-
terleukin, NGF: nerve growth factor. 
**p＜0.01.

sults could be further confirmed by antioxidant (NAC) and 
pro-oxidant (H2O2) experiments. Therefore, keratinocytes- 
producing ROS are found to play an important role to in-
duce type 2 inflammation in the skin by modulating a tri-
ad of epithelial-cell-derived cytokines as well as biomar-
kers for neurogenic inflammation. Previously, glutathione- 
depletion-induced oxidative stress resulted in a Th2-pola-
rized immune response in APCs5. Consistently, H2O2-in-
duced IL-12 overproduction promotes the Th2-predomin-
ant response in mouse peritoneal macrophages4.
Many studies have demonstrated that DCs and innate ILCs 
play crucial roles in polarizing the type 2 inflammation in 
AD skin12,35,36. From this study, we found that keratino-
cytes are also active cells that respond to various environ-
mental factors (allergens or non-allergens) by producing 
ROS, which are closely implicated in the early stage of 
type 2 inflammation in the skin. Consistently, TSLP and 
IL-33 were released from keratinocytes (or epithelial cells 

of airways) by danger signals, including those from patho-
gens, allergens, and chemicals10. TSLP is known to be ex-
pressed in the epithelial cells at barrier surfaces, such as 
the skin, gut, and lung37. TSLP could activate resident LCs 
in the epidermis to migrate into draining lymph nodes, 
which promoted differentiation of Naïve T cells into Th2 
cells37-39. IL-25 was reported to increase Th2-type response 
by promoting the expression and functions of TSLP-DCs- 
activated Th2 memory cells40. ILC2 was also activated by 
IL-25 and IL-33, which led to the production of Th2-type 
cytokines (IL-5 and IL-13) in the lesional skin of AD41. IL-33, 
a member of the IL-1 family, can be regarded as alar-
min-bridging tissue damage and immune response42. IL-33 
plays an important role in bridging innate and adaptive 
immunity for tissue homeostasis42-44. From this study, ROS, 
irrespective of their origins from allergens or non-aller-
gens, are found to play important mediators to activate 
type 2 inflammation of the skin, including the AD skin. 
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ROS derived from environmental pollutants and UV light 
was reported to induce skin barrier dysfunction and ag-
gravation of AD45. Also, keratinocytes are major epithelial 
cells to be exposed to high levels of ROS produced by var-
ious environmental stimuli. Consistently, our study dem-
onstrates that a non-allergic chemical agent (C48/80) can 
induce type 2 inflammation of the skin by producing ROS 
from keratinocytes. This result supports our notion that AD 
can be induced or aggravated by non-allergic environ-
mental factors, such as DEP, cigarette smoke, and chem-
icals (volatile organic compounds, formaldehyde, toluene, 
or nitrogen dioxide), and UVB rays28-46: DEP could induce 
TSLP expression as well as Th2/Th17-type cytokines47,48; 
cigarette smoke aggravated type 2 inflammation by in-
creasing IL-4 and IL-5 production49; and UVB irradiation 
induced the production of cytokines for type 2 inflamma-
tion including TSLP from keratinocytes46. Clinically, most 
AD patients developed their symptoms in infancy or child-
hood; approximately 80% of AD develops before age 5 
years. As a plausible reason for infants or children to have 
the higher incidence of AD, we speculate that the young 
persons have underdeveloped antioxidant systems, which 
might be related with the higher oxidative stress level due 
to the impaired ROS-scavenging system in the skin.
TSLP is regarded as a master cytokine to control type 2 in-
flammation of the skin. We found that an allergen (HDM) 
or non-allergen (C48/80) can activate the KLK5-PAR2-NF
κB pathway by the mediation of ROS, which might in-
duce TSLP expression in keratinocytes. In an AD mouse 
model, KLK5-PAR2-TSLP cascade was stimulated by skin 
alkalization, implying that non-allergens including skin pH 
can modulate type 2 inflammation of the skin13. Consis-
tently, ROS-dependent type 2 inflammation was also re-
ported in the respiratory system of asthma and allergic rhi-
nitis27. 
Neurogenic inflammation in the skin is mediated by orch-
estrated expression of cytokines, chemokines, neurotrophins, 
and neuropeptides50. The complex network between the 
nervous system and target cells in the skin is mediated by 
immune-related cells (mast cells, T lymphocytes, DCs, mac-
rophages, and eosinophils) as well as by skin-resident cells 
(keratinocytes and dermal fibroblasts)50,51. A set of neuro-
trophins and neuropeptides, which could be released from 
the nervous system and keratinocytes, were found to play 
a key role in inducing both type 2 inflammation and itch-
ing in AD16,19-21,52. From this study, oxidative stress is re-
vealed to be implicated in the neurognic inflammation of 
the skin, which might elicit itching sensation in the AD 
skin. We found that allergens (HDM) or non-allergens 
(C48/80) could upregulate biomarkers for neurogenic in-
flammation via keratinocytes-producing ROS, which might 

be one of pathways to activate type 2 inflammation in the 
AD skin. To support our results, hydrogen peroxide or tert- 
butyl hydroperoxide was reported to provoke itching in 
mice53, and antixodiant desferrioxamine treatment was re-
ported to suppress IL-4 expression in mercuric chrolide-in-
duced Th2-polarized immune response in rat54.
In summary, allergens or non-allergens can induce type 2 
inflammation of the skin by modulating keratinocytes-pro-
ducing ROS, which induces expression of epithelial-cell- 
derived cytokines and mediators for neurogenic inflam-
mation (Supplementary Fig. 1). The scenario to be observed 
in keratinocytes are strongly mimic to the early stage of 
type 2 inflammation in the AD skin. Our results further 
strengthens the evidence that oxidative stress or redox im-
balance is one of important pathogenic mechanisms to in-
duce AD by modulating a set of genes that regulate type 2 
inflammation in the skin. Also, our results suggest us that 
efficient delivery of antioxidants to scavenge ROS in the 
skin is a promising therapeutic modality for proper man-
agement of AD.
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