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T-cell cytokines and a prolonged Th2 response
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Abstract

Background: The progression of acute-to-chronic atopic dermatitis is accompanied by multiple helper T-cell
cytokine responses, but the mechanisms and relative importance of these changes remain unclear. There is no animal
model for atopic dermatitis that recapitulates these cytokine responses.

Objective: We sought to build a novel mouse model for atopic dermatitis (AD) that recapitulates these helper T-cell
responses and some dynamic changes in cytokine responses in the progression of AD.

Methods: Female BALB/c mice were subjected to the application of dinitrofluorobenzene (DNFB) and ovalbumin
(OVA) to induce AD-like dermatitis. Skin lesions and serum were collected from mice in the acute and chronic phases
to detect changes in cytokine responses and other features of AD.

Results: Combined application of DNFB and OVA successfully induced AD-like dermatitis and histological changes as
well as epidermal barrier dysfunction. In the acute phase of AD-like dermatitis, Th2-associated cytokines were mainly
increased in serum and skin lesions. In the chronic phase of AD-like dermatitis, Th2-associated cytokines were still
highly expressed, while Th1- and Th17-associated cytokines were also gradually increased. Compared with the acute
phase, the JAK-STAT signaling pathway was highly expressed in the chronic phase of AD-like dermatitis.

Conclusion: The combined application of DNFB and OVA could be used to build a new mouse model for atopic
dermatitis. This mouse model recapitulates the helper T-cell responses and some dynamic changes in cytokine
responses in the progression of acute-to-chronic in human AD. The JAK-STAT signaling pathway plays a pivotal role in
the chronicity of AD.
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Background

Atopic dermatitis (AD) is one of the most common skin
diseases that predominantly manifests as chronic inflam-
mation, affecting up to 10-20% of children and adults

*Correspondence: drsongzg@hotmail.com

2 Department of Dermatology, Southwest Hospital, Army Medical University,
Chongqging 400038, China
Full list of author information is available at the end of the article

B BMC

in developed countries [1, 2], and the prevalence is still
increasing. Many patients with AD also suffer from aller-
gic rhinitis and asthma along with intense itching and
skin infection [3]. The hallmark clinical sign of AD is
eczematous lesions, which may present acutely or chron-
ically. It is unclear whether the chronic and acute phases
of AD are driven by different immune pathways or just
represent a different extent of inflammatory response.
AD is a result of skin barrier disruption and an imbalance
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in the innate and adaptive immune systems [4]. Data
from human and animal studies suggest that AD is a Th2-
dominant inflammatory skin disease at the acute stage
followed by Thl and Th1l7 involvement at the chronic
stage([5, 6]. Activated Th2 cells release IL-4 and IL-13,
inducing IgE class switching in B cells and the secretion
of antigen-specific IgE through the JAK-STAT signaling
pathway, which may lead to the chronicity of AD[7].
Over the last several decades, many kinds of animal dis-
ease models have enabled us to deepen our understanding
of the pathogenesis of AD[8]. Epidermal barrier dysfunc-
tion, skin-laden immune cells, and keratinocytes all play
critical roles in the progression of AD. Thus, AD animal
models are frequently generated by the intraperitoneal
application of exogenous allergens[9, 10]. Human and ani-
mal skin exhibit many species-specific differences, such as
the tissue architecture, frequency of hair cycling, immune
responses and percutaneous penetration[11]. To date,
there is no animal model for AD that comprehensively
recapitulates all aspects of human AD characteristics.
Most existing mouse models for AD, such as the MC903
mouse model and the Dermatophagoides farinae mouse
model, only induce AD-like dermatitis and Th2-associated
cytokine responses[12]. An ideal animal model for AD
would recapitulate as many features of human AD as pos-
sible, including keratinocyte hyperproliferation, thicken-
ing and altered differentiation of the epidermis, increased
T-cell infiltration, elevated Th2/Thl cytokine expression
and serum IgE levels and disrupted skin barrier[13]. Given
that little is known about the transition of AD from the
acute to chronic stages, further investigation of the mecha-
nisms behind this transition requires a new mouse model.
Exposure to dinitrofluorobenzene (DNFB) was found
to induce contact dermatitis in mice[14]. When the
shaved back skin of mice is exposed to DNFB, cytotoxic
T lymphocytes are recruited to the skin and result in
keratinocyte apoptosis and further skin barrier dysfunc-
tion[15]. Ovalbumin (OVA) is a chicken protein aller-
gen mainly found in egg white that is commonly used to
sensitize immune reactions[9]. Prolonged exposure to
OVA induces the development of an AD-like dermatitis
characterized by OVA-specific IgE and total serum IgE,
as well as increased expression of Th2 cytokines and IFN-
y. However, the induction period of AD-like dermatitis
using OVA is time-consuming, and the skin lesions are
usually mild. Therefore, we designed this study to evalu-
ate the potential of the combined application of DNFB
and OVA to build a new AD mouse model that recapitu-
lates the dynamic changes in helper T-cell responses in
the progression of acute-to-chronic atopic dermatitis.
In this study, female BALB/c mice were subjected to
the application of DNFB three times a week and OVA
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twice a week, and the same protocol was repeated for 4
weeks. The mice in the experimental group developed
an impaired skin barrier and typical cutaneous mani-
festations of AD, and they exhibited classic pathological
features, as evidenced by the prominent infiltration of
inflammatory cells and epidermal thickening. The expres-
sion of Th2-associated cytokines (IL-4, IL-13, and TSLP)
was elevated in the acute stage, while in the chronic stage,
the expression of Th2-associated cytokines was still at a
high level, while the expression of Thl- and Th17-asso-
ciated cytokines was also prominently elevated. In addi-
tion, high JAK-STAT signaling pathway expression was
also observed in the chronic stage of this mouse model.

Results

Combined application of DNFB and OVA induced AD-like
dermatitis

We successfully induced AD-like dermatitis by alternatively
using DNFB and OVA. As vividly presented in Fig. 1 A, we
can see the dynamic changes in skin lesions in each group.
With prolonged induction time, the skin lesions of mice
in the DNFB group tended to be stabilized, which pre-
dominantly presented with dryness, erythema and scal-
ing. However, the skin lesions of mice in the DNFB+OVA
group were consistently exacerbated with increasing expo-
sure time, as evidenced by skin thickening, erythema area
enlargement and severe edema and exudation. To compare
the morphological changes in skin lesions between differ-
ent groups, skin lesion scoring was performed and recorded
every four days (Fig. 1B). After approximately two weeks,
mice in the DNFB group exhibited dryness, scaling, and
poorly defined erythema, but neither edema nor exudation
was observed. However, in the DNFB+OVA group, apart
from erythema, scaling and dryness, mild edema and exu-
dation were also observed. At the end point of this experi-
ment, scratching behavior estimation was performed, and
the results indicated that the scratching scores of mice in
the DNFB+OVA group were prominently higher than
those in the other groups (Fig. 1 C). As illustrated in Fig. 1D,
the serum total IgE levels of the DNFB+OVA group were
3.89-fold (P<0.0001) and 1.17-fold (P<0.01) higher than
those of the DNFB group and OVA group, respectively. As
shown in Fig. 1E, the serum OVA-specific IgE levels of the
DNFB+ OVA group were markedly higher than those of the
DNFB and OVA groups. Figure 1 F shows the comparison
of serum IgE levels between the acute phase and chronic
phase within the DNFB+ OVA group. Overall, compared
to those in the other groups, the skin lesions of mice in the
DNFB+ OVA group were the most severe, whereas no sig-
nificant skin lesions were observed in the OVA and control
groups during the entire induction period.
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Fig. 1 Typical AD-like dermatitis and scratching behavior were induced by DNFB + OVA. A Morphological changes of skin lesion during four
weeks. B Skin lesion scorings. The total scores of day 24 and day 28 were compared between D+ O group and DNFB group. C Scratching behavior
examination. D, E The serum total IgE and OVA-specific IgE in each group. F Serum IgE concentration of acute phase and chronic phase in the
DNFB+ OVA group. (Date shows mean = SD, significance levels of data were denoted as *P<0.05, *P < 0.01, and ***P < 0.001, ****P<0.0001)

Combined application of DNFB and OVA induced AD-like
histological changes

To probe the histological changes among these groups, sec-
tions were stained with H&E and toluidine blue to exam-
ine the epidermal thickness and the infiltration of mast
cells, respectively. In acute lesions of the DNFB+ OVA
group, spongiosis and edema were slightly more severe

than in those of other groups; however, when the derma-
titis became chronic, lesions in the DNFB+ OVA group
showed more prominent lichenification, thickening of the
epidermis and less pronounced spongiosis than in other
groups (Fig. 2 A-C). Mast cell infiltration was analyzed
in toluidine blue-stained sections using Iviewer software,
and mast cell counting was performed in five randomly
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Fig. 2 DNFB+ OVA induced typical AD-like phenotypic and histologic changes in BALB/C mice. A Representative images of H&E and Toluidine blue
stained sections from each group; scale bar = 100 um. B, C Comparison of the epidermal and full thickness of skin in mice subjected to different
treatments. D The average numbers of mast cells per field. Data are representative of five randomly selected fields from each section. E Comparison
of histological changes between acute phase and chronic phase in the DNFB 4 OVA group. (Date shows mean 4 SD, significance levels of data were
denoted as *P<0.05, **P<0.01, and ***P<0.001, ****P<0.0001)

selected fields from each section. As illustrated in Fig. 2D,
the infiltration of mast cells in the DNFB + OVA group was
markedly higher than that in any other group. Figure 2E
shows the comparison of histological changes between the

acute phase and chronic phase within the DNFB+OVA
group. Clearly, the inflammatory cell infiltration and skin
thickening in chronic lesions were both more severe than
those in the acute phase.
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Fig. 3 DNFB+ OVA induced epidermal barrier dysfunction and higher FLG mRNA expression. ATEWL values in each group. B The comparison of
the expression levels of FLG gene between each group. C Representative sections of anti-filaggrin immunohistochemistry staining in each group.
Typical positively stained cells are marked with arrows. D (d1) The comparison of positively stained area between acute lesions and chronic lesions.
(d2,d3) The comparison of FLG mRNA expression levels and TEWL values between acute lesions and chronic lesions. (Data shows mean = SD. Scale
bar =50 um. significance levels of data were denoted as *P <0.05, **P<0.01, and ***P < 0.001, ****P<0.0001)

Combined application of DNFB and OVA aggravates confirm that the application of DNFB+OVA upregu-
epidermal barrier dysfunction lated filaggrin expression in the skin tissue of mice
As Fig. 3A illustrates, our data suggest that the TEWL  (Fig. 3B). To explore the mechanism behind this find-
values of the DNFB+OVA group were 1.48-fold and ing, we performed immunohistochemistry to investigate
2.97-fold higher than those of the DNFB group and the protein expression level of filaggrin, and the results
OVA group, respectively (P<0.001). In addition, our data  (Fig. 3C) showed that the number of positively stained
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cells in the DNFB+OVA group was not higher than
that in the DNFB group but was much higher than that
in the control and OVA groups. In contrast to the high
mRNA expression level, the number of positively stained
cells in the epidermal layer of the D+ O group was not
higher than that in the other groups, which is an intrigu-
ing but puzzling phenomenon. Given the highest TEWL
values in chronic lesions of the D+ O group, its most
severely damaged skin barrier may be responsible for this
phenomenon, but the precise mechanism deserves fur-
ther investigation. Figure 3D shows the comparison of
epidermal barrier-related indicators between the acute
phase and chronic phase within the DNFB + OVA group.
d1: The filaggrin-positive staining area in the epidermis
of chronic skin lesions was less than that of the acute
phase. d2: The mRNA expression in chronic lesions was
higher than that in acute lesions. d3: The TEWL values

in chronic lesions were much higher than those in acute
lesions.

AD-like dermatitis is dominated by the Th2 immune
response

Atopic dermatitis is usually considered a T helper
2 (Th2) cell-mediated disease. In addition, as a mas-
ter regulator of Th2-driven inflammation, TSLP pro-
motes the early differentiation of distinct Th2 cell
populations. Activated Th2 cells release IL-4 and
IL-13, which together aggravate the inflammatory cas-
cade. As shown in Fig. 4A, our data showed that the
expression level of TSLP in the DNFB 4+ OVA group
was 1.92-fold higher than that in the control group
(P<0.001). In addition, DNFB+ OVA also enhanced
the expression of IL-4 and IL-13 both in serum and
skin lesion tissues (Fig. 4B—E), albeit the enhancement
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of IL-4 was more subtle. As shown in Fig. 4F, within  that in the acute phase, which further confirms that
the DNFB + OVA group, the expression of Th2-related  the Th2 immune response dominates the progression
cytokines in the chronic phase was also higher than of atopic dermatitis.
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The expression of helper T-cell-associated cytokines

is upregulated in the chronic stage of AD-like dermatitis
Recently, upregulation of Thl- and Thl7-mediated
responses has been found to be present in chronic skin
lesions[16]. Given that chronic AD is strongly associated
with the enhanced expression of Th1l- and Th17-related
cytokines, we also examined these cytokines in skin tis-
sues and serum using PCR and ELISA. Figure 5A-F
illustrates the comparison of helper T-cell-associated
cytokine expression between different groups at the end
of the experiment. As illustrated in Fig. 5G, we com-
pared helper T-cell-associated cytokine expression in the
acute and chronic phases within the DNFB + OVA group.
To be specific, panels a and b in Fig. 5G show that the
expression levels of Thl-related cytokines were higher
(1.22-fold, P<0.001; 1.38-fold, P<0.001; and 1.31-fold,
P<0.001, respectively) in chronic lesions than in acute
lesions within the DNFB+ OVA group; and panel d in
Fig. 5G shows the comparison of the expression levels
of IL-17 A, which were also higher in chronic lesions of
the DNFB + OVA group. As we can tell from panel e and
f in Fig. 5G, the expression levels of IL-19 and IGFL1 (a
newly found cytokine that is closely related to the acti-
vation of IL-17) were also higher (2.67-fold, P<0.01; and
1.73-fold, P<0.001, respectively) in the chronic lesions of
the DNFB 4 OVA group.
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Upregulation of the JAK-STAT pathway in chronic lesions

It is well known that activated Th2 cells secrete IL-4 and
IL-13 and that these cytokines promote IgE class switch-
ing in B cells and the production of IgE via the JAK-STAT
signaling pathway, which may lead to the chronicity of AD.
Thus, we quantified the expression levels of JAK-STAT
signaling pathway intermediates. As Fig. 6A—C shows,
our data indicate that the application of DNFB+OVA
increased the expression levels of JAK1 (2.89-fold, P<0.001),
STATS3 (3.47-fold, P<0.001), and STAT6 (1.23-fold, P<0.05)
compared to the levels in the control group. As presented
in Fig. 6D, our data indicate that the expression levels of
JAK1 and STAT3 in chronic lesions of the DNFB+ OVA
group were also higher than those in acute lesions.

Discussion

Atopic dermatitis is one of the most common skin dis-
eases and poses a significant socioeconomic and pub-
lic health burden [17]. AD affects people of all ages and
ethnicities and has a severe physical and mental impact
on patients and families. The pathogenesis is highly com-
plicated and involves strong T-cell-driven inflammation,
epidermal barrier dysfunction, and genetic predisposi-
tion [18]. Currently, in the field of AD research, mouse
models are the most commonly used model system due
to a multitude of favorable properties, such as ease of

sk
kxk 1.5+ *

Control OVA Control

O
Relative JAK1 mRNA Expression
2]
1
w IS o
1 L

N
h

Relative STAT3 mRNA Expression
-

o
T

D+O(acute) D+O(chronic)

4 5
ek i ek
c
S
@ 4]
3 ¢
3 2
0 w
< < 31
z ©
€2 E
< 7 24
S o
11 H
51 -
—_— &i
0 04

DNFB

D+O(acute)
Fig. 6 Comparisons of the JAK-STAT signaling pathway expression levels in mice subjected to different treatments. A-C The expression levels
of JAK-STAT pathway in each group. D Comparison of the expression levels of JAK-STAT pathway between acute phase and chronic phase in the
DNFB+ OVA group. (Data shows mean =+ SD. Significance levels of data were denoted as *P < 0.05, **P<0.01, and ***P <0.001, ****P<0.0001)

0.5

Relative STAT6 mRNA Expression

0.0-

D10 Control

-
.
1

-
(=]
1

o
o
1

Relative STAT6 mRNA Expression

D+0(acute)

D+0(chronic)

D+0(chronic)




Jiang et al. BMC Immunology (2022) 23:60

raising, rapid breeding and inbred capability. However,
because mice and humans exhibit many species-specific
differences in immune responses, skin tissue architec-
ture and percutaneous drug penetration [11], there is no
mouse model that recapitulates the dynamic changes in
the cytokine response in the progression of AD.

In this study, female BALB/c mice were subjected to
application of DNFB and OVA for 4 consecutive weeks.
The mice in the DNFB+OVA group developed an
impaired skin barrier and typical cutaneous manifesta-
tions of AD, including erythema, edema, scaling, and
a high frequency of scratching, and they also exhib-
ited classic pathological features, as evidenced by the
prominent infiltration of inflammatory cells and epi-
dermal thickening. At the second week, mice in the
DNEB group exhibited dryness, scaling, and poorly
defined erythema, but neither edema nor exudation was
observed. However, in the DNFB-+OVA group, apart
from erythema, scaling and dryness, mild edema and
exudation were also observed. With prolonged induc-
tion time, the skin lesions of mice in the DNFB+ OVA
group tended to be stabilized and chronic, which pre-
dominantly presented with dryness, erythema and scal-
ing. In terms of the cytokine response, at the acute stage,
the immune response was dominated by Th2-promoting
and Th2 cytokines, namely, TSLP, IL-13 and IL-4, while
after AD-like dermatitis progressed to its chronicity,
other cytokine responses, such as Thl- or Th17-related
cytokines, IGFL1 and IL-19, were also markedly elevated.

The immune responses of atopic dermatitis are a com-
plex interplay between CD4 + T-cell activation and dif-
ferentiation, the Th1/Th17 immune pathway, and mainly
type 2 skewed immune dysregulation [19]. The type-2
immune response is dominant in the acute phase of AD,
mainly manifested as increased levels of IL-4 and IL-13,
as well as increased serum IgE concentrations [20]. As
a Th2-related cytokine, TSLP is greatly involved in the
pathogenesis of AD. First, after its release in keratino-
cytes, TSLP activates tissue-resident DCs that subse-
quently migrate into the local lymph node, where they
prime naive CD4+T cells into Th2 cells [21]. TSLP fur-
ther triggers the secretion of proinflammatory cytokines
such as IL-4, IL-13 and TNFa from CD4+T cells and
DCs, which further activate B cells and mast cells [22]. It
has been reported that at the chronic phase of atopic der-
matitis, activation of Thl- and Th17-mediated responses
has been observed [16], but the relative importance of
these pathways in atopic dermatitis is currently unclear.
Among all the mouse models of atopic dermatitis, our
model first recapitulates some dynamic changes in Th-
related cytokines in the progression of AD from the acute
phase to the chronic stage.
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Our results also showed that JAK-STAT pathway
expression was significantly upregulated in chronic
lesions. Janus kinases (JAKs) are a family of cytoplas-
mic tyrosine kinases (TYKs) comprising JAK1, JAK2,
JAK3, and TYK2. The JAK-STAT pathway plays a cen-
tral role in the maturation of B-lymphocyte cells [23].
In vitro studies indicate that inhibitors targeting JAK1
decrease the number, activation, and function of T cells,
B cells, DCs, and mast cells [24]. Given that these cells
are greatly involved in the progression of AD, among all
JAKs, JAK1 plays a more important role in the pathogen-
esis of AD. The STAT family comprises STAT1, STAT2,
STAT3, STAT5A/B, and STAT6. STAT6 is involved in
B-cell differentiation, IgE class switching, and MHC class
II production; therefore, STAT6 is associated with IgE
production and the progression of allergic diseases [25].
STATS3 is vital for Th17 lymphocyte differentiation, and
STAT3 is also involved in mediating the inflammatory
process and changes in natural skin barriers, as well as
increasing TEWL by stimulating the expression of IFN-
Y, IL-31, and IL-22 [26, 27]. Our results confirm that
the expression of the JAK-STAT pathway was markedly
increased in both the acute and chronic phases, and the
increase was more significant in the chronic phase. Taken
together, we speculate that the high expression of the
JAK-STAT pathway may promote the chronicity of AD.

Increased IL-19 expression is usually observed in
inflammatory skin, such as atopic dermatitis and aging
[28]. The Thl7-related cytokines IL-17 A and IL-22 act
synergistically to enhance IL-19 expression in cultured
keratinocytes in vitro [28]. Since Th17-related cytokines
are a marker of chronic AD, IL-19 may also be an indi-
cator of the chronicity of AD. IGFL1 has been reported
as a candidate target gene for AD, and it may be related
to the abnormal activation of the immune response in
AD patients, especially the activation of Th17 immunity,
which is one of the key subtypes of the T-cell pathway
[29]. Since IL-19 and IGF1 were associated with Th17
cells and our results also showed that the expression of
both IL-19 and IGFL1 was upregulated in chronic lesions,
we speculated that IL-19 and IGFL1 might be new indi-
cators of AD chronicity.

Conclusion

Our findings suggest that the combined application of
DNEFB+ OVA successfully induced AD-like skin lesions
and histological findings in BALB/c mice with a rather
short induction period. This model also partially recapit-
ulates the dynamic changes in the cytokine response in
the acute-to-chronic progression of AD.
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Limitations

This study has potential limitations. Although this study
recapitulates some of the dynamic changes accompany-
ing the transition from acute to chronic inflammation in
AD, according to previous transcriptomic experiments,
it is far from comprehensively representing human AD
signatures. Using patient-derived samples, Tsoi et al.
reported that the transition to chronic AD is associated
with elevated Th2, Thl, Th17, and IL-36 responses, and
they also found that FOXK1 (a transcription factor that
modulates developmental and cell differentiation pro-
cesses) may promote the chronicity of AD[30]. In addi-
tion, Gittler et al. reported that S100 family members
are closely related to acute AD, particularly S100A7-9,
which showed progressively greater expression in chronic
lesions of AD[31]. These abovementioned genes deserve
further investigation since they are potentially involved
in the chronicity of AD.

In addition, our study was conducted with mice, and
we did not perform RNA-seq in either mice or humans.
Comparison of unbiased genome-wide gene expres-
sion between humans and mice would greatly promote
research on the acute-to-chronic progression of AD.

Methods

Drugs and chemicals

Ovalbumin was purchased from Sigma—Aldrich (Saint
Louis, Missouri, 63,103, USA). Dinitrofluorobenzene
was purchased from Macklin (Shanghai, 201,203, China).
Antibodies used for immunohistochemistry were pur-
chased from Abcepta (San Diego, California, 92,121,
USA). Other required chemicals were purchased from
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Beyotime (Shanghai, 201,611, China). The concentration
of DNFB was 0.15%, and a 3:1 mixture of acetone and
olive oil was used as the solvent. The 0.15% ovalbumin
solution was prepared with normal saline. All the drugs
and chemicals used in this study were of analytical grade.

Animals

Six-week-old female BALB/c mice weighing 20-25 g
were procured from the Experimental Animal Centre
of the Army Medical University (Third Military Medi-
cal University, Chongqing, 400,038, China). All the ani-
mals were housed in polypropylene cages and were given
unlimited access to sterilized fodder and water. All exper-
imental procedures were approved by the Laboratory
Animal Welfare and Ethics Committee of Army Medical
University (AMUWEC20223374). Animals were acclima-
tized to feeding conditions for 1 week before experimen-
tation. At specific time points, the mice were sacrificed
by cervical dislocation.

Experimental design
Mice were divided into four groups as listed below.

1. Control (NC) group (n=4): Mice were given solvent
or saline, and no hapten, allergen or drugs were given
to them.

2. Dinitrofluorobenzene (DNFB)-only group (n=4):
Dinitrofluorobenzene (100 ul each time) and saline
were given to the mice as detailed in Fig. 7.

3. Ovalbumin (OVA)-only group (n=4): Ovalbumin
(100 pl each time) and solvent were given to the mice
as per the details given in Fig. 7.

Week 1 Week2

Mon Tues Wed Thur Fri Mon Tues Wed Thur Fri

cd O A O ¥O O A O &¥O
Mon Tues Wed Thur Fri Mon Tues Wed Thur Fri

NE g A ®@ XO e A @ NGO
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DNFB+OVA . . ,://\ . . . Vea .
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Y0 O 0 O O

O:Solvent A :Normal Saline

Fig. 7 Sensitization and induction protocol. Mice were randomly divided into four groups, listed as below. Control group (n =4): mice were given
solvent or saline, no hapten, allergen or drugs were given to them. DNFB only group (n=4): DNFB(100ul each time) and saline were given to them,5
times in total for each single week. DNFB + OVA group (n=8): DNFB and OVA were alternately given to the mice 5 times in total for each week, four
mice of this group were euthanized at day14 (acute phase) by cervical dislocation, the other four mice were euthanized by the same way at day28
(chronic phase). OVA only group (n=4): OVA and solvent were alternately given to the mice 5 times in total each week

O
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4. Dinitrofluorobenzene 4+ Ovalbumin (D+O) group
(n=8): DNFB and OVA were administered to the
mice three times a week and two times a week,
respectively. Both drugs were administered in 100 pl
each time (see Fig. 7 for detailed information). Four
of the mice were euthanized at Day 14 by cervical
dislocation, and the other four mice were euthanized
in the same way at Day 28.

Sensitization protocol

After acclimation to the laboratory conditions, the back
skin hair of all the mice was shaved with an electric razor,
and the bare skin was treated with hair removal cream.
The application of hair removal cream was repeated
every three days to keep the skin clean. One hundred
microliters of DNFB or solvent was uniformly smeared
onto the shaved back of the mice three times a week. One
hundred microliters of ovalbumin or saline was given
twice a week, once for application to the shaved back
skin, and once for intraperitoneal injection. Animals were
sacrificed 24 h after the last exposure to reagents for pro-
curement of blood samples and skin tissue. All reagents
were softly and evenly applied to the mice. Cages were
sanitized and replenished with chow and water weekly.

Skin lesion evaluation

There are five main items to be scored: erythema, scal-
ing, dryness/scarring, edema, and exudation. Each item
has four grades, namely, 0 (none), 1 (mild), 2 (moderate),
or 3 (severe). The total dermatitis score was calculated as
the sum of these individual scores. The score of each item
was assessed by two independent observers. Skin lesion
evaluation was performed every four days, and eight
evaluations were performed at the end of the experiment.

Scratching behavior estimation

In addition to skin lesion evaluation, the scratching
behavior estimation was also conducted at the end point
of the experiment. The scoring criteria for scratching
referred to a previous study [11]. Briefly, estimation was
performed at one-minute intervals by an observer who
was unaware of the treatment status. Estimation was
performed for five consecutive minutes, and the scoring
criteria were as follows: 1 if the scratching time duration
was less than 1 s, 2 if the duration was less than 2 s, and 3
if the duration was more than 2 s. The scratching behav-
ior estimation was performed 24 h after the last exposure
to reagents.
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Histological examination

Skin specimens were fixed in 10% neutral formalin
and embedded in paraffin. Slides of 5-um-thick sec-
tions were prepared and stained with H&E to examine
the epidermal thickness and inflammatory cell infiltra-
tion. Toluidine blue staining was performed to examine
the infiltration of mast cells. Slides were then digitally
scanned and analyzed using Iviewer Analysis Software
(UNIC Technologies, Beijing, China). Mast cell counts
and epidermal/dermal thickness measurements were
performed in five randomly selected fields from each
sample.

Trans-epidermal water loss assay

Trans-epidermal water loss (TEWL) measurements
were conducted with a Cutometer Dual MPA580
(Courage + Khazaka electronic Gmbh, Kéln, Germany)
to examine skin barrier dysfunction. Each mouse was
measured 10 times in a randomly selected area.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from skin tissues using TRIzol"™
reagent according to the manufacturer’s instructions.
cDNA synthesis was performed using the PrimeScript""
RT Reagent Kit (TaKaRa, Japan) according to the man-
ufacturer’s instructions. The expression values of each
target gene were normalized to the expression values of
B-actin. Real-time PCR was performed on a CFX Con-
nect Real-Time System (BIO-RAD, CA, USA) with TB
Green Premix Ex Taq"" II (TaKaRa, Japan). The amplifi-
cation programs involved 40 cycles of preincubation for
2 min at 95 °C and then amplification cycles consisting
of 5sat 95 °C and 30 s at 60 °C. The analyzed genes and
primer sequences of these genes are given in Table 1.

Enzyme-linked immunosorbent assay

The next day after the final exposure to reagents, blood
was taken from the eyeballs of mice, and the serum was
separated. Frozen serum samples were used to measure
the serum levels of IL-2, IL-4, IL-13, IFN-y, TARC, total
IgE and OVA-specific IgE. ELISA was performed with
commercial ELISA kits (JM-02339M1, JM-03061M1,
JM-02981M1, JM-02448M1, JM-02456M1, and
J2291-A; Jingmei Biology Technology, Jiangsu, China)
according to the manufacturer’s instructions.

Immunohistochemistry

Immunohistochemical staining was performed for
filaggrin. The primary and secondary antibodies used
were as follows: filaggrin (Host: rabbit; Reactivity:
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Table 1 Primer sequences

Gene NCBIID Forward primer (5’-3’) Reverese primer (5’-3’)

L2 NM_0083663 TCACCCTTGCTAATCACTCCTC TCCTGTAATTCTCCATCCTGCT

L4 NM_021283.2 GATAAGCTGCACCATGAATGAGT CCATTTGCATGATGCTCTTTAGG
IL13 NM_008355.3 TGGCTCTTGCTTGCCTTGGT ACTCCATACCATGCTGCCGTT

IL19 NM_001009940.2 AGAGCCATGCAAACTAAGGACAC GATCCTAGTTGCATTGGTGGCTT
IL22 NM_016971.2 CTTGTGCGATCTCTGATGGCT CCAGCATAAAGGTGCGGTTG
IL4RA NM_001008700.4 GCATCCCGTTGTTTTGCCTG TTGGTTGACTCCTGGCTTCG
IL13RA1 NM_133990.5 ACAAGCCCTGACACACACTATAC TCCCAGCATTATCCTTGACCATTAT
ILT7A NM_010552.3 CACCGCAATGAAGACCCTGATA CAGCATCTTCTCGACCCTGAAAG
JAKI NM_146145.2 CGGAACTTCCCAAAGACATCA TCCAAGGTAGCCAGGTATTTCA
STAT3 NM_011486.5 TTTAACATTCTGGGCACGAACAC ACGATCAAGGAGGCATCACAATT
STAT6 NM_009284.2 TCGGAAGCAGGAAGAACTCAAG TTGGACCAGGACCATTGACAG
IFNy NM_008337.4 ATGAACGCTACACACTGCATCTT TGACTGTGCCGTGGCAGTAA
IGFL1 NM_001111274.1 TGTCGTCTTCACACCTCTTCTAC ACATCTCCAGTCTCCTCAGATCA
LORICRIN NM_008508.3 GTGCTTCAGGGTAACCCTTCTC AGAGGTCTTTCCACAACCCACA
FILAGGRIN XM_017319842.1 CTGGGAGGCAAGCTACAACAACT GTCTGCTCTGGGTCTTCTGTTTC
TSLP NM_021367.2 CGACAAAACATTTGCCCGA GCCATTTCCTGAGTACCGTCA
B-actin NM_007393.5 GCATCCCGTTGTTTTGCCTG TTGGTTGACTCCTGGCTTCG

human, mouse, rat; Abcepta, San Diego, CA, 92,121,
USA), and HRP-conjugated goat anti-rabbit IgG (H&L)
(Source: goat; Immunogen: rabbit IgG; Conjugate:
HRP; Abcepta, San Diego, CA, 92,121, USA). Tissues
were fixed in 10% formalin at 4 °C overnight and were
then embedded in paraffin. Next, 5-um-thick sections
were cut and routinely dewaxed and hydrated. Endog-
enous peroxidase activity and endogenous avidin bind-
ing activity were blocked. Sections were incubated
with primary antibodies for 12 h at 4 °C overnight,
and then the slides were rinsed three times in PBS for
five minutes each wash. Sections were incubated with
secondary antibodies for 30 min at 37 °C. Slides were
counterstained with hematoxylin. Positively stained
cells were counted from five random fields (magnifica-
tion -400) in each section.

Statistical analysis

Data are expressed as the mean +standard error of the
mean or standard deviation. Statistical analysis was per-
formed by Student’s t test or one-way analysis of variance
(ANOVA) using GraphPad Prism software (GraphPad
Software, Inc. La Jolla, CA, USA). Statistical significance
was defined as P<0.05. The significance levels of the
data are denoted as *P<0.05, **P<0.01, ***P<0.001, and
##+%P<0.0001.

Abbreviations
AD: Atopic Dermatitis; DNFB: Dinitrofluorobenzene; OVA: Ovalbumin; TEWL:
Trans-epidermal water loss.
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