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ABSTRACT

MC903 skin inflammation model is one of well-characterized murine models of atopic
dermatitis and driven by TSLP-mediated type 2 inflammation. Since it can be prepared simply
by repetitive applications of MC903 and shows consistent clinical results, this model has been
widely used. However, in contrast to human atopic dermatitis which is chronic and closely
related to TH2 cells, MC903 induces inflammations temporarily and even in the absence of T
cells. Here, we modified the MC903 treatment schedule and developed a chronic MC903-
induced skin inflammation model. Mice were sensitized with a high dose of MC903 and
challenged with a low dose of MC903. Prior to challenge, mice were allowed to recover
completely from the inflammation which occurred during the sensitization. The challenge of
MC903 induced skin swelling and type 2 inflammations more rapidly, which was dependent
on CD4+ T cells and IL-33. We expect that our mouse model will be beneficial for studying

the late course of human atopic dermatitis.
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1. Introduction

Atopic dermatitis is one of the chronic inflammatory skin diseases characterized by recurrent
eczematous lesions and intense itch [1]. The pathophysiology is complicated and includes
exaggerated type 2 inflammations driven by TH2 cells and impaired barrier functions [2]. It is
also associated with food allergy, asthma and allergic rhinitis. Aside from the steady increase
in incidence and burden on health care resources, developing novel therapeutics remains an
unmet need since there is no definitive cure for the disease [1].

Preclinical research of atopic dermatitis has long relied on animal models, however, most of
the currently available animal models do not faithfully reproduce the complexity of human
atopic dermatitis [3]. MC903 (calcipotriol) is an active vitamin D analog without affecting
calcium metabolism [4] and has been used for psoriasis patients [5]. It induces an irritant skin
inflammation in some psoriasis patients as a side effect. However, in mice MC903 upregulates
TSLP and induces atopic disease-like skin inflammation in a TSLP-dependent manner [6,7].
TSLP receptors are expressed in various cells including type 2 innate lymphoid cells (ILC2)
and TSLP-TSLP receptor interaction activates ILC2 to produce type 2 cytokines like IL-5 and
IL-13 [8], and stimulates eosinophils [9], basophils [10,11] and dendritic cells [12], which
eventually causes skin swelling. Collectively, the MC903 model allows us to explore how type
2 skin inflammations are initiated by TSLP and to analyze the roles of various immune cells
especially in the early period of inflammations. Even though the cytokines and immune cell
subsets involved in the MC903 model closely resemble those in human atopic dermatitis, the
roles of T cells and clinical outcomes are different. In contrast to atopic dermatitis, which is a
chronic disease with recurrent lesions and closely related to T cells, MC903 causes transient

skin inflammations in both T cell deficient mice [8] and wild type (WT) mice.
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In this study, we sought to develop a chronic skin inflammatory model using MC903. Like
hapten immunization, a high dose of MC903 (2 nmol) was used to sensitize mice, and a low
dose of MC903 (0.2 nmol) was used to challenge them. In this model, MC903 challenge

elicited skin inflammatory responses more quickly, which was dependent on CD4+ T cells.
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2. Methods

2.1. Mice and treatments

Wild type (WT) C57BL/6 (B6) mice were purchased from Koatech (Pyeongtaek, Korea).
RAG-1-deficient (B6.129S7-RagltmlMom/J) mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). All animal experimentations were conducted in accordance with
guidelines and approval of the International Animal Care and Use Committees of Hallym
University (Hallym 2021-65). ST2 neutralization was by intraperitoneal administration of 65
ng anti-ST2 blocking antibody (R&D Systems, Minneapolis, MN), given at one day before
challenge and challenge day at the same time during MC903 skin treatment. For IL-33 injection
experiments, 500 pg IL-33 (Biolegend, San Diego, CA) was injected intradermally into the

ears for 3 times during challenge. Mice received the same amount of PBS injection as control.

2.2. MC903 induced chronic atopic dermatitis model

MC903 (calcipotriol) was dissolved in EtOH and topically applied on mouse ears. Mice were
sensitized with 2 nmol of MC903 for 7days. After more than 100 days, the healed ears were
challenged with 0.2 nmol of MC903. As vehicle control, the same volume of EtOH was applied
on mouse ears. During MC903 treatment, ear thickness was measured and recorded using

micrometer (Mitutoyo, Kanagawa, Japan).

2.3. Tissue preparation and flow cytometry
The ears were minced and digested in 2 ml HBSS containing 0.1 mg/ml DNase I and 0.1 mg/ml
Liberase TL (Sigma-Aldrich, St. Louis, MO) for 1hr at 37 °C. The suspension was then passed

through a 70-um cell strainer (SPL, Seoul, Korea). For surface staining, the cells were stained
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with antibodies for 30min at 4 °C in the dark. For intracellular staining, the cells were stained
using Foxp3 Staining Buffer set (Thermo Fisher Scientific Korea, Seoul, Korea). The
antibodies included anti-mouse CD11b BV510 (M1/70), CD11c BV421 (N418), CD3 FITC
(145-2C11), CD4 PE/Cy7 (RM4-5), CD45 PE/Cy7 or BV510 (30-F11), CD8 APC (53-6.7),
CD90.2 APC/Cy7 (30-H12), Ly-6G PerCP/Cy5.5 (1A8), Siglec-F A647 (E50-2440), TCRf
APC/Cy-7 (H57-597), TCRy/d PerCP/Cy5.5 (GL3), Gata-3 eFluor660 (TWAJ), T1/ST2
biotinylated (DJ8) antibodies (all from Biolegend, BD Biosciences, eBioscience and
mdbioproducts). Data were acquired through FACS Canto-II (BD Biosciences, San Jose, CA)

and were analyzed with FlowJo software (BD Biosciences).

2.4. Quantitative PCR (qPCR)

RNA was extracted using Trizol (Thermo Fisher Scientific Korea), and reverse-transcribed it
into cDNA using QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA). All data were
normalized to actin. Non-specific amplification was checked by using melting curves and
agarose gel electrophoresis. The sequences of primers are as follows.

Mouse /33 Forward: 5’-GGTGTGGATGGGAAGAAGCTG-3’

Mouse /33 Reverse: 5’-GAGGACTTTTTGTGAAGGACG-3’

Mouse //4 Forward: 5’-ACAGGAGAAGGGACGCCA-3’

Mouse /14 Reverse: 5’-GAAGCCCTACAGACGAGCTCA-3’

Mouse 7s/p Forward: 5’-AGGCTACCCTGAAACTGAG-3’

Mouse Ts/p Reverse: 5’-GGAGATTGCATGAAGGAATACC-3’

Mouse Actin Forward: 5’-CATCCGTAAAGACCTCTATGCCAAC-3’

Mouse Actin Reverse: 5°-ATGGAGCCACCGATCCACA-3’
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2.5. Statistical analyses

A two-tailed, unpaired, Student’s t-test was used to calculate the statistical significance of
differences between groups. The p values are represented as follows: *** P < 0.001; **, P <
0.01; *, P < 0.05, whereas NS, not significant, is used to denote P values > 0.05. Error bars

indicate standard deviation (SD).
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3. Results and Discussion

3.1. MC903 challenge induced prompt inflammation

MC903 has been known to induce type 2 skin inflammation which mimics human atopic
dermatitis [6]. However, in contrast to human atopic dermatitis that symptoms wax and wane
with periods of active inflammation followed by periods of inactivity, MC903 treatment
induced acute skin inflammations, which were then maintained temporarily. We tried to
develop a chronic atopic dermatitis model by modifying the MC903 treatment schedules. We
applied a high dose (2 nmol) of MC903 for 7 days (sensitization) and repeated the treatment of
MC903 in a low dose (0.2 nmol) after 100~200 days (challenge). Prior to the challenge, the
mice recovered completely from the initial skin inflammation and the extent of inflammation
was monitored by checking the ear thickness (Fig 1A). Consistent with the previous report [6],
the ear swelled gradually for 7~10 days during the first cycle of MC903 treatment. However,
they swelled very rapidly after the second MC903 cycle and the extent of the swelling reached
a plateau in 2~4 days (Fig 1B, MC903/M(C903). The ear did not swell much in mice treated
with the low dose of MC903 without sensitization (Fig 1C, EtOH/MC903). The ears of the
MC903/MC903 mice started to become red in 1 day and could be easily observed from the
second day post-challenge (Fig 1D).

The immunologic changes in the ear skins were investigated by FACS. In control mice (treated
with EtOH), the frequencies of lymphoid (CD90+) and myeloid (CD11b+) cell populations
were similar. However, the frequency of myeloid cells including neutrophils (CD11b+Ly6G+)
and eosinophils (CD11b+Siglec-F+) increased dramatically in the MC903/MC903 mice (Fig
1E). Based on the FACS results, we calculated the numbers of each cell population and realized

that there were more myeloid cells and T cells in the MC903/MC903 ears. The numbers of
8
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innate lymphoid cells were also higher, but the difference was not statistically significant (Fig
1F). Altogether, these findings demonstrated that MC903 sensitized the skin tissue and the
second stimuli (challenge) elicited the rapid skin inflammation like the relapse of human atopic

dermatitis.

3.2. MC903 sensitized CD4+ T cells

MC903 treatment was reported to induce the acute skin inflammation driven by TSLP and
ILC2 [8], and sensitize keratinocytes to help barrier restoration after subsequent tissue damage
[13], which led us to hypothesize whether the MC903 treatment sensitized keratinocytes to
produce more TSLP, which induced a memory—like inflammatory response after the challenge.
However, TSLP was not upregulated more in the skin treated with MC903/MC903, compared
with EtOH/MC903 (Fig. 2A). Instead, the expression of the traditional type 2 cytokine, IL-4,
was increased significantly (Fig. 2A, right).

Since MC903 and TSLP promoted TH2 cell differentiation and IL-4 production [12], we
investigated the roles of T cells in the MC903 challenge response using RAG-1 knockout (KO)
mice. In the first cycle of MC903 treatment, the ears swelled equally in both WT and RAG-1
KO mice (data not shown). After the inflammation subsided, the low dose of MC903 was
applied and the ears swelled less in the KO mice (Fig. 2B). In the FACS analysis, the
frequencies of neutrophils and eosinophils did not increase in KO (Fig. 2C). The absolute
numbers of CD45+ cells, neutrophils and eosinophils are also lower in KO (Fig. 2D). In the
cytokine analysis, the expression level of IL-4 but not TSLP was much lower in the ears of
RAG-1 KO mice (Fig.2E). To check the roles of CD4+ T cells, we deleted CD4+ T cell by
injecting anti-CD4 antibody, GK1.5, into the sensitized mice and applied the low dose of

MC903 (challenge). Similarly to RAG-1 KO mice, GK1.5-treated mice showed both reduced
9



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

ear swelling (Fig. 2F) and lower levels of IL-4 expression (Fig. 2G). These findings
demonstrated that MC903 sensitized CD4+ T cells, and the CD4+ T cells became highly

responsive to the subsequent exposures and induced type 2 skin inflammation.

3.3. IL-33 is essential for the MC903 challenge responses

Next, we checked the phenotypes of CD4+ T cells in the skins and found that the expressions
of ST2 and GATA3 increased after MC903/MC903 treatment (Fig. 3A), which suggested that
CD4+ T cells were differentiated into TH2 cells and IL-33 might contribute to the MC903
challenge response. To investigate the role of IL-33, we administered anti-ST2 antibody into
the sensitized mice and monitored the ear swelling after the MC903 challenge. Interestingly,
both the ear swelling (Fig. 3B) and the expression of IL-4 (Fig. 3C) were reduced significantly
by anti-ST2 antibody. Furthermore, the frequencies of neutrophils and eosinophils in the
inflamed tissues were also lower after the ST2 blockade (Fig. 3D). Collectively these findings
indicated that IL-33 played an essential role in MC903 challenge responses in synergy with
other cytokines like TSLP.

To test that IL-33 alone was sufficient to elicit the skin inflammation, WT mice were injected
intradermally with recombinant IL-33 (rIL-33) proteins. rIL-33 induced ear swelling in
MC903—sensitized mice like the low dose of MC903 (Fig. 4A). The frequencies of
inflammatory cells (Fig.4B) and the levels of IL-4 (Fig. 4C) were also increased in both mice
to the same degree. However, TSLP was upregulated only in mice treated with MC903/MC903
(Fig. 4C), suggesting that rIL-33 could cause type 2 skin inflammations alone, without the help
of TSLP. These findings prompted us to address the question whether T cells were required for
the inflammation induced by rIL-33. Since the expression of ST2 is not restricted to TH2 cells

[14], the effect of rIL-33 protein could be mediated with other cells like ILC2. We repeated
10
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rIL-33 study using RAG-1 KO mice to confirm the role of T cell in the IL-33 elicited skin
inflammation. When the WT sensitized mice were challenged with rIL-33, the ears swelled
significantly. However, RAG-1 KO did not respond to rIL-33 treatment as much as WT (Fig.
4D), suggesting that IL-33 alone could cause the T cell-dependent type 2 skin inflammations
in the MC903-sensitized mice.

In this study, we modified the published MC903 application protocol [15] and developed a
chronic type 2 skin inflammation model. Like the sensitization and challenge method in hapten
immunization, a high dose of MC903 was applied to the ear 7 times and then, a low dose of
MC903 was treated. In the interval between the high and low dose treatments, mice were
allowed to recover for 100~200 days. Since MC903 has not been reported to induce
immunological memory in T cells, it was surprising that MC903 challenge elicited rapid CD4+
T cell dependent—inflammations which looked like immunological memory. In the further study,
we found that CD4+ T cells in MC903/MC903 mice showed the TH2 phenotype like
GATA3Meh and ST2high and the IL-33-ST2 pathway played an important role in the MC903
challenge responses. Our chronic MC903 inflammation model was different from the previous
acute model in 2 points. In contrast to the acute model where ILC2 and TSLP were essential,
our model depended on (1) CD4+ T cells and (2) IL-33 [16], which implied that the mechanism
of the chronic MC903 inflammation was quite different from that of the acute inflammation
and our model might represent different aspects of human atopic dermatitis which has not been
studied yet.

The MC903 model is easy to prepare and pretty reproducible, making it an attractive option for
skin immunology researchers. In addition, our model is relatively simple to construct. We
expect that the chronic MC903 inflammation model shown here will be useful for the study of

type 2 skin inflammations.
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282  Fig. 1. MC903 challenge induced skin inflammations rapidly
283  (A) Experimental design. Mice were sensitized on both ears with MC903 (2 nmol in 10 pl
284  EtOH in each ear, a day) for 7 days. After 100~200 days, we checked recovery of ear skin by
285  appearance and thickness and then mice were challenged with MC903 (0.2 nmol in 10 pl EtOH
286  in each ear, a day) for 4 days. We used 4 different treatment combinations as follows. EtOH
287  (sensitized with EtOH and challenged with EtOH), EtOH/MC903 (sensitized with EtOH and
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challenged with MC903), MC903/EtOH (sensitized with MC903 and challenged with EtOH),
MC903/MC903 (sensitized with MC903 and challenged with MC903).

(B) Time course of ear swelling responses.

(C) The difference of ear swelling between EtOH, EtOH/MC903 and MC903/M(C903 on 1 day
(upper) and 4 day (lower) post-challenge.

(D) Gross appearance of the ears on 4 days post-challenge.

(E) FACS analysis of the ear skins of mice in MC903-induced chronic AD model. The
expressions of lymphoid (CD90+) vs. myeloid (CD11b+) or neutrophil (Ly6G+) or eosinophil
(SiglecF+) were analyzed in CD45+ populations.

(F) Cell number of hematopoietic cells (CD45+), neutrophils (CD11b+Ly6G+), eosinophils
(CD11b+Siglec-F+), T cells (TCRyo+, TCRB+) and ILC (innate lymphoid cells; CD90+CD3-)
in ear skins.

We pooled data; each circle represents a single mouse. Data are presented as the mean + SD.

NS, not significant; *, P <0.05; **, P <0.01; *** P <0.001.
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305  Fig. 2. CD4+ T cells responses to the MC903 challenge

306  (A) qPCR shows mRNA expression of TSLP, IL-33 and IL-4 from the ears.

307  (B) The difference of ear thickness between WT and RAG-1 KO in MC903-induced chronic
308 inflammations on 4 days post-challenge.
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(C) FACS analysis of the ears of WT and RAG-1 KO in MC903-induced chronic inflammations.
The expressions of lymphoid (CD90+), myeloid (CD11b+), neutrophils (CD11b+Ly6G+) and
eosinophils (CD11b+Siglec-F+) in CD45+ populations are shown.

(D) Cell number of hematopoietic cells (CD45+), neutrophils (CD11b+Ly6G+) and eosinophils
(CD11b+SiglecF+) in WT and RAG-1 KO ears.

(E) gPCR shows the mRNA expression of IL-4 and TSLP in WT and RAG-1 KO ears.

(F) The difference of ear thickness after GK1.5 antibody treatment.

(G) gPCR shows the mRNA expression of IL-4 and TSLP in WT and GK1.5- treated mice.
We pooled data; each circle represents a single mouse. Data are presented as the mean + SD.

NS, not significant; *, P < 0.05; ** P <0.01; *** P <0.001.
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Fig. 3. ST blockade prevented MC903 challenge responses

(A) FACS analysis of the ears of mice in MC903-induced chronic inflammations. The
expressions of GATA3 and ST2 were analyzed in CD4+ populations.

(B) The difference of ear thickness after ST2 blocking antibody treatment.

(C) qPCR shows the mRNA expression of IL-4 and IL-33 in ears.

(D) FACS analysis of the ears of the anti-ST2 antibody—treated mice in MC903-induced
chronic inflammations. The expressions of lymphoid (CD90+), myeloid (CD11b+), neutrophils

(CD11b+Ly6G+) and eosinophils (CD11b+Siglec-F+) in CD45+ populations are shown.
20



329  Data are presented as the mean £ SD.

330 NS, not significant; *, P < 0.05; **, P <0.01; *** P <0.001.
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333 Fig. 4. rIL-33 induced skin inflammation in the MC903-sensitized mice.

334  (A) The difference of ear thickness after rIL-33 treatment in WT mice.

335 (B) FACS analysis of the ears of the rIL-33—treated mice in MC903-induced chronic
336  inflammations. The expressions of lymphoid (CD90+), myeloid (CD11b+), neutrophils
337  (CDI11b+Ly6G+) and eosinophils (CD11b+Siglec-F+) in CD45+ populations are shown cell
338 number of Ilymphocyte (CD45+), neutrophils (CDI11b+Ly6G+) and eosinophils

339  (CDl11b+SiglecF+) in WT and rIL-33 treated ears.
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(C) qPCR shows mRNA expression of IL.-4 and TSLP.
(D) The difference of ear thickness after rIL-33 treatment in WT and RAG-1 KO mice.

Data are presented as the mean + SD.

NS, not significant; *, P < 0.05; **, P <0.01; *** P <0.001.
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