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ABSTRACT

Chitinase-3-like-1 (CHI3L1) is known to induce inflammation in the progression of

allergic diseases. Previous our studies revealed that 2-({3-[2-(I-cyclohexen-1-yl)ethyl]-6,7-
dimethoxy-4-o0x0-3,4-dihydro-2-quinazolinyl}sulfanyl)-N-(4-ethylphenyl)butanamide
(K284-6111; K284), the CHI3L1 inhibiting compound, has the anti-inflammatory effect on
neuroinflammation. In this study, we investigated that K284 treatment could inhibit the
development of atopic dermatitis (AD). To identify the effect of K284, we used phthalic
anhydride (5% PA)-induced AD animal model and in vitro reconstructed human skin model.
We analyzed the expression of AD-related cytokine mediators and NF-kB signaling by
Western blotting, ELISA and quantitative real-time PCR. Histological analysis showed that
K284 treatment suppressed PA-induced epidermal thickening and infiltration of mast cells.
K284 treatment also reduced PA-induced release of inflammatory cytokines. In addition,
K284 treatment inhibited the expression of NF-«B activity in PA-treated skin tissues and
TNF-a and IFN-y-treated HaCaT cells. Protein-association network analysis indicated that
CHI3L1 is associated with lactoferrin (LTF). LTF was elevated in PA-treated skin tissues

and TNF-a and IFN-y-induced HaCaT cells. However, this expression was reduced by K284
treatment. Knockdown of LTF decreased the expression of inflammatory cytokines in
TNF-o and IFN-y-induced HaCaT cells. Moreover, anti-LTF antibody treatment alleviated AD
development in PA-induced AD model. Our data demonstrate that CHI3L1 targeting K284
reduces AD-like skin inflammation and K284 could be a promising therapeutic agent for AD
by inhibition of LTF expression.

CHIBL1; Lactoferrin; Atopic dermatitis; K284-6111

INTRODUCTION

Atopic dermatitis (AD), a common chronic inflammatory skin disease is characterized by an
imbalance of Th1/Th2 cells and increase in inflammatory cells and IgE (1-3). The release of
cytokines and infiltration of various inflammatory cells, including mast cells, Th2 cells, and
lymphocytes, in the skin lesions causes the development of AD (4-6).

Keratinocytes form the skin barrier protecting the body from environmental damage due to
allergens, scratches, or microbial toxins. In AD development, keratinocytes play a crucial role
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in the pathogenesis of inflammatory skin disease by secreting proinflammatory mediators as a
cellular source of the danger signal (7). Moreover, activated keratinocytes stimulate mast cells
and dendritic cells that trigger Th2 cell polarization, thus promoting AD development (8).

Numerous drugs that inhibit the activation of both immune cells and mast cells as well as the
release of cytokines have been used. For example, Omalizumab is an anti-IgE antibody that
mitigates AD-related cytokine release and the recruitment of immune cells by inactivating
mast cells (9). Dupilumab is an anti-IL-4Ra receptor antibody that blocks IL-4Ra, thus
preventing Th2 allergic inflammation due to IgE production (10-12). Crisaborole is a topical
calcineurin inhibitor that suppresses the release of inflammatory cytokines by inhibiting
both PDE4 and the NF-«B signaling pathway, thereby improving the symptoms of AD (13).
Pimecrolimus is a non-steroidal anti-inflammatory drug that is safe and effective in the
treatment of AD by selectively inhibiting T cell and mast cell activation (14,15).

CHI3L1 is secreted by macrophages, neutrophils, synoviocytes, chondrocytes, and
keratinocytes, and exhibits properties of cytokines and growth factors (16,17). The potential
importance of CHI3L1 has been reported for a large number of diseases (9,18). Several
diseases such as diabetes, Alzheimer's disease, asthma, and many human neoplasias

have demonstrated increased expression and serum levels of CHI3L1 (16,18,19). High
genetic variation in the promoter region of CHI3L1 has been associated with atopy (20).

A population-based study involving 6514 Danish adults showed an association between
polymorphisms of the CHI3L1 gene and atopy (21). Another study found that CHI3L1
contributed to Th2 inflammation, M2 macrophage activation, and skin barrier function in
ovalbumin-induced AD model CHI3L1 knockout (KO) mice (22). CHI3L1 serum levels were
significantly higher in patients with AD compared with serum levels of the controls (23,24).
Thus, blocking the expression of CHI3L1 could be critical for the treatment of AD (18,21).

Lactoferrin (LTF) is a member of the transferrin gene family, and its protein product is found
in milk and secondary granules of neutrophils (25). LTF is an important component of the
nonspecific immune system (26). It is noteworthy that CHI3L1 is colocalized with LTF in
specific granules of neutrophils (27).

Human LTF administration reduced has been reported to reduce the cognitive decline
resulting from oxidative stress and inflammation in an Alzheimer's disease mouse model
(28). In a clinical study, oral administration of bovine LTF dpatient scores for AD symptoms
and dermatology life quality index in patients with AD (29). Our web-based analysis showed
that CHI3L1-related LTF expression was increased in patients with AD. However, the
relationship between CHI3L1 and LTF in AD development has not been investigated.

Previously, using 3D chemistry database analysis with virtual screening, we found 11
candidate compounds with CHI3LI-inhibiting activity among 14 million chemicals. Among
the 11 compounds, K284 particularly had the highest binding to CHI3L1. We also found that
K284 ameliorated the development of Alzheimer's disease (30). Therefore, based on these
observations, we investigated the anti-atopic and anti-inflammatory effects of K284 in a
PA-induced AD animal model, an AD-like reconstructed human skin (RHS) model, and an in
vitro model.
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MATERIALS AND METHODS

K284-6111 was obtained from ChemDiv, Inc. (San Diego, CA, USA). K284-6111 was dissolved
in dimethyl sulfoxide (DMSO; final concentration of 100 mM) and stored at -20°C until use.
Human TNF-a, IFN-y, IL-4 and IL-13 were purchased from Peprotech Inc. (Rocky Hill, NJ,
USA) and were dissolved according to manufacturer's instructions. Aliquots were stored at
-20°C until use. Transfection agents, Lipofectamine® 3000 and RNAIMAX, and Opti-MEM
were obtained from Thermofisher Scientific (Waltham, MA, USA).

The experimental protocols were carried out according to the guidelines for animal
experiments of the Institutional Animal Care and Use Committee of Laboratory Animal
Research Center at Chungbuk National University, Korea (CBNUA-1344-20-01). All efforts
were made to minimize animal suffering, and to reduce the number of animals used. All mice
were housed in 3 mice per cage with automatic temperature control (21°C —25°C), relative
humidity (45%—-65%), and 12 hours light-dark cycle. Food and water were available ad libitum.

C57BL/6] mice (8-wk-old, n=40) were randomly divided into one of 3 groups. In the first
group (PA, n=10), 200 pl (10 pl/cm?) of 5% phthalic anhydride (PA) solution was spread on
the back skin 3 times a week for 4 wk. The second group (K284; 1 mg/kg, n=10) and third
group (K284; 2 mg/kg, n=10) were applied with PA, and 3 hours after 200 pL of 1 mg/ml and

2 mg/ml K284 solution (10 pg or 20 ug/cm?) were applied. Age-matched C57BL/6] were used
as the control group (control, n=10) and treated AOO solution (vehicle; acetone:olive oil=4:1).
By the end of the study period, mice were sacrificed, and blood samples were collected. K284
was diluted in AOO solution at indicated concentrations. C57BL/6] mice were purchased
from Daehan Biolink (Eumseong, Korea).

Alterations of body weight during the experimental procedure were measured with an
electronic balance (Mettler Toledo, Greifensee, Switzerland) once a week for 4 wk. Weights of
lymph nodes collected from the sacrificed mice were also measured by the same method.

A RHS model (Neoderm®-ED) was purchased from TEGO Science Inc (Seoul, Korea).

The RHS model contained epidermis and dermis. The RHS model generated AD-like
inflammation via use of an inflammatory cocktail according to the previously described
method with some modifications (31). In brief, an inflammatory cocktail (an AD cocktail
consisting of 30 ng/ml of IL-4, 30 ng/ml of IL-13, and 3.5 ng/ml of TNF-a) was supplemented
with or without K284 (2 uM) to the culture medium for 6 days. The culture medium was
changed every 48 h.

The HaCaT keratinocyte cell line was kindly provided from Prof. Do-Young Yoon (Konkuk
University, Seoul, Korea). These cells were grown at 37 °C in DMEM medium supplemented
with 10% FBS, penicillin (100 units/ml) and streptomycin sulfate (100 pg/ml) in humidified
atmosphere of 5% CO,. Cells were incubated with K284 at various concentrations (0.5, 1
and 2 pM; dissolved in DMSO) and then stimulated with the TNF-o and IFN-y (20 ng/ml)
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combination for the indicated time points in figure legends. The final concentration of
DMSO used was less than 0.05%. Cells were treated with 0.05% DMSO as vehicle control.
For transfection, HaCaT cells were transiently transfected with CHI3L1 plasmid vector,
CHIBL1 siRNA or LTF siRNA, using Lipofectamine 3000 (for plasmid vector) and RNAIMAX
(for siRNA) reagent in Opti-MEM, according to the manufacturer's specifications. CHI3L1
siRNA and LTF siRNA were purchased from Origene (Rockville, MA, USA).

Back skins removed from mice and RHS tissues were fixed with 4% formalin, embedded
in paraffin wax, routinely processed, and then sectioned into 5 pm thick slices. The skin
sections were then stained with H&E. The thickness of the epidermis was also measured
using a light microscope (Olympus, Tokyo, Japan). The slides were incubated with specific
primary antibodies: p-p65 and LTF (Abcam). Mast cells were stained with toluidine blue
solution according to manufacturer's instruction (IHC World, Ellicott City, MD, USA).

The serum IgE and cytokines in skin tissues were measured by ELISA kits obtained from
KOMA Biotech (Seoul, Korea) and R&D systems (Minneapolis, MN, USA) according to
the manufacturer's instruction. Human serum LTF levels were analyzed by LTF ELISA kit
(myBioSource, San Diego, CA, USA).

100 mg skin tissues or about 1 x 10° cells were harvested and homogenized with lysis buffer
(Pro-prep protein extraction buffer, INtRON, Seongnam, Korea). Nuclear extraction of
samples was performed using a nuclear extraction kit (Abcam, Cambridge, MA, USA).The
membrane was incubated for 4 hours at room temperature with specific antibodies: rabbit
polyclonal antibodies against CHI3L1, LTF, p-p65 and COX-2 (1:1,000, Abcam), and rabbit
polyclonal antibodies against myc-tag, p65, p50, histone H1, p-IkB-a and IkB-a (1:1,000,
Cell Signaling) and mouse monoclonal antibody against B-actin (1:1,000, Sigma Aldrich).
The intensity of the bands was measured using the Fusion SOLO S image acquisition system
(Vilber Lourmat, Eberhardzell, Germany). Band intensity was measured by Image] software
(NIH, Bethesda, MA, USA).

Total RNA of skin tissues, RHS tissues or cells was extracted by a Ribo® RNA Extraction Kit
(GeneAll Biotechnology, Seoul, Korea) and cDNA was synthesized using a High Capacity
RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA). Quantitative real-time

PCR was performed using specific primers with SYBR Green master mix (ELPIS Biotech,
Daejeon, Korea) in a StepOnePlus™ PCR System (Applied Biosystems, Foster City, CA, USA)
(Supplementary Table 1). The values obtained for the target gene expression were normalized
to 18S and quantified relative to the expression in control samples.

The protein-protein interaction network of CHI3L1 was analyzed by STRING database (http://
string-db.org), which is publicly available sources of protein-protein interaction information
(32). Expression of CHI3L1-associated genes in AD patients was analyzed using ArrayExpress
(http://ebi.ac.uk/arrayexpress), archive of functional genomics data from high-throughput
functional genomics experiments (Accession No. E-GEOD-32924).
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Human serum samples from patients with AD and healthy controls (20 samples, respectively)
were obtained from Chungbuk National University Hospital Biobank and Korea Institute of
Radiological & Medical Sciences Radiation Biobank. All studies using human samples were
conducted in accordance with the Declaration of Helsinki and were approved by the Ethics
Committee of Chungbuk National University Medical Center (IRB No. CBNU-201902-BR-786-01).

The experiments were conducted in triplicate, and all experiments were repeated at least
3 times with similar results. All statistical analysis was performed with GraphPad Prism 5
software (Version 5.03; GraphPad software, Inc., San Diego, CA). Group differences were
analyzed by one-way ANOVA followed by Tukey's multiple comparison test. All values are
presented as mean * SD. Significance was set at p < 0.05 for all tests

RESULTS

We measured changes in body weight during the experimental period and found no significant
differences after any of the treatments (Supplementary Fig. 1). To investigate whether K284
treatment could suppress PA-induced AD development, we observed epidermal thickness and
histological changes. AD symptoms, consisting of erythema, edema, and erosion (clinical
score), were increased compared with those of the control group. Significant increases in
epidermal thickness were also detected after PA treatments; these changes were dramatically
reduced upon K284 treatment (Fig. 1A and B). Next, we checked the infiltration of mast cells

in the AD skin lesion. K284 treatment reduced the number of infiltrating mast cells in the skin
compared with that of the PA-induced group (Fig. 1C). The hyperproduction of IgE is also one of
the characteristic features of AD; therefore, we measured serum IgE concentration in PA-induced
mice. The PA-induced serum IgE concentration was decreased in the K284-treated group in a
dose-dependent manner (Fig. 1D). In addition, we evaluated the weight of the skin’s draining
lymph node as an indicator of skin inflammation. PA treatment increased lymph node weight

in treated mice compared with the weight of control mice. In contrast, lymph node weight was
significantly reduced in the K284-treated mice in a dose-dependent manner (Fig. 1E).

To determine whether K284 treatment could reduce the release of inflammatory cytokines
in PA-treated skin tissue, we measured the levels of CHI3L1, IL-1B, IL-4, IL-6, and din

skin tissues of the control, PA-; and PA with K284-treated groups. The levels of these
inflammatory mediators were generally higher in the PA-treated group than in the control
group. However, these levels were dramatically and dose-dependently lower in the K284-
treated group compared with those of the control group (Fig. 2A). Moreover, mnRNA
expression of AD-related genes such as TNF-a, IL-1B, IL-4, IL-5, IL-6, IL-13, IL-31, IL-33,
and CCL17 was reduced in the K284-treated PA-induced group compared with that of

the PA-induced group (Fig. 2B and Supplementary Fig. 2). Next, we examined cytokine
release in HaCaT cells treated with TNF-o/IFN-y combination. This combination treatment
significantly increased the levels of cytokine release; however, these elevated cytokine levels
were inhibited by treatment with K284 in a concentration-dependent manner as determined
by ELISA (protein levels) (Fig. 2C) and qPCR (mRNA levels) (Supplementary Fig. 2B).
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Figure 1. K284 inhibits PA-induced AD. (A) PA solution was applied topically to the dorsal skin of mice in each group 3 times a week for 4 wk. K284 was topically
administrated to the dorsal skin 2 h before PA solution application with indicated doses. (B) The photographs are representative of each group of mice. Bar
graphs represent clinical scores, epidermal thickness and the number of mast cells. Scale bar=100 pm. (C) The morphologic, histologic and the number of mast
cell changes in mice. (D) Serum IgE concentration was measured by ELISA (n=5). (E) Changes of skin draining lymph node weight in each group (n=5).

*Control vs. PA and *PA vs. PA+K284. *p<0.05, **p<0.01 and ******p<0.001.

https://immunenetwork.org

Effect of K284 treatment on NF-kB signaling

NF-«B has been implicated in the inflammatory response of the AD model. Furthermore,

a previous study revealed that CHI3L1 was involved in NF-kB activation (30). To investigate
whether K284 could inhibit NF-kB activation in the PA-induced AD model, we prepared

and assayed nuclear extracts from skin tissues by Western blot analysis. PA-treated mice
showed an increase in the expression of p50 and p65 in the nucleus; whereas, K284 inhibited
the nuclear translocation of p5S0 and p65 in a dose-dependent manner (Fig. 3A and B). In
addition, PA-treated skin tissues showed significantly increased phosphorylation of IxBa
(p-IxBa) in the cytosolic fraction compared with that of the control group. In contrast,
p-IkBa expression in K284-treated skin tissues was significantly reduced in comparison with
that of the PA-treated skin tissues (Fig. 3A). Additionally, increased phosphorylation of p65
in PA-induced skin tissues was inhibited. Next, we determined NF-«B activation in TNF-o/
IFN-y-activated HaCaT cells. HaCaT cells were pre-treated with K284 for 2 h and then treated
with the TNF-a/IFN-y combination for 4 h, which is the time necessary to activate NF-kB
maximally using this combination (data not shown). We investigated the inhibitory effects
0f K284 on the translocation of the NF-kB subunits pS0 and p65 and IkB phosphorylation.
Consistent with the inhibitory effects on the in vivo sample, both the nuclear translocation
of p50 and p65 and the TNF-0/IFN-y-combination-induced phosphorylation of IkBa were
inhibited by K284 in a concentration-dependent manner (Fig. 3C).
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Figure 2. K284 inhibits AD-related cytokine release. (A) Levels of AD-related cytokines CHI3L1, IL-1B, IL-6 and TSLP in PA-treated skin tissues measured by ELISA
(n=5). (B) Levels of AD-related cytokines CHI3L1, IL-1B, IL-6 and TSLP in PA-treated skin tissues measured by qPCR (n=5). (C) HaCaT cells were pre-treated with
K284 at indicated concentrations. After 2 h, cells were treated with the TNF-o and IFN-y combination (20 ng/ml) for another 4 h. The mRNA expression of CHI3L1,
IL-1B, IL-6 and TSLP was analyzed by qPCR (n=3).

*Control vs. PA and *PA vs. PA+K284. **p<0.05, ****p<0.01 and ******p<0.001.

LTF was associated with CHI3L1-mediated AD development

To determine which factors were involved in CHI3Ll-induced inflammation, we used
protein-protein interaction network analysis, and the results showed that CHI3L1 was
associated with several proteins (Fig. 4A). Among these proteins, ArrayExpress analysis
showed that CXCL1 and LTF were elevated in the AD skin tissues compared with those of
healthy controls (Fig. 4B). Next, we checked whether CHI3L1 could regulate the expression
of CXCL1 and LTF in HaCaT cells. The results showed that LTF expression was regulated by
CHI3L1 (Supplementary Figs. 3A and 4C), but CHI3L1 knockdown and overexpression did
not change the expression of CXCL1 (Supplementary Fig. 3B). However, K284 treatment
reduced LTF expression in PA-induced skin tissues (Fig. 4D and E). We also analyzed the
serum level of LTF in patients with AD. Serum LTF was significantly increased in patients
with AD compared with that of the controls (Supplementary Fig. 4). Receiver operating
characteristic (ROC) analysis of LTF showed that sensitivity, specificity, cut-off value, and
area under the curve were 75%, 75%, 1186 ng/ml, and 0.8425, respectively (Supplementary
Fig. 4). Regarding inflammatory status, our analysis showed that CHI3L1 could mediate LTF
expression. Furthermore, K284 treatment reduced TNF-o/IFN-y-induced LTF expression,
while the knockdown of CHI3L1 or LTF by siRNA synergistically reduced K284-inhibited LTF
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Figure 3. K284 inhibits the NF-kB activity. (A) Expression of phosphorylated IkBa in cytosolic fractions and p50 and p65 in nuclear fractions in PA-treated skin
tissues using Western blot analysis. (B) Expression of phosphorylated p65 in PA-treated skin tissues analyzed by IHC. Scale bar=50 pm. (C) HaCaT cells were pre-
treated with K284 at indicated concentrations. After 2 h, cells were treated with TNF-a and IFN-y (20 ng/ml) for another 4 h. Expression of phosphorylated IkBo
in cytosolic fractions and p50 and p65 in nuclear fractions was detected by Western blot analysis.

CE: cytosolic faction / NE: nuclear fraction.

expression (Fig. 4F). To identify the role of LTF in inflammation, we inhibited LTF expression
by siRNA and confirmed the expression of inflammatory cytokines in TNF-o/IFN-y-treated
HaCaT cells. The mRNA expression of IL-1B, IL-6, thymic stromal lymphopoietin (TSLP), and
CCL22 was reduced in LTF knockdown HaCaT cells compared with the levels in the control
cells in response to TNF-o/IFN-y stimulation (Fig. 4G). To identify whether CHI3L1-mediated
NF-«B activation could mediate LTF expression, we treated the NF-kB inhibitor BAY 11-7082
(BAY) in CHI3LI-overexpressed HaCaT cells. The results showed that CHI3Ll-induced LTF
expression was reduced by the inhibition of NF-«B (Fig. 4H). Thus, LTF is critical for CHI3L1-
mediated inflammatory responses in AD development.

K284 attenuates the inflammation in the AD-like RHS model

To confirm the anti-inflammatory effects of K284 on AD development, we used an AD-like
RHS model. In this model, we found that K284 treatment significantly inhibited epidermal
thickness (Fig. 5A). Increased levels of expression of AD-related cytokines (i.e., IL-1f, IL-6,
TSLP, and CHI3L1) were also suppressed by K284 treatment, as detected using qPCR and
ELISA (Fig. 5B and C). The AD cocktail-induced expression of COX-2, CHI3L1, and NF-xB
activity was also reduced in K284-treated RHS tissues (Fig. 5D).

Blockade of LTF suppresses AD development in PA-induced model

We further examined the inflammatory effects of LTF in the PA-induced AD model. The
administration of an anti-LTF antibody (LTF Ab) reduced PA-induced AD development (Fig. 6A).
Histologic analysis showed that LTF Ab administration reduced epidermal thickening, mast cell
infiltration, and serum IgE levels (Fig. 6A and B). The protein and mRNA levels of AD-related
cytokines, including CHI3L1, IL-13, IL-6, and TSLP, in skin tissue samples were significantly
reduced by blocking LTF (Fig. 6C and D). The draining lymph node weight was significantly
reduced in the LTF Ab-administered PA-induced group compared with that of the PA-induced
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iImmunN=
-
K284-6111 Reduced Atopic Dermatitis-like Skin Inflammation n =Two R I(

B (o8 G
- g LB, 5. IL-6
Log,-fold change siNC siCHI3L1 Mock CHI3L1 #
0 I < *k < 4
CHI3L1 Zc 6 Z c
CXCL1 x o o 3
LTF Ea Ea
actin | —— S o 58 2
Lesional AD skin B-actin ‘ H - % B 2 % s
vs. normal skin I3 e 1
0 0
TNF-o+IFN-y - + — + -+ -+
D PA+ PA+ LTFSiRNA - -  + + - - + o+
Control PA K284 (1 mg/kg) K284 (2 mg/kg)
TSLP CCL22
1.0£0 4.1+0.7 1.240.3 1.3£0.04 F < < 4 #
coon I gs° £s
1.0£0.04 4.0£0.7 1.5£0.2 1.1£0.04 10 35 30 27 18 £ g 2 wex S g 3 .
. 0P SRR
Y ————— craer [ £e 22,
© % © X
10 32 09 07 03 o Y1 v @ 1
) o [
E Control PA Bractin: | S - . .
: = X § CHIBLISIRNA - - -  + + NNy — b -+ M
: K284-61M - - o+ - LTFSIRNA - -  + + - 44
TNF-a/IFN-y - + + +
e ﬁl g H chpn -+ & &
o ==t - 10 31 10 13 08 BAY (M) - - 5
B PA+K284 (1 mg/kg)
7 = LTF [

p-actin. | crzn -
K284-6111 + + .

Figure 4. K284 reduces LTF expression. (A) Protein-association network analysis of Chi3L1 (Human). (B) The changes of CHI3L1-related proteins in the patients

of AD obtained from ArrayExpress. (C) HaCaT cells were transfected with CHI3L1 plasmid vector or siRNA (20 nM) for 24 h. The levels of CHI3L1 and LTF were
measured by Western blot analysis. (D) The protein expression levels of CHI3L1 and LTF in PA-treated skin tissues were measured by Western blot. (E) Expression
of LTF in in PA-treated skin tissues analyzed by IHC. Scale bar=50 pm. (F) HaCaT cells were transfected with CHI3L1 of LTF siRNA for 24 h. Cell were pre-treated
with K284 for 2 h. Then, cells were treated with TNF-a and IFN-y (20 ng/ml) 4 h. The levels of CHI3L1 and LTF were determined by Western blot analysis. (G)
HacaT cells were transfected with LTF siRNA (20 nM). After 24 h, cells were treated with TNF-a and IFN-y combination for 4 h. The mRNA expression of IL-1B, IL-
6, TSLP and CCL22 was determined by qPCR (n=3).

*Control vs. TNF-a.+IFN-y and *TNF-o+IFN-y vs. TNF-a+IFN-y with LTF siRNA. *p<0.05, *p<0.01 and ***p<0.001.

group (Fig. 6E). Moreover, anti-LTF antibody treatment reduced NF-«B activation in the PA-
induced mice (Fig. 6F).

DISCUSSION

AD is a chronic inflammatory skin disease characterized by eczematous skin lesions. Despite their
irreversible side effects, oral and topical immunosuppressive drugs have been used because of
their remarkable anti-inflammatory and anti-allergic activities (33). However, their effectiveness is
limited as their exact mechanism-based targets in the treatment of AD are not clear.

The chronic inflammation and skin damage that occur in AD involve a complex interplay
between environmental, genetic, immunological, and biochemical factors (34). For instance,
mast cells, T cells, and keratinocytes interact with one another in the uppermost dermis

of inflamed skin. In addition, keratinocytes stimulated by proinflammatory cytokines are
important cellular sources of chemokines that affect T lymphocyte differentiation and
leukocyte recruitment to skin lesions.
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Figure 5. K284 reduces AD-like skin inflammation in AD-like RHS models. RHS model inserts were cultured for AD cocktail for 6 days. (A) H&E staining was
performed to confirm the histological changes of AD-RHS. The bar graph indicates the thickness of the epidermal thickness (n=3). (B and C) The levels of IL-1B,
IL-6, CHI3L1 and LTF in AD-RHS tissues were measured by qPCR and ELISA (n=3). (D) Expressions of COX-2, CHI3L1, p-p65, p65, p-IkBa and IkBa were observed by

Western blot analysis in AD-RHS tissues.

"Control vs. AD cocktail and *AD cocktail vs. AD cocktail+K284. "*p<0.05, ""**p<0.01 and *"***p<0.001.

https://immunenetwork.org

Several studies have demonstrated that CHI3L1 may be a critical target for the treatment of
various inflammatory diseases such as rheumatoid arthritis, osteoarthritis, inflammatory
bowel disease, chronic obstructive pulmonary disease, atherosclerosis, and cancer (3,27). Our
previous results likewise revealed that CHI3L1 could be a significant target of AD because ROC
analysis of several AD biomarkers in serum from affected patients indicated that CHI3L1 had
the highest score. Moreover, CHI3L1 KO mice showed a significantly reduced occurrence of
AD (35). In our other study, K284 was found to be the best potential candidate compound for
CHIBL1 inhibition because it ameliorated the onset and development of Alzheimer's disease
through its anti-inflammatory effects (30). Based on these results, therefore, we investigated
the anti-atopic and anti-inflammatory effects of K284 in a PA-induced AD model, an AD-like
RHS model, and an in vitro model. We found that the topical application of K284 ameliorated
dermatitis severity, epidermal hyperplasia, and the infiltration of inflammatory cells. We also
found that K284 effectively reduced PA-induced inflammatory cytokine release and allergic
responses. Similarly, IgE levels, as well as the number of mast cells that infiltrated the dermis,
were also significantly reduced in the K284-treated mice. These data suggest that K284 could
be an appropriate treatment for AD-like inflammatory diseases.
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Figure 6. Blockade of LTF reduced PA-induced AD development. (A) PA solution was applied topically to the dorsal skin of mice in each group 3 times a week for
4 wk. From the third week, LTF Ab (1 mg/kg; diluted in PBS) was subcutaneously injected 2 h after PA solution treatment. The photographs are representative

of each group of mice (n=5). (B) Bar graphs represent clinical scores, epidermal thickness and the number of mast cells. Scale bar=100 pm. Serum IgE
concentration was measured by ELISA. (C and D) The levels of CHI3L1, IL-1B, IL-6 and TSLP in PA-induced skin tissues measured by ELISA (n=5). (E) Expressions of
LTF as well as p-1kBa, p50 and p65 were observed by Western blot analysis in PA-induced AD tissues.

CE: cytosolic faction / NE: nuclear fraction.

“Control vs. PA and *PA vs. PA+LTF Ab. **p<0.05, "***p<0.01 and **"***p<0.001.

LTF, a member of the transferrin gene family, is an important component of the nonspecific
immune system and exhibits anti-inflammatory activity (36). LTF has been known to has anti-
microbial activities, modulates the immune responses, and protects against viral infections.
It was found that CHI3L1 is colocalized with lactoferrin in neutrophils of the arthritis
rheumatic inflamed joint (27), and is a close relation between serum CHI3L1 and lactoferrin
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levels in persons with acute bacterial pneumonia (37) as well as inflammatory bowel disease
and hydrometra (38,39). However, contrary results have been reported. LTF was found to
reduce the production of inflammatory mediators and reactive oxygen species and inhibit
immune cell recruitment in various diseases, including Alzheimer's disease, inflammatory
bowel disease, and asthma. However, a recent study has associated LTF allergenicity. LTF
sensitization increased hypersensitivity through the production of IgG and IgE (40). It is
noteworthy that LTF administration induced allergic airway inflammation in an asthma
mouse model (41). LTF release has been reported to also correlate with serum IgE levels and
asthma severity in patients with asthma (42). Our web-based protein-association network
and serum analyses showed that CHI3L1 and LTF significantly correlated with AD patients.
We also found that the mRNA and protein levels of CHI3L1 and LTF were concomitantly
increased in AD-like skin inflammation. Another result is that the overexpression of CHI3L1
elevated the expression of LTF, but the knockdown of CHI3L1 suppressed this expression.
However, the K284 treatment suppressed the expression of LTF. In addition, the combination
treatment of K284 with the siRNA of CHI3L1 further suppressed LTF expression. Thus,

these 2 factors could be associated with each other in inflammatory atopy, just as the anti-
inflammatory and anti-atopic effect of K284, a CHI3L1 inhibitor, could be associated with the
inhibition of LTF expression. NF-«B is responsible for the up-regulation of proinflammatory
cytokines—an important factor to be considered in the treatment of AD (43). IgE-induced
TNF-a and IL-6 stimulate the activation of NF-kB in mast cells (44). Many studies have shown
that compounds that suppress NF-«B activation could act as therapeutic agents for AD (45-
49). In the present study, we found that the K284 treatment inhibited the expression of NF-xB
subunits p50 and p65, which could contribute to reduced levels of proinflammatory cytokines
(e.g., TNF-a, IL-1B, IL-6), the expression of COX-2, as well as mast cell activation and
production of IgE (50,51). CHI3L1 activates the NF-«B signaling pathway and enhances the
secretion of TNF-o and IL-8. In our previous study, we found that K284-6111 directly binds to
CHI3L1, showing the strongest protein-binding affinity (-9.7 kcal/mol) in a docking model.
K284-6111 also exhibits an anti-inflammatory effect in LPS-induced microglial BV-2 cells

and primary astrocytes via the inhibition of NF-kB activation (30). Similar to these previous
findings, our K284 treatment inhibited CHI3L1-dependent NF-kB activity. This inhibition
suppressed the levels of AD-related cytokines and serum IgE and suppressed the infiltration
of mast cells, thus leading to reduced AD-like skin inflammation. These data suggest that the
inhibitory effects of K284 on NF-kB could contribute to its anti-inflammatory and anti-atopic
properties. K284-6111 exhibited significantly advantageous drug-likeness in the diseases
evaluated by computational ADME QSAR models using preADMET (http://preadmet.
bmdrc.org) and StarDrop (http://www.optibrium.com). Furthermore, K284-6111 showed

no toxic effects with an oral intake of 5 mg/kg/day for 4 wk (data not shown) and showed a
bioavailability of 73.6% (Tmax: 309 min; Cp Max: 0.1 ug/ml). Thus, K284-6111 could be a
candidate compound to be developed as a drug for treating AD. These results suggest that
CHIZL1 modulates LTF to exacerbate atopic dermatitis through the NF-kB pathway and is a
new inflammatory target for AD (Fig. 7).

These results suggest that CHI3L1 modulates LTF to exacerbate atopic dermatitis through
the NF-«xB pathway and is a new inflammatory target for AD. Therefore, the CHI3L1 inhibitor
K284-6111 is a potential candidate as a therapeutic agent that can relieve allergic dermatitis
and improve AD.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1
Primer sequence information

Click here to view

Supplementary Figure 1
Changes of body weight during the 4-wk experiment. The average weight of each group was
checked by measuring twice a week for 4 wk with an electronic scale during the experiment.

Click here to view

Supplementary Figure 2

K284 inhibits inflammatory cytokine release. (A) Levels of AD-related cytokines IL-4, IL-5,
IL-13, IL-31, IL-33 and CCL17 in PA-treated skin tissues measured by qPCR. (B) HaCaT cells
were pre-treated with K284 at indicated concentrations. After 2 h, cells were treated with the
TNF-a and IFN-y combination (20 ng/ml) for another 4 h. The mRNA expression of IL-1f, IL-
6, TSLP, CHI3L1 and LTF was analyzed by qPCR.

Click here to view

Supplementary Figure 3

CHI3L1 regulated LTF expression. (A and B) HaCaT cells were transfected with CHI3L1
plasmid vector or human CHI3L1 siRNA (20 nM) for 24 h. The mRNA expression of LTF (A)
and CXCL1 (B) was determined by qPCR (n=3).

Click here to view
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Serum analysis of LTF in AD patients. The serum level and ROC curve of LTF in patients with
AD and healthy controls (n=20).
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