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A B S T R A C T   

Background: Thymic stromal lymphopoietin (TSLP) has been shown to be able to amplify Tregs. Thus, TSLP 
induction has the potential to induce endogenous Tregs and control autoimmunity. In the previous research, we 
found that a new compound named 02F04 can induce TSLP production while simultaneously activating the liver 
X receptor (LXR). Because LXR activation leads to a decrease in Treg, we attempted to find a 02F04-derivative, 
druggable lead compound with a basic skeleton that induces TSLP production without activating LXR. As the 
results, we found HA-7 and HA-19 and, in this study, examined the molecular mechanisms in TSLP production. 
Methods: A murine keratinocyte cell line PAM 212 was stimulated with HA-7 and HA-19, and then the expres
sions of cytokines were examined via ELISA and real-time fluorescence quantitative PCR. 
Results: HA-7 and HA-19 induced TSLP production but almost not the expression of TNF-α, IL-13, IL-25, and IL-33 
in PAM212 cells. These compounds inhibited LXR activities. The TSLP expression induced by HA-7 and HA-19 
was inhibited by the Gq/11 inhibitor YM-254890, ROCK inhibitor Y-27632, and ERK inhibitor U0126. HA-7 
and HA-19 also induced the formation of stress fiber and ERK phosphorylation, which were inhibited by YM- 
254890 and Y-27632. 
Conclusions: Our findings indicated that HA-7 and HA-19 selectively induced TSLP production in PAM212 via 
Gq/11, Rho/ROCK and ERK pathways. Our findings also indicated that TSLP expression was differentially 
regulated from other cytokines, and the selective expression could be induced with low-molecular-weight 
compounds such as HA-7 and HA-19.   

1. Introduction 

Thymus stromal lymphopoietin (TSLP) is a pleiotropic cytokine first 
recognized as a master cytokine in allergies [1]. Recently, TSLP has been 
considered to play an important role in immune stability and the regu
lation of mucosal immune barriers [2,3]. TSLP is mainly produced by 
barrier epithelial cells [4] and is accompanied by the production of 
pro-allergic cytokines, such as IL-13 and IL-33 [5,6]. In addition, TSLP 
can induce the maturation of dendritic cells (DC) and increase the pro
duction of IL-23, leading to IL-23-driven autoimmune diseases [7]. Thus, 
the involvement of TSLP has been suggested in autoimmune diseases, 
such as psoriasis and rheumatoid arthritis [2,8,9]. In contrast, recent 
studies have shown that TSLP can induce the conversion of thymic 

Foxp3− CD4+ T cells to Foxp3+ regulatory T cells (Tregs) in a 
DC-independent manner [10]. Additionally, TSLP produced in the in
testine induces the expansion of Tregs, allowing for the control of Th17 
responses in colitis [11]. Furthermore, several studies have indicated 
that cancer cells produce TSLP, which correlates with the prevalence of 
Tregs [12]. Overall, TSLP is a multi-functional regulator of immune 
responses. 

Autoimmune diseases are intractable and difficult to completely cure 
with drug therapy. To date, treatments for these diseases include anti- 
inflammatory steroids and immunosuppressive drugs. Recently, bio
pharmaceuticals, such as antibodies, have shown marked efficacy; 
however, their severe side effects are inevitable. In this regard, the use of 
Tregs or Treg inducers have been suggested as a new approach. TSLP is 
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the first candidate Treg inducer. Recombinant TSLP attenuates auto
immune diseases in animal models [13]. In addition, vitamin D de
rivatives suppress autoimmune diseases in mice [14]. Therefore, TSLP 
induction can potentially induce endogenous Tregs and control auto
immune responses. 

TSLP production is induced by environmental chemicals, apart from 
toll-like receptor stimulants. Previously, we reported that xylene and 
nonanoic acid induce TSLP production in mice, while valeric acid in
duces TSLP production in keratinocytes in vitro. Valeric acid-induced 
TSLP production is mediated by Gq/11, indicating that the chemical 
induces TSLP via a specific receptor. Therefore, using a chemical library, 
we attempted to identify druggable compounds that induce TSLP. 

In our previous study, we have identified a novel TSLP inducer, 

02F04, through phenotypic screening. We used a chemical library, 
which includes approximately 2200 compounds [15]. However, 02F04 
is a natural product; thus, its structure is difficult to optimize for 
increased activity. In addition, 02F04 can induce the activation of the 
liver X receptor (LXR) [16], increasing the expression of ATP-binding 
transporter A1 (ABCA1), a target gene of LXR [17]. LXR agonists can 
reduce the transcriptional upregulation of several inflammatory genes, 
such as tumor necrosis factor (TNF), cyclooxygenase 2, inducible nitric 
oxide synthase, and matrix metalloproteinase 9 [18,19]. LXR activation 
reportedly leads to a decrease in Tregs [20]. Therefore, a more suitable 
lead compound for Treg inducers is a low-molecular-weight compound 
that selectively induces TSLP production without activating LXR. In this 
study, we attempted to find a 02F04-derivative, druggable lead 

Fig. 1. The chemical structures of 02F04, HA-7 and HA-19 and their inducing effects on TSLP protein in PAM212 cells. 
The chemical structures of 02F04 (A), HA-7 (B), and HA-19 (C). PAM212 cells were stimulated with 02F04 (D), HA-7 (E), or HA-19 (F) at the indicated concentrations 
for 24 h. TSLP levels in the culture supernatants were determined by ELISA, and the cytotoxicity test was performed through an MTT assay. Data are presented as 
means ± SEMs (n = 4). **p < 0.01 and ***p < 0.001 vs. the corresponding control. 
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compound with a basic skeleton that induces TSLP production without 
activating LXR. 

2. Materials and methods 

2.1. Chemicals 

02F04 (Fig. 1A) was purchased from InterBioScreen Ltd. (Cat. No. 
STOCK1N-55172; Moscow, Russia). We synthesized the 02F04 de
rivatives, including HA-7 (Fig. 1B) and HA-19 (Fig. 1C). T0901317 was 
purchased from the Cayman Chemical Company (Ann Arbor, MI, USA). 
U0126 and Y-27632 were purchased from Promega Corporation (Mad
ison, WI, USA), and Nacalai Tesque Inc. (Kyoto, Japan), respectively. 
YM-254890 was given by Astellas Pharma Inc. (Tokyo, Japan) and Taiho 
Pharmaceutical Co. Ltd. (Tokyo, Japan). 

2.2. Cell culture 

The murine keratinocyte cell line PAM212 was provided by Dr. 
Yuspa (National Institutes of Health, Bethesda, MD, USA). The cells were 
cultured in alpha minimal essential medium supplemented with 10% 
heat-inactivated fetal bovine serum, 15 μg/mL penicillin G potassium, 
and 50 μg/mL streptomycin (Meiji Seika Pharma Co., Ltd., Tokyo, 
Japan) in a humidified atmosphere of 5% CO2 and 95% air at 37 ◦C. 

2.3. Cell stimulation 

PAM212 cells were seeded at a density of 1 × 105 cells/ml in 48-well 
plates for the analysis of TSLP protein levels in the culture supernatant, 
at 0.8 × 105 cells/ml in 24-well plates for RNA extraction and Western 
blot sample preparation, and at 0.25 × 105 cells/ml in a chamber slide 
(Thermo Fisher Scientific Inc., Waltham, MA, USA) for immunostaining 
analysis. After a 24-h cell culture, HA-7 or HA-19 was added at the 
indicated concentration for stimulation, along with inhibitors. These 
were dissolved in dimethyl sulfoxide (DMSO); the final concentration of 
DMSO was adjusted to 0.1%. 

2.4. Cell viability 

Cell viability was evaluated through a thiazolyl blue tetrazolium 
bromide (MTT) assay, as previously described [21]. The supernatant 
was removed from the well plate to be tested, and a medium containing 
0.5 mg/ml MTT was added to each well. After a 2-h incubation, the 
medium containing MTT was removed, and the intracellular formazan 
crystals were dissolved in DMSO. The absorbance at 570 nm was 
measured using the iMark™ Microplate Absorbance Reader (Bio Rad 
Laboratories, Hercules, CA, USA). The treatment was considered 
non-cytotoxic at a cell viability of >80%. 

2.5. Measurement of cytokine production 

The PAM212 cells were stimulated with HA-7 or HA-19, with or 
without inhibitors. After 24 h, the culture supernatants were recovered. 
TSLP levels in the supernatants were determined using ELISA kits pur
chased from DuoSet® ELISA Development Systems (R&D Systems Inc., 
Minneapolis, MN, USA). 

2.6. RNA extraction and real-time PCR 

The cells were washed with PBS, and total RNA was extracted using 
RNAiso Plus (Takara Bio Inc., Shiga, Japan). The total RNA was reverse 
transcribed using PrimeScript™ RT Master Mix (Takara Bio Inc., Shiga, 
Japan) to synthesize cDNA samples. The obtained cDNA samples were 
amplified using the CFX Manager System (Bio Rad Laboratories, Her
cules, CA, USA) with SYBR FAST qPCR Master Mix (2X). The level of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was used 

to normalize the level of the extracted mRNA, and the fold change was 
calculated using the ΔΔCt method. The following primers were used: 
mouse GAPDH, 5′-TGTGTCCGTCGTGGATCTGA-3’ (forward) and 5′- 
TTGCTGTTGAAGTCGCAGGAG-3’ (reverse); mouse TSLP, 5′- 
GAGATTTGAAAGGGGCTAAGTT-3’ (forward) and 5′-GCCATTTCCT
GAGTACCGTC-3’ (reverse); mouse TNF-α, 5′-CCTCCCTCTCAGTTCTA 
-3′(forward) and 5′-ACTTGGTGGTTTGCTACGAC-3′(reverse); mouse IL- 
13, 5′-GCTTATTGAGGAGCTGAGCAACA-3’ (forward) and 5′- 
GGCAGGTCCACTCCATA-3’ (reverse); mouse IL-25, 5′-ATGTAC
CAGGCTGTTGCATTCTTG-3’ (forward) and 5′-CTAAGCCATGACCCG 
GGGCC-3’ (reverse); mouse IL-33, 5′-GATGGGAAGAAGGTGATGGGTG- 
3’ (forward) and 5′-TTGTGAAGGACGAAGAAGGC-3’ (reverse); and 
mouse ABCA1, 5′-GCAGATCAAGCATCCCAACT-3’ (forward) and 5′- 
CCAGAGAATGTTTCATTGTCCA-3’ (reverse). 

2.7. Western blotting 

The cells were washed with PBS, which was later combined with the 
prepared protein lysate (20 mM 4-(2-hydroxyethyl)-1-piper
azineethanesulfonic acid [pH: 7.4], 1% (v/v) Triton X-100, 10% (v/v) 
glycerol, 50 mM sodium fluoride, 2.5 mM p-nitrophenyl phosphate, 10 
μg/mL phenylmethylsulfonyl fluoride, 1 mM Na3VO4, 10 μg/mL leu
peptin, and 1 mM ethylenediaminetetraacetic acid). The denatured cell 
lysate was subjected to 10% (w/v) sodium dodecyl sulfa
te–polyacrylamide gel electrophoresis and then transferred to a nitro
cellulose membrane. After being blocked with 4% (w/v) Block Ace (DS 
Pharma Biomedical Co., Ltd., Osaka, Japan), the membrane was incu
bated with the following primary antibodies: phospho-p44/42 mitogen- 
activated protein kinase (MAPK) (extracellular signal-regulated kinase 
[ERK]1/2) (Thr202/Tyr204) rabbit monoclonal antibodies (mAb) 
(1:1000, #9102; Cell Signaling Technology Inc., Danvers, MA, USA) or 
phospho-p44/43 MAPK (ERK1/2) rabbit mAb (1:1000, #9102; Cell 
Signaling Technology Inc., Danvers, MA, USA) and anti-rabbit IgG 
(1:2000,#ZA0324; Vector Laboratories, Inc., USA.), an HPR-linked 
antibody, as the secondary antibody (GE Healthcare Life Sciences, 
Buckinghamshire, England). The targeted protein was detected using 
ECL™ Western Blotting Detection Reagents (PerkinElmer, Waltham, 
MA, USA) and ChemiDoc™ Imaging system to analysis (Bio-Rad Labo
ratories, Inc., Japan). 

2.8. F-actin staining 

The cells were stimulated with HA-7 or HA-19, along with YM- 
254890 or Y-27632, for 24 h. Subsequently, these were fixed with 4% 
paraformaldehyde for 10 min at room temperature and permeabilized 
with 0.1% Triton X-100 at room temperature for 5 min. F-actin and 
nuclei were stained with rhodamine phalloidin (Cytoskeleton. Inc., 
Denver, CO, USA) for 1 h and 4′,6-diamidino-2-phenylindole (DAPI; 
Dojindo Laboratories, Kumamoto, Japan) for 15 min. Immunofluores
cence images were obtained using a confocal laser scanning microscope 
(TCS SP8; Leica Microsystems, Wetzlar, Germany). 

2.9. Statistical analysis 

All data are presented as means ± standard errors of the means 
(SEMs). The two sets of data used a two-tailed distribution, and a two- 
sample heteroscedasticity hypothesis test was conducted using Stu
dent’s t-test. The significance of multiple samples was analyzed using 
Dunnett’s post-hoc test. 

3. Results 

3.1. HA-7 and HA-19 induced the production of TSLP 

We synthesized approximately 60 steroid alkaloids from 02F04 and 
determined their TSLP-producing activities. We identified HA-7 (Fig. 1B 
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and HA-19 (Fig. 1C) as the active compounds. Incubating PAM212 cells 
with HA-7 or HA-19 for 24 h (Fig. 1 E and F), as well as 02F04 (Fig. 1D), 
increased TSLP protein levels in the medium in a concentration- 
dependent manner. Non-cytotoxic TSLP production was observed at 
concentrations >10 μM after stimulation with HA-7 and HA-19 (Fig. 1 E 
and F). Viability which determined by MTT method was rather 
increased. 

3.2. HA-7 and HA-19 induced a slow and sustained production of TSLP 

Production of TSLP induced by HA-7 and HA-19 was observed at 24 h 
and increased until at least 48 h after stimulation (Fig. 2 A and B). In
crease in mRNA was observed at 4 h and increased until 24 h after 
stimulation (Fig. 2C and D). These indicated that the compounds, as well 
as 02F04 [16], induced a slow and sustained production of TSLP. 

3.3. Selective expression of TSLP 

We checked whether PAM212 cells stimulated with HA-7 or HA-19 
induced the expression of other cytokines and proteins. The cells were 
incubated with HA-7 or HA-19 for 2–24 h, and the mRNA expressions of 
TNF-α, IL-13, IL-25, and IL-33 were determined (Fig. 3). The expression 
of TNF- α slightly increased from 2 to 24 h without any peak, indicating 
that HA-7 and HA-19 affected basal expression (Fig. 3 A and B). In 
addition, neither compound significantly induced the expression of IL- 
13, IL-25, and IL-33 mRNA (Fig. 3C–H) and only slightly increased in 
the protein levels of TNF-α, IL-25 and IL-33 in the medium at 48 h 
(Supplementary Table 1). These finding suggested that HA-7 and HA-19 
selectively induced TSLP in PAM212 cells. 

3.4. HA-7 and HA-19 did not induce but inhibited ABCA1 expression in 
relation to LXR 

In a previous study, we have reported that 02F04 has an agonistic 
effect on LXR [16]. Therefore, we examined ABCA1 expression to 
determine whether HA-7 and HA-19 influenced LXR activity. HA-7 and 
HA-19 did not increase but decreased the basal expression of ABCA1 
mRNA (Fig. 4 A and B). The compounds completely inhibited ABCA1 
expression induced by the LXR agonists T091317 and GSK2033 (Fig. 4C 
and D). These results indicated that HA-7 and HA-19 had inhibitory 
effects on LXR. More importantly, since the LXR inhibitor GSK2033 
failed to induce TSLP expression at the mRNA level (Fig. 4 E and F), its 
activity to inhibit LXR was not related to activities that induce TSLP 
production. 

3.5. Activation and involvement of ERK in HA-7 and HA-19-induced 
TSLP expression 

Stimulation with HA-7 and HA-19, as well as 02F04, induced an 
increase in phospho-ERK after 8–24 h (Fig. 5A). The ERK inhibitor 
U0126 inhibited HA-7- and HA-19-induced TSLP production (Fig. 5B 
and D) and increase in mRNA levels (Fig. 5C and E). 

3.6. The Gq/11 and Rho-associated kinase (ROCK) signaling pathways 
participate in TSLP induction by HA-7 and HA-19 

We used the Gq/11 inhibitor YM-254890 and the ROCK inhibitor Y- 
27632 to further confirm whether the induction mechanisms of HA-7 
and HA-29 were the same as that of 02F04. The inhibitors suppressed 

Fig. 2. Time changes in HA-7 and HA-19-induced TSLP production. 
PAM212 cells were stimulated with HA-7 (A and C) and HA-19 (B and D) at a concentration of 30 μM and at specified times. TSLP levels in the culture supernatants 
were determined by ELISA, and the cytotoxicity test was performed through an MTT assay (A and B). The mRNA levels of TSLP was determined by qRT-PCR (C and 
D). Data are presented as means ± SEMs (n = 4). **p < 0.01 and ***p < 0.001 vs. the corresponding control. 
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Fig. 3. Effect of HA-7 and HA-19-induced cytokine expression in PAM212 cells. 
PAM212 cells were stimulated with HA-7 (A, C, E, and G) or HA-19 (B, D, F, and H) at a concentration of 30 μM and at specified times. The mRNA levels of each 
cytokine were determined by qRT-PCR. Data are presented as means ± SEMs (n = 4). 
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Fig. 4. HA-7 and HA-19 inhibit the expression of ABCA1 in LXR. 
PAM212 cells were stimulated with HA-7 (A) or HA-19 (B) at a concentration of 30 μM and at specified times. The mRNA levels of ABCA1 were determined by qRT- 
PCR (A and B). The cells were treated with GSK2033 at 3 μM and T091317 at 1 μM with or without HA-7 (C and E) or HA-19 (D and F) at 30 μM for 24 h. The mRNA 
expressions of ABCA1 (C and D) and TSLP (E and F) were determined by qRT-PCR. Data are presented as means ± SEMs (n = 4). **p < 0.01 vs. the non-stimulated 
group; ##p < 0.01 vs. T0901317 alone. 
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02F04-induced TSLP production [15,16]. Specifically, YM-254890 
significantly inhibited HA-7 (Fig. 6A) and HA-19-induced (Fig. 6C) 
TSLP production in a concentration-dependent and non-cytotoxic 
manner. This inhibitor also suppressed the expression of TSLP mRNA 
(Fig. 6 B and D). Meanwhile, Y-27632 inhibited HA-7- and 
HA-19-induced production of TSLP protein (Fig. 6 E and G) and mRNA 
(Fig. 6 F and H). These findings indicated the involvement of the Gq/11 
and ROCK signaling pathways in the TSLP induction by HA-7 and 
HA-19. 

3.7. HA-7 and HA-19 activate the ROCK signaling pathway via Gq/11 

Stress fiber formation is an index of Rho/ROCK activation. There
fore, we immunostained stress fibers to confirm whether HA-7 and HA- 
19 activated the ROCK signaling pathway and whether Gq/11 was 
involved in this. HA-7 and HA-19 inhibited stress fiber formation 24 h 
after stimulation; in turn, Y-27632 significantly inhibited the com
pounds, indicating that HA-7 and HA-19 activated the Rho-ROCK 
pathway (Fig. 7). Likewise, YM-254890 inhibited the stress fiber for
mation; as such, Gq/11 acted upstream of Rho-ROCK signaling. These 
results suggested that HA-7 and HA-19 induce TSLP production through 

Fig. 5. HA-7 and HA-19 induced ERK phosphorylation and the effect of U0126 on TSLP expression. 
PAM212 cells were stimulated with 02F04, HA-7 and HA-19 at 10 μM for 4, 8, and 24 h (A). ERK1/2 phosphorylation was measured by western blotting. (B-E) 
PAM212 cells were stimulated with HA-7 (B and C) or HA-19 (D and E) at 30 μM for 24 h with or without U0126 at the indicated concentrations. TSLP proteins in the 
culture supernatant and the cytotoxicity (B and D) were determined by ELISA and an MTT assay, respectively. The mRNA levels of TSLP (C and E) were determined 
by qRT-PCR. Data are presented as means ± SEMs (n = 4). *p < 0.05 and **p < 0.01 vs. the non-stimulated group; ##p < 0.01 vs. HA-7 or HA-19 alone. 
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Fig. 6. Effect of YM-254890 and Y-27632 on HA-7- and HA-19-induced TSLP expression. 
PAM212 cells were stimulated with HA-7 (A, B, E, and F) or HA-19 (C, D, G, and H) at 30 μM for 24 h with or without YM-254890 (A–D) or Y-27632 (E–H) at the 
indicated concentrations. TSLP proteins in the culture supernatant (A, C, E, and G) were determined by ELISA, and the cytotoxicity test was performed using an MTT 
assay. The mRNA levels of TSLP (B, D, F, and H) were determined by qRT-PCR. Data are present as means ± SEMs (n = 4). *p < 0.05 and **p < 0.01 vs. the non- 
stimulated group; ##p < 0.01 vs. HA-7 or HA-19 alone. 
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the Gq/11-ROCK-ERK signaling pathway in PAM212 cells. 

3.8. HA-7 and HA-19 activate ERK via Gq/11 and the ROCK signaling 
pathway 

We examined the effects of YM-254890 and Y-27632 on HA-7- and 
HA-19-induced phosphorylation of ERK to confirm the interaction be
tween Gq/11, ROCK, and ERK. YM-254890 and Y-27632 significantly 
inhibited HA-7 and HA-19-induced phosphorylation of ERK (Fig. 8 A 
and B). These findings indicated that both intracellular signals, Gq/11, 
and ROCK, acted upstream of ERK activation. 

4. Discussion 

Tregs are key regulators of inflammation [22] and are critical for 
peripheral immune tolerance and the prevention of autoimmunity and 
tissue damage, making Treg-centered immunotherapy a current 
research hotspot [23,24]. Recent studies have found that TSLP is a 
potent inducer of Tregs; therefore, TSLP can be applied to treat auto
immune diseases [10]. With this idea, using low-molecular-weight 
compounds that selectively induce TSLP production in vivo may be a 
novel approach to induce Tregs and attenuate autoimmune diseases. 
PAM212 cells, a mouse stratum corneum cell, are widely used to 

investigate the mechanism of inflammation [25,26] including TSLP 
production [16]. Since PAM212 cells were sensitive to TSLP production, 
we used the cell line for this study. 

In a previous study, we have reported that the steroid alkaloid 02F04 
induces TSLP production in PAM212 cells; however, 02F04 has a com
plex structure comprising six condensations rings structures and had 
LXR activities [16]. Therefore, we searched for the lead compound of 
TSLP inducers, which had a simpler structure. This way, various de
rivatives can be easily synthesized without LXR agonist activity. HA-7 
and HA-19 were identified by following this standard. In this study, 
we showed that HA-7 and HA-19, as well as 02F04 [15]and valeric acid 
[27], can selectively induce TSLP production in PAM212 cells via the 
Gq/11-ROCK-ERK pathway. 

TSLP was induced in PAM212 cells by the stimulation with TNF-α for 
hours [28]. HA-7 and HA-19 slowly but continuously induced TSLP 
expression for 48 h. In contrast, the compounds only a little induced 
epithelial cell-derived cytokines, specifically IL-25 and IL-33, and 
TNF-α, probably via the activation of ERK. Time changes in the ex
pressions of these cytokines evidently differ from those of TSLP, indi
cating that HA-7 and HA-19 have unique activities that selectively but 
continuously induce TSLP expression. Viability of PAM 212 cells which 
was determined by MTT method was slightly increased by the treatment 
with HA-7 and HA-19 for 24 and 48 h. It might be resulted from the 

Fig. 7. Effect of YM-254890 and Y-27632 on HA-7- or HA-19-induced polymerization of actin fibers. 
PAM212 cells were stimulated with HA-7 (A) or HA-19 (B) at 30 μM for 24 h with or without YM-254890 at 10 μM or Y27632 at 10 μM. F-actin and nuclei were 
stained with rhodamine phalloidin and DAPI, respectively. Immunofluorescence images were obtained using a confocal laser scanning microscope. 
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continuous activation of ERK. Further examination was needed to clarify 
HA-7 and HA-19 have a proliferative activity. 

We also observed time changes in the expression of TSLP in PAM212 
cells following stimulation with 02F04 and valeric acid. Several envi
ronmental chemicals, such as volatile organic solvents (e.g., xylene and 
trimethyl xylene), also induce TSLP in vivo [29–31], indicating that 
keratinocytes may have a system to detect chemicals. Previously, we 
analyzed the molecular mechanisms of valeric acid and 02F04 and found 
that these chemicals induced TSLP via Gq/11-dependent pathways, 
indicating that specific binding proteins, such as receptors, may mediate 
the corresponding responses. 

While 02F04 stimulated LXR activity, HA-7, and HA-19 inhibited this 
activity. LXR activation suppresses the expression of inflammatory genes 
[32], while LXR inhibition hinders the development of triple-negative 
breast cancer [32]. However, LXR activation leads to a decrease in 
Tregs [12]. Therefore, HA-7 and HA-19 lacked LXR are better candidates 
for Treg induction via TSLP production. 

As previously stated, our results indicated that HA-7 and HA-19 may 
act on selective receptors. As such, we determined the signaling path
ways induced by HA-7 and HA-19 to induce TSLP expression. Using the 
Gq/11 inhibitor YM-254890, the ROCK inhibitor Y-27632, and the ERK 
inhibitor U0126, we found that Gq/11, ROCK, and ERK mediated HA-7 
and HA-19-induced TSLP expression. Most current studies have sug
gested that TSLP expression is inextricably linked to the activation of 

ERK signaling [33,34]. Since both YM-254890 and Y-27632 inhibited 
the phosphorylation of ERK induced by HA-7 and HA-19 and the for
mation of stress fibers, Gq/11 activation occurred upstream of ROCK 
signaling, and ERK occurred downstream of ROCK signaling [35, 36]. 
These findings indicated that HA-7 and HA-19 induced TSLP production 
via the Gq/11-ROCK-ERK pathway (Fig. 9). Binding proteins, such as the 
receptors of HA-7 and HA-19 had not yet been identified. We presumed 
that these receptors were Gq/11-coupled receptors. Currently, we are 
searching for the receptors by producing biotinylated HA-7. 

There is limitation of this study. First, we analyzed the effects of HA- 
7 and HA-19 by using only mouse keratinocyte cell line PAM212 cells. It 
needs to examine the effects of human keratinocytes. Second, the ac
tivities of HA-7 and HA-19 to induce TSLP were still not enough to 
induced TSLP production in vivo. The identification of target protein 
will help to find more effective compounds. 

To date, using cytokines is a promising strategy to regulate immune 
responses. TSLP is a candidate for inducing immunosuppression in 
autoimmune diseases by inducing Tregs. While many other cytokines 
are derived from macrophages and lymphocytes that circulate in the 
blood, TSLP is mainly derived from epithelial cells that are localized on 
the body surface. Our data suggested that TSLP expression was regulated 
uniquely compared with other cytokines, and selectively regulating 
cytokine production is possible with low-molecular-weight compounds. 
Several peptides and proteins, such as insulin, granulocyte colony- 

Fig. 8. Effect of YM-254890 and Y-27632 on HA-7- or HA-19-induced ERK phosphorylation. 
PAM212 cells were stimulated with HA-7 or HA-19 at 30 μM for 24 h with or without YM-254890 at 10 μM (A) or Y27632 at 10 μM (B). ERK1/2 phosphorylation was 
measured by western blotting. 
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stimulating factor, and erythropoietin, have been used for therapy. 
Recently, hypoxia-inducible factor-prolyl hydroxylase inhibitors, such 
as enarodustat, have been developed as low-molecular-weight com
pounds expected to induce erythropoietin production. These are the first 
druggable, low-molecular-weight compounds to selectively induce 
immunological cytokines. More active compounds are expected to be 
developed using simpler structures. 
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