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Prolyl hydroxylase inhibition
protects against murine MC903-
induced skin inflammation by
downregulating TSLP
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Dohyeon Ku1, Varun Sasidharan Nair3 and Kwonik Oh1,4*

1Department of Pathology, Hallym University College of Medicine, Chuncheon, Republic of Korea,
2Institute of New Frontier Research, Hallym University College of Medicine, Chuncheon, Republic of
Korea, 3Department Experimental Immunology, Helmholtz Centre for Infection Research,
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Previously, we reported an anti-inflammatory effect of mTORC1 in a mouse

model of type 2 skin inflammation. TSLP, one of the epithelial cell-derived

cytokines, was upregulated by Raptor deficiency or rapamycin treatment,

which was inhibited by dimethyloxalylglycine (DMOG). However, it remains

unclear how DMOG regulates TSLP expression and type 2 skin inflammation.

In this study, we investigated the protective effect of DMOG on MC903

(calcipotriol)-induced type 2 skin inflammation. Morphological and

immunological changes were assessed by H-E staining, flow cytometry and

RT-qPCR. DMOG treatment attenuated MC903-induced skin inflammation in a T

cell-independent manner. The anti-inflammatory effect of DMOG was

accompanied by downregulation of TSLP and IL-33, and supplementation with

recombinant TSLP and IL-33 abolished the effect of DMOG. MC903 increased

ROS levels in skin tissue, which was prevented by DMOG. Furthermore, the ROS

scavenger N-acetylcysteine (NAC) downregulated TSLP and ameliorated

MC903-induced skin inflammation, as did DMOG. Finally, the effect of DMOG

on ROS and TSLP was reduced by HIF knockdown. These results suggest that

DMOG downregulates TSLP and ROS through the HIF pathway, which reduces

MC903-induced skin inflammation.
KEYWORDS

atopic dermatitis, DMOG, HIF, hypoxia, ROS, TSLP
Abbreviations: AD, Atopic Dermatitis; DMOG, Dimethyloxalylglycine; HIF, Hypoxia Inducible Factor;

NAC, N-acetylcysteine; PHD, prolyl hydroxylase; RAG-1, Recombination-activating gene-1; ROS, reactive

oxygen species; ST2, suppression of tumorigenicity 2 receptor; TSLP, Thymic stromal lymphopoietin.
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1 Introduction

Atopic dermatitis (AD) is an inflammatory skin disease

characterized by recurrent eczematous lesions and severe pruritus

(1). The pathophysiology of AD is complex, involving exaggerated

type 2 inflammation driven by type 2 T helper (TH2) and innate

lymphoid cells (ILC2s), and impaired barrier function, which can be

caused by loss-of-function mutations in the gene encoding filaggrin

(2). These factors can interact with each other to promote disease

development. For instance, filaggrin deficiency can lead to skin

barrier impairment, which in turn can promote T cell infiltration

and bacterial infection in the skin. Local type 2 inflammation can

further compromise skin barrier function, leading to itching and

tissue damage. Some individuals with AD may also suffer from

other allergic diseases such as allergic rhinitis, food allergy and

asthma, which is referred to as the “atopic march” (3). AD is

becoming increasingly prevalent and has been a burden on

healthcare resources. However, there is currently no definitive

cure for AD, and the development of new therapeutics remains

an unmet need.

MC903 (calcipotriol) is an active vitamin D analog that does not

interfere with calcium metabolism (4) and upregulates TSLP in

mouse keratinocytes, which induces type 2 skin inflammation (5, 6).

TSLP receptors are expressed in various cells, including ILC2s, and

the interaction between TSLP and its receptor activates ILC2s to

produce type 2 cytokines such as IL-5 and IL-13 (7), and stimulates

eosinophils (8), basophils (9, 10), and dendritic cells (11).

Therefore, the murine MC903-induced skin inflammation model

provides a useful tool for studying the role of diverse immune cells

in type 2 skin diseases such as AD.

Hypoxia inducible factors (HIFs) are heterodimeric proteins

composed of an oxygen-sensitive subunit (HIF-1a or HIF-2a) and
a constitutively expressed HIF-b subunit, and play a crucial role in

the transcriptional response to low oxygen levels (12). When

oxygen is plentiful, HIF-a is hydroxylated by iron-dependent

prolyl hydroxylases (PHDs) and then degraded via the ubiquitin-

proteasome pathway with the help of the von Hippel-Landau

(VHL) ubiquitin ligase. Conversely, during hypoxia, the activity

of PHD is inhibited, resulting in HIF-a stabilization, nuclear

translocation, heterodimerization with HIF-b and activation of

genes that minimize oxygen consumption, reduce reactive oxygen

species (ROS), and restore oxygen delivery (13).

Recently, we have investigated the role of mTORC1 in MC903-

induced type 2 skin inflammation (14) and found that type 2

immune responses were significantly ameliorated in Raptor

knockout (KO) mice. However, in contrast to the pro-

inflammatory role of mTORC1 in immune cells, we also observed

an anti-inflammatory effect on keratinocytes. TSLP was upregulated

by Raptor deficiency and rapamycin, but downregulated by the

PHD inhibitor DMOG, implying that HIF signaling, one of the

downstream molecules of mTORC1, may regulate type 2 skin

inflammation. In addition to our experimental results, it has also

been reported that allergy clinics located at high altitude can

provide a hypoxic environment, which has been associated with a

decrease in type 2 inflammation (15–17).
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In this study, we investigated the effect of hypoxia on type 2 skin

inflammation using the murine MC903-induced inflammation

model and the PHD inhibitor DMOG. When MC903 was applied

together with DMOG, skin inflammation was significantly reduced,

accompanied by a downregulation of epithelial cell-derived

cytokines such as TSLP and IL-33. The protective effects of

DMOG were abolished by the addition of recombinant TSLP and

IL-33. Our findings suggest that PHD inhibitors may be used as a

potential treatment for allergic diseases and that the therapeutic

effect of “high altitude clinics” may be enhanced by the

hypoxic environment.
2 Materials and methods

2.1 Mice and treatments

Wild type (WT) C57BL/6 (B6) mice were obtained from

Koatech (Pyeongtaek, Korea). RAG-1 knockout (KO) (B6.129S7-

Rag1tm1Mom/J), floxed HIF-1a (B6.129-Hif1atm3Rsjo/J), floxed HIF-

2a (Epas1tm1Mcs/J), K14Cre (B6N.Cg-Tg(KRT14-cre)1Amc/J) mice

were obtained from The Jackson Laboratory (Bar Harbor, ME). All

animal experimentations were conducted in accordance with the

guidelines and approval of the International Animal Care and Use

Committees of Hallym University (Hallym 2021-59) and all animal

experiments complied with the ARRIVE guidelines. We used age-

and sex-matched control and experiment mice. To deplete ILCs,

anti-CD90 antibody (BioXcell, Lebanon, NH) was administered i.p.

every two days. For recombinant TSLP and IL-33 injection

experiments, 62.5 ng of each cytokine (Biolegend, San Diego, CA)

was injected subcutaneously every day for 14 days.
2.2 MC903-induced murine AD model

MC903 (calcipotriol, Sigma-Aldrich, St. Louis, MO) and

DMOG (Frontier Scientific, Logan, UT) were dissolved in EtOH

and topically applied on both ears. Each ear was sensitized daily

with 0.5 nmol of MC903 and 1 mg of DMOG, or the same volume

of EtOH (control mice) for 14 days unless specified otherwise.

During the period of MC903 treatment, ear thickness was measured

using a 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) for 1 h

at 37°C. The suspension was then passed through a 70-mm cell

strainer (SPL, Seoul, Korea). For surface staining, the cells were

stained with antibodies for 30 min at 4°C in the dark. For

intracellular staining, the cells were stained using Foxp3 Staining

Buffer set (Thermo Fisher Scientific, Waltham, MA). Data were

acquired through FACS Canto-II (BD Biosciences, San Jose, CA)

and were analyzed with FlowJo software (BD Biosciences).
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2.4 Cell culture

For all cell stimulation experiments, 2 × 105 HaCaT cells

(ATCC, Manassas, Virginia) were seeded in each well of a 24-well

plate. When cells had grown to 80% confluence, they were

stimulated with TNF-a for 2 hours and then harvested in Trizol

(Thermo Fisher Scientific, Waltham, Massachusetts) for

RNA extraction.
2.5 ROS detection

Intracellular ROS levels were detected using DCFH-DA (Sigma-

Aldrich). DCFH-DA was diluted 1:1000 in serum-free medium to a

final concentration of 10 mM. The diluted DCFH-DA was added to

the culture dish to adequately cover the cells, and the culture was

incubated for 20 min in a cell incubator. The cells were washed

three times with serum-free medium to sufficiently remove the extra

DCFH-DA that had not entered the cells. The cells were collected,

and the fluorescence intensity was measured at an excitation

wavelength of 488 nm and an emission wavelength of 525 nm.
2.6 Dihydroethidium staining

All mice received an intraperitoneal injection of DHE (10 mg/

kg) for 1 hour prior to sacrifice. Ears were carefully collected and

post-fixed in 4% paraformaldehyde overnight. For cryosectioning,

ears were embedded in Frozen Section Compound (FSC 22 Clear,

Leica Biosystems, Wetzlar, Germany). Ears were sectioned at 20 mm
thickness in the dark. The sectioned slides were washed three times

in PBS for 10 minutes at room temperature, then dried at 37°C for

at least 15 minutes in the dark and coverslipped with D.P.X (Sigma-

Aldrich). The stained ear tissues were observed under a fluorescence

microscope (Carl Zeiss, Baden-Württemberg, Germany) at

excitation 500-530 nm/emission 590-620 nm. Fluorescence

intensity was quantified using Zeiss Zen Blue software for red

fluorescence in ears for an area of 0.310 mm2 (scale bar = 100 mm).
2.7 Small interfering RNA transfection

Transfection was performed using the Amaxa Kit and the

Nucleofector device (Lonza Bioscience, Walkersville, Maryland)

according to the manufacturer ’s instruction. Cells were

transfected with SMART pool siRNAs (Dharmacon, Lafayette,

Colorado) designed against human HIF1A and HIF2A together.

Non-targeting control siRNAs (SN-1001, Bioneer, Seoul, Korea)

were also transfected as control treatments.
2.8 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 s.d.
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3 Results

3.1 DMOG reduced MC903-induced
skin inflammation

MC903 is known to cause type 2 skin inflammation in mice

(5, 6). In this study, we aimed to investigate the effect of hypoxia

using DMOG, a PHD inhibitor. MC903 was applied daily to the

ears alone or in combination with DMOG. We then monitored the

extent of inflammation by measuring the thickness of the ears over

time. The ears gradually swelled and became two times thicker after

14 days of treatment with MC903 compared to those treated with

the vehicle (EtOH) (Figure 1A). The MC903-treated ears also

showed redness, swelling and desquamation, with the epidermis

beginning to peel off around day 12 (Figure 1B). Histological

analysis also revealed epidermal hyperplasia and inflammatory

cell infiltrates (Figure 1C and inset). However, when MC903 was

applied together with DMOG, we observed that DMOG prevented

MC903-induced inflammation (Figures 1B, C) in a dose-dependent

manner (Figures 1D, E). Moreover, even when the DMOG

treatment was started 3 or 7 days after MC903 treatment, DMOG

still reduced the ear swelling (Figure 1F), erythema and

scaling (Figure 1G).

Immunological changes in the ear skin were assessed by flow

cytometry. In control (EtOH-treated) mice, the frequencies of

lymphoid (CD90+) and myeloid (CD11b+) cell populations were

similar or there were more lymphoid cells. However, in the MC903-

treated ears, the frequency of myeloid cells, including neutrophils

(CD11b+Ly6G+) and eosinophils (CD11b+Siglec-F+), increased

dramatically (Figure 2A). In addition, MC903 treatment increased

the frequency of TCRb+ cells and upregulated the TH1 and TH2

markers like T-bet, ST2 and GATA3 in CD4+ cells, but the

expression of TH17 specific transcription factor RORg-t was not

changed significantly by MC903 treatment (Figure 2B). We also

calculated the absolute numbers of each cell population and found

that there were more myeloid cells, T cells and ILCs in the MC903-

treated ears (Figure 2C). However, similar to the ear thickness

results, DMOG reduced the expression levels of T-bet, GATA3 and

ST2 (Figure 2B) and the cell numbers of all inflammatory subsets

(Figure 2C). To understand the mode of action of DMOG, we tested

the expression of pro-inflammatory cytokines and the barrier

protein (filaggrin, FLG). We found that both type 2 (IL-4, IL-13)

and type 1 (IFN-g) cytokines were upregulated and the expression

of filaggrin was downregulated by MC903. Conversely, DMOG

downregulated both type 1 and type 2 cytokines and upregulated

filaggrin (Figure 2D). Taken together, MC903 induced mixed type 1

and type 2 skin inflammation (although type 2 inflammation was

dominant), which was inhibited by DMOG.
3.2 DMOG acted in a T cell-
independent manner

In the MC903-induced skin inflammation model, it has been

reported that both CD4+ T cells (11) and ILC2s (7) are activated

and contribute to the inflammation by producing IL-4 and IL-13
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(18). To determine whether the anti-inflammatory effects of DMOG

depend on T cells, we performed the MC903 experiments in RAG-1

KO mice. MC903 induced inflammation in RAG-1 KO mice as

effectively as in WT mice. DMOG also ameliorated skin
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inflammation in both WT and RAG-1 KO mice, reducing the ear

thickness (Figure 3A), morphological changes (Figure 3B), and

inflammatory cell infiltration (Figure 3C). Thus, it appears that

DMOG mitigates MC903-induced inflammation through a
B

C

D

E

F

G

A

FIGURE 1

DMOG inhibited MC903-induced skin inflammations. (A) Time course of ear swelling responses. Mice were sensitized on both ears with MC903 (0.5
nmol in 10 ml of EtOH in each ear, per day) plus DMOG (1mg in each ear, per day) for 14 days. Ear thickness was measured every 3-4 days. The
statistical analysis performed on day 14 is shown. (B) Representative images of the right ear taken from behind are shown. (C) Histological analysis of
the affected ears stained with hematoxylin and eosin. The inset of the middle picture shows inflammatory cell infiltration. Neutrophils are marked
with arrows. Scale bars: 100 mm (D) Time course of ear swelling responses in mice sensitized with MC903 and various doses of DMOG for 14 days.
Ear thickness was measured every 3-4 days. The statistical analysis performed on day 14 is shown. (E) Representative images of the mouse ear in (D).
(F) Time course of ear swelling responses. DMOG treatment was started simultaneously (blue, d0~) with MC903, or 3 days (red, d3~), or 7 days
(green, d7~) after MC903. The right graph shows the ear thickness on day 14. (G) Representative images of the mouse ear in (F). Data presented in
(A–E, G) are representative of three independent experiments. Pooled data are shown in (F, right), with each circle representing an individual mouse.
Data are presented as the mean ± SD. NS, not significant; ***, P < 0.001.
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mechanism independent of T cells. Furthermore, the decrease in the

T cell numbers (Figure 2C) and the diminished expression of T cell

cytokines (Figure 2D) following DMOG treatment could be

interpreted not as the causes, but rather as outcomes of DMOG’s

anti-inflammatory effects.

Next, we administered anti-CD90 antibody to RAG-1 KO mice

to deplete CD90+ ILCs (Figure 3F). Consistent with previous

reports (7), the ears of the anti-CD90-treated mice exhibited less
Frontiers in Immunology 05
swelling compared to those of the control mice (Figure 3D),

implying the essential role of ILCs in the MC903 model. DMOG

treatment reduced ear swelling in the anti-CD90-treated RAG-1 KO

mice as well (Figure 3D). The anti-inflammatory effect of DMOG

was apparent in the ear morphology (Figure 3E). These findings

suggested that DMOG can mitigate MC903-induced skin

inflammation through a ILC-independent mechanism, leading us

to investigate the role of keratinocytes further.
B

C

D

A

FIGURE 2

Type 2 inflammation was ameliorated by DMOG treatment. (A, B) Flow cytometric analysis of ears treated with MC903 or MC903 plus DMOG. The
percentages of each subset of myeloid (CD11b+, A) and lymphoid (CD90+, B) cells, and the expression levels of ST2 and lineage transcription factors
(T-bet, GATA3, ROR-gt) are shown. (C) Cell numbers of hematopoietic cells (CD45+), myeloid cells (CD11b+), neutrophils (CD11b+Ly6G+), eosinophils
(CD11b+SiglecF+), lymphoid cells (CD90+), ab T cell (TCRb+), gd T cells (TCRgd+), and ILC (CD90+CD3–) in affected ear tissues. Pooled data are shown
with each circle representing an individual mouse (D) qPCR analysis of IL-4, IL-13, IFN-g, IL-17 and filaggrin expression in the affected ear tissues.
Results are presented as fold change relative to control. Data are representative of three independent experiments (A, B, D). Data are presented as
the mean ± SD. NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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3.3 DMOG prevented keratinocytes from
producing cytokines

Although type 2 immunity is primarily associated with

cytokines produced by lymphocytes such as IL-4 and IL-13,

recent research has shown that epithelial cell-derived cytokines

(TSLP, IL-33 and IL-25) also play a role in its initiation (19, 20). To

investigate the expression of these cytokines over time, we

conducted RT-qPCR on days 1, 3, 5, 7, and 14, and found that

TSLP and IL-33 were upregulated in the early stages of skin

inflammation, specifically on day 3 and day 5, respectively

(Figure 4A). The expression of IL-25 was not detected at this

setting (data not shown). When DMOG was applied, the

expressions of TSLP and IL-33 were significantly decreased

(Figure 4B), suggesting that DMOG can prevent type 2

inflammation by downregulating these cytokines. We next

examined the expression of filaggrin. Interestingly, filaggrin was

downregulated by MC903, but was not restored by DMOG at day 3
Frontiers in Immunology 06
(Figure 4B, right). Taken together, these findings suggest that

DMOG inhibited MC903-induced skin inflammation by

downregulating TSLP and IL-33, which helped to restore the

expression of filaggrin later.

Next, we administered recombinant TSLP (rTSLP) to mice

treated with MC903 and DMOG and monitored changes in their

ear thickness. While the protective effect of DMOG against ear

swelling was reduced by rTSLP treatment (Supplementary

Figure 1A), the ears of mice treated with DMOG and rTSLP did

not exhibit as much damage as those of mice treated solely with

MC903 (Supplementary Figure 1B). Since IL-33 is also known to

play a role in type 2 inflammation (21), we co-treated mice with

rTSLP and recombinant IL-33 (rTSLP/rIL-33). Surprisingly, the

protective effect of DMOG was abolished, and ear swelling and

damage were similar to those in mice treated with MC903 alone

(Figure 4C). Histological analysis of ears treated with rTSLP/rIL-33

plus DMOG revealed epidermal hyperplasia and inflammatory cell

infiltrates, similar to what was observed in the MC903-treated ears
B

C D

E

F

A

FIGURE 3

DMOG inhibited MC903-induced skin inflammation in a lymphocyte- independent manner. (A) The extent of ear thickness of WT and RAG-1 KO
mice on day 14. (B) Representative images of right ears taken from behind. (C) Histological analysis of the affected ears stained with hematoxylin and
eosin. Scale bars: 100 mm. (D) Time course of ear swelling responses in RAG-1 KO mice treated with or without anti-CD90 antibody. (E) Images of
the right ears were taken from the posterior side. (F) FACS analysis of lymph nodes after anti-CD90 antibody treatment. Percentages of CD90+CD3–

cells are shown. Pooled data are shown in (A), with each circle representing an individual mouse Data are representative of three (B, C) or two (D–F)
independent experiments. Data are presented as the mean ± SD. NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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(Figure 4D). Following rTSLP/rIL-33 treatment, FACS analysis

indicated an increase in neutrophils and eosinophils (Figure 4E),

as well as TH2 and ILC2 populations (Figure 4F) even in the

presence of DMOG. In terms of cytokine expression, IL-4 levels
Frontiers in Immunology 07
were elevated post-treatment (Figure 4G), but IFN-g levels were not.
Collectively, these results demonstrated that DMOG can prevent

MC903-induced skin inflammation by inhibiting epithelial cell-

derived cytokines such as TSLP and IL-33.
B

C D

E F

G

A

FIGURE 4

The protective effect of DMOG was abrogated by the addition of rTSLP and rIL-33. (A) Time course of expression of TSLP and IL-33 during MC903-
induced inflammation. The expression of TSLP is shown on the left axis and the expression of IL-33 is shown on the right axis. (B) Expression levels of
TSLP, IL-33, and filaggrin in the ears treated with MC903 or MC903 plus DMOG. Expression was checked at different time points: day 3 for TSLP and
filaggrin; day 5 for IL-33. Results are represented as fold change relative to control. (C) The extent of ear thickness on day 14. (D) Top: Images of the
right ears. Bottom: Histological analysis of the affected ears (hematoxylin and eosin staining). Scale bars: 100 mm. (E, F) Flow cytometric analysis of the
ears after supplementation with rTSLP and rIL-33. The myeloid cell (CD11b+) population is gated, and the percentages of neutrophils (CD11b+Ly6G+) and
eosinophils (CD11b+Siglec-F+) in the CD11b+ population are shown (E). The percentages of ST2+ cells in T cells (CD4+, CD8+) and ILCs (CD90+CD3–)
are shown (F). (G) Expression levels of IL-4 and IFN-g in the affected ear tissues were measured by qPCR. Results are represented as fold change relative
to control. All data (except (C)) are representative of three independent experiments. Pooled data are shown in (C), with each circle representing an
individual mouse. Data are presented as the mean ± SD. NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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3.4 DMOG downregulated TSLP via ROS

Considering that ROS-mediated inflammatory signals in

keratinocytes are critical for TSLP expression (22), we decided to

examine the relationship between ROS and DMOG in TSLP

expression. We first measured the level of ROS using DHE in the

ear tissues and detected the production of ROS in MC903-treated

tissues, as indicated by an increase in DHE fluorescence

(Figure 5A). Interestingly, the DHE fluorescence signal was

reduced significantly in the ear treated with MC903 plus DMOG

(Figures 5A, B), implying that DMOG inhibits ROS generation. To

determine whether ROS is involved in TSLP expression, N-

acetylcysteine (NAC), a ROS scavenger , was applied

epicutaneously to the ears and TSLP expression was assessed by

using RT-qPCR. NAC treatment significantly decreased the

expression level of TSLP (Figure 5C). Furthermore, we found that

the effect of NAC on MC903-induced skin inflammation was

similar to that of DMOG in terms of ear thickness (Figure 5D),

histological changes (Figure 5E), and cytokine expression

(Figure 5F). Therefore, we concluded that DMOG inhibited
Frontiers in Immunology 08
the production of TSLP in keratinocytes by preventing

ROS accumulation.
3.5 DMOG reduced TSLP expression in a
HIF-dependent manner

Next, we re-examined the mode of action of DMOG on ROS

and TSLP expression using an in vitro model. Specifically, we

incubated the human keratinocyte cell line HaCaT cells with

DCFH-DA, exposed them to TNF-a together with DMOG and

checked the level of ROS. Consistent with the in vivo results,

DMOG reduced ROS levels (Figure 6A). To determine whether

ROS is involved in TSLP expression, we treated HaCaT cells with

NAC and analyzed TSLP expression by using RT-PCR. Like the

results of the in vivo experiment (Figure 5C), NAC suppressed TSLP

expression as efficiently as DMOG (Figure 6B). Since DMOG is an

inhibitor of PHD enzymes, which leads to the activation of HIF, we

hypothesized that DMOG regulates the expression of TSLP in a

HIF-dependent manner. To determine the role of HIF, HaCaT cells
B C

D E

F

A

FIGURE 5

DMOG decreased the level of ROS, which suppressed TSLP expression. (A) Immunofluorescence image of DHE in affected ears. MC903 or MC903 plus
DMOG treatment was performed 18 hours before analysis. (B) Quantitation of the fluorescence intensity of (A). (C) qPCR analysis of TSLP mRNA
expression on day 3. (D) The extent of ear thickness after MC903 plus NAC treatment on day 14. (E) Top: Images of right ears. Bottom: Histological
analysis of the affected ears (stained with hematoxylin and eosin). Scale bars: 100 mm. (F) qPCR measured the expression levels of IL-4 and IFN-g in the
affected ear tissues. Results are presented as fold change relative to control. Data are representative of three independent experiments (A, C, E, F).
Pooled data are shown in (B, D), with each circle representing 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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were transfected with HIF-1a and HIF-2a siRNA together

(hereafter, HIF siRNA), stimulated with TNF-a plus DMOG and

then the levels of ROS and TSLP were checked. HIF siRNA

transfection was effective in suppressing the expression of HIF-1a
and HIF-2a (Figure 6C). We then treated control and knockdown

cells with TNF-a and DMOG and found that DMOG failed to

reduce ROS (Figure 6D, left) and TSLP (Figure 6D, right) in the HIF

knockdown cells.
4 Discussion

In this study, we aimed to investigate the potential anti-

inflammatory effects of DMOG using the MC903-induced skin

inflammation model. We observed that DMOG effectively inhibited

MC903-induced inflammation in a dose-dependent manner and

even when administered several days after MC903 treatment

(Figure 1). Consistent with a previous report (6), MC903 induced

a type 2 inflammatory response, characterized by the recruitment of
Frontiers in Immunology 09
neutrophils and eosinophils, upregulation of pro-inflammatory

cytokines such as IL-4, and downregulation of skin barrier

proteins like filaggrin (Figure 2). However, DMOG almost

completely reversed these changes induced by MC903.

The anti-inflammatory effects of DMOG appear to be mediated

through skin keratinocytes rather than T cells as evidenced by the

effects of DMOG in RAG-1 KO mice (Figure 3). However, when

considering the role of ILCs, we cannot entirely dismiss the

possibility that DMOG might act through ILCs. Although our

current study did not demonstrate the relationship between

DMOG and ILCs, we have recently reported that DMOG can

inhibit type 2 inflammation via the HIF-1 pathway in ILCs within

the lung context (23). Consequently, future research is necessary to

determine whether DMOG’s anti-inflammatory action involves the

HIF pathway in both keratinocytes and ILCs.

While investigating the mechanism of action of DMOG, we

noted an increase in ROS production induced by MC903. Given

that ROS are known to stimulate TSLP expression in skin

keratinocytes (22), we hypothesized that DMOG could
B

C

D

A

FIGURE 6

HIF is required for the inhibitory effect of DMOG on ROS and TSLP. (A) Expression of ROS in HaCaT cells treated with TNF or TNF plus DMOG.
(B) Expression of TSLP was analyzed in HaCaT cells treated with TNF or TNF plus DMOG or TNF plus NAC. Top: Gel electrophoresis image of TSLP
RT-PCR. Actin was used as a loading control. Bottom: A graph showing the relative amounts of TSLP transcripts. Quantitation was performed using
Image J. (C) HaCaT cells were transfected with HIF siRNA. The expression of HIF-1a and HIF-2a was analyzed by RT-qPCR 2 days after transfection.
(D) Expression of ROS (left) and TSLP (right) in control or HIF siRNA-transfected HaCaT cells after TNF or TNF plus DMOG treatment. Results are
expressed as fold change relative to control. Data are representative of three (A, B) or two (C–E) independent experiments. Data are presented as
the mean ± SD. NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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downregulate TSLP by inhibiting ROS production. This hypothesis

was confirmed as DMOG effectively suppressed ROS levels in a

HIF-dependent manner. Additionally, NAC, a ROS scavenger, also

demonstrated inhibitory effects on MC903-induced skin

inflammation, including the regulation of TSLP expression. These

findings indicate that DMOG-HIF signaling plays a role in reducing

TSLP expression in keratinocytes by inhibiting ROS, ultimately

leading to the suppression of MC903-induced skin inflammation.

It has been reported that hypoxia can regulate the expression of

TSLP (24). The authors discovered that TSLP expression was

downregulated under conditions of low oxygen pressure and in

hypoxia-mimicking environments, including DMOG treatment.

They also provided evidence that DMOG reduces TSLP

expression via HIF-2, as demonstrated through a luciferase

reporter assay with various deletion mutants. In our research, we

identified three potential hypoxia response elements (HREs) within

the human TSLP gene and conducted a chromat in

immunoprecipitation assay using anti-HIF-1 and anti-HIF-2

antibodies. However, we did not find evidence of HIF binding to

these putative sites (data not shown), suggesting (1) a weak

interaction between HIF and the TSLP promoter region, or (2)

the presence of HREs at different locations, or (3) indirect

regulation of TSLP expression by HIF. Taken together, these

findings suggest that HIF seems to regulate TSLP expression in

two ways: through direct binding to the TSLP gene and indirectly

through the regulation of ROS.

DMOG is a well-known PHD inhibitor that can stabilize the

expression of HIF. Therefore, we hypothesized that DMOG

prevented ROS production and MC903-induced skin inflammation

in a HIF-dependent manner. To test this hypothesis, we generated

mice lacking HIF-1a or HIF-2a in the epidermis using the Cre

transgene driven by the keratin 14 promoter (K14Cre-Hif1afl/fl,

K14Cre-Hif2afl/fl), and performed the MC903-DMOG experiments.

Although the ears of single KO mice swelled slightly more after

MC903 treatment, DMOG reduced the ear thickness in both single

KO as much as in WT (Supplementary Figure 2). These findings

implied the redundancy between HIF-1 and HIF-2 in keratinocytes

and led us to create double KO mice lacking both HIF-1 and HIF-2.

However, all of double KOmice displayed impaired ear development,

along with desquamation in both limbs and tails (Supplementary

Figure 3A). Additionally, some of these mice showed premature

mortality (Supplementary Figure 3B). These issues prevented us from

conducting the MC903 experiments. Consequently, we proceeded

with further studies using HaCaT cells and an siRNA knockdown

system, and found that HIF molecules are required for the inhibitory

function of DMOG.

In this study, we investigated the anti-inflammatory function of

DMOG in a type 2 skin inflammation model. DMOG inhibited the

production of ROS, downregulated TSLP and ultimately prevented

MC903-induced skin inflammation. Since the anti-inflammatory

function of DMOG was also observed in lung (23) and intestine

(25), further studies on the role of DMOG and HIF may lead

to the development of novel therapeutics against various

inflammatory diseases.
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SUPPLEMENTARY FIGURE 1

The anti-inflammatory effect of DMOG was partially reduced by rTSLP
treatment. (A) The extent of ear thickness on day 14. (B) Representative

images of the right ears of mice from each group, taken from behind. Pooled
Frontiers in Immunology 11
data are shown in (A), with each circle representing an individual mouse. NS,
not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

SUPPLEMENTARY FIGURE 2

DMOG inhibited MC903-induced skin inflammations in HIF-1a and HIF-2a

single KO. (A, D) The extent of ear thickness of K14-HIF-1a KO (A) or K14-HIF-
2a KO (D) mice on day 14. (B, E) Representative images of right ears taken

from behind. (C, F) qPCR analysis of IL-4 and filaggrin expression levels in the
affected ear tissues. The results are presented as fold change relative to

control. Data are pooled in (A, D), with each circle representing an individual

mouse. The data in (C, F) are representative of three independent
experiments. All data are presented as mean ± SD. NS, not significant; *, P

< 0.05; **, P < 0.01; ***, P < 0.001.

SUPPLEMENTARY FIGURE 3

Phenotypes of HIF double KOmice. (A)HIF double KOmice with impaired ear

development and desquamation in both limbs and tails (indicated by arrows).

(B) The survival curve of WT and HIF double KOmice, analyzed using the Log-
rank test. ** denotes P < 0.01.
References
1. Langan SM, Irvine AD, Weidinger S. Atopic dermatitis. Lancet. (2020) 396
(10247):345–60. doi: 10.1016/S0140-6736(20)31286-1

2. Weidinger S, Beck LA, Bieber T, Kabashima K, Irvine AD. Atopic dermatitis. Nat
Rev Dis Primers. (2018) 4(1):1. doi: 10.1038/s41572-018-0001-z

3. Dharmage SC, Lowe AJ, Matheson MC, Burgess JA, Allen KJ, Abramson MJ.
Atopic dermatitis and the atopic march revisited. Allergy. (2014) 69(1):17–27. doi:
10.1111/all.12268

4. Binderup L, Bramm E. Effects of a novel vitamin D analogue MC903 on cell
proliferation and differentiation in vitro and on calcium metabolism in vivo. Biochem
Pharmacol (1988) 37(5):889–95. doi: 10.1016/0006-2952(88)90177-3

5. Li M, Hener P, Zhang Z, Ganti KP, Metzger D, Chambon P. Induction of thymic
stromal lymphopoietin expression in keratinocytes is necessary for generating an atopic
dermatitis upon application of the active vitamin D3 analogue MC903 on mouse skin.
J Invest Dermatol (2009) 129(2):498–502. doi: 10.1038/jid.2008.232

6. Li M, Hener P, Zhang Z, Kato S, Metzger D, Chambon P. Topical vitamin D3 and
low-calcemic analogs induce thymic stromal lymphopoietin in mouse keratinocytes
and trigger an atopic dermatitis. Proc Natl Acad Sci U S A. (2006) 103(31):11736–41.
doi: 10.1073/pnas.0604575103

7. Kim BS, Siracusa MC, Saenz SA, Noti M, Monticelli LA, Sonnenberg GF, et al.
TSLP elicits IL-33-independent innate lymphoid cell responses to promote skin
inflammation. Sci Transl Med (2013) 5(170):170ra16.

8. Schwartz C, Eberle JU, Hoyler T, Diefenbach A, Lechmann M, Voehringer D.
Opposing functions of thymic stromal lymphopoietin-responsive basophils and
dendritic cells in a mouse model of atopic dermatitis. J Allergy Clin Immunol (2016)
138(5):1443–6 e8. doi: 10.1016/j.jaci.2016.04.031

9. Kim BS, Wang K, Siracusa MC, Saenz SA, Brestoff JR, Monticelli LA, et al.
Basophils promote innate lymphoid cell responses in inflamed skin. J Immunol (2014)
193(7):3717–25. doi: 10.4049/jimmunol.1401307

10. Siracusa MC, Saenz SA, Hill DA, Kim BS, Headley MB, Doering TA, et al. TSLP
promotes interleukin-3-independent basophil haematopoiesis and type 2
inflammation. Nature. (2011) 477(7363):229–33. doi: 10.1038/nature10329

11. Leyva-Castillo JM, Hener P, Michea P, Karasuyama H, Chan S, Soumelis V, et al.
Skin thymic stromal lymphopoietin initiates Th2 responses through an orchestrated
immune cascade. Nat Commun (2013) 4:2847. doi: 10.1038/ncomms3847

12. Colgan SP, Furuta GT, Taylor CT. Hypoxia and innate immunity: keeping up
with the HIFsters. Annu Rev Immunol (2020) 38:341–63. doi: 10.1146/annurev-
immunol-100819-121537
13. Semenza GL. Oxygen sensing, hypoxia-inducible factors, and disease
pathophysiology. Annu Rev Pathol (2014) 9:47–71. doi: 10.1146/annurev-pathol-
012513-104720

14. Gupta A, Lee K, Oh K. mTORC1 deficiency prevents the development of
MC903-induced atopic dermatitis through the downregulation of type 2
inflammation. Int J Mol Sci (2023) 24(6). doi: 10.3390/ijms24065968

15. Boonpiyathad T, Capova G, Duchna HW, Croxford AL, Farine H, Dreher A,
et al. Impact of high-altitude therapy on type-2 immune responses in asthma patients.
Allergy. (2020) 75(1):84–94. doi: 10.1111/all.13967

16. Fieten KB, Drijver-Messelink MT, Cogo A, Charpin D, Sokolowska M, Agache I,
et al. Alpine altitude climate treatment for severe and uncontrolled asthma: An EAACI
position paper. Allergy. (2022) 77(7):1991–2024. doi: 10.1111/all.15242

17. Vargas MH, Sienra-Monge JJ, Diaz-Mejia G, DeLeon-Gonzalez M. Asthma and
geographical altitude: an inverse relationship in Mexico. J Asthma. (1999) 36(6):511–7.
doi: 10.3109/02770909909054557

18. Bapat SP, Whitty C, Mowery CT, Liang Y, Yoo A, Jiang Z, et al. Obesity alters
pathology and treatment response in inflammatory disease. Nature. (2022) 604
(7905):337–42. doi: 10.1038/s41586-022-04536-0

19. Gause WC, Rothlin C, Loke P. Heterogeneity in the initiation, development and
function of type 2 immunity. Nat Rev Immunol (2020) 20(10):603–14. doi: 10.1038/
s41577-020-0301-x

20. Roan F, Obata-Ninomiya K, Ziegler SF. Epithelial cell-derived cytokines: more than
just signaling the alarm. J Clin Invest. (2019) 129(4):1441–51. doi: 10.1172/JCI124606

21. Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial
amplifier of innate rather than acquired immunity. Proc Natl Acad Sci U S A. (2010)
107(43):18581–6. doi: 10.1073/pnas.1003059107

22. Tang H, CaoW, Kasturi SP, Ravindran R, Nakaya HI, Kundu K, et al. The T helper
type 2 response to cysteine proteases requires dendritic cell-basophil cooperation via ROS-
mediated signaling. Nat Immunol (2010) 11(7):608–17. doi: 10.1038/ni.1883

23. Gupta A, Park CO, Oh K. DMOG protects against murine IL-33-induced
pulmonary type 2 inflammation through HIF-1 pathway in innate lymphoid cells.
Biochem Biophys Res Commun (2023) 684:149139. doi: 10.1016/j.bbrc.2023.149139

24. Tashiro N, Segawa R, Tobita R, Asakawa S, Mizuno N, Hiratsuka M, et al.
Hypoxia inhibits TNF-alpha-induced TSLP expression in keratinocytes. PloS One
(2019) 14(11):e0224705.

25. Cummins EP, Seeballuck F, Keely SJ, Mangan NE, Callanan JJ, Fallon PG, et al.
The hydroxylase inhibitor dimethyloxalylglycine is protective in a murine model of
colitis. Gastroenterology. (2008) 134(1):156–65. doi: 10.1053/j.gastro.2007.10.012
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1330011/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1330011/full#supplementary-material
https://doi.org/10.1016/S0140-6736(20)31286-1
https://doi.org/10.1038/s41572-018-0001-z
https://doi.org/10.1111/all.12268
https://doi.org/10.1016/0006-2952(88)90177-3
https://doi.org/10.1038/jid.2008.232
https://doi.org/10.1073/pnas.0604575103
https://doi.org/10.1016/j.jaci.2016.04.031
https://doi.org/10.4049/jimmunol.1401307
https://doi.org/10.1038/nature10329
https://doi.org/10.1038/ncomms3847
https://doi.org/10.1146/annurev-immunol-100819-121537
https://doi.org/10.1146/annurev-immunol-100819-121537
https://doi.org/10.1146/annurev-pathol-012513-104720
https://doi.org/10.1146/annurev-pathol-012513-104720
https://doi.org/10.3390/ijms24065968
https://doi.org/10.1111/all.13967
https://doi.org/10.1111/all.15242
https://doi.org/10.3109/02770909909054557
https://doi.org/10.1038/s41586-022-04536-0
https://doi.org/10.1038/s41577-020-0301-x
https://doi.org/10.1038/s41577-020-0301-x
https://doi.org/10.1172/JCI124606
https://doi.org/10.1073/pnas.1003059107
https://doi.org/10.1038/ni.1883
https://doi.org/10.1016/j.bbrc.2023.149139
https://doi.org/10.1053/j.gastro.2007.10.012
https://doi.org/10.3389/fimmu.2024.1330011
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Prolyl hydroxylase inhibition protects against murine MC903-induced skin inflammation by downregulating TSLP
	1 Introduction
	2 Materials and methods
	2.1 Mice and treatments
	2.2 MC903-induced murine AD model
	2.3 Tissue preparation and flow cytometry
	2.4 Cell culture
	2.5 ROS detection
	2.6 Dihydroethidium staining
	2.7 Small interfering RNA transfection
	2.8 Statistical analyses

	3 Results
	3.1 DMOG reduced MC903-induced skin inflammation
	3.2 DMOG acted in a T cell-independent manner
	3.3 DMOG prevented keratinocytes from producing cytokines
	3.4 DMOG downregulated TSLP via ROS
	3.5 DMOG reduced TSLP expression in a HIF-dependent manner

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


