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Atopic dermatitis (AD) is a chronic relapsing pruritic disease encompassing skin inflammation and barrier dysfunction. House dust mites are key allergens that augment the development of atopic dermatitis. We aimed to investigate the pathogenic mechanism of AD due to Der p 38, recently identified by us. The frequency of IgE reactivity to Der p 38 in AD subjects was 52.6% (10/19) in the skin prick test and 57.9% (11/19) in the dot blot assay. In human keratinocyte HaCaT cells, Der p 38 triggered the impairment of filaggrin expression and induced pro-inflammatory cytokines such as IL-6, IL-8 and MCP-1 through TLR4, PI3K, AKT, c−Jun N−terminal kinase (JNK) and NF-κB pathway. Supernatants from Der p 38-treated cells blocked filaggrin expression and neutrophil apoptosis. The anti-apoptotic effect of the Der p 38-released molecules on neutrophils was accomplished by inhibition of the caspase 9/3 pathway, and by increased MCL-1 expression and BCL-2/BAX expression ratio. In C57BL/6 wild type (WT) mice, Der p 38 induced a dose-dependent increase of AD-like skin lesions, with enhanced expressions of total and Der p 38-specific IgE. Der p 38 also diminished the expressions of skin barrier proteins and induced JNK activation. However, the AD-like features following cutaneous Der p 38 exposure were observed to be reduced in the TLR4 knockout (KO) group, as compared to the WT group. Skin infiltration of neutrophils, eosinophils and mast cells was increased in the WT mice, but was not portrayed in the TLR4 KO mice. These findings indicate that Der p 38 is a novel mite allergen that triggers AD by lowering skin barrier proteins and increasing inflammatory cells. Results of this study have thereby paved the way to unveil the pathogenic mechanisms of AD.
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Introduction

Atopic dermatitis (AD) is a pruritic, relapsing and chronic inflammatory skin condition with variable clinical features (1). AD pathogenesis has mainly been explained by two pathogenic mechanisms: the “inside-to-outside” and “outside-to-inside” hypothesis (2, 3). In the inside-to-outside hypothesis, traditionally immunological aberrations are related to a Th2 immunity leading to increased IL-4, IL-5, IL-13 and IgE in an acute phase, subsequently progressing to chronic inflammation, thereby ascertaining the transition of Th2 to Th1 immunity. Another hypothesis assumes the importance of an intrinsic defect in the epidermal barrier. AD pathogenesis research has recently targeted that immune and skin barrier abnormalities contribute to the overall phenotype (4). Filaggrin disruption allows exogenous immune stimuli such as allergens to enter the skin and activate immune responses including cytokine secretion, which subsequently suppresses filaggrin expression, and vice versa (5–7). Moreover, this vicious cycle of filaggrin regulation is related to activation of c−Jun N−terminal kinase (JNK) and NF-κB (8, 9).

House dust mite (HDM) allergens play essential roles in the onset and development of AD (10–13). The major mite allergenic components, viz., protease allergens (group 1, 3) and non-protease allergens (group 2, 7), are derived from Dermatophagoides pteronyssinus (DP) or Dermatophagoides farinae (DF), and induce serum-specific IgE and Th2 immunity. TLR4 is a major receptor in HDM-induced allergic inflammation (14–17). TLR4 acts as a critical factor in severity of AD in the presence of its ligand LPS-induced infections, and this alteration of TLR4 expression is consequential in the skin of AD (18, 19). However, studies have reported that TLR4 is a negative regulator in the pathogenic mechanism of AD. Deletion of TLR4 suppresses AD-like symptoms and skin inflammation in AD-like mice due to fungus allergens and 2,4-dinitrochlorobenzene (DNCB) (20–22). Der p 2 does not induce AD via TLR4, but through TLR2 (23). Thus, relationship of the allergen and TLR4 with AD has remained controversial so far.

Based on the substantial available evidence that cutaneous defect of the skin barrier, allergen sensitization and TLR4 are important factors in AD pathogenesis, we examined, for the first time, the skin barrier dysfunction and TLR4-involved inflammation due to a novel allergen, Der p 38. This novel allergen was discovered by us from the DP extract, and is registered in the allergen database approved by the WHO/IUIS Allergen Nomenclature Sub-committee.



Materials and Methods


Reagents

DP was obtained from the Korea National Arthropods of Medical Importance Resource Bank (Yonsei University, Seoul, Korea) and Cosmo Bio (Tokyo, Japan). CLI-095, an inhibitor of Toll like receptor 4 (TLR4i), was purchased from Invitrogen (San Diego, CA, USA). PI3K inhibitor (LY294002), AKT inhibitor (AKTi), JNK inhibitor (SP600125) and NF-κB inhibitor (BAY-11-7085) were purchased from Calbiochem (San Diego, CA, USA). Antibodies against phosho-ERK1/2, MCL-1, BCL-2 and BAX were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies against filaggrin, involucrin, loricrin, phospho-AKT, AKT, phospho-JNK, JNK, ERK2, caspase 3, and caspase 9 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against Ly6G and tryptase were obtained from Abcam (Cambridge, UK). Antibodies against eosinophil peroxidase were obtained from Bioss Antibodies (Woburn, MA, USA) (Supplementary Material).



Sequence Alignment

The protein sequences of RipB [Protein Data Bank (PDB) Code: 3PBI], RipA [PDB code: 3PBC] and Der p38 (GenBank Protein ID: QLY71953) proceeded multiple sequence alignment using Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/clustalo). The aligned sequences were represented by the ESPript 3.0 program to render sequence similarities and secondary structure information (http://espript.ibcp.fr/ESPript/ESPript/index.php).



Expression of Recombinant Der p 38 and Generation of the Antibody

cDNAs of DP were synthesized from total RNAs of DP using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Der p 38 cDNA (GenBank accession number MT273069.1) was synthesized by PCR using forward (5’- ACT CAG GAT CCG ATG CAA GTT TAT GGT AAT GGT-3’) and reverse primers (5’- ACT ACG CGG CCG CTC ACC AAC ATC GTG CAA CAT TAG C -3’), and the amplified cDNA was inserted into the plasmid pETDuet-1(Merck Millipore, Darmstadt, Germany). E. coli Orgami B (DE3) cells transformed with the pETDuet-1 expression vector were grown to an A600 nm of 0.6 before induction with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Subsequently, the harvested cells were lysed by sonication in lysis buffer followed by purification using a nickel column (Merck Millipore). A 10 kDa Amicon Ultra concentrator (Millipore) was used for concentrating the protein, followed by purification using a Superdex 200 column attached to an ÄKTA FPLC system (GE Healthcare). The endotoxin level was determined by the Toxin sensor chromogenic LAL endotoxin assay kit (GenScript, Piscataway, NJ, USA). The mandatory removal of endotoxins was achieved by using the ToxinEraser endotoxin removal kit (GenScript). Sodium dodecyl sulfide -polyacrylamide gel electrophoresis (SDS-PAGE) was performed for identification of the protein, which was stained with Coomassie brilliant blue. Protease activity of Der p 38 was measured using the fluorescent protease assay kit (Pierce, Rockford, IL, USA). The purified protein was aliquoted and stored at −70°C for further use. Polyclonal antibodies against Der p 38 were produced by immunizing rabbits. After first injection of the purified Der p 38, rabbits were boosted by the same protein two times. Enzyme-linked immunosorbent assay (ELISA) was performed as activity test of the antibodies after coating with Der p 38 protein. Antibodies at diluted sera (1:1000, 1:5000, 1:10000, and 1:50000) showed O.D. greater than (>) 1.0.



Subjects

Healthy subjects and AD volunteers with no medication were recruited at the Eulji University for blood donation and undergoing skin prick test (Table 1 and Supplementary Table 1). The human blood protocol and associated consent forms were reviewed and approved by the Institutional Review Board (IRB) of the Eulji University. Conventional skin prick test was conducted according to the instructions of the SoluprickR test. Histamine (positive control), DP, DF (ALK Horsholm, Denmark), Der p 1, Der p 2 (INDOOR Biotechnologies, Charlottesville, VA, USA) and Der p 38 were used as test materials. Recombinant allergen proteins (10 μg/mL) were solubilized in phosphate buffered saline (PBS, pH 7.4) before using in this test. A positive result was determined as a ≥1+ (i.e., a wheal ≥3 mm diameter).


Table 1 | Demographic and clinical characteristics of normal and AD subjects.





IgE Reactivity to Der p 38

IgE reactivity was determined by the dot assay. Briefly, recombinant Der p 38 proteins were added to nitrocellulose membrane and dried. The membrane was blocked with 3% bovine serum albumin (BSA) solution for 30 min, and then incubated with diluted (1:10) sera of healthy or AD subjects for 1 h. After incubating with secondary mouse anti-human IgE antibody (Abcam, Cambridge, UK), the membrane was developed using the enhanced chemiluminescence detection system (Thermo Scientific, Waltham, MA, USA).

To measure the concentration of IgE against Der p 38 protein in the sera of mice, plates were coated with Der p 38 protein at a concentration of 1 μg/mL per well, in carbonate buffered solution at 4°C overnight. For preventing non-specific reaction, 5% BSA solution was added to each well. After washing three times, the plate was incubated with sera (1:5), followed by incubation with biotin-labeled goat anti-mouse IgE and SAv-HRP reagent added to each well. For stopping the reaction, 2M H2SO4 solution was added to each well, and absorbance was measured at 450 nm using an automated microplate reader (Molecular Devices, Chicago, IL, USA).



Total IgE and Cytokine ELISA

The human IgE kit (Carlsbad, CA, USA) and mouse IgE ELISA set (BD Biosciences, San Diego, CA, USA) were used to evaluate the total IgE in the sera of human and mice, respectively, according to the recommended protocols. To measure cytokine concentration, HaCaT cells were stimulated with Der p 38 in a time-dependent manner, and supernatants were collected. OptEIA Set human IL-6, IL-8 and MCP-1 (BD Biosciences), were used for estimating concentrations of IL-6, IL-8 and MCP-1, respectively, in the supernatants, according to the manufacturer’s guidelines. Absorbance was measured at 450-550 nm using the automated microplate reader procured from Molecular Devices (San Jose, CA, USA).



Cell Culture

The human keratinocyte cell line (HaCaT) was maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS and penicillin/streptomycin, under an atmosphere of 95% air/5% CO2 at 37°C.



Western Blotting and NF-κB p65 Transcription Factor Assay

HaCaT cells were treated with 10 μg/mL Der p 38 for the indicated time, and then harvested cells were lysed in lysis buffer (TransLab, Daejeon, Korea). The homogenate was centrifugated at 12,000 x g for 15 min at 4°C, and the supernatant was collected as total lysate. Protein concentration of the lysate was measured by a protein assay kit (Thermo Scientific). Following separation of the protein samples (50 μg/lane) by 10% SDS-PAGE, the transferred nitrocellulose membrane was sequentially incubated with primary (1:1,000) and secondary antibody (1:3,000) for 1 h at room temperature, and developed using the Enhanced Chemiluminescence Western blotting Detection System (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The same blot was stripped and re-probed with internal control antibodies, such as anti-ERK2 antibodies. For evaluating NF-κB activity, nuclear lysates were assessed for NF-kB DNA-binding activity using NF-κB p65 transcription factor assay kit (Abcam, Cambridge, UK) as described in our previous paper (24).



Separation of Neutrophils and Eosinophils

Heparinized peripheral blood was collected from healthy and AD subjects, and layered on Ficoll-Hypaque gradient solution. After centrifugation, the leukocytes were collected, and the erythrocyte contaminants were eliminated by RBC lysis buffer. Both neutrophils (CD16+) and eosinophils (CD16-) were separated by applying the CD16 microbeads magnetic cell sorting kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated cells were washed three times by PBS buffer and resuspended in RPMI 1640 medium containing 10% fetal bovine serum (FBS) and antibiotics. Purity of the cells was determined to be greater than 97%, as evaluated by cell counting after subjecting to Wright-Giemsa stain.



Detection of Apoptosis

Neutrophils and eosinophils were incubated with FITC-labeled annexin V and propidium iodide (PI) (BD Biosciences, San Diego, CA, USA) for 15 min at room temperature. The stained cells were analyzed by RF-500 (Sysmex Corporation, Kobe, Japan) and were divided into early apoptotic cells (Annexin V+, PI-), late apoptotic cells or necrotic cells (Annexin V +, PI +) and viable cells (Annexin V-, PI-). Early and late apoptotic cells are considered apoptotic cells. The percentage of cells showing annexin V+/PI- and annexin V+/PI+ cells were considered as apoptotic neutrophils and eosinophils.



AD Induction Subsequent to Der p 38 Administration

C57BL/10ScNJ and C57BL/10ScNJ TLR4 knockout (KO) mice were kindly provided by Jeong Won-Il (Korea Advanced Institute of Science and Technology; KAIST). All animals were maintained in a specific pathogen-free (SPF) facility. All the animal experiments were performed in accordance with the protocols approved by the Institutional Animal Care and User Committee of Eulji University. WT mice were randomly divided into five groups (n=5): control (Con), DP (100 μg per dose), and Der p 38 treatment (20, 50, and 100 μg per dose) groups. TLR4 KO mice were classified into three groups: control (Con) and Der p 38 treatment (20 and 50 μg per dose) groups. The mice were allowed to adapt for 1 week before experimental procedures. A day before the first allergen exposure, the mice backs were shaved with an electric razor. The stimulators suspended in PBS or PBS (control), were applied to a 2 x 2 cm patch of sterile gauze. The patch was secured by wrapping the mice with a band aid. After 6 days, the patch was removed, and 24 h later a new patch was applied. This continued for a total of five patches over the 5 weeks period. The clinical skin severity score was evaluated using the modified scoring atopic dermatitis (SCORAD) index. A score of 0-3 (0, none; 1, mild; 2, moderate; 3, severe) was assigned for each of the following five symptoms: pruritus/itching, erythema/hemorrhage, scarring/dryness, excoriation/erosion, and edema.



Histological Analysis

Subsequent to sacrifice of the mice by CO2 asphyxiation, the dorsal skin was removed, fixed in Carnoy’s solution (Sigma-Aldrich Korea, Seoul, Korea), embedded in paraffin and sectioned (3 μm thick slices) using a microtome (Leica, Nussloch, Germany). The sections were stained with hematoxylin-eosin solution (Sigma-Aldrich Korea). Thickness of the epidermis and dermis were evaluated as described in a previous paper (23). For immunohistochemical staining for filaggrin, loricrin, involucrin and Ly6G, eosinophil peroxidase, and tryptase, sections were deparaffinized by xylene. A solution of proteinase K was applied for 30 min for antigen retrieval, followed by treatment with 0.3% H2O2 in methanol for 40 min. Slides were blocked by blocking buffer for 1.5 h, and subsequently incubated for 90 min (filaggrin) or overnight (loricrin, involucrin, Ly6G, eosinophil peroxidase, and tryptase) at 4°C with the indicated primary antibodies. After washing, the slides were incubated with secondary antibodies for 60 min (loricrin and involucrin) or 80 min (filaggrin) at room temperature. After incubating with AB and 3,3′-diaminobenzidine (DAB reagents), the specimens were counterstained with hematoxylin and examined under light microscopy (Leica Microsystems, Wetzlar, Germany) for histological evaluation. Vectastain elite ABC HRP kit (Vector Labs, Burlingame, CA, USA) and DAB chromogen were used for detecting antibodies.



Statistical Analysis

Data are presented as the means ± SD. Statistical intergroup differences were analyzed using a paired t-test for a two-group comparison and one-way ANOVA for more than two groups. The SPSS statistical software package (Chicago, IL, USA) was used for statistical evaluation. A p value < 0.05 is considered statistically significant.




Results


Der p 38 Has IgE Reactivity in AD Subjects

Der p 38 was purified as a TLR4-binding protein from DP extract using a column attached with recombinant TLR4 protein, as compared to finding novel allergens with an IgE-binding frequency (25, 26). The protein sequence of Der p 38 is homologous to that of RipA and RipB proteins, and alignment of Der p 38 with these proteins is presented in Figure 1A. A recombinant Der p 38 protein was produced as described in the Materials and Methods section (Figure 1B). The interaction of recombinant Der p 38 with TLR4 was confirmed using a TLR4-bound column (Supplementary Figure 1). Content of Der p 38 in DP extract was approximately evaluated by comparing with the concentration of recombinant Der p 38 (Figure 1C). Since RipA and RipB proteins are peptidoglycan endopeptidases, we examined the proteolytic activity of Der p 38. As shown in Figure 1D, Der p 38 showed weak activity, which was lower than activity of Der p 1. Skin prick test was performed to investigate the exposure of Der p 38 in AD subjects and 52% patients were found to be sensitized by Der p 38 (Table 1). Positive reactions to Der p 1 and Der p 2 were 73.7% and 63.2% of the AD groups, respectively. In addition, Der p 38+ results were determined to be 57.9%, using the dot blot assay (Figure 1E).




Figure 1 | Der p 38 shows IgE reactivity in AD subjects. (A) Der p 38 amino acid sequence is aligned with the RipA and RipB proteins. Red box (strict identity). Blue frame (similarity across groups). Red character (similarity in a group). (B) Der p 38 cDNA were amplified by PCR using gene specific primer. The cDNA was cloned to the vector and transformed into E coli. Recombinant Der p 38 protein was produced, separated by SDS-PAGE, and stained with Coomassie brilliant blue. (C) Natural Der p 38 protein in DP extract was detected by Western blotting using antibodies against Der p 38. (D) Protease activity of Der p 38 was measured by a protease activity kit. (E) Dot blot assay was performed with sera of healthy and AD subjects.





Der p 38 Diminishes Filaggrin Expression via TLR4, PI3K, AKT, JNK and NF-κB in Human Keratinocyte HaCaT Cells

Since skin barrier proteins are critical elements in maintaining the skin structure and their dysfunction is related to AD aggravation, we examined whether Der p 38 affects the expression of the relevant proteins in HaCaT cells. As shown in Figure 2A, exposure to Der p 38 inhibits filaggrin expression and weakly downregulates the expressions of loricrin and involucrin (Figure 2A). Since JNK and NF-κB are important proteins in filaggrin expression (8, 9), we investigated the association of both proteins with the filaggrin downregulation mechanism after Der p 38 treatment. Inhibitors of TLR4, JNK and NF-κB reversed the inhibition of filaggrin expression exerted by Der p 38, and increased JNK activation, in a time-dependent manner (Figures 2B, C). To find the upstream molecules of JNK, we used specific signal inhibitors. TLR4i, LY294002 and AKTi suppressed the JNK phosphorylation and blocked the filaggrin expression inhibited by Der p 38 (Figures 2D, E). Furthermore, AKT activation was confirmed after treatment with Der p 38 (Figure 2F). NF-κB activity was time-dependently increased by Der p 38, which was suppressed by inhibitors of TLR4, PI3K, AKT and JNK (Figures 2G, H). Since alteration of TLR4 expression is important in regulating the agonistic effect of TLR4 (27), we investigated whether Der p 38 increases both total and surface expressions of TLR4. We observed that the total and surface TLR4 expressions remained unaltered after Der p 38 stimulation (Supplementary Figure 2).




Figure 2 | Der p 38 diminishes filaggrin expression via TLR4, PI3K, AKT, JNK and NF-κB in human keratinocyte HaCaT cells. (A, C, F) HaCaT cells were treated with 10 μg/mL Der p 38 for the indicated duration. The harvested cells were lysed, and filaggrin, loricrin, involucrin (A), phospho-JNK (C), and phospho-AKT (F) were analyzed by Western blotting. (B, D) The cells were pretreated with 2 μM TLR4i, 10 μM LY294002 (LY), 10 μM AKTi, 10 μM SP600125 (SP) or 10 μM BAY-11-7085 (BAY) for 1 h, following Der p 38 treatment for 48 h (B) or 30 min (D). Filaggrin and phospho-JNK were analyzed by Western blotting. (E) The cells were pretreated with 10 μM LY294002, 10 μM AKTi or 10 μM SP600125, after which they were treated with Der p 38 for 48 h. Filaggrin was analyzed by Western blotting. ERK2 was used as an internal control. (G, H) The cells were treated with 10 μg/mL Der p 38 in a time dependent manner (G), or 10 μg/mL Der p 38 after pretreatment with 2 μM TLR4i, 10 μM LY294002, 10 μM AKTi, or 10 μM SP600125 (H). After lysis of the harvested cells, NF-κB activity in the lysates was evaluated by the luciferase assay. The data are presented relative to the control, which was set at 1 as the mean ± S.D (n=3). **p < 0.01 indicates a significant difference between untreated and Der p 38-treated groups, and #p < 0.05 and ##p < 0.01 indicate significant difference between the Der p 38-treated group and the inhibitor-treated groups.





Der p 38 Increases Mediator Secretion in Human Keratinocyte HaCaT Cells, Which Prevents Filaggrin Expression and Neutrophil Apoptosis

We next investigated the relationship of the decreased filaggrin expression by Der p 38, with cytokine secretion. Filaggrin expression was suppressed by supernatant of cells treated with Der p 38 (Figure 3A). Since Der p 38 in the supernatant after treatment affects filaggrin expression, we evaluated the effect of media incubated with Der p 38 for 48 h; this media had no effect on filaggrin expression. To clarify the effect of the supernatant, we evaluated for levels of cytokines, such as IL-6, IL-8, and MCP-1. Exposure to Der p 38 increased these cytokine levels in a time-dependent manner (Figure 3B). Upregulation of IL-6, IL-8 and MCP-1 was suppressed by inhibitors of TLR4, PI3K, AKT, JNK and NF-κB (Figure 3C). Since these cytokines may be involved in survival of inflammatory cells, as reported in our previous papers (15, 27), we investigated alteration of granulocyte apoptosis due to Der p 38. Compared to the control supernatants, neutrophil apoptosis was inhibited by the supernatant treated with Der p 38, but eosinophil apoptosis was not altered (Figure 3D). The activation of caspase 9 and caspase 3 was involved in the inhibitory mechanism exerted by Der p 38-treated supernatant (Figure 3E). Additionally, Der p 38 increased both MCL-1 expression and the ratio of BCL-2/BAX expression, indicating that these mechanisms delay neutrophil apoptosis (Figure 3F).




Figure 3 | Der p 38 increases cytokine secretion in human keratinocyte HaCaT cells, thereby preventing filaggrin expression and neutrophil apoptosis. (A) HaCaT cells were treated with 10 μg/mL Der p 38 for 48 h. Supernatant (Sup) was collected, and the other cells were treated with the supernatant for 48 h. The harvested cells were lysed in lysis buffer and the homogenate was centrifugated, and the supernatant was collected as total lysate. Following separation of the protein samples by 10% SDS-PAGE, the transferred nitrocellulose membrane was sequentially incubated with anti-filaggrin (1:1,000) and secondary antibody (1:3,000) for 1 h at room temperature, and developed using the Enhanced Chemiluminescence Western blotting Detection System. ERK2 expression is used as an internal control. (B, C) Cells were treated with 10 μg/mL Der p 38 for the indicated time (B), or for 48 h after pretreatment with 2 μM TLR4i, 10 μM LY294002 (LY), 10 μM AKTi, 10 μM SP600125, and 10 μM BAY-11-7085 (BAY) (C). The supernatant was collected and analyzed by ELISA. (D) Neutrophils and eosinophils were treated with the supernatant after treatment with 10 μg/mL Der p 38. Apoptosis was analyzed by measuring the binding of annexin V-FITC and PI. The data are presented relative to the control, which was set at 100% as the mean ± S.D (n=3). *p < 0.05 and **p < 0.01 indicate a significant difference between the untreated and Der p 38-treated groups, and #p < 0.05 and ##p < 0.01 indicate significant difference between the Der p 38-treated group and the inhibitor-treated groups. (E, F) Activation and expression of the indicated signal proteins were evaluated by Western blotting. Lower panel (F) is the ratio of BCL-2/BAX using densitometry.





Der p 38 Induces AD-Like Phenotypes, Including Filaggrin Downregulation, via TLR4 in Mice

For evaluating the effect of Der p 38 in the pathogenesis of AD, we examined both histological and serological alterations in mice. In WT mice, the skin became thick, and severe erythema, hemorrhage, edema, scarring and erosion were observed after Der p 38 administration; this skin severity was decreased in TLR4 KO mice (Figure 4A). Histological features showed severe skin lesions and inflammation, and increased thickness of epidermis and dermis due to Der p 38 (Figures 4B–D). Absence of TLR4 decreased these effects of Der p 38. Moreover, total IgE and Der p 38-specific IgE in WT mice was higher than in TLR4 KO mice (Figures 4E, F). To investigate alterations of skin barrier proteins and inflammatory cells in detail, we applied immunohistological tools and Western blotting. The expressions of loricrin, involucrin and filaggrin were diminished, whereas JNK was activated in the Der p 38 treated groups (Figures 5A–D). As shown in Figures 5E, F, neutrophils and eosinophils were infiltrated into the dermis of skin. The number of mast cells was also increased in the Der p 38-treated group. However, Der p 38 had no effect on the skin barrier proteins and inflammatory cells in the TLR4 KO group. These results clearly indicate that Der p 38 is a strong inducer of AD in vivo, and TLR4 is the main receptor of Der p 38 (Figures 2 and 3).




Figure 4 | Der p 38 induces AD-like phenotypes via TLR4 in the mice. C57BL/10ScNJ wild type (WT) and C57BL/10ScNJ TLR4 knockout (KO) mice were used in this experiment. The mice were dorsally administered Der p 38 (20, 50, or 100 μg/mice) or DP (100 μg/mice) using a 2 x 2 cm patch of sterile gauze. The mice were wrapped with a band aid. After 6 days, the patch was removed, and 24 h later a new patch was applied, for a total of five patches over a 5 weeks period. Clinical skin severity score (A), histological features using hematoxylin and eosin stain (B), layers of epidermis (C) and dermis (D), total IgE (E), and Der p 38-specific IgE (F) were evaluated as described in the Materials and Methods section. The data are presented as a mean ± SD (n=3). *p < 0.05 and **p < 0.01 indicate a significant difference between the control group and stimulator-treated groups, and #p < 0.05 and ##p < 0.01 indicate significant difference between the WT and the TLR4 KO groups.






Figure 5 | Der p 38 decreases the expression of filaggrin and increases neutrophils, eosinophils and mast cells in the skin of mice. (A, B, E, F) For skin barrier proteins and inflammatory cell analysis, skin sections of wild type (WT) (A, E) and TLR4 KO mice (B, F) were fixed, embedded in paraffin, and incubated with primary antibodies against filaggrin, loricrin, involucrin, Ly6G, eosinophil peroxidase (EPX) and tryptase. The samples were examined by light microscopy (magnification, ×200). Filaggrin, loricrin, involucrin (C), and phospho-JNK (D) in tissue lysates were analyzed by Western blotting.






Discussion

Although destruction of filaggrin is an essential step in the induction and aggravation of AD, the specific allergen protein that directly regulates filaggrin expression and its mechanism has yet to be determined. As shown in Figures 2, 3 and 5, Der p 38 sensitization reduces the filaggrin expression in vitro and in vivo. HDM extract induces the downregulation of filaggrin expression. Previous studies reported that the protease allergen assists the entrance of other allergens, and Der p 1 lyses the transmembrane adhesion proteins of tight junctions (28, 29). Sar s 3 is directly capable of cleaving filaggrin (30), and lack of filaggrin increases exposure of Fel d 1 and Der p 1 (31). Although it is known that Der p 38 has a direct cleavage activity on filaggrin, Der p 38 may also facilitate the infiltration of other allergens, thereby resulting in the development and aggravation of allergy by protease activity (Figure 1D). Mediators produced by Der p 38 in human keratinocytes inhibit neutrophil apoptosis as well as filaggrin expression (Figures 3A, D). The increased expressions of IL-6, IL-8, and MCP-1 by Der p 38 may assist in suppression of neutrophil apoptosis, as determined in our previous paper (15) (Figure 3B). Additionally, there was increased infiltration of neutrophils in the skin of the mice (Figure 5E). Der p 38 also enhanced the number of eosinophils in the skin. Th2 cytokines such as IL-4, IL-5, and IL-13, and Th2 promoting cytokines such as IL-33, are reported to block filaggrin expression (3, 32). These cytokines function as survival factors of eosinophils by inhibiting apoptosis. However, the Der p 38-treated supernatant exerted no effect on eosinophil apoptosis (Figure 3D). Further studies are required to investigate the exact cytokines that downregulate filaggrin expression, and their interaction with eosinophil infiltration.

TLR4 is considered as an important receptor of the Der p 38 inducing AD pathogenic mechanism, although deletion of TLR4 does not block the Der p 38-induced AD severity completely (Figure 4). In contrast to our results, the upregulation of TLR4 expression may be related to modulation of AD development as well as protection of infection. Deficiency of TLR4 induces the aggravation of AD after 2,4-dinitrochlorobenzene (DNCB) administration, via increased Th2 responses (22). In addition, TLR4 suppresses the pathogenic mechanism of AD induced by Aspergillus fumigatus extracts (20). The data of other research groups are not associated with specific allergen proteins. Der p 2 triggers the clinical features of AD via TLR2 but not TLR4, despite Der p 2 being an MD2-like protein and inducing asthmatic inflammation through TLR4 (17, 23). In fact, TLR4 expression prevents the Der p 2-induced allergic reactions, thereby questioning the fact that Der p 2 is a TLR4-binding allergen. We think that for the first time, our results demonstrate that the Der p 38 allergen triggers AD and probably worsens the disease via TLR4. In addition, LPS suppressed filaggrin expression and induced cytokine secretion like Der p 38 (Supplementary Figure 3) (Figures 2 and 3). This finding contributes to understanding the role of TLR4 in AD pathogenesis, compared to the current concept of TLR4. Der p 38, the TLR4 binding mite allergen, inhibits filaggrin expression via TLR4-related downstream cascade, including PI3K, AKT, JNK and NF-κB pathway (Figures 2 and 5C, D). JNK activation is a pivotal signal protein in downregulation of filaggrin expression, but NF-kB is not related to the decreased expression (8). In fact, AKT activation is related to keratinocyte differentiation, and mTORC2 kinase phosphorylates the AKT responsible for filaggrin processing (33, 34). Skin barrier disruption exerts upregulation of pro-inflammatory cytokine expressions in relapsing chronic inflammation, and vice versa. Hence, Der p 38 may aggravate AD symptoms via the common pathways (PI3K, AKT, JNK and NF-κB) involved in filaggrin downregulation and cytokine upregulation. Identification of detailed signal mechanism is required to confirm the more precise role of Der p 38 and elucidate an approach of drug development for AD (35, 36).

Neutrophils are the first protectors against infections. Lack of neutrophils causes AD subjects to be very sensitive to the infections, and results in AD exacerbation (37, 38). Der p 2 has no effect on neutrophil infiltration, and addition of LPS to Der p 2 treatment enhances the neutrophil movement (23). Allergens such as Der p 1 and Der p 2 enhance the expressions of T cells, eosinophils and mast cells in the skin (23, 39). Studies have reported the association of neutrophilic inflammation with AD (40, 41). A recent paper has demonstrated that neutrophils are strongly required for the itch that appears during the development of AD. CXCR3-positive sensory neutrons stimulated with CXCL10 are dependent on the itch induced by neutrophils (42). Neutrophilic inflammation, along with mast cells and eosinophils, have been demonstrated in the skin of Der p 38-adminstered mice (Figures 5E, F), and the mechanism related to the inflammation was confirmed by discovering the anti-apoptotic signal pathway induced by Der p 38 in human neutrophils (Figure 3D). Currently, the role of neutrophils is unknown in AD pathogenesis induced by Der p 38, and this puzzle is targeted to be solved in the near future.

Our findings have identified the novel allergen, Der p 38, which induces AD pathogenesis by downregulation of filaggrin and upregulation of inflammatory responses such as cytokine secretion and neutrophil survival (Figure 6). The pathogenic mechanism of Der p 38 involves signal proteins such as TLR4, PI3K, AKT, JNK, and NF-κB. It would help us to understand the association of HDM with AD, for effectively developing preventive or therapeutic strategies to combat this disease.




Figure 6 | Proposed mechanism of filaggrin downregulation due to Der p 38 in AD. Der p 38 suppresses filaggrin expression and induces cytokine release through TLR4, PI3K, AKT, JNK, and NF-κB, which blocks neutrophil apoptosis.
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Supplementary Figure 1 | Der p 38 directly binds to TLR4. Recombinant Der p 38 protein was added to a TLR4-bound column, eluted, and separated by SDS-PAGE. The gel was stained with silver stain.

Supplementary Figure 2 | Der p 38 has no effect on total and surface TLR4 expression in HaCaT cells. (A, B) HaCaT cells were treated with 10 μg/mL Der p 38 in the indicated time. The harvested cells were lysed, and TLR4 expression was detected by Western blotting (A) and flow cytometry (B).

Supplementary Figure 3 | LPS diminishes filaggrin expression and induces cytokine secretion in human keratinocyte HaCaT cells. (A) HaCaT cells were treated with 1 μg/mL LPS for the indicated time or 10 μg/mL Der p 38 for 48 h. The harvested cells were lysed, and filaggrin expression was analyzed by Western blotting. (B) The cells were treated with 1 μg/mL LPS or 10 μg/mL Der p 38 for 48 h. The supernatant was collected and analyzed by ELISA. The data are presented relative to the control (Con), which was set at 100% as the mean ± S.D. **p < 0.01 indicates a significant difference between the untreated and LPS or Der p 38-treated groups,
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OEBPS/Images/table1.jpg
Normal (n=19) AD (n=19)

Number of subjects (female/male) 19 (15/4) 19 (15/4) AD (12), AD+AR (5), AD+AS (2)
Age (years) 24.9 + 5.2 (20~41) 23.5 + 6.0 (20~48)
Total IgE (ng/mL) 158.6 + 171.7 (38.9~603.9) 361.3 + 457.9 (47.8-1594.5)"
DP+, DF+ 5 (26.3%) 17 (89.5%)
DP+, DF- 1(5.3%) 2 (10.5%)
DP-, DF+ 0 (0%) 0(0.0%)
DP-, DF- 13 (68.4%) 0 (0.0%)
Derp 1 2(10.5%) 14 (73.7%)
Derp 2 3(15.8%) 12 (63.2%)
Der p 38 3(15.8%) 10 (52.6%)

HDM + (n=6) HDM - (n=13) HOM + (n=19) HOM - (n=0)
Derp 1 2 (33.3%) 0(0.0%) 14 (73.7%) 0(0.0%)
Derp 2 3 (50.0%) 0(0.0%) 12 (66.2%) 0(0.0%)
Der p 38 3 (50.0%) 0(0.0%) 10 (52.6%) 0(0.0%)

AD, atopic dermatitis; AR, atopic rhinitis; AS, asthma.

*Significant difference (p<0.05) between normal and AD subjects.

A positive result in the skin prick test is determined as a =1+ (i.e., a wheal >3 mm diameter).
HDM-+ is described as at least one of DP and DF is + in the skin prick test.





