Der p 38 is a bidirectional regulator of eosinophils and neutrophils in allergy
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Abstract

Background: The house dust mite (HDM) is the most common cause of allergic diseases, and TLR4 acts as an overarching receptor for allergic responses. This study aimed to identify novel allergen binding to TLR4 in HDMs and unveil its unique role in allergic responses. 
Methods: Der p 38 was purified and characterized by LC-MS/MS-based peptide mapping. Biolayer interferometry and structure modeling unveiled TLR4-binding activity and the structure of recombinant Der p 38. The allergenicity of Der p 38 was confirmed by a skin prick test, and basophil activation and dot blot assays.
Results: The skin prick test identified 24 out of 45 allergic subjects (53.3%) as Der p 38-positive subjects. Der p 38-augmented CD203c expression was noted in the basophils of Der p 38-positive allergic subjects. In animal experiments, Der p 38 administration induced the infiltration of neutrophils as well as eosinophils and exhibited clinical features similar to asthma via TLR4 activation. Persistent Der p 38 administration induced severe neutrophil inflammation. Der p 38 enhanced cytokine production in human bronchial epithelial cells, which inhibited apoptosis in neutrophils and eosinophils. The mechanisms involved LYN, PI3K, AKT, ERK, and NF-κB.

Conclusions: These findings showed that Der p 38 is a bridge allergen between eosinophilic and neutrophilic inflammation, and contribute to understanding the TLR4-mediated complex pathogenesis of allergic diseases.  
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Abbreviations 
BALF: Bronchoalveolar lavage fluid 
BLI: Biolayer interferometry 
DF: Dermatophagoides farinae
DP: Dermatophagoides pteronyssinus
HDM: House dust mite

H&E: Hematoxylin and eosin 

IL: Interleukin
IN: Intranasal

IP: Intraperitoneal

KO: Knockout
MALDI-TOF-TOF: Matrix-assisted laser desorption ionization-time-of-flight/time-of-flight 

MCP-1: Monocyte chemoattractant protein-1
OVA: Ovalbumin
PARs: Protease-activated receptors 
PAS: Periodic acid Schiff 
PBS: phosphate-buffered saline 
PI: propidium iodide

PRRs: Pattern recognition receptors 

SDS-PAGE:  Sodium dodecyl sulfide -polyacrylamide gel electrophoresis
SPF: Specific pathogen-free
Th: T helper
TLR: Toll-like receptor
1 INTRODUCTION
Allergy is a hypersensitivity disease, which includes asthma, allergic rhinitis, and atopic dermatitis, induced by immune activation and deviation.1-3 House dust mites (HDMs) act as a key allergen in allergic diseases and induce IgE reactivity against their allergen proteins, demonstrating an atopy type of allergic response compared to non-atopic allergy.4,5 Dermatophagoides pteronyssinus (DP) and Dermatophagoides farinae (DF) are considered dominant HDM species. DP includes various allergenic proteins such as cysteine and serine protease, fatty acid-binding protein, chitinase, arginine kinase, and peritrophin-like protein.6,7 These active components induce their effects via pattern recognition receptors (PRRs) and protease-activated receptors (PARs).8 
TLR4 is a member of the PRRs and TLR4-mediated signaling is a potent pathogenic pathway in HDM-induced allergic diseases.9-12 The inhibition of TLR4 was shown to suppress allergic inflammation and alleviate allergic responses.13,14 In contrast, TIR-8, a TLR4-negative regulator, induced Th2 immune responses to HDMs.15 Information supporting the relationship between allergies and TLR4 indicates that the TLR4-mediated pathway is a complex mechanism, which includes different and integrated activation of immune and structural cells depending on a variety of allergens. Although Der p 2 triggers allergic responses through TLR4, and Der f 35 was recently identified as an MD2-like protein, their specific mechanisms have not been clearly established.7,16
Several essential HDM allergens have been identified and characterized by classical tools such as screening with mite cDNA libraries.17-19 A draft HDM genome produced by genomic and transcriptomic tools was recently used for identifying novel allergens. 20,21 Finding new allergens and producing their recombinant proteins can help clinicians and researchers develop clearer diagnoses and allergen immunotherapy. Nevertheless, we believe that several unrecognized, important allergens are hidden in HDMs waiting to be discovered. Here, we investigated the unknown allergens in DP, focusing on a direct TLR4-binding allergen and identified a novel allergen, which was approved by the WHO/IUIS Allergen Nomenclature Sub-committee to be designated Der p 38. The allergenicity of Der p 38 and its extraordinary allergic mechanism in eosinophils, neutrophils, and bronchial cells were characterized. 

2 METHODS 
2.1 Asthma induction by Der p 38 administration in mice  

Six-week-old female wild-type (WT) and TLR4 knockout (KO) BALB/c mice were used in the animal experiments. The mice were maintained in a specific pathogen-free (SPF) facility. In the first experiment, each group (n = 5) was administered intranasal (IN) injections of PBS, Der p 38 (10, 25, or 50 μg/50 μL) or/and lipopolysaccharide (LPS) (20 μg/50 μL) for one week. In the second experiment, each group was immunized by the intraperitoneal (IP) injection of PBS, Der p 38 (20, 50 or 100 μg/50 μL), DP extract (100 μg/50 μL), ovalbumin (OVA) (20 μg/50 μL), or LPS (2 or 40 μg/50 μL) on days 1 and 14. The mice were intranasally administered PBS, Der p 38 (10, 25, or 50 μg/50 μL), DP extract (50 μg/50 μL), OVA (10 μg/50 μL), or LPS (1 or 20 μg/50 μL) from days 21 to 27 after the second sensitization. In the chronic model experiment, the first administrations to the mice were the same as those in the second experiment. After the first IN injection, the process was carried out two times at one-week intervals. The groups were named according to the stimulators administered IP/IN. All animal experiments used in this study were approved by the Institutional Animal Care and Use Committee of Eulji University.
Detailed Materials and Methods can be found in the Supporting information.
3  RESULTS
3.1 Der p 38 is identified as a TLR4-binding allergen
We identified Der p 38 by MALDI-TOF/TOF after separating TLR4-binding proteins in the DP extract using a TLR4-bound column (Figure 1A). Although the protein has been reported to be a bacteriolytic enzyme or LytFM variant (LytFM1), which is a possible allergen, it has never been clearly identified as an allergen.20,24,25 Antibodies against Der p 38 were used for isolating native Der p 38 from the DP extract. We found that the N-terminus of mature native Der p 38 was NGAAIVSAAR by N-terminal sequencing, indicating that it has a signaling peptide (20 aa) and a mature form (130 aa) (Figure S1A). The recombinant Der p 38 protein was produced, purified by FPLC, and confirmed by peptide-mapping analysis (sequence coverage: 100%) (Figure 1B; Figure S1B).  The interaction of recombinant Der p 38 with TLR4 was investigated using a BLI analysis (KD = 97.9 nM (Figure 1C). TLR4-binding affinity was not detected in Der p 2, known as an MD-like allergen. Der p 38 was present in the body and feces of DP (Figure 1D).  The posterior midgut of DP showed the widespread presence of Der p 38 by electron microscopy, and the lumen showed relatively more Der p 38 particles than the epithelium (Figure 1E). 

3.2 Der p 38 has IgE reactivity and induces basophil activation

To examine the IgE reactivity of Der p 38, we conducted skin prick tests and dot blot assays in healthy persons and subjects with asthma or/and allergic rhinitis. In the skin prick tests, 53.3.% of the allergic subjects (24/45) showed positive responses to Der p 38 and 66.7% (30/45) and 68.9% (31/45) of the same group exhibited positive reactions to Der p 1 and Der p 2, respectively (Table S1). The frequency of IgE reactivity to Der p 38 was 60% (27/45) in the allergic subjects according to the dot blot assay results (Figure 2A). After considering the epitopes predicted by the BCPreds, ABCpred, and BepiPred programs, we synthesized peptides to find the epitope region of Der p 38 involved in allergenicity, and peptides 5 (P5) and P6 weakly reacted to Der p 38+ serum (Figure 2B and C). Based on the peptide results and expected sites.26 ,we produced several mutant proteins. H75A, K76A,  R80A, D88A, K90A, K99A, and H112A proteins, showing more than a 70% swelling decrease in skin prick tests were found in 20%, 70%, 60% , 62.5% , 37.5%, 40% and 30% of Der p 38+ allergic subjects, respectively (Figure 2D). By analysis of the model structure of Der p 38, the expected epitope sites are exposed on the exterior side (Figure 2E; Figure S2A and B). In addition, we evaluated the allergenic activity of Der p 38, which enhanced the expression of the basophil activation marker, CD203c (Figure 2F).
3.3 Der p 38 induces airway infiltration of eosinophils and neutrophils and mucin secretion via TLR4 in mice
To better define the role of Der p 38 in allergies, we tested the inflammatory effects and mechanism of Der p 38 in a mouse model.  Because the clinical features of asthma appear differently depending upon the type of allergen, exposure time, administration route, and binding receptor, we designed experimental groups based on the IN or/and IP exposure of Der p 38 for short and long-terms. IN injections of Der p 38 for one week induced the recruitment of neutrophils into the lungs (Figure 3A; Figure S3A and B), and had little effect on mucin secretion by goblet cells, and total and Der p 38-specific IgE (Figure S3B and C). The co-stimulation of Der p 38 with LPS increased the number of recruited neutrophils compared to Der p 38 stimulation alone (Figure 3A). The addition of an IP administration of Der p 38 before the IN injection strongly induced peri-bronchial inflammation by the infiltration of immune cells and mucus hypersecretion by goblet cell hyperplasia (Figure 3B; Figure S3D). Notably, Der p 38 triggered the movement of eosinophils and neutrophils compared to stimulation by DP extract, although IP and IN injections of general allergens induced eosinophil recruitment (Figure 3C). Der p 38 induced hyper-reactivity to methacholine and increased total IgE compared to the effect of DP extract, and increased Der p 38-specific IgE (Figure 3C). Because Der p 38 binds to TLR4 (Figure 1C), we next investigated whether the inflammatory effects of Der p 38 were related to TLR4. After the IN or IN/IP injection of Der p 38 to TLR4 KO mice, leukocyte infiltration and IgE increases were not seen compared to the WT group (Figure 3F-H). C57BL/10ScNJ WT and C57BL/10ScNJ TLR4 KO mice showed findings similar to those in the WT and TLR4 KO BALB/c mice (Figure S4).  
Because LPS IN treatment showed a synergic effect on neutrophil movement when injected with Der p 38 (Figure 3A), we wondered if the effects of Der p 38 were altered in the presence of LPS when it induced the movement of both eosinophils and neutrophils. We divided the LPS treatments into low (1 μg per a dose) and high-dose (20 μg per a dose) stimulations because Th1 or Th2 responses are elicited depending upon the treatment concentration.27,28 After the IP administration of Der p 38, the IN injection of LPS induced neutrophil infiltration similar to LPS in treatment alone, regardless of the IP injection of Der p 38 (Figure 4A and B). The Der p 38/Der p 38+LPS20 groups showed decreased numbers of eosinophils and increased numbers of neutrophils with no significance compared to the Der p 38/Der p 38 group. In other words, Der p 38 suppressed the neutrophil numbers increased by LPS. Low-dose LPS did not affect mucus production in the lung or IgE in the serum increased by Der p 38 but high-dose LPS decreased the production (Figure 4B and C). These results indicate that Der p 38 showed different effects even though Der p 38 and LPS have a common receptor, TLR4. The results on the relationship between LPS and Der p 38 led us to investigate whether Der p 38 had interactive effects with OVA, which induces eosinophil infiltration and is not related to TLR4. IN treatment with OVA instead of Der p 38 (Der p 38/OVA) did not trigger the recruitment of eosinophils and neutrophils (Figure S5A and B) and IN treatment with OVA in the absence of OVA IP injection had no meaningful effect on the lungs. OVA treatment promoted the production of total IgE immunoglobulins and Der p 38-specific IgE in the Der p 38/OVA groups compared to the Der p 38/Der 38 group (Figure S5C). Next, we investigated the effects of an IN injection of Der p 38 or LPS after an IP injection of OVA to determine whether Der p 38 enhanced the allergic effects of OVA. Both IP and IN injections with OVA strongly increased the numbers of eosinophils in bronchoalveolar lavage fluid (BALF) (Figure 4D). The number of eosinophils in the Der p 38/Der p 38 group was lower but the number of neutrophils was greater than that in the OVA/OVA group (Figure 4D). An additional IN injection of Der p 38 to the OVA/OVA+Der p 38 group produced a slight decrease in the number of eosinophils and an increase in neutrophils compared to the OVA/OVA group. An additional IN injection of high-dose LPS (OVA/OVA+LPS20) markedly increased the neutrophils and markedly decreased the eosinophils compared to the OVA/OVA and OVA/OVA+Der p 38 groups. The OVA/OVA+Der p 38 group showed the most severe histological changes, including the infiltration of inflammatory cells, mucus hypersecretion resulting in narrowing of the bronchi, and thickened alveolar walls, between the groups (Figure 4E). Although different stimulators were used for the IN and IP injections, total IgE and OVA-specific IgE increased in the OVA/Der p 38 group similar to the Der p 38/OVA group (Figure 4F; Figure S5C). These results indicate that Der p 38 may modulate the number of eosinophils and neutrophils altered by OVA in contrast to LPS, and aggravate allergic responses induced by other allergens. Chronic exposure to Der p 38 increased leukocyte infiltration, in particular neutrophils, and more severe histological features compared to the Der p 38/Der p 38 group (Figure 4G-I) and the total IgE and Der p 38-specific IgE were decreased compared to the Der p 38/Der p 38 group (Figure 4J).
3.4 TLR4, LYN, PI3K, AKT, ERK, and NF-κB are involved in Der p 38-induced inflammatory effects

Since Der p 38 triggered an increase in neutrophils and eosinophils in the mice lungs, we examined the precise mechanism of Der p 38 in this process. Der p 38 blocked the apoptosis of allergic neutrophils and eosinophils in a dose-dependent manner (Figure 5A). Der p 38 also induced neutrophil apoptosis in healthy people (Figure S6A). However, Der p 38 inhibited eosinophil apoptosis in 33.3% (5/15) of the allergic subjects and 20% (2/ 10) of the healthy subjects which was not dependent upon Der p 38 sensitization (Figure 5A; Figure S6B). Based on our previous paper, we investigated the association of TLR4, LYN, PI3K, AKT, ERK, and NF-ҝB with HDMs.29 Pre-treatment with TLR4i, PP2, LY294002, AKTi, PD98059, and BAY-11-7085 inhibited the anti-apoptotic effects of Der p 38 on neutrophils and eosinophils (Figure 5B). LYN, AKT, and ERK were activated by Der p 38 (Figure 5C). ERK phosphorylation and NF-ҝB activation due to Der p 38 was suppressed by the signal inhibitors (Figure 5D and E). These results indicate that Der p 38 signal transduction occurred via TLR4/LYN/PI3K/AKT/ERK/NF-κB. Cleaved caspase 9 and caspase 3 were upregulated in a time-dependent fashion after initiating constitutive apoptosis and the cleavage of both proteins was inhibited by Der p 38 (Figure 5F). The importance of structural cells led us to examine if cytokine secretion induced by Der p 38 in the human bronchial epithelial cell line BEAS-2B affected the survival of allergic neutrophils and eosinophils. The supernatants of BEAS-2B cells treated with Der p 38 blocked the apoptosis of allergic neutrophils but not the apoptosis of eosinophils (Figure 5G). MCP-1, IL-6, and IL-8 related to neutrophil survival increased after treatment with Der p 38 and this increase was prevented by treatment with signal protein inhibitors (Figure 5H). Activation of the signal molecules due to Der p 38 was confirmed by Western blotting and NF-κB assays (Figure 5I-K). 

3.5 Der p 38 has a potential TLR4-binding regulatory site   
To precisely investigate the regulatory site of Der p 38 for binding to TLR4, we evaluated the effect of mutant proteins on neutrophil and eosinophil apoptosis, and cytokine release by BEAS-2B cells. Recently, we found that the Der f 38 allergen in DF was homologous to Der p 38 (Figure S7). However, Der f 38 had a weak effect on neutrophil and eosinophil apoptosis compared to Der p 38 (Figure 6A). After predicting a putative TLR4-binding regulatory site, mutant proteins, G139W and G139A, were produced. The mutant proteins were not effective on the apoptosis of neutrophils and eosinophils, and cytokine secretion from BEAS-2B cells (Figure 6B and C). Finally, we confirmed that the G139W and G139A mutants had no affinity for TLR4 because glycine mutation may alter the loop structure of that site (Figure 6D). These results indicate that glycine at the 139 aa of Der p 38 should be considered a critical part of the regulatory site for binding to TLR4, although the exact binding site was not identified
4 DISCUSSION  

HDMs have been targeted as a critical allergen in the diagnosis of and therapy for allergic diseases. Approaches to finding a clear explanation for allergic diseases has led researchers to discover novel allergenic proteins.16,20,21 Before beginning this research, we thought that TLR4 was a crucial receptor inducing allergic diseases, and therefore, an unknown allergen, which directly binds to TLR4 and orchestrates allergic responses, was pursued based on our previous reports and those of others.10,14,23  In this study, we applied a different principle to unveil a new allergen in HDMs and identified Der p 38, which induced the infiltration of mixed granulocytes such as eosinophils and neutrophils.

The TLR4-binding capacity of allergens was not limited to Der p 38. Der p 2 is widely known as an MD2-like protein and Der f 35 has been recently reported.14,16,28,30 It has not been clearly demonstrated that TLR4-binding allergens directly bind to TLR4. Conversely, the action of Der p 2 was not dependent upon TLR4 but TLR2.31,32 These facts led us to confirm the binding of Der p 38 and Der p 2 to TLR4. We found that Der p 38 showed TLR4-binding affinity and identified a TLR4-binding site (G139) (Figure 6D). However, Der p 2 did not show any binding activity (Figure 1C). The relationship between Der p 38 and TLR4 was supported by the findings that Der p 38 triggered allergic responses in the mouse model, anti-apoptotic effects on neutrophils and eosinophils, and cytokine secretion (Figure 3G and Figure 5B and H). The in vivo responses due to Der p 38 were demonstrated by the infiltration of neutrophils and eosinophils in BALF and the lungs (Figure 3A and C; Figure S8). It also induced allergic responses such as IgE production and hyper-reactivity to methacholine (Figure 3D and E). Allergens including Der p 1 and Der p 2 induced marked eosinophil recruitment without the infiltration of neutrophils.33,34 Simpson et al. suggested classifications of asthma based on eosinophilic, neutrophilic, mixed granulocytic, and pauci-granulocytic subtypes.35 T2 type (T2 high) asthma and non-T2 type (T2 low) are used to explain the heterogeneity of asthma including the various endotypes with phenotypes.36-38 Non-T2 type (neutrophilic asthma) is seen in moderate and severe asthma, and glucocorticoid-resistant asthma, although infections and cigarette smoke are considered the causative factors.36,39 Mixed granulocytes may reflect a transition stage between eosinophilic and neutrophilic endotypes. An absolute and relative increase in eosinophils and neutrophils distinguishes Der p 38 from other allergens, and it may function as a stage regulator. In a chronic model, Der p 38 exacerbated the clinical features of asthma and induced the transition from a mixed granulocyte (eosinophils and neutrophils) phenotype to a predominance of neutrophils (non-Th2 type) (Figure 4G-J; Figure S8B). However, this study had some limitations as a first trial. The allergic subjects including young people with one or two allergic diseases were recruited to investigate the pathogenesis of allergies due to Der p 38. Allergenicity may depend on different characteristics, such as race, age, mite extract, diagnostic tools, and the type of allergy.40-43 Patient ethnicity and the experimental duration affect the IgE response to Der p 1, Der p 2, Der p 10, and Der p 23. Thus, the precise role of Der p 38 in the clinical severity of allergic diseases and how Der p 38 induces allergenicity remain unsolved. Further studies on Der p 38 need to focus on specific allergic diseases, such as asthma and atopic dermatitis, and atopic/non-atopic allergy. 
TLR4 is an overarching receptor in neutrophilic and eosinophilic inflammation. Der p 38 transduced its signal via LYN, PI3K, AKT, and NF-κB, which is related to essential mechanisms in eosinophils, neutrophils, and structural cells such as bronchial epithelial cells (Figure 5). This signal transduction increased cell survival and cytokine secretion, consistent with the recruitment of eosinophils and neutrophils in animal experiments. TLR4 shows differential action depending upon the cell type and kind of stimulator. TLR4 in hematopoietic cells and epithelial cells is related to neutrophilic and eosinophilic airway inflammation, respectively44, in contrast to our results that TLR4 importantly functioned as a Der p 38 counterpart in granulocytes and epithelial cells. In animal experiments, the effect of an IN injection of Der p 38 alone was similar to the action of LPS. However, the IP and IN injection of Der p 38 triggered eosinophil and neutrophil inflammation compared to OVA (Figure 3A and Figure 4A and D). LPS inhibited the eosinophil increase due to OVA or Der p 38. Der p 38 augmented the IgE production and mucus production induced by OVA, in contrast to a high dose of LPS (Figure 4E and F). Sensitization to Der p 38 and OVA can interact with each other and boost their actions (Figure 4F). The allergenic effects of OVA may be modulated by TLR4.45 These mutual effects may derive from the complex actions of allergens and cell-cell interactions such as alterations in apoptosis due to Der p 38 associated with cytokine secretion from bronchial cells after exposure of Der p 38 (Figure 5G). In that context, we need to broadly understand the role of TLR4 in HDM-mediated allergy from the perspective of LPS or Der p 2 to Der p 38, which will help clarify its involvement in HDM allergies. In addition, we are trying to uncover the systemic mechanisms involved. 

In summary, Der p 38 is a key protein in HDM-mediated TLR4 mechanisms, which induces the infiltration of eosinophils and neutrophils as well as allergenicity. The present and further studies on Der p 38 may open up approach opportunities for deeper understanding of HDM-mediated allergies in the pathogenic, diagnostic, and therapeutic fields. 
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Figure legends 

Figure 1. Der p 38 is identified as a TLR4-binding protein. A, DP extract was added to a TLR4-bound column and eluted. The eluates, including native Der p 38, were loaded onto gels. B, Recombinant Der p 38 was produced and loaded onto the gel. The proteins were separated by SDS-PAGE and stained with Coomassie brilliant blue (A and B). C, TLR4 was coated on an AR2G sensor chip. The binding affinity (KD) of Der p 38, Der p 2, and MD2 to TLR4 was measured by BLI. D, Recombinant Der p 38,  DP body, and DP feces at the indicated concentrations were analyzed by SDS-PAGE and anti-Der p 38 polyclonal antibodies are used for the detection of Der p 38 by Western blotting. E, Electron micrograph showing the presence of Der p 38 in the posterior midgut of DP. 
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Figure 2. Der p 38 has IgE reactivity and induces basophil activation. A, The IgE reactivity of Der p 38 was evaluated by dot blot assay using the sera of normal and allergic subjects. B, Schematic representation of seven peptides derived from Der p 38. C, The dot-blotted peptides were evaluated for IgE reactivity with the sera of Der p 38-positive subjects. D, Skin prick tests were performed using WT and mutant Der p 38 proteins. The Y-axis represents the percentage of allergic subjects (8<n<10) exhibiting more than a 70% swelling decrease. E, The 3D structure of Der p 38 predicted by the ClustalW2 program and Pymol software using RipA protein as a template. F, Granulocytes were isolated from normal and allergic subjects and treated with PBS or Der p 38 at the indicated concentrations (μg/mL). The CD203c expression of basophils was evaluated using flow cytometry.
Figure 3. Der p 38 induces the infiltration of eosinophils and neutrophils into airways and mucin hypersecretion in mice via TLR4. A, Differential cell counts in BALF of BALB/c mice after the IN administration of PBS and the indicated concentration (μg) of Der p 38 for one week. B-E, Lung tissues from the mice after IP and IN injections of Der p 38 and DP extract were stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) (B), and the cells of BALF were differentially counted (C). Hyper-responsiveness to methacholine at the indicated concentrations was measured by whole-body plethysmography (D). Total IgE and Der p 38-specific IgE were evaluated in the mice sera (E). F-H, Mice with or without IP injections of Der p 38 (100 μg/50 μL) were intranasally administered Der p 38 (50 μg/50 μL). Differential cell counts (F), histopathological features (G), and the levels of total IgE and Der p 38-specific IgE (H) in BALF, lung tissues, and sera of WT and TLR4 KO BALB/c mice. The data are presented as the mean ± S.D. *p < 0.05 and **p < 0.01 indicate significant differences between the control and stimulator-treated groups or between the WT and TLR4 KO mice. ##p < 0.01 indicates a significant difference between the two groups. Magnification, ×200 (B and G).
Figure 4. Eosinophil recruitment induced by Der p38 is suppressed by LPS and Der p 38 increases neutrophil infiltration and mucus hyperproduction in OVA-induced responses. A-J, After IP injection, BALB/mice received one (A-F) or three (G-J) IN injections. Differential (A, D, and H) and total (G) cell counts, histopathological features after staining with hematoxylin and eosin (H&E) (upper panel) and periodic acid Schiff (PAS) (lower panel) (B, E, and I), and the levels of total IgE and Der p 38-specific IgE (C, F, and J) in BALF, lung tissues, and mice sera. The data are presented as the mean ± S.D. *p < 0.05 and **p < 0.01 indicate significant differences between the control and stimulator-treated groups. #p < 0.05 and ##p < 0.01 indicate a significant difference between two groups. Magnification, ×200 (B, E, and I).
Figure 5. TLR4, LYN, PI3K, AKT, ERK, and NF-κB are involved in Der p 38-induced inflammatory effects. A, B and G, Allergic neutrophils and eosinophils were incubated with Der p 38 (10 μg/mL) for 24 h or 48 h, respectively (A) after pretreatment without (A) or with (B) the indicated inhibitors. Allergic cells were treated with the supernatant (Sup) collected from BEAS-2B cells after Der p 38 treatment (G). Apoptosis was analyzed. C, D, F, I and J, Allergic cells (C, D and F), and BEAS-2B cells (I, J) were pre-treated for 1 h with the indicated inhibitors and then incubated with Der p 38 for the indicated time (C, F, and I) or 30 min (D and J). The indicated proteins in the lysates were detected by Western blotting. E and K, NF-ҝB activation was detected in allergic cells (E) and BEAS-2B cells (K) after treatment with Der p 38 for 1 h in the presence of inhibitor pretreatment. H, BEAS-2B cells were incubated with Der p 38 for 48 h after pretreatment with the inhibitors. The supernatant was analyzed by ELISA. *p < 0.05 and **p < 0.01 (between the control and Der p 38-treated groups), #p < 0.05 and ##p < 0.01 (between the Der p 38-treated group and the inhibitor-treated groups)
Figure 6. Der p 38 has an important TLR4-binding regulatory site.  A and B, Allergic neutrophils (n = 8) and eosinophils (n=5) were incubated for 24 h or 48 h in the absence (Con) and presence of Der p 38 (10 μg/mL), Der f 38 (10 μg/mL), and Der p 38 mutant proteins. Apoptosis was analyzed by measuring the binding of annexin V-FITC and PI. The data are presented as the mean ± S.D. relative to the control, which was set at 100%. C, BEAS-2B cells (n = 3) were incubated in the absence or presence of Der p 38 (10 μg/mL) and mutant Der p 38 proteins for 48 h. Cytokines in the supernatant were analyzed by ELISA. D, TLR4 was coated on an AR2G sensor chip. The binding affinity (KD) of Der p 38 WT and mutant proteins to TLR4 was measured by BLI. *p < 0.05 and **p < 0.01 indicate significant differences between the control and Der p 38-treated groups, and #p < 0.05 indicates a significant difference between the Der p 38-treated group and the mutant protein-treated groups. 
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