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The airways are a target tissue of type I allergies and atopy is the main etiological factor of bronchial asthma. A predisposition to allergy and individual response to allergens are dependent upon environmental and host factors. Early studies performed to clarify the role of extracellular adenosine in the airways highlighted the importance of adenosine-generating enzymes CD73, together with CD39, as an innate protection system against lung injury. In experimental animals, deletion of CD73 has been associated with immune and autoimmune diseases. Our experiments have been performed to investigate the role of CD73 in the assessment of allergic airway inflammation following sensitization. We found that in CD73−/− mice sensitization, induced by subcutaneous ovalbumin (OVA) administration, increased signs of airway inflammation and atopy developed, characterized by high IgE plasma levels and increased pulmonary cytokines, reduced frequency of lung CD4+CD25+Foxp3+ T cells, but without bronchial hyperreactivity, compared to sensitized wild type mice. Our results provide evidence that the lack of CD73 causes an uncontrolled allergic sensitization, suggesting that CD73 is a key molecule at the interface between innate and adaptive immune response. The knowledge of host immune factors controlling allergic sensitization is of crucial importance and might help to find preventive interventions that could act before an allergy develops.
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INTRODUCTION
A predisposition for developing allergies is the result of a multifactorial interplay between genes and the environment. Intrinsic properties of exogenous proteins are important; however, host immune factors are crucial to explain the different response to allergens in individuals, some of whom do not develop allergies at all. Moreover, manifestations of allergies may be variable in different subjects, depending on individual, genetic, and environmental factors (van Ree et al., 2014).
There is much evidence that extracellular adenosine is an important regulator of the inflammatory/immune response (Antonioli et al., 2013). Extracellular adenosine derives from the hydrolysis of ATP mainly by the sequential action of CD39 and CD73 enzymes, the latter catalyzing the rate limiting step reaction (Zimmermann et al., 2012). CD73 is widely expressed on barrier cell types, such as endothelial and epithelial cells. It has been shown to have an important role in the control of vascular permeability following inflammation (Thompson et al., 2004).
Epithelial barrier damage may be associated with allergic sensitization and with the development of allergic manifestations (Fritz et al., 2008). It has been demonstrated that, in the murine model of contact hypersensitivity induced by trinitro-chloro benzene (TNCB), CD73 controls the sensitization against haptens by increasing adenosine accumulation in skin cells, such as keratinocytes and dendritic cells (DC). Interestingly, authors demonstrate that CD73 deficiency impairs the development of sensitization, rather than the effector phase induced by challenge (Neuberger et al., 2017).
Airways represent one of the tissues highly targeted by allergic sensitization, and bronchial asthma is a major clinical sign of type I allergies. The incidence of bronchial asthma development over other allergic manifestations in atopic patients is dependent upon environmental and genetic factors.
Recent findings indicate that, although atopy is the main risk factor, asthma cannot be considered a disease involving only the adaptive immune system, but instead that a crosstalk between innate and adaptive immune system is crucial to the assessment of allergic sensitization (Fritz et al., 2008; Holgate and Davies, 2009; Wenzel, 2012; Holgate et al., 2015). On these bases, it must be considered that stromal cells, epithelial cells, and immune-inflammatory cells all contribute to allergic sensitization.
Although much work has been published on the role of adenosine and its receptors in allergic asthma, and adenosine signaling might represent a therapeutic target (Brown et al., 2008; Polosa and Blackburn, 2009; Alfieri et al., 2012; Cicala and Ialenti, 2013), very little is known on the role of CD73 in the development of allergic sensitization as a major cause of those morphological and functional changes of airways that could facilitate asthma development (Schreiber et al., 2008; Neuberger et al., 2017).
The current study was designed to evaluate the role of CD73 in the development of allergic sensitization as a trigger of airway inflammation in mice; experiments were performed in a model of ovalbumin-sensitized wild type (WT) and CD73 deficient mice (CD73−/−). We demonstrate that allergic sensitization in CD73−/− mice occurs and develops with increased airway inflammation and mucus production and increased plasma IgE levels, together with increased pulmonary cytokine levels, but without any increase in bronchial reactivity, compared to their WT counterparts.
Our results suggest that CD73 is essential to the assessment of a controlled sensitization; on the other hand, the loss of CD73 might prevent atopic subjects from bronchial hyperreactivity.
MATERIALS AND METHODS
Animals
Female C57BL/6J (8 weeks old) were purchased from Charles River (Calco, Italy). Original CD73−/− breeders were a kind gift from Professor Jurgen Schrader (Department of Molecular Cardiology, Heinrich Heine University, Düsseldorf, Germany). All experiments were approved by the Italian Ministry of Health and all methods were performed according to Italian (DL 26/2014) and European (n.63/2010/UE) guidelines and regulations.
Allergic Sensitization
Mice were divided into sensitized and non-sensitized groups. Sensitization was induced by subcutaneous injection of 100 µg ovalbumin (OVA, grade V; Sigma Aldrich, Milan, Italy) emulsified with aluminum hydroxide (Al(OH)3, 13 mg/ml) on days 0 and 7. The non-sensitized groups (control) received an equal volume of aluminum hydroxide as previously described (Roviezzo et al., 2017). At days 14 and 21, mice were sacrificed, and main bronchi, pulmonary tissue, and blood were collected for functional and molecular studies.
Western Blot
Pulmonary tissue from both control and OVA-sensitized WT mice was collected and transferred in FastPrep-24 lysing matrix tube (MP Biomedicals, Santa Ana, California, United States) together with ice-cold radioimmunoprecipitation assay buffer (RIPA buffer; Thermo Fisher Scientific, Monza, Italy) containing protease inhibitors cocktail (Sigma-Aldrich, Milan, Italy). Equal amounts of protein (50 µg) were separated on 8% SDS-PAGE gel and transferred to nitrocellulose membrane. Following blocking with 5% (w/v) non-fat dry milk in phosphate buffer saline (PBS) supplemented with 0.1% (v/v) tween 20, the nitrocellulose membrane was incubated overnight at 4°C with anti-mouse CD73 polyclonal goat antibody (1:200 dilution, Santa Cruz Biotechnology) and then it was incubated for 2 h at room temperature with the secondary antibody anti-goat IgG (1:2,000 dilution; Dako, CA, United States) conjugated with peroxidase. Successively, to confirm the equal protein loading, the membrane was stripped and incubated with anti β-actin monoclonal antibody (1:2,000 dilution, Santa Cruz Biotechnology) and subsequently with anti-mouse IgG conjugated to peroxidase (1:2,000 dilution, Dako, CA, United States) for 3 h at room temperature. Protein bands were detected using the ECL detection kit (Bio-Rad, Milan, Italy) and the ChemiDoc Imaging System (Bio-Rad, Italy). Densitometry was performed using Image Lab software (Bio-Rad, Milan, Italy).
AMPase Activity
AMPase activity was assessed in lung homogenates and plasma from both control and sensitized WT mice, as a measure of CD73 activity, by colorimetric measurement of the inorganic phosphate (Pi) released following incubation with the substrate as previously described (Caiazzo et al., 2019). To have the net value of Pi produced following an enzymatic reaction, nonspecific Pi was released following incubation with the CD73 inhibitor, adenosine 5′- (α, β-methylene) diphosphate (APCP, 100 µM) in each sample was evaluated, and the value obtained was subtracted from the value obtained following incubation with AMP. Results were expressed as Pi released (pmol/min/µg protein).
Enzyme-Linked Immunosorbent Assay
Total IgE levels were quantified in plasma samples while IL-4, IL-5, IL-10, and TGF-β1 cytokines were measured in lung homogenates using commercially available ELISA kits (BD Pharmingen, Franklin Lakes, NJ, United States or R&D Systems, Inc., Minneapolis, MN, United States) according to the manufacturer’s instructions.
Flow Cytometry Analysis
Lungs from sensitized and control mice were digested with 0.5 U/ml collagenase (Sigma-Aldrich, Milan, Italy) and cell suspensions were passed through 70-µm cell strainers. T cells infiltrated into the lung were analyzed by flow cytometry using the antibodies CD3-PerCp (17A2), CD4-FITC (L3T4), CD8-PE (53–6.7), and CD25-PE (PC61), purchased from BD Biosciences; FoxP3- allophycocyanin (APC) (3G3) was purchased by Milteny Biotec. For lung Tregs detection, cells (5 × 10 5) were incubated with anti-mouse CD3-PerCp (0.5 μg), anti-mouse CD4-FITC (0.5 μg), and anti-mouse CD25-PE (0.5 μg), followed by intracellular staining with anti-mouse FoxP3-APC antibody (0.5 μg) using FoxP3 staining buffer (eBioscience™ Intracellular Fixation & Permeabilization Buffer Set; Thermo Fisher Scientific, Monza, Italy). Cells were analyzed by flow cytometry using BD FACSAria flow cytometer and BD FACSDiva software (BD Biosciences), as previously described (Fiume et al., 2015).
Lung Histology
Lung lobes were removed, fixed in 4% formalin, and embedded in paraffin. Tissue was then sectioned (7 μm thickness) and stained with haematoxylin and eosin (H & E) for morphological analysis. Additional sections were stained with Alcian Blue/Periodic Acid-Schiff (AB/PAS) for goblet cell evaluation. The severity of lung inflammation was visually scored in a blinded fashion on H & E - stained slides and graded through a subjective, semiquantitative five-point scale as previously described (Lafkas et al., 2015): 0, normal lung (no inflammatory infiltrates); 1, minimal disease (infrequent sparsely scattered inflammatory cells); 2, mild (light perivascular or peribronchiolar involvement); 3, moderate (many vessels and airways affected by substantial numbers of inflammatory cells); and 4, severe (generalized accumulations of perivascular or peribronchiolar inflammatory cells with frequent circumferential or bridging infiltrates, or both). Severity of bronchiolar epithelial goblet cell hyperplasia was visually scored in a blinded fashion on AB/PAS-stained slides through a subjective, semiquantitative four-point scale, according to Sun and co-workers(2015), as follows: 0, negative (rare or no AB/PAS-positive cells); 1, low (scattered AB/PAS-positive cells goblet constituting <25% of the epithelium); 2, moderate (more frequent AB/PAS-positive cells constituting 25–50% of the epithelium); and 3, high (many AB/PAS-positive cells constituting >50% of the epithelium) (Sun et al., 2015).
Airway Responsiveness Measurements
Different groups of animals were sensitized as described above. At 21 days, main bronchi collected from both sensitized and control mice were rapidly dissected and cleaned from fat and connective tissue. Rings of 1–2 mm length were cut and mounted in 2.5 ml isolated organ baths containing Krebs solution, at 37°C, oxygenated (95% O2 and 5% CO2), and connected to an isometric force transducer (type 7006, Ugo Basile, Comerio, Italy) associated to a Powerlab 800 (AD Instruments). Bronchial reactivity to cumulative concentrations of carbachol (10−9 – 3 × 10−6 M) was evaluated. Results were expressed as dyne per mg of tissue (Morello et al., 2005).
Statistical Analysis
All results are presented as means ± standard error (SE). Statistical analysis was performed through Student’s t-test for unpaired data or by one- or two-way ANOVA for multiple comparisons followed by Bonferroni post-hoc test. A p value <0.05 was considered statistically significant.
RESULTS
Ovalbumin Sensitization Increases CD73 Expression and Activity
Following mice sensitization with OVA, administered subcutaneously twice (day 0 and 7, Figure 1A), the expression of CD73 was increased in whole lung tissue both at 14 and 21 days, compared to the expression of control tissue from non-sensitized mice (Figure 1B); in accordance, pulmonary and plasmatic AMPase activity was significantly increased following OVA sensitization (Figures 1C,D, respectively). Results obtained by sample incubation with APCP demonstrated that it was dependent upon CD73 (data not shown).
[image: Figure 1]FIGURE 1 | OVA sensitization increases CD73 expression and activity. (A) Experimental protocol for OVA-induced sensitization in WT and CD73−/− mice. Mice were sensitized or not with OVA as described in Materials and Methods. (B) CD73 expression in whole lung tissue from both control and OVA-sensitized WT mice was quantified by Western blots. Means ± SE of eight mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test). CD73 specific activity was measured in lung homogenates (C) and plasma (D) from both control and OVA-sensitized WT mice by Malachite green assay. All results are expressed as mean ± SE of six mice per group. **p < 0.01 and ***p < 0.001 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).
Increased IgE Levels in Ovalbumin-Sensitized CD73−/− Mice
Sensitization with OVA increased plasma IgE levels at 14 days, as already described (Rossi et al., 2017).
In CD73−/− mice there was a significant increase of plasma IgE levels, both at 14- and 21-days following sensitization, compared to IgE plasma levels detected in WT mice (Figure 2A).
[image: Figure 2]FIGURE 2 | CD73 deficiency further increases IgE, IL-4, and IL-5 levels induced by OVA sensitization and decreases TGF-β pulmonary levels after OVA-sensitization. Plasma levels of total IgE (A) and pulmonary levels of IL-4 (B), IL-5 (C), IL-10 (D), and TGF-β (E) were measured in both control and OVA-sensitized WT and CD73−/− mice by ELISA. All results are expressed as mean ± SE of n = 6–12 mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test for unpaired data and one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).
Increased Levels of IL-4 and IL-5 and Reduced TGF-β in Lungs of Ovalbumin-Sensitized CD73−/− Mice
Pulmonary cytokine levels were evaluated in WT and CD73−/− mice following sensitization. In WT mice pulmonary levels of IL-4 peaked 21 days following sensitization; in CD73−/− mice, IL-4 levels increased starting from 14 days following sensitization (Figure 2B). Similarly, IL-5 pulmonary levels were significantly increased in CD73−/− compared to control value at 14- and 21-days following sensitization (Figure 2C). There was no difference in IL-10 pulmonary levels between sensitized WT and CD73−/− mice (Figure 2D). Levels of TGF-β tended to increase in sensitized WT mice compared to control value, while in CD73−/− mice they were progressively reduced (Figure 2E).
Increased Pulmonary Inflammation and Mucus Production in Ovalbumin-Sensitized CD73−/− Mice
Airway inflammation was assessed in H & E stained tissue sections from lungs of WT and CD73−/− mice. Morphological analysis of lungs evidenced a massive cell infiltration in lungs from CD73−/− mice following sensitization compared to WT mice (Figure 3A), as evidenced by the mean inflammation score (Figure 3C). AB/PAS staining evidenced goblet cell hyperplasia following sensitization, which was particularly evident in CD73−/− mice (Figures 3B,D).
[image: Figure 3]FIGURE 3 | CD73 deficiency further increases lung inflammation and goblet cell hyperplasia induced by OVA. Histological examination of lung tissues from both control and OVA-sensitized WT and CD73−/− mice was performed via staining with (A) hematoxylin and eosin (H & E), and (B) Alcian Blue/Periodic acid-Schiff (AB/PAS) staining. Scale bar, 100 μm (A) and 50 μm (B). (C) Lung inflammation scores. (D) Scores of airway epithelium graded for goblet cell hyperplasia. All results are expressed as mean ± SE of n = 8 mice per group. *p < 0.05 and ***p < 0.001 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).
Pulmonary CD4+CD25+Foxp3+Treg Frequency Is Reduced in CD73−/− Mice Following Ovalbumin-Sensitization
Evidence that sensitization caused an exacerbated pulmonary inflammation in CD73−/− mice compared to WT mice suggests that in the absence of CD73 there is a disregulation of the immune response. Analysis of total lung-infiltrating T cells (Figure 4A) reveals that the percentage of CD3+CD4+T cells significantly increased in WT mice after OVA sensitization compared to control, reaching the highest level at day 21 Conversely, in CD73−/− mice the frequency of total CD3+CD4+T cells slightly increased at day 14 and day 21 after OVA sensitization compared to their counterparts (Figure 4A); however, compared to WT mice, the frequency of these cells was significantly reduced (Figure 4A). Among CD3+CD4+T cells the frequency of CD4+CD25+Foxp3+ T reg cells subpopulation increased in WT mice following sensitization compared to control (Figure 4B) and remained higher still than those observed in CD73−/− mice (Figure 4B). There was no difference in the percentage of total CD3+CD4+T cells nor Tregs between control WT and CD73−/− mice (Figures 4A,B).
[image: Figure 4]FIGURE 4 | CD73 deficiency reduces the frequency of CD4+CD25+Foxp3+ regulatory T cells (Tregs) infiltrating the lung. Lungs from both control and OVA-sensitized WT and CD73−/− were isolated and analyzed using FACS to determine the phenotype of Tregs cells. Percentage of CD3+CD4+ T cells (A) and CD4+CD25+Foxp3+ Tregs (B) in the lungs. All results are expressed as mean ± SE of n = 6 mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test for unpaired data and Bonferroni’s Multiple Comparison Test).
Absence of Bronchial Hyperreactivity to Carbachol of Sensitized CD 73−/− Mice
We finally evaluated the reactivity to carbachol of bronchi isolated 21 days following sensitization from WT and CD73−/− mice. Sensitization increased reactivity to carbachol of bronchi from WT mice, while it did not affect bronchial reactivity to carbachol in CD73−/− mice (Figures 5A,B).
[image: Figure 5]FIGURE 5 | CD73 deficiency does not increase bronchial reactivity to carbachol induced by OVA-sensitization. Carbachol-induced contractions of bronchi collected from both control and from 21 days OVA-sensitized WT (A) and CD73−/− (B) mice. The concentration-response curves for carbachol (A,B) have been obtained by a non-linear regression analysis. All results are expressed as mean ± SE of n = 6–12 per group. **p < 0.01 (Two-way ANOVA followed by Bonferroni).
DISCUSSION
The aim of the present work was to investigate the role played by CD73, the key enzyme in the extracellular adenosine accumulation, in the development of features of allergic sensitization, a risk factor for asthma and allergic diseases.
We found that in OVA-sensitized C57Bl/6J mice, susceptible to airway inflammation and hyperreactivity, as previously described (Rossi et al., 2017), pulmonary expression of CD73 was significantly up-regulated; concomitantly, there was increased pulmonary and plasma CD73 activity compared to control, non-sensitized mice. This finding is consistent with data demonstrating that CD73 upregulation following injury may represent a tissue self-protective strategy, providing an increase of extracellular adenosine levels that, in turn, may control inflammation and tissue damage; hence, inhibition of CD73 activity may exacerbate ongoing inflammation (Caiazzo et al., 2019). On the other hand, there is evidence that the increased CD73 expression and activity in inflamed tissue may cause persistent extracellular adenosine accumulation that, in turn, may be detrimental, driving the tissue toward chronic inflammation and fibrosis (Cronstein and Sitkovsky, 2017; Le et al., 2019). Thus, under some aspects, CD73/adenosine appears to be a double-edged sword: dissecting the role of this pathway in the assessment of the host response to an inflammatory trigger stimulus from its role on the ongoing tissue inflammation is crucial to find preventive and therapeutic strategies.
We found that OVA-sensitized CD73−/− mice produced increased levels of Th2 cytokines, IL-4, and IL-5 in the lung compared to Th2 cytokines produced by sensitized WT mice. Pulmonary IL-13 levels were undetectable in all groups of animals(data not shown). IL-4 is a cytokine that plays a central role in allergic airways, it may also derive from mast cells and basophils and it is crucial for Th2 differentiation from naïve Th cells (KleinJan 2016). Furthermore, IL-4 is considered to play a central role in the perpetuation of IgE - mediated allergic diseases (Herrick and Bottomly, 2003; Caminati et al., 2018). In our experiments, sensitized CD73−/− mice showed features of increased atopy, characterized by increased pulmonary IL-4 levels together with persistent high IgE plasma levels, compared to their WT counterparts.
IL-5 is a cytokine derived from a wide variety of stromal and immune/inflammatory cells, beside Th2 cells, known to be mainly involved in eosinophil proliferation, differentiation, and recruitment in allergic diseases and asthma. There is also evidence that IL-5 derived by airway epithelial cells greatly contributes to local immune response and pathological changes in allergic airway disease in mice (Lee et al., 1997; Wu et al., 2010). In sensitized CD73−/− mice, associated with increased airway inflammation and mucus production and goblet cell hyperplasia, we found elevated pulmonary IL-5 levels that are likely produced from stromal cells, or other cell subsets, such as innate lymphoid cells, lacking the inhibitory control of CD73-derived adenosine (Csoka et al., 2008; Csoka et al., 2018). A worsening of pulmonary inflammation in the absence of CD73 has already been demonstrated in other animal models, where different damaging agents have been used (Volmer et al., 2006; Eckle et al., 2007; Ehrentraut et al., 2013; Li et al., 2017).
Sensitization increased the frequency of CD4+CD25+Foxp3+ T cells in the lungs of WT mice, but not in the lungs of CD73−/− mice, in concomitance with a slight increase of TGF-β levels. There is much evidence that regulatory T cells are important modulators of immune response and allergic inflammation. The surrounding microenvironment plays a major role in directing T cells toward a specific subset; such evidence is particularly pertinent to airways, since they represent a specialized site in continuous connection with an external atmosphere (Ray et al., 2010; Noval Rivas and Chatila, 2016). Our findings obtained in CD73−/− mice may be consistent with the lack of local adenosine known to drive T cell polarization and Treg expansion, during sensitization, directly acting on T cells or, indirectly, influencing cytokine production by macrophages or other antigen presenting cells (APC) (Ohta et al., 2012; Pei and Linden, 2016). There is also evidence that CD73 is highly expressed on Foxp3+ Tregs and its enzymatic activity together with CD39 enzymatic activity is critical for Treg – mediated immunosuppression (Ehrentraut et al., 2013; Ohta and Sitkovsky, 2014). Consistently, it has been demonstrated that the immunoregulatory role of vitamin D3 might be dependent upon its ability to up-regulate CD73 on human Treg via TGF-β (Mann et al., 2015).
To investigate whether biochemical and morphological differences observed between sensitized CD73−/− and WT mice reflected in airway functional difference, we evaluated the bronchial response to carbachol, in vitro, since, in this model of OVA sensitized mice, it has been demonstrated that bronchial hyperreactivity occurs 21 days following sensitization (Roviezzo et al., 2015; Rossi et al., 2017). It is worth noting that the increased lung inflammation observed in sensitized mice lacking CD73 is not reflected in airway hyperreactivity. In humans, it has been demonstrated that the degree of bronchial hyperreactivity is associated with the degree of atopy (Grootendorst and Rabe, 2004). Here, we show that in absence of CD73, despite signs of increased atopy, characterized by increased airway inflammation and IgE levels, bronchial hyperreactivity following sensitization is absent.
On the basis of our results, we could speculate that during the sensitization period, the lack of CD73 would be detrimental, likely because the reduced physiological adenosine availability causes the lack of an “immunosurveillance” mechanism; conversely, into inflamed allergic airways, the lack of CD73 could prevent bronchial hyperreactivity by preventing high adenosine pulmonary accumulation. It must also be considered that CD73 is the ectoenzyme that ultimately controls the ratio of extracellular ATP vs. adenosine; thus, in the absence of CD73 the airway microenvironment would be transformed, since the lack of AMP hydrolysis may result in altered levels of upstream nucleotides, ADP and ATP. On this basis, the loss of adenosine-mediated effects would give the way to ATP - and ADP - mediated inflammatory effects (Thompson et al., 2004; Koszalka et al., 2004; Colgan et al., 2006). Recently, it has been demonstrated that ATP through P2Y1 receptor activation on airway vagal sensory neurons activates protective reflexes of the upper airways, like reflexes to avoid pulmonary aspiration, such as pharyngeal swallowing. A hyperstimulation of this neuronal circuits may contribute to airway diseases, such as asthma and COPD (Prescott et al., 2020). Further work will be necessary for a complete investigation of the control of the ATP/ADP/adenosine balance in airways.
In conclusion, our results support a model in which CD73−/− mice respond to the assessment of allergic sensitization with a more robust inflammation in airways, representing a target tissue of sensitization and type I allergy, with increased plasma IgE levels and reduced pulmonary Treg expansion. Recently a great effort has been made not to confine allergic airway inflammation into the paradigm of Th2 inflammation, but to have a wide view of the phenomenon that subtends different asthma phenotypes (Wenzel, 2012; Hirose et al., 2017). In this respect, we could speculate that CD73, an important molecule present on epithelial barriers and immune-inflammatory cells, plays a crucial role at the interface between innate and adaptive response in the assessment of sensitization and allergic airway inflammation. We could look at CD73 expression on immune cells or at its soluble form as a biomarker prognostic for allergy and atopy; in addition, increasing the function of this pathway might stimulate individual immune responses in healthy subjects. Our results may have implications for preventive and therapeutic strategies in allergic airway inflammation.
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