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Editorial on the Research Topic


Novel insights into inflammatory roles of mast cells and basophils


Mast cells and basophils share some phenotypic characteristics, such as the expression of a high-affinity membrane receptor for IgE, FcεRI, and the granule storage of inflammatory mediators including histamine. Mast cells are found to be resident in nearly all vascularized tissues, whereas basophils migrate into the inflamed tissues from the circulation.

Accumulating evidence suggests that cutaneous mast cells play critical roles in chronic spontaneous urticaria (CSU) and that there are several promising therapeutic approaches (1). Sauer et al. verified the involvement of STAT3 in type IIb autoimmune CSU. The roles of histamine in chronic inducible urticaria were reviewed by Kulthanan et al., Takimoto-Ito et al. reported a case in which activated basophils remained in circulation during treatment with omalizumab. Miyake et al. summarized recent findings of human and murine basophils, including their roles in immune tolerance. The regulatory roles of mast cells were also discussed by Zhang et al. and Honda and Honda Keith. Poto et al. and Numata et al. investigated, respectively, the actions of autoantibodies against IgE and sweat antigen-induced chronic activation of basophils in patients with atopic dermatitis. Kamei et al. demonstrated an IgE-dependent murine model of oral allergy syndrome. El Ansari et al. found that allergen-specific IgA could suppress the IgE-mediated activation of mast cells.

MRGPRX2 has received attention as a novel therapeutic target of chronic urticaria and drug-induced anaphylaxis, because its agonists have been found to have a structural diversity (2) (McNeil). In this topic, signal transduction and regulation of intracellular localization of MRGPRX2 were investigated (Chaki et al.; Lazki-Hagenbach et al.). West and Bulfone-Paus discussed the heterogeneity of tissue mast cells, with special attention given to the expression of MRGPRX2. Numata et al. summarized the roles of mast cells in cutaneous diseases. In indolent systemic mastocytosis, an increased number of mast cells expressing MRGPRX2 was found in the skin but was not linked to symptom severity (Pyatilova et al.).

Mast cells have also been found to play important roles in allergic asthma and COPD (3). Rönnberg et al. characterized human lung mast cell populations with a novel approach. Cardenas et al. and Gambardella et al. investigated the effects of alarmins, including IL-33, on mast cells and basophils. Siddhuraj et al. demonstrated the upregulation of CPA3 in lung mast cells upon chronic inflammation. Hellman et al. summarized the in vivo functions of mast cell/basophil granule proteases including CPA3. Torres-Atencio et al. reviewed the roles of mast cells in Mycobacterium tuberculosis infection.

Annese et al. and Terhorst-Molawi et al. investigated the roles of mast cells during tumor progression. The proliferation and functions of mast cells are regulated by various factors, including transcription factors, enzymes, and membrane proteins (Sowa et al.; Falduto et al.; Teketomi et al.; Korver et al.; Mishima et al.). Novel murine experimental models for the depletion of mast cells and basophils were also introduced here (Tchen et al.; Hedgespeth et al.).

We hope that this topic encourages and accelerates the research of mast cells and basophils.
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Background

Immunohistochemical analysis of granule-associated proteases has revealed that human lung mast cells constitute a heterogeneous population of cells, with distinct subpopulations identified. However, a systematic and comprehensive analysis of cell-surface markers to study human lung mast cell heterogeneity has yet to be performed.



Methods

Human lung mast cells were obtained from lung lobectomies, and the expression of 332 cell-surface markers was analyzed using flow cytometry and the LEGENDScreen™ kit. Markers that exhibited high variance were selected for additional analyses to reveal whether they were correlated and whether discrete mast cell subpopulations were discernable.



Results

We identified the expression of 102 surface markers on human lung mast cells, 23 previously not described on mast cells, of which several showed high continuous variation in their expression. Six of these markers were correlated: SUSD2, CD49a, CD326, CD34, CD66 and HLA-DR. The expression of these markers was also correlated with the size and granularity of mast cells. However, no marker produced an expression profile consistent with a bi- or multimodal distribution.



Conclusions

LEGENDScreen analysis identified more than 100 cell-surface markers on mast cells, including 23 that, to the best of our knowledge, have not been previously described on human mast cells. The comprehensive expression profiling of the 332 surface markers did not identify distinct mast cell subpopulations. Instead, we demonstrate the continuous nature of human lung mast cell heterogeneity.





Keywords: human lung mast cells, heterogenity, chymase (CMA1), carboxypeptidase A3 (CPA3), SUSD2, CD38, FcεRI



Introduction

Heterogeneity among mast cells has been known for a long time and was first attributed to differential expression of proteoglycans in rodent mast cells, which gave them distinct staining patterns (1). This led to the division of rodent mast cells into connective tissue mast cells and mucosal mast cells. In humans, mast cell heterogeneity has been based on the expression of mast cell proteases, i.e., cells expressing tryptase only (MCT) and those expressing both tryptase and chymase (MCTC) as well as carboxypeptidase A (2, 3). These subtypes have been defined using immunohistochemistry, a method that produced binary results, that is, the absence or presence of expression. The MCTC subtype is more predominant in connective tissues such as the skin, while the MCT subset is more prevalent in mucosal surfaces such as the airways and gastrointestinal tract (4).

Mast cells are found in the human lungs in all different compartments, i.e., under the epithelium, in smooth muscle bundles, around pulmonary vessels, in the parenchyma and in close proximity to sensory nerves (5). Human lung mast cells (HLMCs) have several important functions in health and diseases, such as host defense, induction of acute inflammatory responses, vascular regulation, bronchoconstriction and tissue remodeling (6–9). The heterogeneity of HLMCs was first suggested to be related to differences in their size and function (10), where a heterogeneity in the response to secretagogues also was reported (11). It was described that the protease expression within HLMCs differ, with the MCT being the predominant subtype except around pulmonary vessels, where the MCT and MCTC subtypes are found in equal numbers (2). However, the heterogeneity among HLMCs goes beyond size and protease expression, as demonstrated by the differential expression of certain mast cell-related markers (FcεRI, IL-9R, 5-LO, LTC4S, etc.) among the MCT and MCTC populations in different lung compartments (12).

Mast cell heterogeneity has primarily been studied in a binary manner using immunohistochemistry, describing the absence or presence of a given marker. Here, we used a quantitative flow cytometry-based approach to study HLMC heterogeneity, profiling the expression of 332 surface markers and intracellular staining of the proteases tryptase, chymase and CPA3. None of these markers distinctly divided the HLMCs studied into subpopulations. However, several markers showed a high degree of variation within the mast cell population with a nonclustered gradient expression pattern. Six of these markers correlated with each other, revealing the continuous nature of HLMC heterogeneity rather than separation into distinct subpopulations.



Materials and Methods


Ethical Approval

The local ethics committee approved the collection of lung tissue from patients undergoing lobectomy, and all patients provided informed consent (Regionala Etikprövningsnämnden Stockholm, 2010/181-31/2).



Cell Preparation

Single-cell suspensions were obtained from macroscopically healthy human lung tissue as previously described (13). Briefly, human lung tissue was cut into small pieces and enzymatically digested for 45 min with DNase I and collagenase. Thereafter, the tissue was mechanically disrupted by plunging through a syringe, the cells were washed, and debris was removed by 30% Percoll centrifugation. After preparation, the cells were stained and analyzed by flow cytometry.



Flow Cytometry

The following antibodies were used: anti-CD45-V500 (Clone HI30, BD Biosciences, San Jose, CA, USA), anti-CD14-APC-Cy7 (clone M5E2, BioLegend, San Diego, CA, USA), anti-CD117-APC (clone 104D2, BD Biosciences), anti-FcεRI-FITC (clone CRA1, Miltenyi Biotec, Bergisch Gladbach, Germany), anti-FcεRI-PE (clone CRA1, BioLegend), anti-SUSD2-PE (clone W3D5, BioLegend), anti-CD63- FITC (clone H5C6, BD Biosciences), anti-CD49a-BV786 (clone SR84, BD Biosciences), anti-CD66a/c/e-A488 (clone ASL-32, BioLegend), anti-CD326-BV650 (clone 9C4, BioLegend), anti-CD34-BV421 (clone 581, BD Biosciences), anti-HLA-DR-PE/Cy5 (clone L243, BioLegend), anti-CD344-PE/Vio770 (clone CH3A4A7, Miltenyi Biotec), anti-CD38-BV421 (clone HIT2, BD Biosciences), anti-tryptase (clone G3, Millipore, Burlington, MA, USA) conjugated in-house with an Alexa Fluor 647 monoclonal antibody labeling kit (Thermo Fisher Scientific, Waltham, MA, USA), anti-CPA3 antibodies (clone CA5, a kind gift from Andrew Walls, Southampton, UK) conjugated in-house with an Alexa Fluor™ 488 antibody labeling kit (Thermo Fisher Scientific) and chymase (clone B7, Millipore) conjugated in-house with a PE Conjugation Kit (Abcam, Cambridge, UK). Surface staining was performed by incubation for 30 min at 4 degrees with the antibodies in PBS+ 2% FBS, followed by washing with PBS+ 2% FBS. When using the LEGENDScreen™ human cell screening kit, which contains 332 markers and 10 isotype controls, conjugated to PE (Cat. 70001, BioLegend) that are detailed in Supplementary Table S1, cells were first stained with anti-CD45, anti-CD117, anti-CD14 and anti-FcεRI antibodies for 30 min, followed by washing. Thereafter, the cells were stained with the kit reagents according to the manufacturer’s instructions. The cells from each donor were not sufficient to run an entire screen. Therefore, each kit was run using several donors, and a total of 10 donors were used to run three Legendscreens kits. The presence of anti- FcεRI antibody in the backbone panel did not result in mast cell activation, as measured by surface CD63 expression (data not shown). For intracellular staining, cells were fixed with 4% paraformaldehyde (PFA) and permeabilized using 0.1% saponin in PBS with 0.01 M HEPES (PBS-S buffer). Nonspecific binding was blocked using blocking buffer (PBS-S with 5% dry milk and 2% fetal calf serum (FCS)). The cells were thereafter stained intracellularly over-night with the antibodies in blocking buffer, thereafter washed with PBS-S buffer and PBS+ 2% FBS. The cells were analyzed using a BD FACSCanto (BD, Franklin Lakes, NJ, USA) or BD LSRFortessa, and FlowJo software version 10 (FlowJo LLC, Ashland, OR, USA) was used for flow cytometry data analysis. Fluorescent minus one (FMO) controls (extracellular) or isotype controls (intracellular) were used to establish gates for positive staining (Supplementary Figure S1).



Statistical Analysis

Statistical analyses were performed with GraphPad Prism software version 7.0b (Figures 1C, 2 and 4) or the Python environment (3.7) with the following packages: statsmodels (0.10.1), seaborn (0.9.0), scipy (1.4.1), pandas (1.1.0), numpy (1.18.1), and matplotlib (3.1.3) (Figure 1D). The specific methods used are detailed in the figure legends. * p < 0.05; ** p < 0.01; *** p<0.001; **** p<0.0001.




Figure 1 | Protease expression and LEGENDScreen analysis of HLMC. (A) Representative gating strategies for HLMCs and CD14+ cells are shown. (B) Intracellular tryptase-, (C) chymase- and CPA3- stained HLMCs and quantification of CPA3+/Chymase+ cells n = 9. (D) Comparison of marker expression included in the LEGENDScreen kit between mast cells and CD14+ cells. Volcano plot showing log2-fold change in mast cells divided by CD14+ cells (normalized MFI values with the plate-matched FMO subtracted) against -log10 p-values (independent 2-sided t-test) of mast cells against CD14+ cells. Markers are annotated only if abs(log2fc) => 2 and p-value < 0.05. n = 3.






Figure 2 | Expression of cell-surface antigens on HLMCs. HLMCs stained with the LEGENDScreen human cell screening kit. Mast cells were gated as CD45+CD14lowCD117high cells. Shown are the percent positive (%) for each marker, the MFI (normalized to the plate-matched FMO control and log10 transformed) and the stars represents the significance of the MFI of the marker compared to that of the FMO control (one-way ANOVA with Dunnett’s multiple comparisons test). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3.






Results


Expression of Mast Cell Proteases

The classic division into distinct human mast cell subpopulations is based on the presence or absence of granule-associated antigens, i.e., the proteases tryptase, chymase and CPA3. We therefore first performed intracellular staining of lung cells and used a flow cytometry-based readout to accurately characterize the mast cell population with respect to the expression of tryptase, chymase and CPA3. Flow cytometry analysis identified CD45+CD14lowCD117high HLMCs with the characteristic expression of tryptase (Figures 1A, B). The HLMC population showed a high variation of chymase and CPA3 expression between individual cells and the degree of CPA3 and chymase double positive cells varied considerably from donor to donor (Figure 1C). However, no distinct subpopulations were discernable, instead there was a continuous spectrum of expression levels.



Immunoprofiling of HLMCs

Whereas intracellular antigens failed to discriminate distinct subpopulations, we set out to perform an extensive mapping of cell surface antigens on HLMCs to potentially identify distinct subpopulations and novel markers. Flow cytometry analysis characterized the expression of 332 surface markers on HLMCs, using a LEGENDScreen™ human cell screening kit. Since many of the markers are broadly expressed we used CD14+ cells as a reference to selectively enrich for lineage-specific antigens in HLMCs (Figure 1D). Well-known monocyte markers such as CD11b, CD11c, and HLA-DR were highly expressed on CD14+ cells, verifying the validity in enriching for lineage-characteristic markers. In analogy, HLMCs expressed high levels of CD117 and FcεRI. Markers with the most significant differences between the HLMCs and CD14+ cells included CD9, CD59, CD274 and CD226 (Figure 1D). CD9 is a broadly expressed tetraspanin with a wide variety of functions; in mast cells, it is abundantly expressed and has been implicated in chemotaxis and activation (14). CD59 can prevent complement-induced cytolytic cell death by preventing assembly of the complement membrane attack complex and has also been implicated in T cell activation (15). CD274 is also known as programmed death ligand-1 (PD-L1) and can cause blockade of T cell activation (16). CD226 has received increasing interest in recent years and can play a role in many immunological processes (17), including enhancement of FcεRI-mediated activation in mast cells (18).

Of the 332 markers analyzed, HLMCs showed significant expression of 102 markers (Figure 2), of which 23, to the best of our knowledge, have not been described on (non-neoplastic) human MCs before (Table 1).


Table 1 | Novel antigens identified on HLMCs.





Heterogeneous Expression of the High-Affinity IgE Receptor FcεRI

One of the principal markers for MCs is the expression of the high-affinity IgE-receptor FcεRI. FcεRI expression on HLMCs has been shown to differ among compartments in the lungs, as well as between healthy and diseased tissues. HLMCs from healthy individuals present in the parenchyma are negative for FcεRI, while patients with concurrent asthma show higher expression of the receptor (12, 19). In our study, the expression varied considerably between donors and there was no clear separation between the negative and positive FcεRI populations but rather a continuous spectrum of expression and approximately 50% of the donors expressed FcεRI on virtually all MCs (Figures 3A–C).




Figure 3 | FcεRI expression on HLMCs. Examples of CD117/FcεRI expression on HLMCs gated as CD45+CD14lowCD117high cells from four donors (A). Quantification of the percent positive for FcεRI (B) and the MFI of FcεRI normalized to that of the matched FMO control (C). n = 9.





Heterogeneous Expression of Cell-Surface Markers With a Continuous Distribution

The heterogeneity of HLMCs has primarily been studied using immunohistochemistry in a binary manner and they have been divided into the MCT and MCTC subtypes (2, 3). How this heterogeneity is reflected by the heterogeneous expression of cell-surface markers has barely been investigated. None of the surface markers investigated in this study, using quantitative flow cytometry, did distinctly and consistently divide the HLMCs into subpopulations (data not shown). However, several markers were expressed with a considerable continuous variation within the HLMC population (Table 2). Co- stainings of nine of these markers revealed that expression of six of the markers, SUSD2, CD49a, CD326, CD34, CD66 and HLA-DR correlated (r > 0. 4) (Figures 4A–H). The correlations seen between markers was not due to autofluorescence since there was no correlations in the FMO controls (Supplementary Figures S1A–E). In addition, the HLMCs showed no significant staining with the 10 isotype controls (Figure 2).


Table 2 | The 10 markers from the LEGENDScreen analysis with the highest robust coefficient of variation (robust CV).






Figure 4 | Co-staining of HLMCs with indicated markers. Pearson correlations in each donor was calculated and the average r is shown (n = 3-4) (A–J). SUSD2low, intermediate and high cells were gated, and the FSC (K) and SSC (L) values of the SUSD2low (dotted line) and SUSD2high (filled gray) populations are shown. Quantification of FSC and SSC is shown in (M), mean ± SEM, n = 5. Two-way ANOVA with Bonferroni’s multiple comparisons test was performed. **p < 0.01; ***p < 0.001; ****p < 0.0001.



We next investigated if the expression of these markers correlated to the classical mast cell subsets using intracellular staining for CPA3 as a marker for MCTC. Expression of neither SUSD2, CD38 (Figures 4I, J) nor CD344 (data not shown) correlated with CPA3 expression.

Since the expression of SUSD2, a marker for stem/progenitor cells (20), correlated to CD34, that is expressed on circulating mast cell progenitors (21), we investigated if the expression of these markers could identify MCs in different stages of maturation. When mast cells mature they become larger with an increasing number of granules (22). We therefore gated SUSD2 low, intermediate and high cells and compared the FSC and SSC values that reflect the size and granularity of the cells. However, SUSD2high cells had higher FSC and SSC then SUSD2low cells (Figures 4K–M), suggesting that they were larger with a higher granularity and therefore unlikely to be immature MCs.

SUSD2 has been linked to proliferation in cancer cells (23), why we investigated the proliferation status of the cells with the proliferation marker Ki-67. However, in agreement with the fact that mast cells are long-lived cells with low turnover (24), no staining was observed (Supplementary Figure S2).




Discussion

HLMCs have been shown to be heterogeneous; classically, they have been studied using immunohistochemistry in a binary manner, and they have been divided into the MCT and MCTC subtypes based on whether the mast cell proteases chymase and CPA3 are detectable (2, 3). By using a quantitative flow cytometry based method we indeed found high variation in chymase and CPA3 expression but no distinct subpopulations were discernable (Figure 1C). The apparent discrepancy between our study and previous immunohistochemical studies is probably due to the fact that we have studied the expression in a quantitative manner using flow cytometry, thus finding that there is a spectrum of different expression levels. In contrast, in previous studies the cells have been classified into MCT/MCTC cells in a binary manner depending on the detection limit of the immunohistochemical technique.

Although attempts have been made to map cell-surface antigens on HLMCs (25–30), extensive mapping including the heterogeneity of cell-surface antigen expression has not been carried out. In this study, we identified significant expression of 102 markers on the HLMC surface (Figure 2), of which, to the best of our knowledge, 23 are novel mast cell markers (Table 1). Several of these markers, including SSEA-5, SUSD2, W4A5, CD243, CD111, CD131 and CD164, are described as markers expressed on stem cells. The expression of stem cell markers on mast cells is in accordance with results from the FANTOM5 consortium, in which skin mast cells exhibited similarities with stem cells (31). In some cases, our results are in disagreement with previously published data; for example, CD4, CD10, CD36 and CD74 were previously shown to not be expressed by HLMCs (26, 27). This discrepancy might be explained by differences in the procedures, as in contrast to published data, we did not purify or culture the studied mast cells prior to analysis (25, 27, 29, 30). Culturing mast cells has been shown to alter their phenotype and expression of cell-surface receptors (31, 32). Furthermore, although macroscopically healthy tissue distal from the tumor was used for our analysis, one cannot rule out the possibility that also this part of the tissue is affected by the disease and can have an impact on the results.

The expression of FcεRI has been shown to differ in different compartments of the lung, with mast cells present in the parenchyma being negative for FcεRI (12). We have investigated single cell suspensions from lung tissues without separation of the parenchymal cells. However, we did not observe distinct FcεRI positive and negative mast cell populations but rather a continuous spectrum of expression levels (Figure 3A). Additionally, in about 50% of the donors virtually all mast cells stained positive for FcεRI, meaning that we cannot detect any FcεRI negative parenchymal mast cell population in these individuals (Figure 3A). This discrepancy is again likely to be due to the different techniques used, immunohistochemistry and flow cytometry, and the different detection limits of the techniques. We also observed a large variation in expression of FcεRI among individuals (Figures 3A–C), and in line with our results, this has previously been shown also for human skin mast cells (33). The reasons for this variation could be manifold, as the surface expression of FcεRI can be regulated in many different ways. FcεRI is, for example, upregulated by IL-4 and stabilized on the cell surface by the binding of IgE antibodies (34). Furthermore, it was described recently that IL-33 downregulates the expression of FcεRI (35, 36), indicating that the state of inflammation in the tissue can influence FcεRI expression.

Heterogeneous expression of cell-surface markers on mast cells has scarcely been investigated. We investigated the heterogeneity of cell-surface markers in a quantitative manner using flow cytometry and did not find any markers that distinctly and consistently divided the studied mast cells into subpopulations with a bi- or multimodal distribution (data not shown). We did, however, find several markers with considerable continuous variation in expression within the mast cell populations (Table 2), and co-stainings revealed that six of these markers, SUSD2, CD49a, CD326, CD34, CD66 and HLA-DR, were correlated (Figure 4). To investigate whether these markers are correlated with the classic mast cell subpopulations MCT and MCTC, we costained for SUSD2 and CPA3, but no correlation was detected, ruling out the possibility that these markers are extracellular markers of the classic mast cell subtypes (Figure 4I). Recently, CD38 was demonstrated to be differentially expressed in human nasal polyp mast cells where CD38low were of the MCTC subtype, while CD38high MCs were a heterogenous pool of both MCT and MCTC cells (37). In our study, CD38 did not distinctly separate the HLMCs into subpopulations and did not correlate with CPA3; i.e., in HLMCs CD38 could not be used to distinguish the MCT and MCTC subtypes (Figure 4J). CD344 did not correlate with the MCT or MCTC profile either (data not shown). Another marker suggested to be expressed on MCTC is the complement 5a receptor CD88 (38). However, we did not detect significant expression of CD88 on HLMCs (Figure 2). Thus, we were unable to find an extracellular marker that distinguishes the classical mast cell subsets.

One of the markers that showed high continuous variation in the HLMCs, CD63, is used as a surrogate marker for mast cell activation (39), i.e., degranulation. However, CD63 did not correlate to any of the other eight markers investigated, including the 6 markers that show correlation to each other SUSD2, CD49a, CD326, CD34, CD66 or HLA-DR indicating that these markers do not reflect varying degree of activation (Figure 4G and data not shown).

Since two of our six heterogeneity markers that correlate, CD34 and SUSD2, is expressed on stem/progenitor cells (20, 21, 40), we wondered whether these markers could identify cells in different stages of mast cell maturation. However, if that was the case, one would expect cells with high expression of SUSD2/CD34 to be small and contain few granules similar to mast cell progenitors (21). In contrast, the cells with high expression of SUSD2 had relatively high FSC and SSC values (Figures 4K–M), suggesting that they were relatively large and granular and therefore unlikely to be immature mast cells. In this context, it is worth noting that mature murine mast cells also express CD34 (41), and in these cells, CD34 inhibits adhesion and is required for optimal migration (42).

SUSD2 is also expressed in certain cancers, in which it has been linked to proliferation (23); thus, one could imagine that cells with high SUSD2 expression are proliferating. However, we could not detect any staining for the proliferation marker Ki67 in HLMCs (Supplementary Figure S2).

In summary, we have identified the expression of 102 cell-surface antigens on HLMCs, of which 23 have not been described previously on MCs. Several of these antigens had a high continuous variability in their expression within the HLMC population. The expression of six of these markers correlated to each other and the size and granularity of the cells. Further studies are needed to determine how these cells differ functionally. None of the markers correlated with the intracellular protease expression. Thus, in contrast to the dogma of distinct mast cell subtypes, we demonstrate the continuous nature of HLMC heterogeneity.
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Mast cells (MCs) are tissue resident immune cells that play important roles in the pathogenesis of allergic disorders. These responses are mediated via the cross-linking of cell surface high affinity IgE receptor (FcϵRI) by antigen resulting in calcium (Ca2+) mobilization, followed by degranulation and release of proinflammatory mediators. In addition to FcϵRI, cutaneous MCs express Mas-related G protein-coupled receptor X2 (MRGPRX2; mouse ortholog MrgprB2). Activation of MRGPRX2/B2 by the neuropeptide substance P (SP) is implicated in neurogenic inflammation, chronic urticaria, mastocytosis and atopic dermatitis. Although Ca2+ entry is required for MRGPRX2/B2-mediated MC responses, the possibility that calcium release-activated calcium (CRAC/Orai) channels participate in these responses has not been tested. Lentiviral shRNA-mediated silencing of Orai1, Orai2 or Orai3 in a human MC line (LAD2 cells) resulted in partial inhibition of SP-induced Ca2+ mobilization, degranulation and cytokine/chemokine generation (TNF-α, IL-8, and CCL-3). Synta66, which blocks homo and hetero-dimerization of Orai channels, caused a more robust inhibition of SP-induced responses than knockdown of individual Orai channels. Synta66 also blocked SP-induced extracellular signal-regulated kinase 1/2 (ERK1/2) and Akt phosphorylation and abrogated cytokine/chemokine production. It also inhibited SP-induced Ca2+ mobilization and degranulation in primary human skin MCs and mouse peritoneal MCs. Furthermore, Synta66 attenuated both SP-induced cutaneous vascular permeability and leukocyte recruitment in mouse peritoneum. These findings demonstrate that Orai channels contribute to MRGPRX2/B2-mediated MC activation and suggest that their inhibition could provide a novel approach for the modulation of SP-induced MC/MRGPRX2-mediated disorders.




Keywords: Calcium release-activated calcium (CRAC), Orai, Mast cells, Mas-related G protein-coupled receptor X2 (MRGPRX2), Mas-related G protein-coupled receptor B2 (MrgprB2), Substance P



Introduction

Mast cells (MCs) are tissue resident immune cells best known for their roles in anaphylaxis and atopic disorders, which result from FcϵRI/IgE-mediated histamine release and the generation of lipid mediators and cytokines (1). It is well documented that the release of calcium (Ca2+) from intracellular stores and its subsequent influx through store-operated calcium (SOC) channels are required for IgE-mediated release of newly synthesized mediators (2). Human and murine MCs express the endoplasmic reticulum (ER)-resident protein stromal interaction molecule-1 and -2 (STIM-1/2) that sense the depletion of intracellular Ca2+, resulting in the activation of calcium release-activated calcium (CRAC) channels such as CRACM1, CRACM2 and CRACM3 (also known as Orai1, Orai2 and Orai3) (3–6). Utilization of gene silencing and pharmacological approaches has demonstrated that Orai channels contribute to IgE-mediated degranulation in human lung MCs in vitro and bronchoconstriction ex vivo (6–8).

While all MCs are characterized by the expression of cell surface FcϵRI, cutaneous MCs highly expresses a newly identified G protein-coupled receptor (GPCR) known as Mas-related GPCR-X2 (MRGPRX2, mouse counterpart MrgprB2) (9). Activation of this receptor by an increasing list of cationic ligands contributes to host defense, pseudoallergy and a number of chronic inflammatory diseases (9–11). Substance P (SP)-mediated activation of human skin MCs via MRGPRX2 is implicated in the pathogenesis of chronic urticaria and mastocytosis (12, 13). Moreover, activation of murine MCs by SP via MrgprB2 contributes to experimental neurogenic inflammation, pain, and atopic dermatitis (14, 15). Although both anti-IgE and SP cause intracellular increase in Ca2+ concentration, the kinetics of Ca2+ mobilization varies for different stimuli. Stimulation of human peripheral blood-derived cultured MCs (PBCMCs) with anti-IgE causes more sustained Ca2+ mobilization compared to SP. This is correlated with IgE-dependent progressive degranulation with larger granule size while SP stimulation results in faster degranulation with smaller granule size (16). However, the mechanism via which SP activates MRGPRX2 to cause Ca2+ mobilization and mediator release is unknown.

The purpose of this study was to determine if Orai channels contribute to SP-induced signaling and mediator release in human and murine MCs in vitro and MrgprB2-mediated inflammation in vivo. We utilized complementary approaches, namely, shRNA-mediated knockdown of Orai1, Orai2 and Orai3 in human MCs line, LAD2 and an Orai inhibitor, Synta66, in human skin-derived MCs and mouse peritoneal MCs for in vitro studies. We also tested the effects of Synta66 on SP-induced cutaneous vascular permeability and leukocyte recruitment in mouse peritoneum. This study provides novel insights on the role of Orai channels on MC activation by SP with potential implications for modulating MRGPRX2-mediated disorders.



Materials and Methods


Reagents

All cell culture reagents were purchased from Invitrogen (Carlsbad, CA, USA); recombinant human stem cell factor (rhSCF), mouse interleukin-3 (mIL-3), and mouse stem cell factor (mSCF) were from PeproTech (Rocky Hill, NJ, USA); p-nitrophenyl-N-acetyl-β-D-glucosamine (PNAG) was from Sigma-Aldrich (St. Louis, MO, USA) and Fura-2 acetoxymethyl ester was from Abcam (Cambridge, MA, USA). Substance P (SP) was from AnaSpec (Fremont, CA, USA). Phycoerythrin-conjugated anti-MRGPRX2, FITC-conjugated anti LAMP-1 and all other flow cytometry antibodies were from Biolegends (San Diego, CA, USA). Rabbit anti-Orai1, Orai2 and Orai3 antibodies from Alomone lab (Rockville, MD, USA), anti-ERK1/2, anti-phospho-ERK1/2 (Thr-202/Tyr-204), anti-phospho-Akt (Ser-473), anti-Akt, β-Actin and goat anti-rabbit IgG-HRP were obtained from Cell Signaling Technology (Danvers, MA, USA). SuperSignal West Pico Maximum Sensitivity Substrate was from Thermo Scientific (Rockford, IL, USA). Synta66 (3-fluoro-pyridine-4-carboxylic acid (2,5-dimethoxy-biphenyl-4-yl)-amide) was purchased from Calbiochem (San Diego, CA, USA). ELISA kits for mouse TNF-α, and human TNF-α, IL-8, CCL-3 were obtained from R&D system (Minneapolis, MN, USA). BCA Protein Assay Kit was obtained from Pierce Biotechnology (Rockford, IL, USA).



Mice

C57BL/6 (WT) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). MrgprB2−/− mice were generated via CRISPR/Cas9 by CRISPR core of University of Pennsylvania (17). All mice were housed under specific pathogen-free conditions on autoclaved hardwood bedding. Both male and female mice (8–10 weeks old) were used for experiments. All experiments were approved by the Institutional Animal Care and Use Committee at University of Pennsylvania.



Cell Line Cultures

The human MC line LAD2 was provided by Dr. A. Kirshenbaum and Dr. D. Metcalfe (Laboratory of Allergic Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD, USA) and was maintained in complete StemPro-34 medium supplemented with L-glutamine (2 mM), penicillin (100 IU/ml), streptomycin (100 μg/ml), and rhSCF (100 ng/ml). Hemidepletion was performed weekly with media containing rhSCF (18).



Human Skin-Derived Primary Mast Cell Isolation and Culture

Human skin surgical sample was collected from the Cooperative Human Tissue Network of the National Cancer Institute, as approved by the Internal Review Board at the University of South Carolina. Skin MCs were harvested and cultured as previously described (18, 19). Briefly, subcutaneous fat was removed by blunt dissection, and residual tissue was cut into 1 to 2 mm fragments and digested with type 2 collagenase (1.5 mg/ml), hyaluronidase (0.7 mg/ml), and DNase I (0.3 mg/ml) in Hank’s Balanced Salt Solution (HBSS) for 2 h at 37°C. The dispersed cells were collected by filtering through a 70-µm cell strainer and resuspended in HBSS containing 1% fetal calf serum (FCS) and 10 mM HEPES to stop the reaction. Cells were resuspended in HBSS and layered over 75% Percoll in a HBSS cushion and centrifuged at 800×g at room temperature for 20 min. Nucleated cells were collected from the buffer/Percoll interface. Percoll gradient-enriched cells were resuspended at a concentration of 1 × 106 cells/ml in serum-free X-VIVO 15 medium containing 100 ng/ml rhSCF. MCs were used after 6–10 weeks of culture, when purity was nearly 100%, as confirmed with toluidine blue staining.



Isolation of Mouse Peritoneal MCs

Mouse peritoneal cells were isolated by intraperitoneal lavage from 8 to 10 weeks old C57BL/6 and MrgprB2-/- mice weighing ~20 g as described previously (20). Briefly, the peritoneal cavity was lavaged with 10 ml sterile cold HBSS supplemented with 3% FCS and 10 mM HEPES, pH 7.2. The cells were cultured in Roswell Park Memorial Institute (RPMI 1640) medium supplemented with 10% FCS, murine IL-3 (10 ng/ml), and murine SCF (30 ng/ml). After 48 h, non-adherent cells were removed, and adherent cells were cultured in fresh medium for an additional 4–6 weeks. Suspension cells were used for experiments as peritoneal MCs (PMCs).



Generation and Purification of Scramble shRNA, Orai1 shRNA, Orai2 shRNA and Orai3 shRNA and Knockdown in LAD2 Cells Using Lentiviral Transduction

To inhibit Orai1, Orai2, and Orai3 protein expression in human MCs, lentiviral shRNA-mediated knockdown was performed in LAD2 cells. Orai1, Orai2, and Orai3 targeted Mission shRNA lentiviral plasmids were purchased from Sigma-Aldrich. The clone that gave highest knockdown efficacy for Orai1 (TRCN0000413611), Orai2 (TRCN0000166201), and Orai3 (TRCN0000165405) were used for the study. A nontargeted scramble vector (SHC002) was used as a control. Nontargeted control or respective Orai knockdown plasmids were packaged into virus particle using HEK293T cells. Targeted shRNA plasmid (4.5 µg) along with helper plasmid pCMV-VSV-G (Addgene# 8454, 0.57 µg) and pCMV-dR8.2 (Addgene# 8455, 4.5 µg) were transfected in HEK293T cells (6 × 106 cells/transfection) in T75 flask. After 72 h, viral particles were harvested, filtered through 0.45 µm filter and concentrated using Lenti-X™ concentrator (Takara Bio Inc, Japan). Cell transduction was performed by mixing 1.5 ml of concentrated virus particles with 3.5 ml of LAD2 (10 × 106) cells. After 8 h incubation in 37°C and 5% CO2, medium was changed to complete StemPro34 media and antibiotic puromycin (2 µg/ml; Sigma) was added after 16 h (21). Western blotting was performed to confirm knockdown and experiments were performed 4 days after initiation of puromycin selection.



Degranulation Measured by β-Hexosaminidase Release Assay

The degranulation was measured by β-hexosaminidase release as described previously (21). Briefly, LAD2 cells (1 × 104), human skin-derived MCs (5 × 103), and PMCs (1 × 104) were seeded into a 96-well, white, clear-bottom cell culture plate in HEPES buffer containing 0.1% bovine serum albumin (BSA) and stimulated with differing concentrations of SP for 30 min at 37°C. Cells without treatment were designated as control. To determine the total β-hexosaminidase content, unstimulated cells were lysed in 50 μl of 0.1% Triton X-100. Aliquots (20 μl) of supernatants or cell lysates were incubated with 20 μl of 1 mM p-nitrophenyl-N-acetyl-β-D-glucosamine (PNAG) for 1.15 h at 37°C. The reaction was stopped by adding 250 μl of stop solution (0.1 M Na2CO3/0.1 M NaHCO3). For assays using CRAC inhibitor (Synta66), cells were incubated for 5 min with the suitable dose of inhibitor prior to agonist stimulations. The absorbance was measured with a microplate reader at a wavelength of 405 nm using Versamax microplate spectrophotometer (Molecular Devices, San Jose, CA, USA). Data was represented as percent degranulation by diving the β-hexosaminidase release in sample with total β-hexosaminidase release.



Degranulation Measured by the Surface Expression of Lysosomal-Associated Membrane Protein 1 (LAMP-1)

Degranulation was also assessed by flow cytometric measurement of the surface expression of LAMP-1 (20). Murine PMCs (3 × 105) were stimulated with SP (100 µM) for 10 min in HEPES buffer containing 0.1% BSA, washed and exposed to FITC-conjugated anti-LAMP-1 antibody in FACS buffer (PBS containing 2% FCS and 0.02% sodium azide) for 30 min on ice in dark. For experiments involving inhibitors, PMCs were incubated with Synta66 (10 µM) for 5 min prior to SP stimulation. Cell surface expression of LAMP-1 was measured by flow cytometry using a BD LSR II flow cytometer (San Jose, CA) and analyzed with the FlowJo software version 10.7.2 (Tree Star Inc., Ashland, OR). The adjusted mean fluorescent intensity (MFI) was calculated as a ratio of the MFI of sample to the MFI of isotype control.



Calcium Mobilization

LAD2 (0.3 × 106 cells) cells were loaded with 1 μM Fura-2 acetoxymethyl ester in Ca2+-free HEPES-buffered saline containing 0.1% BSA for 30 min in the dark at 37°C, followed by de-esterification for additional 15 min at room temperature. Cells were washed, resuspended in Ca2+-free buffer and Ca2+ mobilization was measured for 25 min with addition of SP at 100 s and reintroduction of Ca2+ at 400 s. For assay with inhibitor, cells were loaded with Fura-2 acetoxymethyl ester (Fura-2AM) and incubated with 10 µM of Synta66 for 30 min in Ca2+-free buffer prior to ligand stimulation. Calcium signals was determined using a Hitachi F-2700 Fluorescence Spectrophotometer with dual excitation wavelength of 340 and 380 nm, and an emission wavelength of 510 nm at every 2 s (22). For the assay with human skin MCs, cells (0.2 × 106) were loaded with Fura-2 acetoxymethyl ester similarly in presence and absence of Synta66, and Ca2+ mobilization was measured in Varioskan LUX Multimode Microplate Reader (ThermoScientific, Waltham, MA, USA).



Western Blotting

Western blotting was performed as described previously (17). Briefly, control and Orai shRNA transduced LAD2 cells (1 × 106) were lysed in radioimmunoprecipitation assay buffer (1× RIPA) with protease inhibitor cocktail, and the protein concentration was measured by the BCA protein assay. Twenty five micrograms of protein samples were applied to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred to PVDF membrane. After brief blocking (5% skim milk, 1 h), blots were incubated with antibodies against Orai1 (1:500), Orai2 (1:500), Orai3 (1:500) and β-Actin (1:1,000) at 4°C overnight. Blots were incubation with specific horseradish peroxidase (HRP)-conjugated secondary antibodies for another hour, followed by incubation with an HRP substrate for ECL and image captured on iBRIGHT 1500 (ThermoFisher, Waltham, MA, USA). Signal quantitation was carried out after normalization to β-Actin loading controls, as indicated. For the assay with Orai inhibitor, LAD2 cells (2 × 106) were preincubated with Synta66 (10 µM) for 30 min, stimulated with SP (1 µM) for different time intervals (0, 5, 15 and 30 min) and cell lysates were prepared. Protein samples were run in SDS-PAGE, incubated with anti-phospho-pERK1/2 (1:2,000), anti-phospho-Akt (1:1,000), anti-ERK1/2 (1:2,000), and anti-Akt (1:1,000) antibodies and processed similarly.



ELISA (Enzyme-Linked Immunosorbent Assay)

ELISAs were performed according to the manufacturer’s protocol (DuoSet ELISA kits, R&D systems) to quantify the release of murine TNF-α and human TNF-α, IL-8 and CCL-3. Briefly, LAD2 cells were washed once in serum-free Stem-Pro™-34 medium, suspended in complete medium and seeded in 24-well sterile plate (0.3 × 106 cells/well) with appropriate concentration of agonist stimulation for 24 h. For experiments involving Synta66, cells were preincubated with inhibitor for 30 min prior to agonist stimulation. After 24 h, cells were centrifuged, and supernatants were collected to measure cytokines by ELISA. The expression of mTNF-α was measured in serum samples from mice untreated or treated with Synta66 and SP.



Murine Evans Blue Dye Extravasation Model

Evans blue extravasation studies were performed on male and female C57BL/6 mice (8–10 weeks of age and weighing 20–25 g). Mice were anesthetized using Ketamine : Xylazine and intraperitoneally (i.p) injected with Synta66 (10 mg/kg in 50 µl DMSO) following intravenous (i.v.) injection with 0.1 ml of 1% Evans blue in saline. After 1 h, intradermal injection of SP (50 µM in 20 µl saline) was performed into the one ear, while vehicle was injected in other side. After 30 min, mice were euthanized; ear tissues were harvested, weighed, immersed in 500 µl of formamide and incubating overnight at 56°C. Each tissue solution was centrifuged at 10,000 rpm for 10 min; Evans blue dye extravasation was determined by collecting 200 µl of the supernatant and the OD values were measured at 650 nm using Versamax microplate spectrophotometer (20).



In Vivo Murine Peritonitis Model

In short, 8–10 weeks old C57BL/6 mice (male and female) were intraperitoneally (i.p) injected with 50 µl of Synta66 (10 mg/kg in DMSO) or vehicle. After 1 h, peritonitis was induced by intraperitoneal injection of SP (50 µl of 200 µM SP in saline) or vehicle. Three hours later, all mice were euthanized and peritoneal exudate was collected by flushing the peritoneal cavity with 10 ml of sterile cold 1× PBS and centrifuged at 400×g for 10 min at 4°C. Pellet-containing cells were processed for flow cytometric analysis and serum prepared from blood collected by cardiac puncture for cytokine measurement by ELISA (23, 24).



Flow Cytometry Assay

To quantify the leukocyte recruitment, we performed flow cytometry as described previously (15). Following induction of peritonitis by SP injection, peritoneal lavage was collected and cells were washed with FACS buffer. Peritoneal cells were treated with CD16/32 Fc block (clone93, cat#101320) for 15 min followed by anti-CD45-FITC (clone 30-F11; cat #103108), CD11b-PerCP-Cy5.5 (clone M1/70, cat#101227), and Ly6G-BV421 (clone 1AB, cat#127628) for 45 min to stain neutrophils. Live versus Dead cells were stained using Zombie Yellow™ Fixable viability dye (Biolegend, CA). The data were acquired with BD LSR II flow cytometer (San Jose, CA) and analyzed by FlowJo software version 10.7.2 (Tree Star Inc., Ashland, OR). Neutrophils were gated as CD45+CD11b+Ly6G+ live cells.



Statistical Analysis

Statistical analyses were performed using GraphPad PRISM software version 9.0.1 (San Diego, CSA). Results were expressed as mean ± standard error of the mean (SEM) values derived from at least three independent experiments. Differences between groups were analyzed by analysis of variance (ANOVA) following by Dunnett’s, Sidak’s and Tukey’s multiple comparisons tests. A p-value less than or equal to 0.05 was considered to be significant.




Results


Knockdown of Orai1/2/3 Partially Inhibit SP/MRGPRX2-Mediated Ca2+ Influx and Degranulation in LAD2 Cells

All three known Orai isoforms are expressed in human lung MCs and participate in FcϵRI-mediated activation (6). Moreover, in a human MC line, LAD2 cells, shRNA-mediated silencing of STIM-1 results in significant decrease in MRGPRX2-mediated Ca2+ mobilization and degranulation (25). Given that STIM-1 couples to Orai1 for Ca2+ influx (26), we hypothesized that this CRAC channel contributes to SP-induced responses in human MCs. To test this possibility, we used lentiviral shRNA to individually silence the expression of Orai1, Orai2, and Orai3 in LAD2 cells, which endogenously express MRGPRX2. As shown in Figures 1A, B, transduction of LAD2 cells with lentiviral Orai1 resulted in >80% reduction of protein expression when compared to scrambled shRNA control, as determined by western blotting. This was associated with ~50% decrease in SP-induced Ca2+ influx (Figure 1C) and degranulation (Figure 1D). We found that although Orai2 silencing resulted in ~50% reduction in protein expression (Figures 1A, B), this was associated with significant inhibition of Ca2+ influx (Figure 1E) with small reduction in degranulation (Figure 1F). Knockdown of Orai3 in LAD2 cells resulted in ~50% decrease in protein expression (Figures 1A, B). This was associated with a small but significant reduction in SP-induced Ca2+ influx (Figure 1G) and degranulation (Figure 1H).




Figure 1 | Lentiviral shRNA-Mediated Knockdown of Orai1, Orai2, and Orai3 Reduces SP-Induced Responses in LAD2 Cells. (A) Knockdown efficiency of each Orai channel was determined by western blotting in cells transduced with non-targeted (control) or Orai-specific shRNA and a representative blot is shown. (B) Quantification of Orai knockdown is represented as bar graph of relative intensities of Orai protein bands normalized to respective β-Actin. (C, E, G) Cells were loaded with Fura-2AM, resuspended in Ca2+-free buffer (1.5 ml) and measurement of intracellular Ca2+ mobilization was initiated via the addition of SP (0.3 µM, at 100s). At 400 s, Ca2+ concentration of the buffer was increased to 1 mM via the addition of 1.5 µl of 1 M calcium and influx was measured for additional 18 min. (D, F, H) Effects of Orai knockdown on SP-induced degranulation, as measured by β-hexosaminidase release. Data presented are mean ± SEM of N = 4 experiments. Statistical significance was determined by two-way ANOVA with Tukey’s multiple comparisons at a value ***p < 0.001, **p < 0.01, *p < 0.05, and NS, “not significant”.





SP-Induced Cytokine/Chemokine Production is Substantially Inhibited in Orai Knockdown LAD2 Cells

In addition to degranulation, Orai-mediated Ca2+ influx regulates the activities of the transcription factors NFAT and NF-κB, which are required for cytokine/chemokine induction in immune cells (27, 28). We therefore sought to determine the effects Orai1, Orai2 or Orai3 knockdown on SP-induced TNF-α, IL-8, and CCL-3 generation in LAD2 cells. Despite the fact that individual Orai1 and Orai3 knockdown resulted in ~50% inhibition SP-induced Ca2+ influx and degranulation (Figure 1), this resulted in substantial inhibition of SP-induced cytokine/chemokine generation (Figures 2A–C). By contrast, knockdown of Orai2 had variable effects on SP-induced TNF-α, IL-8, and CCL-3 generation (Figures 2A–C).




Figure 2 | Orai1, Orai2, and Orai3 contribute to SP-Induced Cytokines Generation in LAD2 Cells. LAD2 cells with shRNA-mediated knockdown of each Orai channel or non-targeted (control) cells were exposed to SP (1 µM, for 24 h). Culture supernatants were used to quantitate (A) TNF-α, (B) IL-8 and (C) CCL-3 by ELISA. Data presented are mean ± SEM of N = 3 experiments. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons at a value ***p < 0.001, **p < 0.01 and *p < 0.05.





CRAC Channel Inhibitor Synta66 Inhibits SP-Induced Responses in LAD2 Cells

Synta66 is a CRAC inhibitor that inhibits the formation of Orai1:Orai1, Orai1:Orai2, and Orai1:Orai3 dimers (29). Therefore, we used Synta66 to determine the combined role of Orai channels on SP-induced Ca2+ influx, degranulation and cytokine/chemokine production. Pretreatment of LAD2 cells with Synta66 (10 µM) resulted in substantial reduction of SP-induced Ca2+ influx (Figure 3A) but complete inhibition of degranulation (Figure 3B), TNF-α, IL-8 and CCL-3 generation (Figures 3C–E). Involvement of extracellular signal-regulated kinases 1/2 (ERK1/2) and Akt pathways in cytokine production in MCs are well documented (30, 31). Furthermore, MRGPRX2-mediated MC activation leads to increased ERK1/2 and Akt phosphorylation (32, 33). STIM-1 inhibitor SKF pretreatment caused inhibition of ERK1/2 and Akt phosphorylation in LL-37 stimulated MCs via MRGPRX2 (25). We therefore sought to determine the effects of Synta66 on ERK1/2 and Akt phosphorylation in LAD2 cells. As shown in Figures 3F–H, SP stimulation resulted in time dependent enhanced ERK1/2 and Akt (Ser473) phosphorylation, which were significantly inhibited by Synta66.




Figure 3 | Synta66 Causes Substantial Inhibition of SP-Induced Responses in LAD2 Cells. (A) Fura-2AM-loaded LAD2 cells were preincubated with Synta66 (10 µM, 30 min) in Ca2+-free buffer and the measurement of intracellular Ca2+ mobilization was initiated via the addition of SP (0.3 µM) at 100 s. After 400 s, Ca2+ concentration of the buffer was increased to 1 mM and Ca2+ measurement was continued for additional 18 min (B) LAD2 cells were preincubated with Synta66 (10 µM, 5 min), stimulated with the indicated concentrations of SP and β-hexosaminidase release was determined. (C–E) Cells were preincubated with Synta66 (10 µM, 30 min) and stimulated with SP (1 µM for 24 h) and culture supernatants were used to measure TNF-α, IL-8 and CCL-3. (F) Synta66-preincubated cells were stimulated with SP for different time points and western blotting was performed on cell lysate with anti-pERK1/2, anti-pAkt, total anti-ERK1/2 and total anti-Akt antibodies. (G, H) Bar graphs represent relative intensities of bands of phosphoproteins normalized to respective total proteins. Data presented are mean ± SEM of N = 3 experiments. Statistical significance comparing multiple groups was determined by one-way ANOVA with Tukey’s multiple comparisons at a value ****p <0.0001, ***p <0.001, and NS, “not significant” (A–E). Statistical significance was determined by Student’s t-test at a value *p < 0.05 (G, H).





Synta66 Inhibits SP-Induced Ca2+ Influx and Degranulation in Primary Human Skin MCs

In addition to LAD2 cells, SP causes degranulation in human skin MCs via MRGPRX2 (24, 34). To determine the biological relevance of studies with LAD2 cells, we tested the effect of Synta66 on SP-induced Ca2+ influx and degranulation in primary human skin-derived MCs isolated from three different donors. Initially, cell surface expression of MRGPRX2 in skin MCs was tested by flow cytometry. Representative flow cytometry traces for MRGPRX2 expression in skin MCs from three healthy donors are shown in Supplementary Figure 1. We found that SP triggered Ca2+ influx and degranulation in skin-derived MCs in all three donors (Figures 4A–F). Stimulation of human skin-derived MCs with SP resulted in Ca2+ mobilization from both intracellular stores as well as Ca2+ influx from the extracellular medium (Figures 4A, C, E). Synta66 (10 µM) specifically blocked Ca2+ influx with no effect on intracellular Ca2+ release (Figures 4A, C, E). Synta66 also caused significant inhibition in SP-induced degranulation in skin-derived MCs (Figures 4B, D, F).




Figure 4 | Synta66 inhibits SP-induced Ca2+ influx and degranulation in Human Skin Derived MCs. (A, C, E) MCs from three donors were pretreated with Synta66 (10 µM, 30 min) and intracellular Ca2+ influx was determined in (B, D, F). MCs were preincubated with Synta66, stimulated with SP (1 µM) and β-hexosaminidase release was determined. Data shown are mean ± SEM of three individual experiments from three donors. Statistical significance was determined by two-way ANOVA with Tukey’s multiple comparisons at a value **p < 0.01, *p < 0.05, and NS, “not significant”.





Synta66 Attenuates SP-Induced Degranulation in Mouse PMCs In Vitro and Vascular Permeability and Peritonitis In Vivo

Our next goal was to determine the effect of Synta66 on MrgprB2-mediated responses in primary mouse PMCs in vitro and biological responses in vivo. First, we used PMCs from wild-type (WT) and MrgprB2-/- mice to confirm that SP causes degranulation in PMCs via MrgprB2. As shown in Supplementary Figure 2, SP caused degranulation in WT-PMCs which is completely abrogated in MrgprB2-/- PMCs. Furthermore, we found that Synta66 (10 µM) ablated SP-induced degranulation in mouse PMCs, as measured by both β-hexosaminidase release and cell surface expression of LAMP-1 by flow cytometry (Figures 5A, B). Gating strategy for LAMP-1 expression by flow cytometry was shown in Supplementary Figure 3. To determine the effect of blocking Orai channels on mouse cutaneous MCs degranulation in vivo, we administered Synta66 or vehicle intraperitoneally (i.p) followed by Evans blue dye injection through intravenous route. SP was then injected into one ear and vehicle into the other. The data presented in Figure 5C clearly demonstrate that, consistent with its effect on human skin MCs (Figure 4), Synta66 inhibited murine cutaneous MC degranulation in vivo as determined by a significant reduction in SP-induced Evans blue dye extravasation.




Figure 5 | Synta66 Attenuates SP-Induced Murine MC Responses in vitro and in vivo. SP-induced (A) β-hexosaminidase release (N = 4) and (B) LAMP-1 expression as determined by flow cytometry on PMCs (N = 3). (C) Synta66 or vehicle was administered via i.p. injection prior to SP injection in one ear and the buffer control in the other. Vascular permeability was quantified by measuring Evans blue extravasation. Synta66-treated or untreated mice were injected (i.p) with SP. After 3 h, blood and peritoneal lavage fluid was collected (N = 5). (D) Serum TNF-α was determined by ELISA, N = 5. (E) Representative FACS images showing neutrophil recruitment and numbers indicate the percentage of CD45+CD11b+ Ly6G+ live cells in peritoneal cavity. The absolute number of immune cells was calculated from the flow cytometry profile for each mouse based on gated (50,000 cells) population (F) Total CD45+ cells, and (G) Total neutrophil counts. Data presented are mean ± SEM of N = 10. Statistical significance was determined by two-way ANOVA with Sidak’s multiple comparisons at a value ****p < 0.0001,  ***p < 0.001, **p < 0.01, *p < 0.05 and NS, “not significant”.



We also sought to determine if Synta66 inhibits cytokine production and the recruitment of inflammatory cells in vivo. Mice were injected (i.p) with Synta66 prior to intraperitoneal injection with SP or vehicle. Three hours later, serum TNF-α concentration and neutrophil recruitment in peritoneal lavage (CD45+CD11b+Ly6G+ live cells) were quantitated. As shown in Figure 5D, serum TNF-α level was significantly reduced in Synta66-treated mice. SP injection caused recruitment of inflammatory cells at peritoneal cavity and Synta66 substantially inhibited SP-induced leukocyte recruitment especially neutrophils (Figures 5E–G and Supplementary Figure 4).




Discussion

Ca2+ is an indispensable second messenger signaling for agonist induced MC activation and mediator release (35). FcϵRI and MRGPRX2-mediated signaling utilize both shared and distinct pathways that lead to Ca2+ mobilization and degranulation. Both FcϵRI and MRGPRX2 mediated signaling caused comparable level of Ca2+ mobilization, however there is marked differences in spatiotemporal pattern of granule exocytosis and mediator content (16). Moreover, FcϵRI stimulation cause PLCγ dependent Ca2+ influx while MRGPRX2 couples to Gαq to promote Ca2+ influx (35, 36). Identification of Ca2+ channel in FcϵRI-mediated signaling is well characterized and Orai plays a crucial role in antigen-IgE-dependent MC activation (6–8, 37, 38). However, the possibility that MC activation via MRGPRX2/MrgprB2 requires Orai channels has not been determined. Using shRNA-mediated knockdown of Orai1/Orai2/Orai3 and a pharmacological inhibitor, we provide the first demonstration that Orai channels are involved in MRGPRX2/MrgprB2-mediated MC activation in vitro and vascular permeability and leukocytes recruitment in vivo.

Ashmole et al. demonstrated that transcripts of all three known Orai channels are expressed in human lung MCs. Moreover, Orai1 mRNA is most abundant isoform in human lung MCs (6). However, our data showed comparable expression of all three Orai proteins in LAD2 cells which suggests there might be variable level expression of Orai isoforms in different MC lineage. Knockdown of Orai1 resulted in inhibition of FcϵRI-dependent Ca2+ influx and mediator release (7). Similarly, we found that Orai1 significantly contributes to MRGPRX2-mediated Ca2+ influx and mediator release in LAD2 cells. Tsvilovskyy et al., recently showed that absence of Orai2 in mouse PMCs results in enhanced FcεRI and MrgprB2-mediated Ca2+ mobilization and degranulation when compared to control cells (38). Based on this finding, it was proposed that Orai2 serves as a negative regulator for MCs degranulation via two possible mechanisms. One involving the formation of a heterodimer with Orai1 and thus preventing its activation and the other resulting in the formation of Orai2-STIM-1 complex rendering insufficient STIM-1 available for Orai1 activation. However, shRNA-mediated downregulation of Orai2 in human lung MCs has marginal inhibitory effects on IgE-mediated Ca2+ mobilization and degranulation (7). Our data demonstrated that although Orai2 knockdown caused significant reduction in Ca2+ mobilization, it has minimum effect on degranulation. The reason for the difference is not clear but could reflect differences in the expression level of Orai1 and Orai2 in human and rodent MCs. Thus, while human lung MCs and LAD2 cells express Orai1 at >10-fold higher than that of Orai2, rodent MCs express both proteins at similar levels (8, 39). In addition, unlike Orai1, majority of the Orai2 is found in intracellular sites in rat basophilic leukemia (RBL-2H3) cells and the possibility that intracellular Orai2 could modulate Ca2+ influx has been suggested but the mechanism is not clear (39). Ashmole et al., successfully utilized adenoviral shRNA to silence the expression of Orai1 and Orai2 but not Orai3 in human lung MCs (7). However, our attempt to knockdown Orai3 in LAD2 cells using lentiviral shRNA was more successful and resulted in partial reduction in SP-induced Ca2+ influx and degranulation.

Given that Orai1 and Orai3 are expressed at similar levels in human primary MCs and LAD2 cells, it is possible that Orai1:Orai3 dimer contributes to SP-induced signaling and mediator release (8). Because we were unable to silence the expression of Orai3 to >50% in LAD2 cells, it was not feasible to simultaneously reduce the expression both Orai1 and Orai3. Synta66 is an established pharmacological inhibitor that blocks homo- and heterodimer formation of Orai channel (29). Furthermore, Synta66 causes substantial inhibition of IgE-mediated degranulation in human lung MCs and LAD2 cells and blocks allergen-induced bronchial smooth muscle contraction ex vivo (6, 7). However, because Orai2 is expressed at low level in MCs and found predominantly in the cytoplasm, any inhibitory effect of Synta66 likely reflects its ability to target Orai1 and Orai3 (8, 39). Here, we also found that Synta66 caused complete inhibition of SP-induced Ca2+ influx and degranulation, indicating probable involvement of Orai1:Orai3 dimer in MRGPRX2-mediated MC activation. Along with cultured MCs, Synta66 exhibited similar inhibitory effect on primary human skin-derived MCs indicating its biological relevance.

Calcium influx initiates a cascade of downstream signaling that lead to calmodulin–calcineurin dependent NFAT1 and NF-κβ activation resulted in transcription of cytokine genes (40, 41). Calcium-dependent NFAT activation caused IL-17 and TNF-α secretion associated with autoimmune disease rheumatoid arthritis (42). Orai1 also modulates Th1 and Th17 responses in experimental autoimmune encephalomyelitis (43). Moreover, Orai also contributes FcϵRI-mediated release of an array of inflammatory cytokines such as TNF-α, IL-5, IL-6, IL-8, and IL-13 from human lung MCs (8). The data presented herein demonstrate that knockdown of individual Orai channel significantly reduce proinflammatory cytokine/chemokine secretion. Blocking of Orai channel using pharmacological inhibitor showed complete ablation of cytokine/chemokine generation which may be due to its inhibitory effect on multiple Orai isoforms. In agreement with the cytokine production Synta66 pretreatment caused inhibition of ERK1/2 and Akt phosphorylation.

As for human MCs, rodent MCs also express all three Orai family members (44). Orai1 plays a predominant role in Ca2+ signaling in murine T-cells in vitro and in vivo. Nonfunctional Orai1 knock-in mice showed impaired Ca2+ influx in vitro and reduced delayed hypersensitivity and colitis in vivo (45). Although mutation in Orai1 in human patient has no major phenotypic effect, Orai1−/− mice cannot survive (46–48). Therefore, use of pharmacological inhibitor for Orai could overcome the lethality associated with genetic deletion of Orai1 in vivo. Our data on isolated peritoneal MCs demonstrated complete inhibition of SP-induced degranulation by Synta66. MC degranulation is associated with enhanced vascular permeability and cutaneous anaphylaxis. Synta66 pretreatment inhibited SP-induced vascular permeability (early MC response) and reduced immune cell recruitment and cytokine production (delayed MC response).

In conclusion, we have utilized gene-silencing and pharmacological strategies to show that multiple Orai/CRAC channels contribute to SP-induced MRGPRX2-mediated Ca2+ influx, degranulation, TNF-α, IL-8 and CCL-3 generation in MCs in vitro. Most importantly, we found that SP-induced increased vascular permeability and neutrophil recruitment, which are mediated via MrgprB2, are blocked by Synta66. These findings suggest that Orai channel inhibitors could serve as a novel strategy for the modulation of neurogenic inflammation, pain, chronic urticaria, mastocytosis and atopic dermatitis.
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c-Kit, or mast/stem cell growth factor receptor Kit, is a tyrosine kinase receptor structurally analogous to the colony-stimulating factor-1 (CSF-1) and platelet-derived growth factor (PDGF) CSF-1/PDGF receptor Tyr-subfamily. It binds the cytokine KITLG/SCF to regulate cell survival and proliferation, hematopoiesis, stem cell maintenance, gametogenesis, mast cell development, migration and function, and it plays an essential role in melanogenesis. SCF and c-Kit are biologically active as membrane-bound and soluble forms. They can be expressed by tumor cells and cells of the microenvironment playing a crucial role in tumor development, progression, and relapses. To date, few investigations have concerned the role of SCF+/c-Kit+ mast cells in normal, premalignant, and malignant skin lesions that resemble steps of malignant melanoma progression. In this study, by immunolabeling reactions, we demonstrated that in melanoma lesions, SCF and c-Kit were expressed in mast cells and released by themselves, suggesting an autocrine/paracrine loop might be implicated in regulatory mechanisms of neoangiogenesis and tumor progression in human melanoma.
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Introduction

Stem cell factor (SCF) is a mast cell growth factor (1) involved in mast cell survival and migration (2). One of the main chemoattractant factors released by tumor cells is SCF (2–4). c-Kit (CD 117) is a member of class III transmembrane receptor tyrosine kinases (RTKs), linked to the platelet-derived growth factor (PDGF)/colony-stimulating factor-1 (CSF-1) subfamily (5), and acts as a natural receptor of SCF (6). c-Kit is expressed in mast cells and is involved in their growth and development (7). Mice lacking c-Kit or its ligand result in the absence of mast cells and exhibit several other kit-dependent phenotypic abnormalities (8, 9). Inhibition of the SCF/c-Kit axis inhibits the migration of mouse bone marrow-derived cultured mast cells to tumors in a transplanted tumor model in mice (2), and mutations in c-Kit have been associated with the development of gastrointestinal stromal tumors, various forms of mastocytosis, and mast cell leukaemia (10).

SCF exists as two alternatively spliced variants, the membrane-anchored protein and the soluble one differing in exon 6. Both isoforms are initially membrane-anchored and are composed of an extracellular domain, a transmembrane portion and an intracellular domain, which is not present in the membrane-anchored form of SCF (11). The isoform that retains the exon 6 is rapidly cleaved to generate the soluble protein (12–14). Both isoforms, with some differences, have a role in c-Kit activation.

c-Kit exists as four isoforms that differ for four amino acid residues of the extracellular domain (15). The full-length membrane-anchored one activates the intracellular signalling pathways in response to SCF binding, while the soluble one retains only the extracellular domain (16, 17).

SCF binding to the c-Kit extracellular domain induces its dimerization and follow the activation of its intrinsic tyrosine kinase activity that couples with a set of cytoplasmic signalling pathways including mitogen-activated protein kinase pathways (MAPK), fosfoinositide 3-kinase (PI3K) and Src family kinases, resulting in cell proliferation, migration and malignant transformation associated with different genetic diseases and cancers (18, 19).

Mast cells are numerous in tissues and organs exposed to the external environment, including the skin, the lung, and the gut, and are often located near to potential targets of their mediators, such as glands and blood vessels (20, 21). Mast cells are attracted in the tumor microenvironment and promote tumor angiogenesis and lymphangiogenesis by releasing vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), and proteases (22). In addition, mast cells support tumor invasiveness by their immunosuppressive activity, releasing tumor necrosis factor-alpha (TNF-α), histamine, and interleukin-10 (IL-10) and suppressing T cells and natural killer (NK) that in turn induce immune tolerance mediated by regulatory T cells (Treg) (22). Tissue-derived mast cells from human skin secrete several angiogenic molecules, including VEGF, granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-8 (IL-8) monocyte chemoattractant protein-1 (MCP-1), and require SCF for their secretion (23).

Given the complexity of the SCF/c-Kit pathway and the multiple cells and physiological/pathological conditions in which it can be activated, the complete understanding of the biological roles of SCF/c-Kit is still an issue that deserves a thorough investigation. In this study, we have evaluated the expression of SCF and c-Kit in mast cells located near to the blood vessels and skin glands, during the tumor progression of human melanoma and we have correlated their expression with microvascular density.



Materials and Methods


Patients and Tissue Collection

This retrospective monocentric study included formaldehyde fixed and paraffin-embedded (FFPE) skin biopsies from 35 normal, premalignant lesions and melanoma patients who underwent curative resection (Table 1). Full-thickness skin samples containing epidermis, dermis, and hypodermis were collected from the archive of the Unità Operativa Complessa di Anatomia Patologica, IRCCS, Istituto Tumori “Giovanni Paolo II”, Bari, Italy. The study was approved by the local institutional Ethics Committees and followed the Helsinki Declaration of 1964 and later versions. All patients agreed to participate in the study and signed written informed consent. Skin biopsies were divided into four histological subgroups, namely normal skin (NS; n=5), common nevi (CN; n=10), dysplastic nevi (DN; n=10), melanomas at different stages (M; n=10).


Table 1 | Clinical and histological information on patients.





CD31, VEGFA, c-Kit, and SCF Immunolabelling

FFPE blocks were cooled on ice and serially sectioned using a standard microtome. Three µm thickness tissue sections were dewaxed by oven-dried at 60°C for 1 hour and then immersed two times in fresh xylene for 5 minutes. Before starting staining protocols, the slides were rehydrated in an alcohol scale, rinsed for 10 min in Tris-buffered saline solution (TBS), and heated in a solution of sodium citrate pH 6.0 (ref. S1700, Agilent Dako) at 98°C in a water bath for 30 min. After cooling at room temperature for 30 min, the slides were rinsed in distilled water two times and one time in TBS for 1 min each. Then, tissue sections were washed in TBS + 0.025 Triton X-100 (TBS-Tr), and the endogenous phosphatases and peroxidases were blocked in an enzyme-blocking (ref. S2003, Agilent Dako) for 10 min. Afterwards, the sections were incubated with primary antibodies rabbit polyclonal IgG to CD31 (diluted 1:60; ref. ab28364, Abcam), or rabbit polyclonal IgG to VEGFA (diluted 1:200; ref. AB-90010, Immunological Sciences) or mouse monoclonal IgG1 to c-Kit (diluted 1:500; ref. AMAB90901, ATLAS Antibodies), or rabbit polyclonal IgG to SCF (diluted 1:1000; ref. ab64677, Abcam) for 30 min at room temperature. The sections were rinsed in TBS-Tr, incubated with biotinylated polymer for 15 min (ref. K5005, Agilent Dako), streptavidin-AP for 15 min (ref. K5005, Agilent Dako), and finally, the immunodetection was performed with a red chromogen for 20 min at room temperature (ref. K5005, Agilent Dako). In the end, all the sections were washed in distillate water, counterstained with Gill’s hematoxylin (ref. GHS132-1L, Sigma-Aldrich), and mounted in Glycergel (ref. C0563, Agilent Dako). As negative controls for primary antibodies specificity and nonspecific binding of the secondary antibodies, primary antibodies were omitted, or isotype-specific immunoglobulins at the same protein concentration as the primary antibody replacing the primaries antibodies were added.



Morphometric Analysis

Immunolabeled slides were scanned using the whole-slide scanning platform Aperio ScanScope CS (Leica Biosystems, Nussloch, Germany) at 40x magnification, stored as high-resolution digital images, and analysed using the Aperio Positive Pixel Count algorithm or the counter tool embedded in the ImageScope v.11.2.0.780 (Leica Biosystems). Morphometric analysis was performed on three randomly selected fields/biopsy at 20x or 40x magnification using the rectangle tools to determine the specific areas of interest.

The analyses were performed in the same section area for all the staining by transferring the annotated region of interest across semi-serial slides.

The negative pen tool was used to draw negative free areas not to be analysed with the Aperio Positive Pixel Count algorithm in order to include data corresponding only to MCs in the analysis. In addition, for SCF+/c-Kit+ MCs counts, the other cell types were excluded based on morphology (see results paragraph and Figure 1).




Figure 1 | Representative immunohistochemistry of SCF (A–C) or c-Kit (D–F) in the melanomas tissue sections. Micrographs show pigmented tumor cells (A, arrow) or not-pigmented tumor cells but with nucleolated nuclei (D, arrow) labelled for both SCF or c-Kit. Instead, SCF+/c-Kit+ mast cells are rounded-shape and hyperchromatic cells with positive granules in the cytoplasm (B, arrowhead) or secreted (A, C, E arrowhead). Some mast cells are spindle-shaped, thus resembling fibroblasts (F, arrowhead). Scale bar: 60 μm.





Statistical Analysis

Statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparisons test, and proteins expression correlation was calculated assumed data sampled from no Gaussian distribution by Spearman nonparametric correlation analysis using the GraphPad Prism 6.01. Statistical significance was set at P ≤ 0.05, and results are given as mean ± SD.




Results


Mast Cells and Tumor Cells Express SCF and c-Kit in Normal, Premalignant, and Malignant Skin Lesions

To unequivocally quantify SCF/c-Kit of mast cells, we discriminate tumor cells based on their peculiar morphology. As shown in Figure 1, mast cells were identified as mononuclear cells containing many dense secretory granules covering the nucleus (Figure 1 arrowhead), or cells with a dense red-positive plasma membrane signal as a crown (Figure 1B, arrowhead in the centre), or degranulated cells (Figure 1A arrowhead, see the soluble form of SCF; Figure 1E, see the soluble form of c-Kit), or elongated cells (Figure 1F). On the contrary, tumor cells appear to be pigmentated or not, faintly labelled for both SCF o c-Kit and with nucleolated nuclei (Figures 1A, D arrow). Based on these morphological profiles and employing the negative pen tool embedded in the ImageScope, we remove from the selected regions of interest the area of signals not related to mast cells.



SCF+/c-Kit+ Mast Cells Distribution Around Microvessels in Normal, Premalignant, and Malignant Skin Lesions

In this study, we evaluate angiogenesis in normal, premalignant, and malignant skin lesions, which resemble steps of malignant melanoma progression, in relation to mast cells infiltrate around microvessels with the aim to identify a possible relation to mast cells distribution, SCF/c-Kit expression by mast cells, and microvessel formation.

In agreement with the literature, our CD31 immunohistological staining showed a higher number of transversely or longitudinally cut blood vessels with an appreciable lumen in melanoma than normal skin, compound and dysplastic nevi (Figures 2A–D). The CD31 immunolabelling positivity and the number of CD31+ microvessels progressively increased from normal skin to melanoma (Figures 2M, N; Table 2 for raw data), highlighting a significative involvement of angiogenesis in melanoma progression.




Figure 2 | Representative immunohistochemistry of CD31 or VEGFA in the normal skin (A, E, I), compound nevi (B, F, J), dysplastic nevi (C, G, K), and melanomas (D, H, L) tissue sections. Micrographs (A–D) and morphometric analysis (M, N) show a significative gradual increased microvascular density calculated as both percentages of CD31 immunolabeling positivity and the number of the CD31+ blood vessels in melanoma lesions compared to premalignant ones and normal skin. Micrographs (E–L) and morphometric analysis (O) show a significative gradual increased VEGFA expression in both cells of tumor mass (E–H) and surrounding blood vessels (I–L) in melanoma lesions compared to premalignant ones and normal skin. The lack of VEGFA expression is evident by the epidermis cells in the normal skin (E), while a faint signal is present around the blood vessels (I). Linear regression analysis shows positive relationships between VEGFA expression by tumor cells or by cells surrounding blood vessels and CD31 (P) [For VEGFA by tumor cells: y=9.929x-0.08029; R2 = 0.8095; p ≤ 0.0001. For VEGFA expression by cells surrounded blood vessels: y=4.407x-0.0225; R2 = 0.8117; p ≤ 0.0001]. Data are reported as means ± SD, and Tukey post-test was used to compare all groups after one-way ANOVA. Statistical significance: ns, not significative; *p ≤ 0.05; **p≤ 0.01; ****p ≤ 0.0001. Scale bar: 60 μm.




Table 2 | Summary of the morphometric analysis performed to evaluate c-Kit+/SCF+ mast cells around blood vessels.



Neo-angiogenesis mechanisms are related to the expression of angiogenic cytokines such as VEGFA. Its expression is usually absent in normal skin and nevi, but heterogeneous, ranging from negative to strongly positive, in melanomas (24, 25). To explore the angiogenic profile in our samples, we performed immunohistochemical analysis of VEGFA expression by tumor cells and cells surrounding the blood vessel. We found that VEGFA immunolabelling positivity progressively increased from normal skin to melanoma (Figures 2E–L, O and Table 2 for raw data), and its expression amount, by both tumor cell or cell surrounding blood vessel, significative positive correlate with CD31 expression (Figure 2P). These results confirmed CD31 and VEGFA as good indicators of angiogenic changes in melanocytic lesions essential to multistep tumorigenesis.

Among cells of the microenvironment, mast cells take part in angiogenesis, tissue repair, and tissue remodelling that occurs in many tumor settings (26). Here, in normal, premalignant, and malignant skin lesions, we evaluate mast cells distribution in the connective tissue around CD31+ blood vessels as SCF+ or c-Kit+ cells with a masked nucleus, or cells with granules in the cytoplasm, or on the membrane, or outside the cells (as discerned in Figure 1). The analyses, conducted in the same region of interest on serial tissue sections for all the three markers, demonstrated an increased number of mast cells close to microvessels in melanoma lesions compared to premalignant ones and normal skin (Figure 3). The SCF or c-Kit immunolabelling positivity and the number of SCF+/c-Kit+ mast cells progressively increased from normal skin to melanoma (Figures 3M, N; Table 2 for raw data). Moreover, correlation analysis of SCF+/c-Kit+ MCs and CD31+ microvessels and correlation analysis of SCF and c-Kit by linear regression showed significative positive correlations for both (Figures 3O, P).




Figure 3 | Representative immunohistochemistry of SCF or c-Kit on the same area of interest around CD31+ blood vessels in the normal skin (A, E, I), compound nevi (B, F, J), dysplastic nevi (C, G, K), and melanomas (D, H, L) tissue sections. The micrographs show a significative gradual increased CD31, SCF, and c-Kit expression in malignant melanoma lesions compared to premalignant ones and normal skin (A–L). The SCF- or c-Kit-positive mast cells appear mostly with a strong red-granulous membranous and moderate cytoplasmic staining in all the samples (see the inserts in the red rectangles; scale bar: 10 μm). The morphometric analysis performed on the same region of interest for all three markers confirmed an increased SCF+/c-Kit+ mast cell infiltrate around blood vessels in melanoma compared to normal skin, compound nevi, and dysplastic ones, both in percentages of immunolabeling positivity and number of positive cells (M, N). Linear regression analysis shows positive relationships between SCF or c-Kit and CD31(O), and between SCF and c-Kit (P) [(O) For SCF: y=3.698x+0.008438; R2 = 0.7048; p ≤ 0.0001. (O) For c-Kit: y=1.435x+0.004774; R2 = 0.792; p ≤ 0.0001. (P) y=2.61x-0.004682; R2 = 0.9123; p ≤ 0.0001]. Data are reported as means ± SD, and Tukey post-test was used to compare all groups after one-way ANOVA. Statistical significance: ns, not significative; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Scale bar: 200 μm.





SCF+/c-Kit+ Mast Cells Distribution Around Cutaneous Glands in Normal, Premalignant, and Malignant Skin Lesions

Here, we examined SCF+/c-Kit+ mast cells distribution and location around the cutaneous gland in normal, premalignant, and malignant skin lesions by immunohistochemical staining because we observed that they not only surrounded the microvessels but also preferred to locate at extracellular matrix around the cutaneous glands. The analysis of immunolabeling reactions, conducted in the same region of interest on serial tissue sections for SCF and c-Kit, demonstrated an increased number of mast cells close to cutaneous glands in melanoma lesions than premalignant ones and normal skin (Figure 4). The number of SCF+/c-Kit+ mast cells progressively increased from normal skin to melanoma (Figures 4I, J; Table 3 for raw data). Moreover, correlation analysis of SCF and c-Kit by linear regression showed significative positive correlations for both (Figure 4K). Overall, these results show a possible cross-talk between mast cells and gland epithelium mediated by the SCF/c-Kit pathway and involved in melanoma progression. As shown in Figure 4 by SCF immunolabelling, the glandular epithelium cells can express SCF, which can bind the c-Kit express by the surrounded mast cells to sustain their proliferation, the pro-inflammatory microenvironment, therefore tumor maintenance and progression as tumor growth-promoting loop (27–29).




Figure 4 | Representative immunohistochemistry of SCF or c-Kit on the same area of interest around glands in the normal skin (A, E), compound nevi (B, F), dysplastic nevi (C, G), and melanomas (D, H) tissue sections. The micrographs show a significative gradual increased SCF and c-Kit expression in malignant melanoma lesions compared to premalignant ones and normal skin (A–H). The morphometric analysis performed on the same region of interest for both markers confirmed an increased SCF+/c-Kit+ mast cell infiltrate around glands in melanoma compared to normal skin, compound nevi, and dysplastic nevi, both as percentages of immunolabeling positivity and as number of positive cells (I, J). Linear regression analysis shows the positive relationships between (K) SCF and c-Kit [(K) y=1.023+0.006766; R2 = 0.8848; p ≤ 0.0001]. Data are reported as means ± SD, and Tukey post-test was used to compare all groups after one-way ANOVA. Statistical significance: ns, not significative; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Scale bar: 200 μm.




Table 3 | Summary of the morphometric analysis performed to evaluate c-Kit+/SCF+ mast cells around glands.






Discussion

In this study, we have demonstrated that in melanoma lesions, SCF and c-Kit are expressed in mast cells and released by themselves, suggesting an autocrine/paracrine loop might be implicated in regulatory mechanisms of neoangiogenesis and tumor progression in human melanoma.

SCF/c-Kit pathway activation regulates normal melanocytes, germ cells, and hematopoietic cells (included mast cells) proliferation and/or differentiation. SCF binding to the c-Kit monomer in its extracellular region induces dimerisation (30). The dimerised c-Kit acts as both enzyme and substrate through phosphorylation of its specific amino acid residues (pTyr) in the intracellular juxtamembrane region. Phosphorylated c-Kit tyrosine residues recruit signal trasduction protein-containing Src homology 2 (SH2) domains and pTyr-binding (PTB) domains (31). These downstream effector molecules have different biological effects: inhibit proliferation, or induce c-Kit degradation, cell proliferation, differentiation, survival, and migration (32). These effects will depend on total binding affinities and the number of recruitment sites (33). So this is why different cells show different phenotypes despite employing the same core sets of cell-signalling proteins. For instance, in the erythroleukemic K562 cell line and megakaryoblastic cell line MO7e, which expresses c-Kit and the phosphatases SHP-1/SHP-2 mRNA, under SCF stimuli and the inhibition of protein tyrosine phospahatase SHP-1/SHP-2 by the inhibitor NSC87877, increased cell proliferation, via PI3K-DAG-PKC signalling pathway was demonstrated through an increased c-Kit phosphorylation (32, 34).

The SCF/c-Kit pathway also plays a crucial role in tumor development, progression, and relapses (35). In epithelial ovarian cancer (EOC), the SCF/c-Kit autocrine/paracrine loop promotes cancer stem cell (CSC) survival, the leading cause of EOC initiation and relapse (36). In EOC, tumor cells (less amount) and c-Kit+ CSCs express the only membrane-anchored isoform of SCF, while tumor-associated macrophages (TAMs) and tumor-associated fibroblasts (TAFs) express even the secreted isoform (36).

Controversial is the literature concerning SCF/c-Kit transcript and protein level expression by tumor cells during melanoma progression. Some authors reported the loss of c-Kit expression during malignant transformation of melanocytes, but others, later in tumor progression, in invasive melanoma, compared to in situ lesions (37–40). Not only tumor cells but also cells of the microenvironment can express these molecules as secreted and/or membrane-bound isoforms for both (36, 41).

Human malignant melanoma is an aggressive and highly metastatic tumor with a poor prognosis and high drug resistance. Malignant melanoma progresses through different steps from common nevi, dysplastic nevi, in situ melanoma, radial growth phase melanoma, vertical growth phase melanoma, and metastatic melanoma (42). In parallel with tumor progression and dissemination, melanoma cells, in concert with microenvironment cells, orchestrate the angiogenic switch that favours tumor cell growth, extravasation and metastases (43, 44).

Tissue distribution and localisation of mast cells are intimately connected to their physiological and pathological functions, such as allergic immune reactions, innate and adaptive immunity, and fibrosis (45, 46). Tumor cells are surrounded by an infiltrate of inflammatory cells, such as lymphocytes, neutrophils, macrophages and mast cells. It is well known that mast cells accumulate at the periphery of melanomas and nevi, especially around the microvasculature, where have a pivotal role in neo-angiogenesis and metastasis mechanisms (47, 48). We have previously demonstrated a correlation between tumor vascularity and mast cell density and poor prognosis in melanoma (49), we have investigated the pattern of mast cells around the blood vessels in melanoma, and we have demonstrated that a higher number of mast cells can be observed in melanoma as compared with samples from common acquired nevi (50).

In this study, we have confirmed that CD31 immunolabelling positivity and the number of CD31+ microvessels in parallel to VEGFA expression by both tumor cells or cells surrounding blood vessels progressively increased from normal skin to melanoma, highlighting a significative involvement of angiogenesis in melanoma progression. Moreover, we have focused our attention on the role of mast cells positive to SCF/c-Kit in the initiation and progression of cutaneous melanoma. SCF is one of the principal growth factors responsible for the early development of CD34+/c-Kit+ mast cell progenitors and the development and function of melanocytes (51–54). SCF bind to the c-Kit tyrosine kinase receptor regulates mast cell development, survival, and function (35, 55). We have demonstrated that the number of SCF+/c-Kit+ mast cells progressively increased from normal skin to melanoma. In agreement with these results, also in pancreatic carcinoma, an increase in the number of chymase+/tryptase+ or SCF+/c-Kit+ mast cells in normal and tumor pancreatic tissue biopsies and cell lines was shown with a higher expression in the latter (56). Previous studies have reported the negative impact of SCF on c-Kit expression, demonstrating that a high SCF amount decreases the expression of c-Kit but does not affect the c-Kit phosphorylation (34, 57, 58). The immunohistochemistry on FFPE biopsy sections allows us to evaluate the biological phenomena in a context closer to the physiological one without overstating our data. Furthermore, it is very likely that in our study, the maintenance of a high expression of c-Kit is also attributable to other molecules and pathways active by other cells of the microenvironment. Zhang et al. (4) provided evidence that SCF released by tumor cells modulated tumor angiogenesis by regulating mast cells. These Authors used sense or anti-sense SCF cDNA to overexpress or deplete SCF expression in rat mammary tumor cells. Depletion of SCF significantly decreased mast cell infiltration and vascularisation, whereas the opposite effects were observed in SCF-overexpressing tumors.

Keratinocytes secrete SCF (4). SCF induces melanoblasts to differentiate into melanocytes and is mitogenic for melanocytes in vivo and in vitro (59). Injection of SCF into the human skin results in local accumulation of mast cells (60). c-Kit is a growth factor for melanocyte migration and proliferation and is massively involved in the tumorigenesis of cutaneous malignancies, being immunohistochemically densely expressed in dysplastic nevi and in melanoma. Melanocytes from metastatic melanoma lose the expression of c-Kit and an inverse correlation between c-Kit and tumor progression has been demonstrated in melanoma (61). In metastatic malignant melanoma, c-Kit staining was lower than in primary malignant melanoma (62).

In this context, we suggest that SCF+/c-Kit+ mast cells may be involved in the angiogenic response occurring during tumor progression in human melanoma. Mast cells are involved in an autocrine/paracrine loop that could stimulate the endothelial cell proliferation to sustain neo-angiogenesis, and the releasing of pro-inflammatory mediators and pro-angiogenic cytokines by themselves, which, in turn, sustain proliferation and activation of mast cells and tumor progression.
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Immunomodulation of mast cell (MC) activity is warranted in allergic and inflammatory diseases where MCs have a central role in pathogenesis. Targeting Siglec-8, an inhibitory receptor on MCs and eosinophils, has shown promising activity in preclinical and clinical studies. While the intracellular pathways that regulate Siglec-8 activity in eosinophils have been well studied, the signaling mechanisms that lead to MC inhibition have not been fully elucidated. Here, we evaluate the intracellular signaling pathways of Siglec-8-mediated inhibition in primary MCs using an anti-Siglec-8 monoclonal antibody (mAb). Phospho-proteomic profiling of FcεRI-activated MCs revealed Siglec-8 mAb-treatment globally inhibited proximal and downstream kinases, leading to attenuated MC activation and degranulation. In fact, Siglec-8 was found to directly interact with FcεRI signaling molecules. Siglec-8 inhibition was dependent on both cytoplasmic immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that interact with the SH2 containing protein phosphatase Shp-2 upon Siglec-8 phosphorylation. Taken together, these data support a model in which Siglec-8 regulates proximal FcεRI-induced phosphorylation events through phosphatase recruitment and interaction with FcεRIγ, resulting in global inhibition of MCs upon Siglec-8 mAb engagement.
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Introduction

Mast cells (MCs) are found at the internal and external interfaces of the body, in particular at mucosal surfaces, surrounding blood vessels, and directly interacting with peripheral nerves. They respond to a broad array of both IgE-dependent and -independent activating signals, including allergens, cytokines, complement proteins, Toll-like receptor (TLR) ligands, and neuropeptides (1). Upon stimulation, MCs secrete a broad range of inflammatory mediators that can cause anaphylactic responses and drive acute and chronic inflammation (2). Because of the myriad inflammatory mediators they release, and their ability to recruit and activate other immune cells and respond to their environment, MCs are considered key drivers of pathology in gastrointestinal, ophthalmic, dermatologic, respiratory, and proliferative diseases (3).

Sialic-acid-binding immunoglobulin-like lectin (Siglec)-8 is an inhibitory receptor selectively expressed on human MCs and eosinophils (4, 5). Since Siglec-8 does not have a true functional orthologue in non-primates, studies on receptor function in MCs rely on transgenic mice or ex vivo assessments of human cells (6). Targeting Siglec-8 with a monoclonal antibody (mAb) has shown promising inhibitory activity in both pre-clinical and clinical studies (6). Multiple studies have evaluated the intracellular pathways of Siglec-8-mediated cell death in IL-5-primed eosinophils and have demonstrated a role for CD11b/CD18 integrin-mediated adhesion, Src family kinases, Syk, and SHIP1 (7, 8). However, unlike the activity seen in eosinophils, Siglec-8 does not induce death of MCs, suggesting the intracellular pathways of Siglec-8 signaling in eosinophils and MCs are different (9). Like many inhibitory receptors, Siglec-8 contains two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in its cytoplasmic domain that are thought to participate in negative regulation of MC activation (10, 11). Indeed, Siglec-8 mAbs have been shown to inhibit both IgE-dependent and -independent MC activation in vivo, including systemic anaphylaxis in humanized mice and IL-33- and Substance P-mediated MC activation in Siglec-8 transgenic mice (12–14). Similarly, nanoparticles displaying allergen and Siglec-8 ligands have been shown to suppress phosphorylation of kinases activated by high affinity IgE receptor (FcεRI) signaling and reduce IgE-mediated murine anaphylaxis (15). Consistent with Siglec-8 functioning as an inhibitory receptor, the membrane proximal ITIM was shown to be required for Siglec-8 mAb-mediated inhibition of FcεRI-dependent calcium flux and secretory responses in MCs (9). Despite these studies identifying specific components of Siglec-8 signaling in MCs, the intracellular mechanisms that contribute to Siglec-8-mediated inhibition of MCs have not been comprehensively evaluated.

In the current study, we investigate the inhibitory effects of Siglec-8 on FcεRI intracellular signaling in primary MCs using a Siglec-8 mAb. Through phospho-proteome profiling of FcεRI-activated MCs, we find that Siglec-8 mAb treatment globally inhibits intracellular phosphorylation events, including inhibition of the kinases involved in initiating the FcεRI signaling cascade. We demonstrate that both cytoplasmic ITIMs confer Siglec-8 mediated MC inhibition and are required for Shp-2 recruitment. Consistent with broad FcεRI-mediated inhibition, we demonstrate that Siglec-8 directly interacts with FcεRI machinery. Collectively, these data provide additional mechanistic insight into the intracellular signaling pathways that contribute to Siglec-8-mediated MC inhibition.



Materials and Methods


Bone Marrow Mast Cell Generation

Bone marrow from the femurs and tibias of wild-type C57BL/6 mice or Siglec-8 transgenic mice (16) was cultured in complete medium (DMEM supplemented with 10% FBS (Cytiva), 2 mM L-glutamine (Gibco), 1% antibiotic-antimycotic solution (Gibco), 50 µM β-mercaptoethanol (Gibco) in the presence of 10ng/mL mIL-3, Stemcell Technologies). After 2 days of culture, cells in suspension were transferred to a new flask and fresh culture medium was added two times per week with the cell count maintained between 0.5-1x106/mL for 6-8 weeks prior to use. MC maturity was monitored using flow cytometry staining with antibodies against CD45 (clone 30-F11, Biolegend), and MC markers CD117 (clone 2B8, eBiosciences) and FcεRIα (clone MAR-1, Biolegend). Siglec-8 expression was monitored using PE conjugated antibody from R&D Systems (clone 837535). Bone marrow mast cells are referred to as BMMC (from C57BL/6 wild-type mice) and S8-BMMC (from Siglec-8 transgenic mice).

Methods for human MC generation and activation can be found in the Supplementary Material.



FcεRI-Mediated Bone Marrow Mast Cell Activation and Siglec-8 mAb Treatment

S8-BMMC were plated in 96-well round bottom tissue culture plates at 5x104 per well and centrifuged for 2 min at 400g prior to resuspending with biotinylated anti-FcεRI (clone MAR-1, Biolegend) at 250ng/mL plus biotinylated isotype-control mouse antibody (MOPC21, mouse IgG1, Allakos) or biotinylated Siglec-8 mAb (2E2, mouse IgG1, Allakos) at 5μg/mL at 4°C for 2 min. Cells were washed in PBS and then incubated in PBS with 10μg/mL neutravidin (Thermo) for 2 min. After an additional PBS wash, cells were resuspended in 200μl 37°C complete medium and incubated for 20 min at 37°C for flow analysis or for 1 or 6 hours for analysis of histamine or cytokine levels in the supernatant. For flow cytometry, cells were resuspended in 100μl cold FACS buffer (PBS/1%BSA) containing 100ng anti-CD63-PE/Cy7 antibody (clone NVG-2, Biolegend), 100ng anti-CD107a-PE (clone 1D4B, Biolegend), 3μl 7-AAD (Becton Dickinson) as viability marker and 0.2μl mouse Fc block (BD). The percent of CD63 and CD107a expressing cells was determined by flow cytometry on a Novocyte Quanteon (Agilent). For cytokine quantification, 25μl of supernatant was analyzed using Meso Scale Discovery’s U-plex kit (customized for the quantification of the indicated cytokines). Histamine levels were determined using an enzyme immunoassay kit (Beckman Coulter).



Transfections, Immunoprecipitation and Western Blotting

BMMCs (2x106) were transfected with 10μg plasmid expressing wild-type or mutant full-length Siglec-8 fused with an N-terminal FLAG tag. In addition to the wild-type sequence, plasmids containing ITIM mutants of Siglec-8 were generated by changing the tyrosine residue at position 447 of the proximal motif (wild-type=LHYATL) to phenylalanine (Y447F=LHFATL) and the tyrosine at position 470 of the distal motif (wild-type=SEYSEIK) to phenylalanine (Y470F= SEFSEIK). The double mutant contains both mutations (Y447F+Y470F). For all transfections, plasmid DNA (10 μg) was added to 2x106 cells and transfected using the 4D-Nucleofector (Lonza) with P3 nucleofector solution and Supplement 1 and program DS-130. Transfection efficiency of BMMC was consistently between 80-95% under these conditions. Cells were incubated at 37°C in complete medium for 6 hours for lysis for IP/WB or 16 hours for functional assays (FcεRI cross-linking). A fresh 30mM stock solution of pervanadate was prepared by adding 150μl of 200mM sodium orthovanadate (FivePhoton/Fisher) to 844μl PBS, plus 6.1μl 30% H2O2 (Sigma) and incubated for 20 min at room temperature prior to addition to cells at the indicated final concentrations to inhibit phosphatases.

Cells were lysed in Pierce IP lysis buffer (Thermo) with HALT protease and phosphatase inhibitors (Thermo). Lysates were used directly for Western Blotting or immunoprecipitation by adding 25μl Pierce anti-FLAG or anti-HA magnetic agarose beads (Thermo) for 30 min at room temperature while rotating. Siglec-8 IPs were performed using anti-Siglec-8 polyclonal rabbit antibody (Thermo, PA5-28846) at 10μg/mL for 30 min followed by addition of Magnetic Protein A/G beads (Pierce). After 4 washes with TBS-T, proteins were eluted by incubation at 70°C for 10 min in 1xLB with reducing agent added (Thermo), separated by SDS-PAGE and subjected to Western Blot analysis. 5% milk (Bio-Rad) in TBS-0.1%Tween-20 was used for blocking. Anti-FLAG antibody was from Sigma; anti-HA, anti-Lyn (clone LYN-01) and anti-Siglec-8 from Thermo; anti-Shp-2 (clone D50F2) from Cell Signaling Technologies; 4G10 from Millipore/Sigma. Anti-FLAG and anti-4G10 antibodies for Western blotting were directly conjugated to HRP, other primary antibodies were detected using HRP conjugated mouse anti-rabbit IgG, light chain specific (Jackson ImmunoResearch 211-032-171) at 1:2,000 dilution in TBS-T/5% milk. Western blots were developed using Immobilon Forte western HRP substrate (Millipore) and imaged using the iBright imaging system (Thermo).



Mass Spectrometry

Detailed methods for MS and proteomics analysis can be found in the Supplementary Material.



Confocal Microscopy

S8-BMMC were stained in PBS/1% BSA on ice for 30 min with anti-S8-AF647 (Allakos), anti-FcεRI-PE (clone MAR-1, Biolegend) and fixed in 2% PFA. For crosslinking, S8-BMMC were treated as described under ‘FceRI-Mediated Bone Marrow Mast Cell Activation and Siglec-8 mAb Treatment’ and subsequently fixed in 2% PFA. Fixed cells were spun onto poly-D-lysine (50μg/mL for 1 hour, GIBCO) coated 96-well glass plates (Cellvis) at 2,000g for 5 min and covered in 200ul PBS with 1μg/mL DAPI for nuclear staining. Cells were imaged on a Leica Stellaris 5 confocal microscope using a 63x objective with oil immersion. Images were analyzed using ImageJ. Briefly, cells were identified manually as ROIs. Within ROIs, bright foci greater than 0.6 μm in diameter were defined as punctae. Intensity of PE was then determined by averaging the fluorescent intensity within each punctae mask.




Results


Bone Marrow Mast Cells From Transgenic Mice Express Functional Siglec-8 and Respond to FcεRI-Mediated Activation

To interrogate MC activation and inhibition in vitro, we developed a system using MCs derived from the bone marrow of Siglec-8 transgenic mice (S8-BMMCs) (16). Upon differentiation after about 6 weeks of culture, these MCs displayed a mature phenotype, including expression of MC phenotypic markers and Siglec-8 (Figure 1A).




Figure 1 | BMMC from transgenic mice respond to FcεRI activation and express functional Siglec-8. (A) BMMC-S8 flow cytometry gating strategy. Right panel represents Siglec-8 staining (blue) and FMO stain (grey) (B) Levels of surrogate degranulation markers CD63 and CD107a on the cell surface of unstimulated MC (NS; black bars), when cross-linked with the anti-FcεRI antibody MAR-1 for 15 min (ISO + anti-FcεRI, grey bars) or co-cross-linked with MAR-1 and Siglec-8 mAb (S8 + anti-FcεRI, blue bars). (C) Histamine concentrations in the culture medium of MC collected 1 hour after stimulation as in (B). (D) Cytokine concentrations in the culture medium of MC collected 6 hours after stimulation. (E) Titration of isotype control mAb and Siglec-8 mAb in combination with anti-FcεRI-mediated (MAR-1) activation. Left panel: % of CD63 positive MC. Right panel: % of CD107a positive MC. Data are plotted as mean ± SEM (n=5) and are representative of 5 experiments. *p < 0.05, **p < 0.01, ****p < 0.0001 by one-way ANOVA test (B–D) or unpaired t test (E).



Stimulation of S8-BMMCs with an agonistic anti-FcεRI antibody in the presence of an isotype control antibody (ISO), induced degranulation as detected by the upregulation of degranulation markers CD63 and CD107a on mast cells (Figure 1B). In addition, FcεRI-mediated activation significantly induced histamine secretion (Figure 1C, measured after 1 hour), and TNFα, IL-6 and CCL2 cytokine secretion (Figure 1D, at 6 hours) compared to unstimulated cells. In the presence of a Siglec-8 mAb, both degranulation and mediator release by activated S8-BMMCs were strongly inhibited compared to isotype control treatment (Figures 1B–D). Siglec-8 mAb-mediated inhibition of MC degranulation was concentration dependent: a statistically significant reduction in the upregulation of CD63 and CD107a compared to isotype control treatment was observed with Siglec-8 mAb concentrations of 80ng/mL and higher (Figure 1E). To determine if the presence of FcεRI-bound IgE affected Siglec-8 mAb activity, we cultured S8-BMMCs in the presence of titrating concentrations of IgE. While the level of FcεRI-mediated activation was lower in the presence of a high IgE concentration, the inhibition by Siglec-8 mAb was not affected (Supplementary Figure 1A). These data demonstrate that S8-BMMCs respond to FcεRI-mediated activation in vitro and express functional Siglec-8. To confirm natively expressed Siglec-8 functioned similarly, we evaluated Siglec-8 mAb-mediated inhibition in human primary MCs derived from peripheral blood CD34+ cells activated with agonistic anti-human FcεRI antibody CRA-1. Similar levels of Siglec-8 mAb-inhibition were seen in human MCs compared to S8-BMMCs, demonstrating transgenic expression of Siglec-8 in BMMCs is reflective of human function (Supplementary Figures 1B, C).



Siglec-8 mAb Treatment Globally Inhibits FcεRI-Induced Intracellular Signaling

Inhibition of MCs through Siglec-8 has been described previously (9, 12, 13, 16), but the intracellular signaling pathways have not been fully elucidated. To investigate this, we profiled phospho-proteomes of S8-BMMCs that were stimulated in the absence or presence of Siglec-8 mAb by mass spectrometry. Three treatment conditions were evaluated in duplicate: 1) unstimulated S8-BMMCs, and S8-BMMCs activated by cross-linking of the FcεR1 receptor for 2 min in the presence 2) or absence 3) of Siglec-8 mAb. Proteomes were labeled by Tandem Mass Tag (TMT) and enriched for phospho-serine, -threonine and -tyrosine peptides prior to analysis by mass spectrometry and subsequent quantification of phospho-peptides (Figure 2A).




Figure 2 | Phospho-proteome of FcεRI-stimulated and Siglec-8-inhibited S8-BMMCs. (A) Schematic of the process for determining phospho-proteomes of MCs. (B) Volcano plots of Log2 fold change against statistical significance of the abundance of phospho-peptides 2 min after FcεRI crosslinking in the presence of isotype control antibody (top panel) or Siglec-8 mAb (bottom panel). Highlighted are the peptides upregulated more than 4-fold. (C) Heatmap of quantified phospho-peptides. Each line represents a unique phospho-peptide with the first two columns representing the unstimulated MCs in two independent experiments, the next two columns the phospho-proteome from MCs activated through FcεRI and the last two columns represent activation in the presence of a Siglec-8 mAb. The heatmap is ranked from top to bottom by fold induction upon activation averaged over the two experiments. Right panel: zoom in on the top sections of the heatmap in (C). (D) Bar graph representing the number of phosphosites predicted to be phosphorylated by the indicated kinase in the FcεRI stimulated conditions. (E) Kinase tree highlighting the kinases that are known to modify sites that showed differential phosphorylation between the isotype and Siglec-8 mAb conditions upon FcεRI activation.



In the FcεRI stimulated MCs, 348 unique phosphosites were identified as differentially phosphorylated by more than 2-fold, of which 41 were upregulated more than 4-fold relative to unstimulated control MCs (adjusted p-value < 0.05; Figure 2B). Strikingly, in the presence of a Siglec-8 mAb the number of differential phosphosites decreased to 71 (2-fold) and 7 (4-fold), respectively. A heatmap representing differential phosphorylation events further confirmed that the majority of the FcεRI-induced phosphorylation events were reduced in the presence of Siglec-8 mAb (Figure 2C). Many of the abundantly phosphorylated peptides that were decreased represented key proteins known to be immediately downstream of FcεRI signaling (17–19), including the kinase Syk, adaptor molecules Gab2 and Dapp1, and the more downstream kinases protein kinase C and Akt (Figure 2C). In addition, Siglec-8 mAb-treatment inhibited signaling molecules phosphorylated upon activation such as Erk, the phosphatase Ship1, scaffold proteins Wipf1, Ahnak and Lat2 and the gamma subunit of FcεRI itself (Figure 2C and Supplementary Figure 2). The induction and inhibition of global p-Tyr phosphorylation (Supplementary Figure 3A) and specific phosphorylation events for p-Syk and p-Erk were confirmed by Western blot and intracellular flow cytometry analysis (Supplementary Figures 3B–D).



Siglec-8 Inhibits Proximal Kinase Activity Upon FcεRI-Mediated Mast Cell Activation

Using the integrative PhosphoSitePlus database (20), we mapped phosphorylation sites to annotated kinases to identify differences in kinase activity between Siglec-8 mAb vs isotype conditions. We identified proximal kinases known to be associated with FcεRI activation (Lyn, Syk, Fyn) as well as kinases involved in downstream pathways (e.g., MAPK family members) (Figure 2D). FcεRI-activated MCs treated with a Siglec-8 mAb had fewer phosphorylated sites for all predicted kinases compared to activated MCs treated with an isotype control antibody (Figure 2D). The kinase tree in Figure 2E highlights the kinases known to modify the sites that showed differential phosphorylation (1.2 fold) between isotype and Siglec-8 mAb conditions, including the tyrosine kinases that function at the top of the FcεRI signaling cascade (Syk, Lyn) as well as those downstream (Ikkb). These data demonstrate that Siglec-8 mediates global inhibition of FcεRI signaling in primary MCs by regulating FcεRI-mediated kinase activity upon mAb engagement.



Both Siglec-8 ITIMs Are Involved in the Inhibition of FcεRI-Induced Degranulation and Phosphatase Recruitment

Siglec-8 contains two ITIMs in its cytosolic tail (Figure 3A). The motif nearest to the membrane was previously demonstrated to be required for Siglec-8 mediated inhibition in rat basophilic leukemia cell activation (9), but whether a single or both tyrosines in the ITIMs of the intracellular domain of Siglec-8 are critical for inhibitory activity in primary MC is unknown. Expression constructs were generated for mutant versions of Siglec-8, in which the tyrosine residues were replaced with phenylalanine residues, either separately (Y447F and Y470F) or combined to generate a double mutant (Y447F+Y470F). BMMCs transfected with each of the wild-type or mutant Siglec-8 constructs were activated via anti-FcεRI agonist antibody MAR-1 (ISO+anti-FcεRI). FcεRI activation was inhibited in the presence of a Siglec-8 mAb for BMMCs transfected with wild-type or single-mutant Siglec-8 (Figure 3B), although inhibitory function was partially attenuated in BMMCs transfected with the membrane proximal ITIM mutant (Y447F), but not the membrane distal ITIM mutant (Y470F). However, BMMCs expressing the double ITIM mutant lost almost all Siglec-8-mediated inhibition. The percent inhibition calculated from these data obtained for each Siglec-8 variant is plotted in Figure 3C. These data demonstrate that both functional ITIMs are required for Siglec-8 mediated inhibition in FcεRI-activated primary BMMCs.




Figure 3 | Both ITIM motifs are required for Siglec-8 mediated inhibition. (A) Schematic of the Siglec-8 receptor with its two tyrosine residues in the context of ITIM motifs indicated. (B) Percent of CD63 positive MC in unstimulated (ISO + NS, S8 + NS), stimulated (ISO + anti-FcεRI) and inhibited (S8 + anti-FcεRI) MC after transfection of the indicated wild-type or mutant Siglec-8 expression constructs Data are plotted as mean ± SEM (n=3) and are representative of 3 experiments. (C) Percent inhibition of Siglec-8 mAb-treatment for each Siglec-8 expression construct was calculated compared to ISO condition. *p < 0.05, **p < 0.01, ****p < 0.0001 by one-way ANOVA test. (D) Western blot analysis of Siglec-8-Shp2 interaction. Immunoblot (IB) of whole cell lysates (WCL) or FLAG immunoprecipitations (IP) from primary MC mock transfected or with expression constructs for wild-type Siglec-8-FLAG or ITIM double mutant Siglec-8-FLAG. Cells were subjected to PVD treatment for two min and WCL were analyzed for presence of Shp-2 (panel 1) and p-Tyr (panel 4). Anti-FLAG IPs were analyzed for presence of Shp-2 (panel 2), Siglec-8-FLAG (panel 3) and p-Tyr (panel 5). Experiments were performed 2-3 times for confirmation.



Src-homology 2 (SH2) domain containing protein tyrosine phosphatases have been shown to be critical for inhibition of immune cells through Siglec family members and other ITIM containing receptors (10, 21). We detected Shp-1 at low levels in BMMCs and did not observe an interaction with Siglec-8 (data not shown). In T cells, mechanistic and single cell imaging studies of programmed cell death 1 (PD-1) demonstrated that Shp-2 is required for inhibition (22, 23). Since the ITIMs were required for Siglec-8 mediated inhibition in BMMCs (Figure 3B), we assessed if Shp-2 physically interacted with Siglec-8 in BMMCs transfected with FLAG-tagged Siglec-8 (wild-type or double-mutant) in the presence or absence of the phosphatase inhibitor pervanadate (PVD). In the absence or in the presence of 0.1mM concentrations of PVD, Shp-2 did not co-immunoprecipitate with Siglec-8 despite the presence of Shp-2 protein in whole cell lysates under all conditions (Figure 3D, panel 1 + 2). Incubation with a high concentration of PVD (1mM) resulted in Shp-2 co-immunoprecipitating with wild-type Siglec-8, but not with the double ITIM mutant (Figure 3D, panels 2 + 3). To evaluate if the Shp-2/Siglec-8 interaction was dependent on Siglec-8 ITIM phosphorylation, we probed with a pan-tyrosine phosphorylation antibody (Figure 3D, panel 4). Indeed, wild-type but not the double ITIM mutant Siglec-8 was tyrosine phosphorylated at the high PVD concentration (Figure 3D, panel 5). These data strongly suggest that Siglec-8 phosphorylation within the ITIM motifs is required for Shp-2 interaction.



Siglec-8 Interacts With Proximal FcεRI Signaling Machinery

The inhibition of FcεRI-mediated proximal signaling events led us to hypothesize that Siglec-8 may directly interact with FcεRI signaling components. We investigated potential physical interactions of Siglec-8 with FcεRI and associated signaling molecules using BMMCs transfected with FLAG-tagged Siglec-8. Surprisingly, Siglec-8 co-immunoprecipitated with FcεRIγ from lysates of unstimulated MC, demonstrating that these proteins can co-exist in a complex (Figure 4A). Since the Src kinase Lyn is immediately activated upon IgE cross-linking of FcεRI (24–26), and its predicted level of phosphorylation was decreased in Siglec-8 mAb-treated MCs (Figures 2D, E), we evaluated if Lyn also interacted with Siglec-8. Indeed, we detected Lyn in the immunoprecipitate of Siglec-8, demonstrating that Lyn also can interact in complex with Siglec-8 (Figure 4B).




Figure 4 | Siglec-8 interacts with FcεRI machinery components. (A) Western blot analysis of Siglec-8-FcεRIγ interaction. Immunoblot (IB) of whole cell lysates (WCL) or HA immunoprecipitations (IP) from primary MC transfected with expression constructs for Siglec-8-FLAG (lane 1) or FcεRIγ-HA (lane 3) or both (lane 2). Blots were developed with anti-FLAG (left panel) and anti-HA (right panel). (B) Western blot analysis of Siglec-8-Lyn interaction. WCL, isotype IP or S8 IP from S8-BMMC were developed using anti-Lyn or anti-Siglec-8 antibodies. (C) Confocal microscopy imaging of Siglec-8 (red) and FcεRI (green) in S8-BMMC. (D) Quantification of confocal images. Left panel: number of FcεRI punctae per cell (PE channel). Right panel: Siglec-8 median fluorescence intensity within FcεRI/Siglec-8 punctae (AF647 channel). Experiments were performed 2-3 times. NS, not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA test.



Next, we investigated if Siglec-8 colocalized with FcεRI in S8-BMMCs using confocal microscopy. We observed a relatively homogeneous distribution of Siglec-8 and the FcεRI receptor complex on the membrane of unstimulated S8-BMMCs, suggesting they may partially co-localize, in line with the immunoprecipitation data (Figure 4C, top panels). Co-cross-linking of both FcεRI and Siglec-8 resulted in large membrane associated structures (punctae) (Figure 4C, bottom panels), in which Siglec-8 and FcεRI co-resided. Interestingly, co-localization of both receptors was reduced when only FcεRI was engaged with mAb (Figure 4C, middle panels). Quantification of the confocal images confirmed a significant increase in the number of punctae and the presence of Siglec-8 within these punctae when FcεRI and Siglec-8 were both co-cross-linked compared to unstimulated or FcεRI only engagement (Figure 4D). The level of Siglec-8 present in complex with FcεRI was trending lower when FcεRI was crosslinked by itself compared to unstimulated cells. Taken together, these data demonstrate that Siglec-8 interacts with FcεRI and its signaling components and suggest the existence of multi-protein complexes where activating and inhibitory receptors interact with multiple proximal signaling mediators. We propose a model whereby recruitment of sufficient levels of Siglec-8 to FcεRI complexes results in increased phosphatase activity that inhibits proximal kinase activity leading to broad attenuation of intracellular signaling and subsequent degranulation in MCs (Figure 5).




Figure 5 | Model of Siglec-8 mediated inhibition of FcεRI signaling in MCs. (Left) Siglec-8 and FcεRI are distributed along the membrane of resting MC while partially colocalizing. (Middle) Cross-linking with MAR-1 anti-FcεRI results in high density clusters of FcεRI resulting in phosphorylation at the ITAM, subsequent MC activation/degranulation and partial exclusion of Siglec-8 from the activating complexes. (Right) In the presence of Siglec-8 mAb, phosphatases like Shp-2 are recruited to large complexes of activating (FcεRI) and inhibitory (Siglec-8) receptors resulting in potent inhibition of intracellular signaling.






Discussion

In recent years, our understanding of the interplay between activating and inhibitory receptors in immune cells has greatly increased through large scale expression and proteomics studies. As key effector cells in acute and chronic allergic and inflammatory responses, MC numbers and activation state have been shown to be aberrantly increased in several diseases (3, 27, 28). The inhibitory receptor Siglec-8 has emerged as a promising drug target in MC-driven diseases and the work described herein was carried out to study in detail the effects of Siglec-8 engagement on intracellular signaling upon MC activation through FcεRI.

While inhibition of FcεRI-mediated activation of MC through Siglec-8 engagement has been demonstrated previously (9, 15, 16), the consequences of this inhibition on intracellular signaling have not been thoroughly investigated. Here we present the first comprehensive evaluation of phospho-proteomes from FcεRI-activated and Siglec-8-engaged MCs. Our data support the conclusion that broad inhibition of proximal anti-FcεRI-induced phosphorylation events in primary MCs results in attenuated degranulation and mediator release in the presence of Siglec-8 mAb.

The inhibition by a Siglec-8 mAb is contingent on the presence of intracellular tyrosine residues within the ITIM domains, as has been described for other Siglec family members (9, 29, 30). We provide evidence that both ITIM domains in Siglec-8 participate in inhibiting FcεRI-induced activation in primary S8-BMMCs. This is analogous to the observed requirement for inhibition through CD22 (Siglec-2) in B cells, which was shown to depend on all three of its ITIMs for fully efficient inhibition (30). In contrast, data from studies with Siglec-7 and Siglec-9 demonstrated only the most proximal of two ITIMs to be critical for inhibitory activity (29). The differences between the requirements of ITIM motifs for inhibition may depend on 1) the origin of the cell type used, whether it is a primary cell or immortalized line, 2) the expression of downstream signaling molecules in these cells, particularly SH2 containing protein tyrosine phosphatases Shp-1 and Shp-2 and 3) the conformation/dimerization of the receptors. In structural studies, Shp-2 was found to require both of its SH2 domains for binding to phosphorylated ITIMs (31), which may be achieved by engaging with two motifs on the same receptor or through dimerization of receptors. While Shp-1 was detected at low levels in BMMCs, we cannot rule out a role for Shp-1 similar to Shp-2 based on our data.

In contrast to the cell death-inducing activity mediated by Siglec-8 mAb antibodies in eosinophils (12, 32), our in vitro assessments of Siglec-8 mediated MC activity revealed little evidence of inhibition by a Siglec-8 mAb in the absence of FcεRI-induced activation. These data suggest that a close physical association of activating and inhibitory receptors is required for inhibition and are consistent with recent work studying CD33 (Siglec-3) and Siglec-8 (15, 33). The authors demonstrate that FcεRI and Siglec-8/CD33 are not entirely co-localized in the same membrane microdomain and active recruitment of the inhibitory receptor to the lipid rafts containing the IgE-FcεRI complex is required. However, Siglec-8 mAbs have also been shown to inhibit non-ITAM-mediated activation of MCs, including stimulation through cytokine receptors, GPCRs, and TLRs (13, 14, 28). These data suggest that Siglec-8 could modulate intracellular signaling pathways differently depending on the mode of MC activation. In support of this, transcriptomic profiling of peritoneal MCs stimulated with IL-33 and treated with a Siglec-8 mAb showed significantly increased expression of genes associated with TLR inhibition, MyD88 signaling, and other ITIM-containing receptors (13). Additional studies are needed to elucidate how Siglec-8 and its engagement inhibits IgE-independent MC activation.

Interaction of Siglec-8 with FcεRIγ was detected in co-immunoprecipitation and imaging experiments (Figures 4A, C), which suggests that at least subsets of these two proteins are in the same protein complex in resting MC. Recent high precision microscopy studies demonstrated, in accordance with our model, subtle changes in location and organization in the plasma membrane between resting and stimulated states, with lipid-based and protein-based interactions leading to suprathreshold phosphorylation by facilitating access of kinase and exclusion of phosphatase activity (34). Collectively, our data provide novel mechanistic insight into intracellular signaling pathways that contribute to Siglec-8 mediated MC inhibition and suggest that Siglec-8 can influence the complex orchestration of activating and inhibitory activities by regulating upstream kinases and phosphatases upon stimulation through FcεRI.
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Mast cell hyperactivity and accumulation in tissues are associated with allergy and other mast cell-related disorders. However, the molecular pathways regulating mast cell survival in homeostasis and disease are not completely understood. As glioma-associated oncogene (GLI) proteins are involved in both tissue homeostasis and in the hematopoietic system by regulating cell fate decisions, we sought to investigate the role for GLI proteins in the control of proliferation and survival of human mast cells. GLI1 transcripts were present in primary human mast cells and mast cell lines harboring or not activating mutations in the tyrosine kinase receptor KIT (HMC-1.1 and HMC-1.2, and LAD2 cells, respectively), while GLI2 transcripts were only present in HMC-1.1 and HMC-1.2 cells, suggesting a role for oncogenic KIT signaling in the regulation of GLI2. Reduction in GLI activity by small molecule inhibitors, or by shRNA-mediated knockdown of GLI1 or GLI2, led to increases in apoptotic cell death in both cultured human and murine mast cells, and reduced the number of peritoneal mast cells in mice. Although GLI proteins are typically activated via the hedgehog pathway, steady-state activation of GLI in mast cells occurred primarily via non-canonical pathways. Apoptosis induced by GLI silencing was associated with a downregulation in the expression of KIT and of genes that influence p53 stability and function including USP48, which promotes p53 degradation; and iASPP, which inhibits p53-induced transcription, thus leading to the induction of p53-regulated apoptotic genes. Furthermore, we found that GLI silencing inhibited the proliferation of neoplastic mast cell lines, an effect that was more pronounced in rapidly growing cells. Our findings support the conclusion that GLI1/2 transcription factors are critical regulators of mast cell survival and that their inhibition leads to a significant reduction in the number of mast cells in vitro and in vivo, even in cells with constitutively active KIT variants. This knowledge can potentially be applicable to reducing mast cell burden in mast cell-related diseases.
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Introduction

Mast cells are immune cells of the myeloid lineage with key roles in the initiation of allergic reactions and in the regulation of chronic inflammation. Activated mast cells mediate these functions through the release of a vast variety of vasoactive and immune-modulatory molecules (1). The severity of mast cell-mediated reactions generally depends on the extent and duration of mast cell responses, and it is influenced by the number of mast cells in tissues (2).

Mast cells terminally differentiate in tissues, where they take up long-term residence. Mast cell numbers are increased in allergic disorders such as asthma, allergic rhinitis, food allergy and atopic dermatitis (2, 3), partly due to enhanced recruitment of mast cell progenitors to the affected sites followed by their maturation (1, 4, 5). Abnormal increases in mast cells are also seen in other mast cell disorders such as mastocytosis, where clonal expansion of mast cells occurs in organs such as the skin, bone marrow and the gastrointestinal tract among others, in association with somatic activating mutations in the tyrosine kinase receptor KIT (CD117) (6, 7). Indeed, KIT enhances the survival, proliferation and function of mast cells and plays an important role in tissue mast cell homeostasis in vivo (8) as evidenced also by the lack of tissue mast cells in mice with a deficiency in KIT or its ligand (9), and the observed decrease in mast cell counts after blocking KIT activity in humans (10, 11). However, the regulatory mechanisms balancing mast cell survival (via KIT or other microenvironmental signals) and cell death to maintain mast cell homeostasis in health and disease are not well understood. Knowledge of these mechanisms may be relevant for strategies to reduce mast cells numbers and activity in mast cell-related disorders (2, 12, 13).

Glioma-associated oncogene family (GLI) transcription factors regulate the expression of various genes critical for proliferation, survival, genetic stability, and cell determination, during embryonic development and later in life. One of these target genes is KIT, whose promoter region contains two GLI consensus-binding sites (14) and its expression can be negatively or positively regulated depending on the GLI isoforms (14–16). GLI transcription factors consist of three family members, namely GLI1, GLI2 and GLI3. The canonical pathway for the activation of GLI is the hedgehog pathway (HH), although increasing evidence demonstrates that transcriptional expression and post-translational modifications leading to the activation of GLI also occur by non-canonical mechanisms (17). In the canonical HH-pathway (Figure 1A), the 12-pass transmembrane receptor Patched 1 (PTCH1) is activated by the HH ligands sonic (SHH), Indian (IHH), and desert HH (DHH). In their absence, PTCH1 inhibits the 7-pass transmembrane G protein-coupled receptor smoothened (SMO), leading to the partial proteasomal degradation of GLI3 and to a much lesser extent of GLI2, to form transcriptional repressor forms (GLIR). In the presence of HH ligands, PTCH1 stops the inhibition of SMO, proteolysis of GLI is blocked and thus active, full length GLI activator forms (GLIA) accumulate and translocate into the nucleus to induce gene transcription. Unlike GLI2 and GLI3, GLI1 is not subject to proteolysis, and its levels are mainly regulated by induction of transcription, which is the reason why GLI1 is used as a reliable reporter of HH activity (18, 19). Overall, GLI1 acts exclusively and GLI2 primarily as transcriptional activators (GLIA), while GLI3 acts as the main transcriptional repressor due to its proteolytic processing (20, 21). The GLI proteins are also regulated by sequestration with suppressor of fused (SUFU), which prevents them from entering the nucleus, until activation mechanisms dissociate the complex (Figure 1A) (22).




Figure 1 | Modulation of GLI1/2 expression in human mast cells. (A) Simplified illustration of the canonical hedgehog signaling pathway and some of the small molecules used for its activation or inhibition. (B) Relative GLI1 mRNA levels (2-ΔΔCq) in human mast cell lines (HMC-1.1, HMC-1.2, LAD2) and primary human mast cells (hMC) after 20 h incubation with the SMO agonist SAG (200 nM) or the PTCH1 ligand SHH (500 ng/mL). (C) Relative GLI1 mRNA levels (2-ΔΔCq) in mast cells transduced with lentiviral particles containing two separate shRNA constructs to knockdown SUFU (see Supplementary Figure 2). (D) Relative GLI1 and GLI2 mRNA levels (2-ΔΔCq) after 5 h culture with the GLI1/2 inhibitor HPI-1 (20 or 40 µM) or with the SMO inhibitor vismodegib (40 µM). Results are expressed as Mean ± SD of three independent experiments. GAPDH and ACTB were used for normalization. Each individual experiment was done in triplicate. Two-way ANOVA followed by Dunnet multiple comparisons test was used for statistical analysis. **p < 0.01; ****p < 0.0001.



Dysregulation of GLIA and GLIR has been linked to hematological malignancies such as chronic and acute myeloid leukemia among other types of cancer (23, 24). More recently, in a subset of patients with congenital aggressive mastocytosis, a germline mutation causing reduced GLI3R compared to GLI3A was identified, which was associated with mast cell transformation (16). Considering these associations, the role of GLI proteins in cell fate decisions, and their reported regulatory role in KIT expression, we aimed to investigate a potential involvement of GLI transcription factors and the HH-pathway in the proliferation and survival of normal and neoplastic human mast cells. By using inhibitors of GLI and components of the HH-pathway and by shRNA-mediated approaches, we show that homeostatic regulation of GLI1 and GLI2, largely through non-canonical pathways, plays an important role in the survival of human and mouse mast cells in vitro and in vivo, as well as in the proliferation and survival of neoplastic mast cells carrying or not oncogenic KIT variants. As will be shown, such data provides relevant information on the function of GLI proteins in mast cell biology and tissue homeostasis, and on the molecular underpinnings for this regulation, which includes the regulation of KIT and p53. Furthermore, these additions to the understanding of the molecular pathways that regulate mast cell proliferation, survival and death have relevance in developing novel pharmacological strategies to decrease mast cell numbers, and in the treatment of mast cell-associated disorders.



Materials and Methods


Inhibitors and Agonists

The tyrosine kinase inhibitor (TKI) dasatinib, SMO agonist (SAG)- hydrochloride, GLI1/2 inhibitor GANT61, and SMO antagonist vismodegib (GDC-0449) were purchased from Selleckchem (Houston, TX). GLI1/2 inhibitor HPI-1, PI3Kα/δ/β inhibitor LY-294002 hydrochloride, and MEK1/2 inhibitor U0126 were purchased from Tocris (Minneapolis, MN). High activity recombinant Human Sonic Hedgehog (SHH) Protein was purchased from R&D Systems (Minneapolis, MN) and arsenic trioxide (A2O3 or ATO) from Millipore Sigma (Burlington, MA).



Animal Studies

Ptch1+/− mice (Ptch1tm1Mps/J; Stock No: 003081) were obtained from The Jackson Laboratory (Bar Harbor, ME) (25) and bred to obtain Wt and Ptch1+/− littermates in AAALAC-accredited NIAID animal facilities. C57BL/6J mice were obtained from the Jackson Laboratory and injected every other day with GLI1/2 inhibitors for a total of 7 injections. Mice were randomly divided into three groups (n=4/group) and injected intraperitoneally (150 µL) with either saline vehicle control (PBS : EtOH; 95:5%), HPI-1 (2 mg/kg), or GANT61 (2 mg/kg). Two days after the last injection, mice were euthanized, peritoneal lavage was performed, and mast cell percentages (FcϵRI+ Kit+ cells) were obtained by FACS analysis. Cells were resuspended at 107 cells/mL in PBS plus LIVE/DEAD™ Fixable Green Dead Cell Stain Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. Cells were then washed, resuspended in FACS buffer (PBS + 3% FBS + 2mM EDTA), and Fcγ receptors blocked with anti-CD16/CD32 (clone 2.4G2, BD Biosciences, Franklin Lakes, NJ). Cells were stained with an optimal amount of anti-Kit-PE (clone ACK2, eBioscience) and anti-FcϵRI-APC (clone MAR-1, Biolegend, San Diego, CA). Data acquisition was performed on a LSRFortessa™ (BD Biosciences) and analyzed using FlowJo software (Tree Star, Ashland, OR). These experiments with live mice were performed under an animal study proposal (LAD2E) approved by the NIAID-DIR-Animal Care and Use Committee, in accordance with federal regulatory requirements and ethical standards under the guidance of the Office of Animal Care and Use of the National Institutes of Health.



Cell Culture

Mouse bone marrow-derived mast cells (BMMC) were differentiated from the marrow of tibias and femurs of Wt and Ptch1+/− littermate mice and cultured for at 6-8 weeks in RPMI 1640 supplemented with 10% FBS, HEPES (1M), penicillin (100 U/mL), streptomycin, 4 mM L-glutamine (100 μg/mL), sodium pyruvate (1 mM), 2-mercaptoethanol (50 μM), and IL-3 (30 ng/mL, R&D Systems). Cultures were analyzed by flow cytometry and BMMC were identified as FcϵRI and Kit double positive cells as described above. Degranulation assays of BMMC were performed as described (26).

HMC-1.1 and HMC-1.2 cell lines were cultured in Iscove’s Modified Dulbecco’s Medium supplemented with 10% FBS, L-Glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml). LAD2 cells were cultured in StemPro-34™ supplemented with StemPro-34™ Nutrient Supplement (Gibco), L-Glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), and SCF (100 ng/ml, R&D Systems).

Primary human mast cell cultures (hMC) were derived from CD34+ lymphocytapheresis progenitors obtained from healthy volunteers following informed consent under a protocol (NCT00001756) approved by the National Institutes of Health Internal Review Board. Cells were cultured as described (27) and used between 7–9 weeks of culture when >95% were mast cells identified as KIT and FcεRI double positive cells.



Growth Assays

The growth of HMC-1.1 and HMC-1.2 cells was quantified using CyQUANT™ Direct Cell Proliferation Assay (Thermo Fisher Scientific). Cells (3x104) were seeded in 100 µL in 96-well black/clear bottom plates (Corning Inc., Corning, NY) and cultured for 72 h in the presence of inhibitors of GLI or agonists/antagonist of the hedgehog pathway activators as indicated in the figures. Vehicle controls (up to 0.1% DMSO for HPI-1, 0.08% ethanol for GANT61, and PBS for ATO), and control samples containing no vehicle were included in all experiments. These vehicles did not affect growth of the cells. Cells were stained with the Cyquant dye following the manufacturer’s instructions. The relative fluorescence units (RFU) were determined using a Spark® microplate reader (TECAN, Männedorf, Switzerland). For LAD2 cells, 6x105 cells were seeded in 6-well plates (2 mL) and cultured for 7 days in the presence or absence of inhibitors. Viable cells were counted using a Acridine Orange/Propidium Iodide (AO/PI) cell viability kit using a LUNA-FL™ Dual Fluorescence Cell Counter (Logos Biosystems, Gyeonggi-do, South Korea).



Proliferation Assays

To identify proliferating cells, mast cell lines were stained with 5 µM of Cell Trace Violet (Thermo Fischer Scientific) in PBS following manufacturer’s guidelines. After washing, 5x105 cells were plated in 6 well plates (2 mL/well) with or without the indicated concentrations of inhibitors and cultured for 72 h (HMC-1.1 and HMC-1.2) or 7 days (LAD2) in culture media. To determine viability, cells were collected and stained with a LIVE/DEAD™ Fixable Green Dead Cell Stain Kit (Thermo Fischer Scientific) in PBS for 10 min on ice. Data acquisition was performed on a LSRFortessa™ and analyzed using FlowJo software. After gating out dead cells (LIVE/DEAD™ stained), generations of proliferating cells were recognized by diminishing fluorescence intensity. Cultures of BMMC were stained with 5 µM of Cell Trace Violet (CTV), plated in 6-well plates (5x105 cells in 2 mL) and after 6 days, proliferation and cell viability were analyzed as described above. Cultures of hMC differentiated for 7-9 weeks were plated in 24-well plates (2.5x105 cells in 1 mL) in growth media with or without the indicated concentrations of inhibitors, and cell viability was analyzed after 5 days as described above.



Apoptosis Assays

To identify cells undergoing apoptosis, expression of surface phosphatidylserine was determined by annexin V staining. Cells (5x105) were cultured in 6-well plates (2 mL) for 48 h (HMC-1.1 and HMC-1.2), 6 days (LAD2), or 4 days (hMC) in the presence or absence of the indicated concentrations of inhibitors and stained using Pacific Blue™ Annexin V/SYTOX™ AADvanced™ Apoptosis Kit (Thermo Fischer Scientific) following the manufacturer’s instructions. Cells were analyzed for annexin V expression in a LSRFortessa™.

In some experiments, apoptosis was further demonstrated by quantifying caspase-3/7 activity using CellEvent™ Caspase-3/7 Green Detection Reagent (Thermo Fischer Scientific), a specific substrate for caspase 3/7 that becomes fluorescent after cleavage. HMC-1.1 or HMC-1.2 cells (5x105) were cultured with or without various treatments for 48 h in 96-well black/clear bottom plates (100 µL), following the manufacturer’s instructions, and RFU were measured in a Spark® microplate reader.



ShRNA-Mediated Knockdown

Knockdown of GLI1 and GLI2 was conducted by transducing cells with GLI-specific ShRNA constructs. Bacterial glycerol stocks containing the pLKO.1-puro plasmid shRNA constructs were obtained from Millipore Sigma: TRCN0000020486 (construct 1) and TRCN0000232063 (construct 2) for GLI1; and TRCN0000033329 (construct 1) and TRCN0000033330 (construct 2) for GLI2. Plasmid DNA was isolated from individual carbenicillin-resistant colonies using Qiaprep Spin Miniprep Kit (Qiagen). As a non-target control, we used a pLKO.1-puro non-Mammalian shRNA Control Plasmid DNA (SHC002). Lentiviral particles were produced by following the manufacturer’s protocol. Briefly, the packaging lentiviral genes and viral envelop gene (Mission Lentiviral packaging mix, Millipore Sigma) along with plasmid DNA (3.4 µg) were co-transfected into HEK 293T cells (70% confluency in T75 flask) using FuGENE6 transfection reagent (Roche, Indianapolis, IN) to produce lentiviral particles containing the shRNA constructs. The transfected 293T cells were grown in Dulbecco modified Eagle medium that contained FBS (10%) and L-glutamine (4 mM). At 16 h post-transfection, the media was removed and replaced with fresh Dulbecco modified Eagle medium that included penicillin (100 U/mL) and streptomycin (100 mg/mL) and 10% FBS. Supernatants containing viral particles were collected at 40-44 h and 66-70 h post-transfection and combined. Viral particle titer was quantified by using HIV Type 1 p24 Antigen ELISA (ZeptoMetrix Corporation, Buffalo, NY). Cells plated in 6-well plates were transduced with the supernatants containing lentivirus, using approximately 5-10 transduction units (TU)/cell. After 20 h, transduced cells were changed to virus-free medium and selected by adding 2 µg/mL puromycin (In vivogen, San Diego, CA) for HMC-1.2 cells or 0.5 µg/mL puromycin for LAD2 cells. After 5 days of selection, cells were changed to puromycin-free medium and used for experiments.

To knockdown SUFU, lentiviral transduction particles TRCN0000019464 (construct 1), TRCN0000358840 (construct 2) for HMC-1.1 and HMC-1.2, TRCN0000358906 (construct 1), TRCN0000358838 (construct 2) for LAD2, and non-Target ShRNA control were purchased from Millipore Sigma. Cells were transduced as described above, except that no selection was conducted, and RNA was extracted at 96 h post-transduction.



Quantitative Real-Time PCR

Total RNA from 1-3 × 106 cells, treated as specified in the figure legends, was extracted using RNeasy plus mini kit (Qiagen, Valencia, CA). Reverse transcription and real time qPCR reactions to quantify various gene transcripts were performed in one step using iTaq Universal Probes One-Step Kit (Bio-Rad, Hercules, CA). The following PrimePCR™ probe sets were also purchased from Bio-Rad: SHH (qHsaCEP0040459) PTCH1 and Ptch1 (qHsaCEP0055042 and qMmuCEP0053013), SMO and Smo (qHsaCEP0051485 and qMmuCIP0032784), GLI1 and Gli1 (qHsaCEP0050608 and qMmuCEP0054131), GLI2 (qHsaCEP0057630), GLI3 (qHsaCEP0050421), SUFU (qHsaCEP0058238), KIT (qHsaCIP0026913), PPP1R13L (iASPP) (qHsaCEP0057704), and USP48 (qHsaCEP0049878). GAPDH and Gapdh (qHsaCEP0041396 and qMmuCEP0039581) and ACTB (qHsaCEP0036280) were used as reference genes.

For gene expression profiling of differentially expressed genes within the mitochondrial apoptotic pathway, we used predesigned 96-well panels with probes for 24 genes (Human, Catalog# 10025095, from Bio-Rad). cDNA (25 ng/reaction) obtained from cells after various treatments and using iScript cDNA synthesis Kit (Bio-Rad), were distributed on the plates and amplified using SYBR® Green. All the PCR reactions were conducted in CFX96 Touch Real-Time PCR Detection System (Bio-Rad).



Western-Blot

Cell lysates were obtained by lysing 4-8x106 cells, treated as specified in the figure legends, in 200-400 µL of RIPA Buffer (Cell Signaling Technologies, Danvers, MA) containing Protease/Phosphatase Inhibitor Cocktail (Roche) for 25 min on ice. Samples were incubated for 10 min at 70°C and separated by electrophoresis on 4–12% NuPage Bis-Tris gels (Thermo Fisher Scientific). Proteins were transferred to nitrocellulose membranes (0.2 μm pore size) using Trans-Blot Turbo Transfer Packs (Bio-Rad) followed by blocking in TBS Intercept blocking buffer (LI-COR Biosciences, Lincoln, NE). Blots were incubated with the primary antibodies purchased from Cell Signaling Technologies (KIT clone Ab81, polyclonal phospho-KIT (Tyr823, #77522), p53 clone DO-7, β-Actin clone 13E5 or polyclonal #4967, GLI1 clone L42B10, GLI2 clone E7R1N) overnight or 1 h for β-Actin at 4°C on a shaker. Bands were detected using infrared-labeled secondary antibodies and imaging of the bands was performed using an Odyssey CLx Infrared Imaging System (LI-COR Biosciences). Quantification of infrared fluorescence was conducted using Image Studio Lite (version 5.2).



Statistical Analysis

Statistical analysis was conducted using GraphPad Prism (GraphPad, San Diego, CA, version 9.1.1). The following significance scale was used on the graphs (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).




Results


Expression of HH Signaling Pathway Components and Modulation of GLI1/2 in Human Mast Cells

Activation of GLI proteins usually occurs downstream of the PTCH1/HH-pathway (Figure 1A), and which has not been explored in detail in mast cells. Thus, we first determined the level of mRNA expression of the main HH-pathway components in hMC and mast cell lines expressing normal (LAD2) or oncogenic KIT variants (HMC-1.1 and HMC-1.2). As shown in Table 1, PTCH1 mRNA was present in all human mast cell types but the key transducer of the HH-pathway, SMO, was not detectable in any cell type (Cq >39). The levels of the activator GLI1 were similar in all studied human mast cells, while the mRNA levels of GLI3 were barely detectable (Cq values of approximately 34). Notably, GLI2 mRNA was only expressed in the cell lines with KIT variants (HMC-1.1 and HMC-1.2 cells) and at higher levels than GLI1, suggesting a role for oncogenic KIT signaling in the regulation of GLI levels, particularly of GLI2. Related to such regulation, we found that inhibition of KIT, the downstream PI3K pathway, or particularly the MEK/ERK1/2 pathway, reduced GLI2 expression (Supplementary Figure 1A). The presence of GLI1 and GLI2 proteins, in accordance with the mRNA levels (Table 1), was confirmed by western-blot (Supplementary Figure 1B).


Table 1 | Relative mRNA expression in human mast cells of the main genes involved in the Hedgehog signal transduction pathway.



Since the levels of SMO mRNA (Table 1) and protein (not shown) were under the limit of detection, we questioned whether the canonical HH-pathway was functional in mature mast cells. As enhanced GLI1 expression is a main reporter assay for the activation of the HH-pathway (19, 28), we tested the effect of the PTCH1 agonist SHH or a pharmacological activator of SMO (SAG) (see Figure 1A) on GLI1 mRNA levels in hMC and mast cell lines. Neither of these approaches had significant effects on GLI1 mRNA levels after 6 h (not shown) or 20 h in hMC or mast cell lines (Figure 1B), consistent with the conclusion that the HH-pathway is not inducible in these cells under our experimental conditions.

SUFU is a key suppressor of GLI1 activity that can be regulated by SMO or by non-canonical pathways. Since SUFU was abundantly expressed in mast cells (Table 1), we used shRNA-mediated silencing of SUFU aiming to activate GLI bypassing upstream pathways. This approach resulted in 40 to 65% reduction in SUFU mRNA levels (Supplementary Figure 2) and led to an increase in GLI1 mRNA expression in all cell lines (Figure 1C), suggesting that the reduction of SUFU and thus SUFU/GLI complexes, allows GLI to enter the nucleus and further induce its own expression. The increased expression of GLI1 by silencing of SUFU implicates a role for SUFU in the regulation of GLI1 in mast cells and demonstrates that GLI1 is functionally active and capable of inducing its own expression, an outcome not seen by activation of PTCH1 or SMO (Figure 1B). This observation also suggests that SUFU/GLI may be mainly regulated via non-canonical pathways or that the induction of the canonical pathway is obscured by its homeostatic activation, although we did not detect SHH mRNA in these cells (Table 1).

Conversely to the knockdown of SUFU, the inhibition of GLI activation by a small molecule inhibitor, HPI-1, markedly reduced GLI1 and GLI2 mRNA expression in human mast cells, while no effect was observed with the SMO inhibitor vismodegib (Figure 1D). These data suggest that in cultured human mast cells, GLI transcription factors are active and regulated under steady state conditions by mechanisms other than the canonical HH-pathway.



Homeostatic Activation of the HH-Pathway and Gli Activity Promotes Differentiation and Proliferation of Murine Mast Cells

To further investigate the potential consequences of homeostatic activation of the HH- pathway, we used a mouse model of haploinsufficiency of Ptch1. Ptch1 inhibits Smo in a catalytic manner, in that one molecule of Ptch1 can regulate about 50 molecules of Smo (29). Therefore, Ptch1 downregulation can result in significantly less Smo repression and in turn, enhanced activation of Gli1 (25, 30) (Figure 1A), representing some level of constitutive activation of the HH-pathway. We confirmed that Ptch1+/- bone marrow cells and BMMC cultured for 7 weeks had significantly lower Ptch1 mRNA levels due to the lack of one allele (Figure 2A).




Figure 2 | Ptch1 haploinsufficiency provides a proliferative advantage in mouse BMMC. (A) Relative mRNA levels (2-ΔCq) of Ptch1, Smo, and Gli1 in fresh bone marrow cells and after 7 weeks in culture, when >98% of cells are mast cells. Gapdh was used for normalization. (B, C) Percentage of mast cells (Kit+ FcεRI+ cells) (B) and total mast cell numbers (C) at the indicated times after initiation of the bone marrow culture (n=3 mice/group). Similar results were obtained in additional sets of cultures. The bracket in C indicates statistical significance between the two curves using 2-way ANOVA. The SD bars are not visible in some of the points due to the low variability between those cultures. (D) Proliferation assay using Cell Trace Violet (CTV) by FACS. BMMC were stained with the dye, at week 2 or 6 of culture. After washing, they were placed in culture media, and 6 days later, analyzed for CTV intensity and cell death staining. Representative dot-plots in FcϵRI+ Kit+ gated cells are shown on the left. On the right, the average of CTV median intensity in cultures is shown (n=3 mice/group). (E, F) CTV staining (E) and dead cell staining (F) of 6-week-old BMMC in the presence of the Smo agonist SAG (200 nM) or the Gli1/2 antagonist GANT61 (20 µM) for 6 days (n=3 mice/group). Results are shown as Mean ± SD. Unpaired t test or 2-way ANOVA followed by Dunnet multiple comparisons test were used for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Although Ptch1+/- BMMC developed into mast cells with similar appearance, expression of FcϵRI and Kit, and degranulation responses as Wt BMMC (Supplementary Figure 3A, B), we observed that mast cells developed slightly faster (note a significantly higher proportion of mast cells determined as FcϵRI+ Kit+ cells by 4 weeks; Figure 2B), and that the total number of Ptch1+/- BMMC by the end of the culture was also significantly greater than in Wt BMMC (Figure 2C). We then tested the proliferation of mast cells during early development and in differentiated mast cells. By 2-3 weeks, when mast cells represent 20-30% of the cell culture, gated Ptch1+/- BMMC showed, on average, a significant 3-fold reduction in CTV fluorescence intensity (due to dye dilution as cells proliferate) compared to gated Wt BMMC, while by 6 weeks, when mast cells represent >95% of the culture, the reduction in CTV fluorescence intensity in Ptch1+/- cells was no more than 1.5 over Wt cells and did not reach statistical significance (Figure 2D). The trend towards reduced CTV in mature Ptch1+/- BMMC cultures was however mirrored by a modest but statistically significant increase in cell numbers compared to Wt BMMC (Supplementary Figure 3C). This suggests that early in the development of mast cells, increased Ptch1/HH-pathway activity can promote mast cell differentiation and proliferation but the effect in proliferation diminishes in differentiated mast cells coinciding with a drop in the expression of Smo (Figure 2A), and reminiscent of the undetectable SMO expression in human mast cells (Table 1). In agreement with these data, the Smo agonist (SAG) had no effect on the proliferation of 6-week-old Wt or Ptch1+/- BMMC (Figure 2E). In contrast, in the same 6-week-old cultures, inhibition of Gli1/2 by GANT61 reduced the proliferation of BMMC (Figure 2E) and caused a prominent increase in cell death (Figure 2F), potentially implicating Gli proteins in these processes.

Altogether, the data obtained from the haploinsufficiency Ptch1 mouse model system and inhibitors of the HH-pathway in BMMC are consistent with the conclusion that this pathway may contribute to the proliferation and differentiation of mast cells during early stages of development, but that the constitutive activation of the HH-pathway plays only a minor role in the proliferation of already differentiated mast cells. Of note, we did not detect differences in the numbers of tissue mast cells in these mice although the numbers trended to be slightly higher in Ptch1+/- mice, suggesting that haploinsufficiency in the HH-pathway does not significantly affect mast cell homeostasis in vivo (Supplementary Figure 3D). Our findings also suggest that Gli activity, mostly conferred by non-canonical pathways and perhaps to a lesser extent through homeostatic Ptch1/Smo, may represent an important regulator of survival in differentiated mast cells.



GLI1/2 Inhibition Reduces Human Mast Cell Growth by Downregulating Proliferation and Viability

Given these results and the regulation of GLI1 in human mast cells by the reduction in SUFU expression (Figure 1C and Supplementary Figure 2), we next focused on understanding the role of GLI proteins, particularly GLI1 and GLI2, in the regulation of human mast cell proliferation and survival. We employed the widely used GLI inhibitors GANT61 and ATO (31–33), and the new generation inhibitor HPI-1 (34), which as shown in Figure 1D, effectively downregulated both GLI1 and GLI2 mRNA expression, a readout of pathway inhibition.

All GLI inhibitors markedly reduced (by 40 to 95%) the growth of neoplastic human mast cells in culture (Figure 3A) in a concentration-dependent manner (Figure 3A). We used concentrations ranging from 5 to 40 µM of GANT61 and HPI-1, or up to 10 µM of ATO, as these were within the range of the reported IC50 for the corresponding inhibitors in several cell line models (31, 34–36). Concentrations greater than 40 µM for HPI-1 and GANT61, or greater than10 µM for ATO were not tested due to concerns of potential off-target effects. The reductions in cell growth were observed at 72 h in HMC-1.1 and HMC-1.2 cells (Figure 3A, left and middle panels), while in the slower growing LAD2 cells, a reduction of about 50% in cell number was observed after 7 days in culture (Figure 3A, right panel). In contrast, vismodegib, an FDA-approved antagonist of SMO, did not show a significant effect in either GLI1 mRNA expression (Figure 1D) or cell growth of either cell line (Figure 3A).




Figure 3 | GLI1/2 inhibitors reduce human mast cell growth by decreasing viability and proliferation. (A) HMC-1.1 (left panel), HMC-1.2 (middle panel), and LAD2 (right panel) cells were cultured for 72 h (HMC-1.1 and HMC-1.2 cells) or 7 days (LAD2 cells) with increasing concentrations of the indicated inhibitors of GLI1/2 (HPI-1, GANT61 and ATO) or SMO (vismodegib). Cell growth was assessed by measuring relative units of fluorescence (RFU) that represent viable cells using a Cyquant assay; or counting viable cells with a cell counter (LAD2 cells). Results were normalized to vehicle control (represented as concentration 0 µM) and are expressed as Mean ± SD of three independent experiments. Two-way ANOVA followed by Dunnet multiple comparisons test (compared to vehicle) were used for statistical analysis. Approximated IC50 values, estimated using a non-linear fit between the inhibitor concentration and the normalized response (variable slope) with GraphPad Prism 9, were for HPI-1: 25 µM in HMC-1.1 and 16 µM in HMC1.2; and for GANT61: 15 µM in HMC-1.1 and 14 µM in HMC1.2. (B) Representative dot-plots of three independent experiments in which HMC-1.2 and LAD2 were cultured for 72 h or 7 days, respectively, in the presence of the indicated inhibitors (20 µM). Cells were stained with Cell Trace Violet (CTV) before the incubation and at the end of the experiment stained with green dead cell stain. The percentage of dead cells and median fluorescence intensity (MFI) for CTV is shown in each dot-plot. (C) Representative histograms of primary human mast cells (hMC; 1 healthy donor out of 2) cultured for 5 days with the indicated inhibitors (20 µM) and stained with green dead cell stain. Averages of CTV MFI and percentages of dead cells in three independent experiments are shown in Supplementary Figure 4. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Using flow cytometry assays on LAD2 and HMC-1.2 cells as examples of neoplastic cells without or with oncogenic KIT variants, we were able to demonstrate that GLI inhibition by 20 µM GANT61 or HPI-1, a concentration near the approximated IC50 (Figure 3A), not only reduced cell proliferation (indicated by the higher median CTV fluorescence intensity), but also caused a prominent 3-to-26-fold increase in cell death (Figure 3B and Supplementary Figure 4), similarly to our results in BMMC (Figures 2E, F). In contrast, vismodegib did not show any noticeable effects on cell proliferation or cell death (Figure 3B). Although primary human mast cells do not proliferate after 5 weeks in culture (and thus proliferation could not be tested), their survival was also significantly reduced after GLI inhibition but not after SMO inhibition (Figure 3C and Supplementary Figure 4). Altogether, these results suggest that in normal or neoplastic mast cells, GLI transcription factors play a key homeostatic role in the proliferation and/or survival of mast cells largely via non-canonical pathways.

To demonstrate that growth inhibition was not due to off-target effects of these drugs, we also performed GLI1 or GLI2 specific shRNA-mediated silencing in HMC-1.2 and LAD2 cells, using at least two independent constructs for each. We did not target GLI2 in LAD2 cells since GLI2 expression was not detected in these cells (Table 1). It is worth noting that a correlation between the reduction in GLI mRNA and the functional effects may not be linear because cells with a more efficient reduction in GLI1 or GLI2 are more likely to die during the course of the experiments (when knockdown efficiency was assessed), while those cells where the knockdown was less efficient may remain alive. Nevertheless, effective GLI1 or GLI2 silencing (by about 50%; Figure 4A) reduced the growth of HMC-1.2 cells by more than 50% (Figure 4B, left panel) in 72 h. Similarly, knockdown of GLI1 in LAD2 cells (Figure 4A) reduced cell numbers by 50% in 7 days (Figure 4B, right panel). Using flow cytometry assays, GLI silencing reduced both the proliferation and survival of HMC-1.2 as well as the survival of LAD2 cells (Figure 4C and Supplementary Figure 5), confirming a specific role for GLI1/2 in these biological processes.




Figure 4 | ShRNA-mediated silencing of GLI1/2 reduces human mast cell growth by decreasing viability and proliferation. (A) HMC-1.2 and LAD2 cells were transduced with lentiviral particles containing GLI1 or GLI2 shRNA constructs (two independent constructs for each). After proper selection, relative GLI1 and GLI2 mRNA levels (2-ΔΔCq) were quantified by qPCR. GAPDH and ACTB were used for normalization. (B) After proper selection numbers of viable HMC-1.2 (left) and LAD2 (right) cells were assessed using the Cyquant assay (relative fluorescence units, RFU) or a cell counter, respectively. Cell numbers were assessed after 72 h in HMC-1.2 cells and after 7 days in LAD2 cells. Results are expressed as Mean ± SD of three independent experiments. One-way or 2-way ANOVA followed by Dunnet multiple comparisons test were used for statistical analysis. (C) After proper selection, cell proliferation and cell death were assessed as described in Figure 3. Representative dot-plots of two independent experiments are shown. The percentage of dead cells and median fluorescence intensity (MFI) of Cell Trace Violet (CTV) fluorescence within the live cells gate are shown in each dot-plot. Averages of CTV MFI and percentages of dead cells in two independent experiments are shown in Supplementary Figure 5. *p < 0.05; **p < 0.01; ****p < 0.0001.





GLI1/2 Inhibitors Induce Apoptosis and Regulate p53 in Human Mast Cells

We next used annexin V staining and flow cytometry to assess the type of death induced by the loss of GLI activity. The increase in annexin V staining after GLI1/2 inhibition indicated cell death by apoptosis (Figure 5A), a finding that was confirmed by directly measuring caspase 3/7 activity in cultures 48 h after treatment with GLI1/2 inhibitors (Figure 5B). Unlike HPI-1 and GANT61, vismodegib did not affect either annexin V staining (Figure 5A) or the activity of caspase 3/7 (Figure 5B), underlining a function for GLI proteins in mast cell survival that is largely independent of SMO regulation.




Figure 5 | GLI1/2 inhibition causes apoptosis in human mast cells. (A) HMC-1.1, HMC-1.2, LAD2, and primary human mast cells (hMC) were cultured in the presence of HPI-1, GANT61, or vismodegib (20 µM) for 48 h (HMC-1.1 and HMC-1.2 cells), 6 days (LAD2 cells) and 4 days (hMC). The percentages of annexin V positive and dead cells were quantified by flow cytometry. Representative dot-plots from one of three independent experiments are shown. The bar graph represents the average percentage of apoptotic cells (annexinV+/dead cell stain-) in three independent experiments using the indicated cells and treatments. (B) Caspase 3/7 activity was quantified by measuring relative units of fluorescence (RFU) of a caspase 3/7 substrate in HMC-1.1 and HMC 1.2 after 48h incubation with increasing concentrations of inhibitors, vehicle control is represented as concentration 0 µM. Results expressed as Mean ± SD of three independent experiments. Two-way ANOVA followed by Dunnet multiple comparisons test (compared to vehicle) were used for statistical analysis. *p < 0.05; ***p < 0.001; ****p < 0.0001.



In addition, we performed gene expression profile arrays of apoptotic pathways in the aggressive neoplastic HMC-1.2 mast cell line. The arrays showed that inhibition of GLI activity by HPI-1 and GANT or by GLI1 silencing via shRNA caused an upregulation of genes involved in the mitochondrial or intrinsic apoptotic pathway. Ingenuity Pathway Analysis of the genes upregulated in these expression arrays indicated activation of p53 as one potential upstream regulator of the apoptotic process (Figure 6A, right). Indeed, BBC3 (PUMA), BCL2L11 (BIM), and BAX, and to some extent APAF1, FAS and BAK1, all reported transcriptional targets of p53 (37, 38), were generally increased with all or most of the treatments with GANT61, HPI-1 or GLI1-ShRNA construct (Figure 6A), suggesting an upregulation of p53 function by loss of GLI activity.




Figure 6 | GLI1 inhibition stabilizes p53 and alters the gene expression of pro-apoptotic proteins. (A) Gene expression profiling of differentially expressed genes (2-ΔΔCq) within the mitochondrial apoptotic pathway (p53-regulated genes are marked by arrows and in bold). RNA from HMC-1.2 cells was extracted after an overnight incubation with HPI-1 or GANT61 (40 µM) or after proper selection of GLI1 shRNA (construct 1)-transduced cells. Vehicle and non-target mRNA levels are represented by dotted lines. Z-scores heatmap of the top seven canonical pathways modulated in GLI1 ShRNA (construct 1)-transduced cells, determined by using an IPA analysis. (B) HMC-1.2 cells were incubated overnight in the presence of HPI-1 (40 µM), cell lysates were obtained and p53 was quantified by western blot. β-actin was used as a loading control. The western blot shows a representative experiment and the average quantification of p53 protein expression, normalized to β-actin, in 3 independent experiments, are shown in the bar graph (Mean ± SD). Full-length blots are shown in Supplementary Figure 6A. (C) RNA from human mast cell lines was obtained after incubation for 5 h with HPI-1 (20 or 40 µM) and relative mRNA levels (2-ΔΔCq) of iASSP and USP48 was determined by qPCR. GAPDH and ACTB were used for normalization. Results are expressed as Mean ± SD of three independent experiments. Illustration represents the regulation of p53 levels and function by iASSP and USP48. Unpaired t test or 2-way ANOVA followed by Dunnet multiple comparisons test were used for statistical analysis. **p < 0.01; ***p < 0.001; ****p < 0.0001.



An increase in p53 protein levels after inhibition of GLI was then corroborated by immunoblotting (Figure 6B). GLI1/2 proteins have been reported in other cells to induce the transcription of the deubiquitinase USP48 (39), which can bind and stabilize Mdm2 leading to the degradation of p53 (40), and of iASPP, an inhibitor of p53-induced transcription (41). Next, we analyzed the gene expression of these antiapoptotic proteins after GLI1/2 inhibition. Treatment of HMC-1.1, HMC-1.2 or LAD2 cells with HPI-1 caused a 50% reduction in the mRNA levels of USP48 and iASPP (Figure 6C), suggesting that homeostatic GLI activity regulates p53 stability and transcriptional activity by regulating respectively USP48 and iASSP, and that loss of GLI activity causes an increase in p53-mediated apoptotic cell death, thus linking transcriptional regulatory function of GLI to the control of mast cell apoptosis (see illustration in Figure 6C).



GLI1 Inhibition Downregulates KIT Expression in Human Mast Cells

The HH-pathway and GLI3 have been implicated in the regulation of KIT expression (14). In agreement, inhibition of GLI1 via HPI-1 or GLI1 shRNA reduced KIT mRNA in the human mast cell lines and primary mast cell cultures (Figure 7A), with accompanying reductions in KIT protein levels (Figure 7B). It is important to note that the reduction in KIT occurred regardless of the presence of oncogenic KIT variants in mast cells, and the constitutive phosphorylation of KIT in HMC-1.2 cells, harboring V560G and D816V, was also prominently reduced (Figure 7B), making targeting of GLI1/2 another potential avenue for controlling mast cell numbers even in dysplastic diseases with aggressive KIT mutations.




Figure 7 | GLI1 inhibition downregulates KIT expression and phosphorylation in human mast cells. (A) Relative KIT mRNA levels (2-ΔΔCq) in mast cell lines or primary human mast cells (hMC) after 5h incubation with HPI-1 (20 or 40 µM) or 48h after transduction with lentiviral particles containing GLI1 shRNA (construct 1), no puromycin selection was conducted. Results are expressed as Mean ± SD of three independent experiments. GAPDH and ACTB were used for normalization. (B) HMC-1.1, HMC-1.2 and LAD2 cells were cultured overnight with HPI-1 (20 or 40µM) and lysed. Proteins were resolved in SDS-PAGE. KIT and phosphorylated-KIT (pKIT) were quantified by western-blot. β-actin was used as a loading control. The blots show representative images, and the bar graphs are the average relative band intensities of KIT and phospho-KIT (normalized by β-actin) in 2 independent experiments (Mean ± SD). Unpaired t test or 2-way ANOVA followed by Dunnet multiple comparisons test were used for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Full-length blots are shown in Supplementary Figure 6B.





Gli1/2 Inhibitors Reduce Mast Cell Numbers In Vivo

To demonstrate that the effects of Gli1/2 inhibition were not restricted to mast cells in culture, we determined the numbers of peritoneal mast cells in mice after successive injections with HPI-1 or GANT61 (Figure 8A). These inhibitors, used at concentrations 10 to 37 times lower (2 mg/Kg) than those used in xenograph in vivo models (20-75 mg/kg) (42–44), significantly reduced the number of peritoneal mast cells identified as FcϵRI+/Kit+ cells (Figures 8B left, and 8C). In contrast, the total number of peritoneal cells were not significantly changed (Figure 8B right). These results provide proof of principle that GLI proteins have a function in the survival of mast cells in tissue and offer GLI pathway components as potential targets for mast cell depletion in tissues. Further characterization of the effects on specific cell populations is warranted when considering the use of these drugs for specific depletion of mast cells in vivo.




Figure 8 | Gli1/2 inhibitors reduce peritoneal mast cell numbers in vivo. (A) Scheme illustrating the protocol for treatment of mice with the indicated Gli1/2 inhibitors. (B) Peritoneal lavage was obtained 2 days after the last injection with vehicle control (PBS : EtOH; 95:5%), HPI-1 (2 mg/Kg), or GANT61 (2 mg/Kg). Cells were stained with anti-FcϵRI and anti-Kit antibodies and separated by FACS. Percentages of mast cell (FcϵRI+ Kit+ cells) among total live peritoneal cells for each treatment are shown (left). The number of viable cells in the peritoneal lavage after these treatments was measured using a cell counter (right panel). Results are expressed as Mean ± SD (n=4 mice/group). One-way ANOVA followed by Dunnet multiple comparisons test were used for statistical analysis. (C) Representative dot-plots from one mouse per group are shown. *p < 0.05; **p < 0.01.






Discussion

Mast cells are effector cells in allergic inflammation and play important roles in immune surveillance. In normal tissue, the numbers of mast cells are maintained constant but can increase significantly in disease conditions and contribute to mast cell-related symptoms. Although mast cell replenishment and expansion can occur by differentiation from mast cell precursors in tissue (45–47), their numbers are also determined by signals from growth factor and cytokine receptors that regulate mature mast cell proliferation and death (3). The understanding of these fundamental processes and the intracellular regulatory components of mast cell homeostasis remain incomplete (2, 3). In this study, we demonstrate that GLI1/2 family members are critical transcription factors that reduce apoptotic signals and heighten proliferation of human and mouse mast cells in culture and regulate mast cell homeostasis in vivo. Our findings also provide insight into the underlying mechanisms for GLI actions and offer targets for potential development of therapies to control dysregulated mast cells.

Among the transcription factors known to regulate mast cell numbers in vitro and in vivo, GATA2 and MITF are notable in mast cell lineage specification and function (48–50), while STAT5 is known to regulate proliferation and survival of mast cells (3, 51). Here, we implicate the transcription factors GLI1 and GLI2 as additional key players in the steady-state regulation of the proliferation and survival of normal and transformed mast cells. This conclusion is based on the findings that inhibition of GLI1/2 by small molecules or by single shRNA-mediated knockdown effectively and markedly reduced the growth of human mast cell lines, particularly the aggressive, highly proliferative HMC-1.1 and HMC-1.2 cell lines and caused a marked drop in mast cell viability that was common to primary and neoplastic human mast cells. Furthermore, Gli1/2 inhibitors, when injected peritoneally into mice, also significantly diminished peritoneal mast cell numbers, indicating a function for Gli in the survival of mouse mast cells in situ.

The effect of GLI1/2 suppression on reduced human mast cell viability was accompanied by an increase in apoptotic markers. Analysis of gene expression arrays followed by western-blot assays, led us to associate the apoptotic process with an increase in the levels and activity of the tumor suppressor p53. Some reports have implicated p53 in GLI-mediated regulation of proliferation and apoptosis (41, 52–54), while in others, GLI1/2 inhibition induced p53-independent apoptosis (55, 56). In human mast cells, the increase in p53 activity induced by GLI inhibition was associated with a downregulation of two antiapoptotic proteins known to impact p53 stability and function: USP48 and iASSP, respectively (see illustration in Figure 6C). USP48 binds MDM2 to promote MDM2-mediated p53 ubiquitination and degradation (40), while iASPP is a p53 cofactor that inhibits p53 ability to transactivate pro-apoptotic target genes (57). In support for a cause-effect relationship between GLI inhibition and the reduction in USP48 and iASSP mRNA levels, USP48 was found to be a direct transcriptional target of GLI1 in glioblastoma cells (39), and iASPP to be induced by GLI1/2 activation via E2F1 in melanoma cells (39, 41). Cytokines that suppress mast cell growth and survival such as TGF-β, IL-4 and IL-10 (58) and drugs that induce mast cell apoptosis (59, 60) often require p53 activation and expression of apoptotic proteins (PUMA, APAF, BIM and BAX) that counteract the antiapoptotic BCL2 family members (Bcl2, Bclxl and MCL1), which are known to extend mast cell survival (13, 61–63). This underscores the importance of p53 regulation in mast cell biology. Our data is consistent with the conclusion that GLI proteins, in standard cell culture media conditions, and in the absence of additional exogenous stimuli, act as negative modulators of p53 by controlling the expression of USP48 and iASPP, which offers mechanistic insights for p53 regulation in mast cells as well as potential targets to induce mast cell depletion.

Thus, the steady-state action of GLI acts as a gatekeeper to repress p53, therefore favoring mast cell survival. The activity of GLI proteins is usually studied in the context of the canonical HH signaling, although GLI can also be activated by non-canonical pathways (17, 19, 64, 65). Our data overall does not advocate a major role for a canonical activation of GLI. Autocrine pathway induction via constitutive production of HH ligands is unlikely since we did not find mRNA for the most broadly expressed HH ligand, SHH, in any of the human mast cells. The canonical HH-pathway involves activation of PTCH1 which allows for the required translocation of SMO to the primary cilium and consequent GLI activation (66). The primary cilium is a sensory organelle considered to be present in most vertebrate cells (67) except for lymphoid and myeloid cells (68). In support, hematopoietic-specific deletion of Ptch1 did not lead to activation of the HH signaling pathway (69). In another report, however, primary cilia were documented to be present in most human blood and bone marrow cells, although their lineage was not determined (70). It is currently unknown whether mast cells, of myeloid origin, have a primary cilium to support this pathway. Nonetheless, our results altogether contradict the presence of a functional canonical HH-pathway in these cells: 1) SMO expression was not detectable in differentiated mast cells; 2) activation of the pathway by a PTCH1 ligand or a SMO agonist (SAG) did not result in GLI expression or affected human mast cell proliferation and survival; and 3) GLI expression and these biological functions were not altered by inhibition of SMO with the antagonist vismodegib.

This conclusion differs from a recent report that describes a haploinsufficient heterozygous mutation in GLI3 in a subpopulation of congenital mastocytosis with Greig cephalopolysyndactyly syndrome and implicates the canonical HH-pathway in aggressive mastocytosis and cultured neoplastic mast cells (16). In contrast to our work, this study found that SMO antagonists, particularly sonidegib, reduced the growth of neoplastic HMC-1.1 and HMC-1.2 cells. These effects were seen in longer times than the 3 days we used in our experiments, when cells have further expanded. A possible explanation for this discrepancy might be the confluency of the cells in the two studies, since other reports have shown that cultured cells only express cilia and become HH responsive when they are confluent (71, 72). In addition, it is important to keep in mind potential off target effects of these drugs after prolonged treatments. Nevertheless, our study agrees with that of Polivka et al. (16) in that the activation of GLI in human mast cells includes a prominent non-canonical component resulting in mast cell growth/survival. Further studies are needed to determine if the canonical pathway can be induced in vivo or under particular experimental conditions, and how exactly GLI activity is maintained and regulated in human mast cells by non-canonical pathways.

Related to the canonical pathway, our experiments using a mouse model of Ptch1 haploinsufficiency that can achieve some level of constitutive HH-pathway activation, showed that a reduction in Ptch1 expression provides a proliferative advantage to BMMC before the culture reaches full maturity. However, the functional effect of Ptch1 haploinsufficiency was minimal in differentiated BMMC, consistent with our data in human mast cells that argues against a role for the canonical HH-pathway. Since early cultures contain mixed cell lineages, these experiments cannot discern whether the HH-pathway is intrinsically important for differentiation and proliferation of mouse mast cell progenitors, or it is secondary to the activation of this pathway on other cell types. This later view is supported by a report where only deletion of Ptch1 in non-hematopoietic cells, but not deletion of Ptch1 in hematopoietic cells, caused dramatic hematopoietic phenotypes including increased circulating myeloid progenitors (69). Polivka et al. (16) also showed the presence of SHH in biopsies of the skin, digestive tract, and bone marrow of patients with mastocytosis, environments where mast cells were present and thus the HH-pathway could also affect mast cells or mast cell progenitors via mast cell-extrinsic mechanisms.

Many transcription factors that regulate mast cell homeostasis, including MITF, GATA2 and STAT5 influence the expression of KIT. Conversely, KIT regulate the expression/activation status of these transcription factors (3, 48–51, 73). KIT is a central receptor providing positive signals for mast cell survival and proliferation. Previous reports have shown or suggested that GLI transcription factors regulate KIT expression (14, 16). We provide confirmation that GLI1/2 inhibition suppressed KIT expression at the mRNA and protein levels in human mast cells, regardless of oncogenic mutations, an effect that may also represent a cause for the drop in viability and proliferation in the cells. Reciprocally to GLI regulating KIT expression, KIT signals were described to regulate GLI expression (16). Although we did not explore this possibility, our results showed that the expression of GLI2 (only detected in HMC-1.1 and HMC-1.2 cells) is regulated by KIT oncogenic signals, mainly the MEK/ERK1/2 pathway and to some extent the PI3K pathway (Supplementary Figure 1A) suggesting positive feedback loops between KIT and GLI. The increase in GLI2 expression in the rapidly growing neoplastic HMC-1.1 and HMC-1.2 cells (Table 1 and Supplementary Figure 1) is consistent with findings that increased expression of GLIA can lead to transformation (18, 19).

In summary, the data presented here support a role for GLI transcription factors as molecular rheostats of mast cell preservation. Homeostatic GLI function, modulated in cultures mainly by non-canonical pathways, controls p53 function and KIT expression, resulting in suppression of apoptosis and promoting proliferation of mast cells, thus contributing to mast cell number maintenance in steady-state and possibly in disease conditions with mast cell-related presentations, as shown in mastocytosis (16). Future studies are warranted to gain a better understanding of GLI regulation in mast cells in their local environment and to develop targeted intracellular delivery mechanisms for inhibitors of GLI and its targets to control mast cell numbers when needed.
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IL-33 and its receptor ST2, as well as mast cells and their mediators, have been implicated in the development of chronic obstructive pulmonary disease (COPD). However, whether mast cells and the ST2 receptor play a critical role in COPD pathophysiology remains unclear. Here, we performed repeated intranasal administrations of porcine pancreatic elastase and LPS for four weeks to study COPD-like disease in wildtype, ST2-deficient, and Cpa3Cre/+ mice, which lack mast cells and have a partial reduction in basophils. Alveolar enlargement and changes in spirometry-like parameters, e.g. increased dynamic compliance and decreased expiratory capacity, were evident one day after the final LPS challenge and worsened over time. The elastase/LPS model also induced mild COPD-like airway inflammation, which encompassed a transient increase in lung mast cell progenitors, but not in mature mast cells. While ST2-deficient and Cpa3Cre/+ mice developed reduced pulmonary function uninterruptedly, they had a defective inflammatory response. Importantly, both ST2-deficient and Cpa3Cre/+ mice had fewer alveolar macrophages, known effector cells in COPD. Elastase/LPS instillation in vivo also caused increased bronchiole contraction in precision cut lung slices challenged with methacholine ex vivo, which occurred in a mast cell-independent fashion. Taken together, our data suggest that the ST2 receptor and mast cells play a minor role in COPD pathophysiology by sustaining alveolar macrophages.
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Introduction

Chronic obstructive pulmonary disease (COPD) is an inflammatory disease of the airways predominantly caused by long-term tobacco smoking, and characterized by progressive and irreversible airflow obstruction. Lack of effective treatments and an increasing prevalence among aging populations make COPD a major health problem, and one of the main causes of death worldwide (1, 2). COPD diagnosis relies on pulmonary function testing to evaluate specific lung alterations. COPD patients often exhibit alveolar enlargement (i.e., emphysema), which causes an increase in their total lung capacity (TLC). The chronic inflammation associated with COPD damages the elastic properties of the airways, which is detected as an increase in dynamic compliance (Cdyn). COPD patients also have an overall decrease in their expiratory capacity (measured as forced expiratory volume in 1 s/forced vital capacity: FEV1/FVC) due to the ongoing airway inflammation, mucus hypersecretion, emphysema, and loss of elastic recoil. The development of COPD appears to be mainly driven by neutrophils, macrophages, and CD8+ and CD4+ (Th1/Th17) T cells (3). However, the inflammatory response associated with COPD involves several other mediators and cell types such as IL-33 and mast cells (MCs) whose contributions to COPD pathophysiology have not been fully elucidated.

IL-33 is an alarmin predominantly released by the airway epithelium in response to infection and inhaled irritants such as pollution and allergens. IL-33 acts via the ST2 receptor on immune cells and structural cells to induce activation and production of proinflammatory mediators, leading to cellular recruitment to the lung and expansion of innate and adaptive immune cells (4). The IL-33/ST2 axis has been most studied in the context of asthma, where IL-33 both enhances allergic responses and plays a pivotal role in antigen-independent responses. Interestingly, expression of IL-33 and the ST2 receptor is increased in lung, serum, and plasma samples from COPD patients (5–7). The increase in IL-33 and ST2 correlates with reduced pulmonary function and higher eosinophil counts in blood, and is more frequent in patients with chronic bronchitis or severe COPD (5, 7). Moreover, an IL-33 gene polymorphism is associated with impaired pulmonary function and early onset of COPD (8). In mice, short-term exposure to cigarette smoke upregulates epithelial IL-33 expression, downregulates ST2 on type 2 innate lymphoid cells, and enhances ST2 expression on macrophages and NK cells, thereby amplifying type 1 immune responses toward influenza infection (5). Although cigarette smoke-induced models of COPD are relevant to human disease, they require long-term exposures to induce the alterations in lung function associated with COPD. In contrast, changes in lung function that recapitulate human COPD can be induced rapidly over a few weeks by administering elastase to the lung (9). Interestingly, intratracheal injection of elastase also induces higher levels of lung IL-33 in mice (10). However, IL-33-deficiency enhances murine emphysema caused by intratracheal administrations of elastase or cigarette smoke extract (10).

MCs are rare ST2-expressing tissue-resident immune cells that release proteases and proinflammatory mediators upon activation by IL-33 (11, 12). Moreover, experimental studies suggest that IL-33-induced activation of MCs participates in key features of asthma (13). For example, IL-33 has been shown to enhance antigen-induced bronchoconstriction via MC activation (14), and to induce IL-13-dependent airway hyperresponsiveness in vivo, possibly via MC activation and release of IL-13 (15). However, MCs activated by IL-33 have also been shown to induce regulatory T cell differentiation and suppression of inflammation in a model of Papain-induced allergic airway inflammation (16). Importantly, MCs have also been implicated in smoke-dependent models of COPD. Mice lacking the MC-specific proteases mMCP-6 or Prss31, which are the mouse homologs of human β- and γ-tryptase, respectively, have less airway inflammation and histological evidence of emphysema (17, 18). There is also evidence of MC-involvement in the human disease. COPD patients have a higher proportion of tryptase- and chymase-expressing MCs (MCTC) in the lung and increased tryptase activity in sputum and plasma, all of which correlates with reduced pulmonary function and enhanced disease severity (19, 20). MC numbers are increased in lung biopsies from patients with centrilobular emphysema (21) and chronic bronchitis (22), and MC mediators such as histamine and tryptase are elevated in bronchoalveolar lavage fluid (BALF) from long-term cigarette smokers (23). Altogether, these data indicate that MCs and the IL-33/ST2 axis might be relevant to COPD pathophysiology, but whether they contribute to the impaired pulmonary function that defines COPD has not been thoroughly examined.

In the present study, we investigated how the absence of MCs or the ST2 receptor impacted two key features of COPD: airway inflammation and reduced pulmonary function. For this purpose, ST2-deficient and Cpa3Cre/+ mice, which lack MCs and have a partial reduction in basophils, were subjected to a model of COPD induced by repeated intranasal administrations of porcine pancreatic elastase (henceforth elastase) and LPS. While ST2-deficient and Cpa3Cre/+ mice had a defective inflammatory response, both strains developed COPD-like impaired pulmonary function. In addition, analysis of precision-cut lung slices (PCLS) revealed that MCs were dispensable for the development of airway hyperresponsiveness (AHR) in elastase/LPS-induced COPD-like disease.



Materials And Methods


Mice

Cpa3Cre/+ (24) and ST2−/− (25) mice on Balb/c background were originally provided by Hans-Reimer Rodewald and Andrew McKenzie, respectively. These strains and Balb/c JBomTac mice were bred and maintained at the Swedish National Veterinary Institute (Uppsala). All experiments were performed in age- and weight-matched female mice, and conducted in accordance with the ethical permit approved by the Uppsala animal ethics committee (5.8.18-05248/2018).



Elastase-Dependent COPD Models

Mice (8 ± 1 weeks old, 20 ± 1 g) received porcine pancreatic elastase (1.2 U in 50 μl phosphate buffer saline [PBS] i.n.) on day 1 and LPS from Escherichia coli O26:B6 (7 μg in 50 μl PBS i.n., both from Sigma-Aldrich) on day 4 for four consecutive weeks as shown in Figure 1A. Control mice received the same volume of PBS on the indicated days. All administrations were performed under isoflurane anesthesia, and pulmonary function, airway inflammation, emphysema development and AHR were evaluated 1, 4 or 7 days after the final LPS administration. Alternatively, mice received a single dose of elastase (1.2 U in 50 μl PBS i.n.) or PBS (50 μl i.n.) as shown in Supplementary Figure 2A, and pulmonary function was evaluated 21 days later.




Figure 1 | Elastase/LPS instillation causes COPD-like impaired lung function, emphysema, and airway inflammation. (A) Wildtype Balb/c mice received alternating intranasal (i.n.) administrations of elastase and LPS for four weeks, and were analyzed one, four or seven days after the final LPS administration. Control mice received PBS instead. (B) TLC (C) Cdyn, (D) FEV100/FVC were measured in vivo. (E) Representative H&E-stained lung sections selected to visualize emphysema development. Scale bar = 200 μm. (F) Total cells, (G) neutrophils, (H) eosinophils, (I) CD4+ T cells, (J) CD8+ T cells, and (K) alveolar macrophages were quantified in BALF. Data were obtained from 6-15 mice per group pooled from 2-3 individual experiments and shown as means ± SEM. Statistical significance was tested by one-way ANOVA followed by Dunnett’s post hoc test to compare each group against the control. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001.





Pulmonary Function Testing

Mice were anesthetized (100 mg/kg ketamine, 20 mg/kg xylazine, and 3 mg/kg acepromazine i.p.), tracheotomized, and connected to a Buxco pulmonary function test system (Data Sciences International; DSI). Because pulmonary function measurements are influenced by size (26), only weight-matched mice were compared. We report the average of 3 consecutive measurements for each parameter evaluated.



Flow Cytometry

To assess airway inflammation by flow cytometry, mice were euthanized and BALF obtained by flushing and aspiration of 1 ml of PBS through a tracheal cannula. Lungs were perfused through the right ventricle (PBS, 10 ml), excised, cut in small pieces, and digested on a gentle MACS Octo Dissociator using a mouse lung digestion kit (both from Miltenyi Biotec). Undigested debris was removed from the lung cell suspension via 44% Percoll (Sigma-Aldrich) centrifugation (400 g, 20 min). For residual red blood cell elimination, lung cells were incubated in lysis buffer (1 min; 150 mM NH4Cl, 9.5 mM NaHCO3, 1.2 mM EDTA) on ice before extensive washing. Isolated BALF and lung cells were counted in a hemocytometer using trypan-blue exclusion and stained with the antibodies listed in Supplementary Table 1. Alveolar macrophages (CD45+ Siglec-F+ CD11c+), eosinophils (CD45+ Siglec-F+ CD11c-), neutrophils (CD45+ Siglec-F-/lo CD11c-/lo CD11b+ Ly6G+), and CD4+ (CD45+ Siglec-F-/lo CD11c-/lo CD11b-/lo Ly6G-/lo CD3+ CD4+) and CD8+ (CD45+ Siglec-F-/lo CD11c-/lo CD11b-/lo Ly6G-/lo CD3+ CD8+) T cells were identified in BALF as shown in Supplementary Figure 1. Mature MCs (CD45+ lineage [Lin]- c-kithi ST2+ FcϵRI+ CD16/32+ Integrin β7lo) and MC progenitors (CD45+ Lin- c-kithi ST2+ FcϵRI+ CD16/32+ Integrin β7hi) were identified in lung tissue as shown in Supplementary Figures 3, 4. Lin was defined as: B220+ CD3+ CD4+ CD8b+ Gr-1+ TER-119+ CD11b+. Basophils (CD45+ Lin- c-kit- FcϵRI+ CD49b+) were identified in lung tissue as shown in Supplementary Figure 4. Gating of FcεRI+ and ST2+ cells were set using fluorophore-matched isotype controls. Flow cytometry was performed on a LSRFortessa™, and data was analysed using FlowJo™ (both from BD Biosciences).



Histology

To qualitatively assess emphysema development, mice were euthanized, and their lungs filled manually using a 2 ml syringe (1.5 ml optimal cutting temperature [OCT] compound). After fixation (4% PFA in PBS), they were cryoprotected (20% sucrose in PBS), and embedded in OCT compound. Cryosections (8 μm) were stained with hematoxylin and eosin (H&E) and imaged with a Nikon Eclipse 90i Upright microscope (Nikon Instruments).



Preparation of PCLS and AHR Determination

PCLS were prepared as described previously (27). In brief, mice were euthanized, tracheotomized, and their lungs filled with pre-warmed (37°C) low-melting point agarose (4% w/v in PBS; SeaPrep). Whole mice were immersed on ice until agarose solidified, and PCLS (200 μm) were prepared from the left lobe using a vibratome (VT1000 S; Leica Biosystems). Individual PCLS were incubated (37°C, 5% CO2) in 1 ml of MEM without phenol red (Gibco), and media was changed every 30 min for the first 2 h, and every h for the next 2 h to remove agarose. Following overnight incubation (37 °C, 5% CO2) in 1 ml of RPMI-1640 without FCS (Sigma-Aldrich), individual PCLS were placed in 2 ml MEM and immobilized using a nylon thread attached to a platinum rod. Bronchioles surrounded by a smooth muscle layer (observed as a grey shadow) were time lapse-imaged every 10 s with a Nikon Eclipse Ti2-E inverted microscope. The first min was used as baseline, and the contraction in response to methacholine (100 μM), and subsequently to KCl (60 mM) was recorded for 3 min each. Bronchioles that failed to respond to at least one of these reagents were considered dead and excluded from the final analysis. Bronchial lumen area for each image was calculated using FIJI/ImageJ and changes in lumen area were expressed as fold decrease from baseline. Bronchioles were divided according to their lumen area at baseline into three groups: small (< 5000 μm2), medium (5000-15000 μm2), and large (15000-40000 μm2), and comparisons were performed among similar-sized bronchioles.



Statistical Analysis

Multiple comparisons were performed by one-way ANOVA followed by Dunnett’s post hoc test. Comparisons between two groups were done by two-tailed unpaired Student’s t-test or Mann-Whitney U test (for values that were not normally distributed). All analyses were carried out in GraphPad Prism 9.1.




Results


Elastase/LPS-Treated Mice Develop COPD-Like Airway Inflammation and Reduced Pulmonary Function

To induce COPD-like disease, weight- and age-matched female mice received alternating intranasal administrations of elastase and LPS for four weeks (Figure 1A). Mice subjected to this model developed larger lung volumes (increased TLC), higher Cdyn, and decreased expiratory capacity (lower FEV100/FVC) than the control mice, which only received PBS (Figures 1B–D). This impaired pulmonary function was apparent one day after the final LPS administration, worsened over the next days, and was accompanied by histological evidence of alveolar enlargement (i.e. emphysema) (Figure 1E).

To characterize the inflammatory populations associated with elastase/LPS-induced COPD-like disease, cells in BALF were analyzed by flow cytometry (Supplementary Figure 1). A major increase in inflammatory cells in BALF was found one day after the final LPS administration, which partly resolved over the following days (Figure 1F). The inflammatory cells in BALF consisted primarily of neutrophils, accompanied by a smaller increase in eosinophils, one day after the final LPS administration (Figures 1G, H). A small peak in the number of CD4+ and CD8+ T cells was found four days after the final LPS administration (Figures 1I, J). The elastase/LPS treatment did not significantly change the number of alveolar macrophages (Figure 1K). Altogether, our data suggest that the elastase/LPS model induces a transient inflammation that is not sustained.



The ST2 Receptor Plays a Minor Role in Elastase/LPS-Induced COPD-Like Airway Inflammation

Given that both clinical and animal studies have implicated the IL-33/ST2 axis in COPD, we hypothesized that the IL-33 receptor ST2 would play a role in elastase/LPS-induced COPD-like disease. However, when ST2-deficient mice (ST2−/−) and their wildtype littermates (ST2+/+) were subjected to this model, no differences were found between the pulmonary function outcomes (TLC, Cdyn, and FEV100/FVC) of each group, neither at one nor at seven days after the final LPS administration (Figures 2A–C). Nevertheless, quantification of inflammatory cells in BALF revealed that ST2-deficient mice had fewer eosinophils (Figure 2D), CD4+ T cells (Figure 2E), CD8+ T cells (Figure 2F), and alveolar macrophages (Figure 2G) than ST2+/+ mice seven days after the final LPS administration. In contrast, ST2 deficient mice had similar neutrophil numbers and overall BALF cell count as their wildtype littermates (Figures 2H, I).




Figure 2 | The ST2 receptor is redundant for the development of COPD-like reduced pulmonary function but required for the induction of an intact inflammatory response. ST2+/+ and ST2−/− mice were subjected to elastase/LPS-induced COPD-like disease and analyzed one and seven days after the final LPS administration. Control mice received PBS instead. (A) TLC, (B) Cdyn, and (C) FEV100/FVC were assessed in vivo. (D) Eosinophils, (E) CD4+ T cells, (F) CD8+ T cells, (G) alveolar macrophages, (H) neutrophils, and (I) total cells were quantified in BALF. For the 1-day time point, data were obtained in (A-C) from 5-8 mice per group pooled from 5 individual experiments, and in (D-I) from 5-7 mice per group pooled from 4 individual experiments. For the 7-day time point, data were obtained in (A-C) from 7-13 mice per group pooled from 5 individual experiments, and in (D-I) from 8-10 mice per group pooled from 4 individual experiments. Data is shown as means ± SEM. Statistical significance was tested by Mann-Whitney U test. *p < 0.05, **p < 0.005, ***p < 0.0005.



Recently, Morichika et al. used a less severe model of COPD (a single dose of elastase) to show that IL-33-deficiency enhanced emphysema development in mice (10). We adopted this model, and evaluated pulmonary function 21 days later (Supplementary Figure 2A). Elastase alone did not induce increased TLC (Supplementary Figure 2B) but caused slightly higher Cdyn (Supplementary Figure 2C) and decreased FEV100/FVC (Supplementary Figure 2D). Still, ST2−/− and ST2+/+ mice developed similar Cdyn and FEV100/FVC after a single dose of elastase (Supplementary Figures 2E, F). To summarize, our data suggest that the ST2 receptor is redundant for the development of elastase- and elastase/LPS-induced COPD-like impaired pulmonary function. Nonetheless, the ST2 receptor is required for an intact elastase/LPS-induced airway inflammation.



Elastase/LPS-Treated Cpa3Cre/+ Mice Have Fewer Alveolar Macrophages

We have previously shown that viral and allergic airway inflammation induce the recruitment of MC progenitors to the lung, which precedes the accumulation of lung MCs (28–30). To determine whether MCs and their progenitors accumulate in elastase/LPS-induced COPD-like disease, cells from dissociated lung tissue were analyzed by flow cytometry (Supplementary Figure 3). Elastase/LPS-treated mice had increased total cell numbers in lung tissue one and seven days after the final LPS administration (Figure 3A). Although the number of mature MCs did not change, there was a transient 2-fold increase in MC progenitors one day after the final LPS administration that was lost over time (Figures 3B, C).




Figure 3 | Elastase/LPS instillation induces an increase in lung MC progenitors. (A-C) Wildtype Balb/c mice were subjected to elastase/LPS-induced COPD-like disease and analyzed one or seven days after the final LPS administration. (A) Total lung cells and (B) lung MCs [mature MCs (mMC) and MC progenitors (MCp)] were quantified in lung. (C) Representative pseudo-color plots showing the final gates for MCp and mMC, which express different levels of CD16/32 and integrin β7. Data in (A, B) were obtained from 9-15 mice per group pooled from 2-3 individual experiments. Data are shown as means ± SEM. Statistical significance was tested in (A, B) by one-way ANOVA followed by Dunnett’s post hoc test to compare each group against the control. ***p < 0.0005, ****p < 0.0001.



To investigate whether MCs play a crucial role in elastase/LPS-induced COPD-like disease, Cpa3Cre/+ mice, which lack mature MCs due to the carboxypeptidase A3 (Cpa3)-dependent genotoxic overexpression of Cre recombinase (24), were used to model MC deficiency. Using flow cytometry (Supplementary Figure 4), we confirmed that Cpa3Cre/+ mice with COPD-like disease lacked mature MCs in the lung (Figure 4A). However, they had equal numbers of lung MC progenitors as their wildtype littermates (Figure 4B). Similar to what was previously reported in naïve and other disease models (24, 27, 31), Cpa3Cre/+ mice with COPD-like disease had a 73% reduction in basophil numbers at both time points (Figure 4C). Cpa3Cre/+ and Cpa3+/+ mice developed similar impaired pulmonary function after elastase/LPS treatments (Figures 4D–F). Still, Cpa3Cre/+ mice had a reduction in total BALF cell count seven days after the final LPS administration (Figure 4G), which was at least partly due to a decrease in the number of alveolar macrophages (Figure 4H). Nonetheless, BALF neutrophil, eosinophil and T cell numbers were similar in Cpa3Cre/+ and Cpa3+/+ mice with COPD-like disease (Figures 4I–L).




Figure 4 | Cpa3Cre/+ mice have a defective inflammatory response upon elastase/LPS treatment. Cpa3+/+ and Cpa3Cre/+ mice were subjected to elastase/LPS-induced COPD-like disease and analyzed one or seven days after the final LPS administration. Control mice received PBS instead. (A) Mature MCs (mMC), (B) MC progenitors (MCp), and (C) basophils were quantified in lung. (D) TLC (E) Cdyn, and (F) FEV100/FVC were determined in vivo. (G) Total cells, (H) alveolar macrophages, (I) neutrophils, (J) eosinophils, (K) CD4+ T cells, and (L) CD8+ T cells were quantified in BALF. For the 1-day time point, data in (A–C) were obtained from 6-11 mice per group pooled from 3 individual experiments, and in (D–L) from 7-16 mice per group pooled from 4 individual experiments. For the 7-day time point, data in (A–C, G–L) were obtained from 8 mice per group pooled from 4 individual experiments, and in (D-F) from 9-10 mice per group pooled from 5 individual experiments. Statistical significance was tested by Mann-Whitney U test. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001.



Recently, Shibata et al. showed that emphysema development required basophil-derived IL-4 in a single dose of elastase model (32). In our study, Cpa3Cre/+ mice were not protected from developing impaired pulmonary function caused by a single dose of elastase (Supplementary Figures 5A, B). To conclude, Cpa3Cre/+ mice developed unimpaired elastase- and elastase/LPS-induced COPD-like reduced pulmonary function, but had a reduced inflammatory response following elastase/LPS-instillation.



Elastase/LPS-Treated Mice Develop AHR Independently of MCs

AHR affects one in four patients with mild-to-moderate COPD and is a good indicator of disease progression and mortality (33). To determine whether mice with elastase/LPS-induced COPD-like disease develop AHR, methacholine-induced bronchiole contraction in PCLS was evaluated ex vivo seven days after the final LPS administration. Large bronchioles (PBS: 22685 ± 1223 μm2, COPD: 24707 ± 1822 μm2 lumen area at baseline) from elastase/LPS-treated mice showed stronger contraction (33% ± 0.05 average maximum reduction in airway lumen area from baseline) than those from PBS control mice (Figures 5A–C). No differences in contraction in response to methacholine were found when analyzing small- and medium-sized bronchioles (Supplementary Figure 6). To test whether MCs contributed to AHR in this model, large bronchioles from elastase/LPS-treated Cpa3+/+ (22231 ± 1223 μm2) and Cpa3Cre/+ (21850 ± 1350 μm2) mice were analyzed. However, they showed a similar contraction pattern in response to methacholine (Figures 5D, E).




Figure 5 | Elastase/LPS instillation causes AHR in large bronchioles independently of MCs. PCLS were obtained from (A–C) wildtype Balb/c and (D, E) Cpa3+/+ and Cpa3Cre/+ mice with elastase/LPS-induced COPD-like disease seven days after the final LPS (or PBS) administration. Time-lapse images of individual bronchioles were recorded every 10 s for 1 min before challenge with methacholine (MCh) and recorded for 3 more min. (A, D) Airway narrowing after MCh challenge determined as fold decrease from baseline. (B, E) Area under the curve (AUC) was calculated for each individual bronchiole. (C) Representative images of lung bronchioles before and after MCh challenge. Data in (A, B, D, E) are shown as means ± SEM from (A, B) 13-27 PCLS per group obtained from 5 PBS and 5 COPD mice pooled from four individual experiments, and (D, E) 20-24 PCLS per group obtained from 4 Cpa3+/+ and 3 Cpa3Cre/+ mice pooled from three individual experiments. Statistical significance in (B, E) was tested by unpaired Student’s t-test. ** p < 0.005.






Discussion

The pathological mechanisms behind COPD development are still under investigation. Due to ethical reasons, experimental research on COPD requires animal models. While cigarette smoke-based models are relevant to the human disease, induction of COPD-like disease in mice requires daily cigarette smoke exposure for up to six months, and results in mild non-progressive disease (9). Elastase-instillation, on the other hand, causes severe and progressive emphysema in mice in less than one month (9). By exposing mice to repeated intranasal instillations of elastase and LPS for four weeks, Sajjan et al. established a model in which C57BL/6 mice developed COPD-like airway inflammation and impaired pulmonary function (as determined by a Flexivent system) seven days after the final LPS administration (34). As elastase (10) or LPS alone can induce IL-33 expression in macrophages and epithelial cells (35, 36), we thought that the elastase/LPS model would be relevant to study mechanisms of COPD in mice. In our study, Balb/c mice subjected to the elastase/LPS model developed alveolar enlargement. However, the histological assessment of alveolar enlargement was not quantified and represents a limitation of our study. Instead, emphysema development was quantified by pulmonary function testing, which detected impaired spirometry-like measurements as early as one day after the final LPS administration. Moreover, we confirmed that the elastase/LPS protocol induced mild airway inflammation, with a peak in total BALF cells one day after the last LPS administration, which consisted primarily of neutrophils, followed by a later increase in CD4+/CD8+ T cells and a gradual decline in total BALF cell numbers.

The IL-33/ST2 axis has been implicated in COPD, and exposure to cigarette smoke or elastase instillation upregulate IL-33 and ST2 in mice (5, 10, 37). However, we did not find a role for the ST2 receptor in the decline in pulmonary function caused by elastase/LPS treatment, nor 21 days after a single elastase instillation. In contrast, IL-33-deficient mice had enhanced static compliance and alveolar enlargement 21 days after a single elastase administration (10). But Morichika et al. also found that antibody-blocking of ST2 could not replicate the increased compliance observed in elastase-treated IL-33-deficient mice (10). Thus, IL-33 may have effects in this setting that are not mediated by the canonical IL-33 receptor ST2.

ST2-deficient mice have impaired type 2 responses, produce less type 2 cytokines (e.g. IL-4 and IL-5) (25), and absence of the ST2 receptor has been shown to impact eosinophil, macrophage, and CD4+ and CD8+ T cell differentiation (38–41). In agreement with these and other studies that position the IL-33/ST2 axis as key player for the induction of airway inflammation across various settings, ST2-deficient mice subjected to elastase/LPS administrations had fewer BALF eosinophils, alveolar macrophages, and CD4+ and CD8+ T cells than their wildtype littermates. We speculate that the decline in pulmonary function observed in the elastase/LPS model is largely due to the direct action of elastase alone, and that the mild airway inflammation associated with this model had little impact on pulmonary function. This could potentially explain why the reduced airway inflammation in ST2-deficient mice after elastase/LPS treatment did not lead to an improved pulmonary function. Alternatively, the method used to measure pulmonary function may not be sensitive enough to pick up small differences.

MCs express ST2, and are activated by IL-33 to produce a wide array of mediators that could potentially participate in COPD pathophysiology (42). However, Cpa3Cre/+ mice, which lack MCs and have a partial reduction in basophils, developed a similar decline in pulmonary function as their wildtype littermates after elastase alone, or elastase/LPS treatment. Interestingly, Shibata et al. found that diphtheria toxin-injected Mcpt8DTR mice, which have a complete lack of basophils, developed significantly less elastase-induced emphysema (32). This discrepancy can have (at least) two explanations: 1) MCs are redundant for the development of elastase- and elastase/LPS-induced COPD-like emphysema and the partial reduction in basophils observed in Cpa3Cre/+ mice is not enough to recapitulate the findings of Shibata and colleagues, or 2) the absence of MCs in Cpa3Cre/+ mice is pathological and compensates for the protection granted by having fewer basophils. On the other hand, Mcpt8 gene expression is not completely restricted to basophils. El Hachem et al. identified Mcpt8 expression in granulocyte-monocyte progenitors, which caused depletion of additional cell lineages such as eosinophils and neutrophils in diphtheria toxin-treated Mcpt8DTR mice (43). Furthermore, Mcpt8-driven Cre-mediated recombination was also detected in <25% of peritoneal MCs, and <10% of other cell lineages in Basoph8 x iDTR mice (44). Future research is needed to dissect the specific contributions of MCs and basophils in COPD.

Since MCs play a major role in AHR in house dust mite-induced allergic airway inflammation (27), we determined whether they could also play a role in AHR in elastase/LPS-induced COPD-like disease. Previously, Van Dijk et al. demonstrated that incubating PCLS from naïve mice with elastase caused AHR in vitro (45). In our study, PCLS prepared from mice with elastase/LPS-induced COPD-like disease had increased contraction in response to methacholine ex vivo when large bronchioles were assessed. However, Cpa3Cre/+ mice developed AHR to methacholine to a similar degree as their wild type littermates. Of note, the average maximum contraction of these bronchioles (33 ± 0.05%) was approximately half of the contraction observed in PCLS from mice with house dust mite-induced allergic airway inflammation (57 ± 5%) (27). It is possible that the mild AHR observed ex vivo in PCLS from elastase/LPS-treated mice could explain why Sajjan et al. were unable to detect AHR in vivo after elastase/LPS instillation (34). Alternatively, the difference in AHR induction could be due to the use of different mouse strains.

MCs accumulate in the airway smooth muscle of patients with centrilobular emphysema, and those with higher MC number at this location also had increased AHR (21). Other studies found changes in MC distribution and phenotype, and higher sputum tryptase levels that were associated with increased COPD severity (19, 20). In mouse models of allergic airway inflammation, MCs accumulate due to the recruitment and expansion of MC progenitors, which is required for full-blown AHR (27). However, in the current study, elastase/LPS instillation induced only a small increase in MC progenitors, which was not sustained and did not give rise to an increase in mature MCs in the lung. Furthermore, the levels of the MC-specific protease mMCP-1 and trypsin-like activity (as a surrogate marker of MC tryptase) in BALF were similar in mice with elastase/LPS-induced COPD-like disease and PBS controls (results not shown). To conclude, although our data suggest that MCs are dispensable for the development of AHR and COPD-like reduced pulmonary function in elastase/LPS-treated mice, the model failed to recapitulate the MC-related changes that occur in COPD patients. Thus, further studies are needed to find even better mouse models of COPD.

Alveolar macrophages are thought to play a pivotal role in COPD, and disease progression is associated with an increase in macrophages (46). We found that the number of alveolar macrophages in BALF was reduced after elastase/LPS instillation in Cpa3Cre/+ mice. This is in line with studies of mice lacking the MC-specific mediators mMCP-6 or Prss31, which had fewer neutrophils and macrophages in BALF following exposure to cigarette smoke (17, 18). Together, these data suggest that MCs promote expansion of alveolar macrophages in COPD-like disease. Mechanistically, this is in line with a recent publication demonstrating that MCs activated via IL-33/ST2 release macrophage-attracting factors, including GM-CSF (CSF2), which promote tumor-associated macrophages responsible for tumor cell proliferation and angiogenesis in a preclinical model of gastric cancer (47). Given that GM-CSF is required for the development of monocyte-derived alveolar macrophages (48), we speculate that the decreased alveolar macrophage numbers in Cpa3Cre/+ and ST2−/− mice with COPD-like disease may be explained by a loss of ST2-mediated MC release of such factors. However, as basophils are also reduced in Cpa3Cre/+ mice, we cannot exclude the involvement of basophils in the induction of alveolar macrophages.

A limitation of our study is that the experiments were performed exclusively in female mice. Male mice (and their airways) grow faster than females, which has challenging consequences. First, it is difficult to breed enough weigh-matched males to start an experiment, and secondly, they continue to grow differently during the experiment, resulting in mice with unequal size at the end of the experiment. Given that differences in size/weight impact lung function outcomes (26), we decided to use female mice for our study. Future research should evaluate potential sex differences.

To conclude, repeated elastase/LPS instillation caused COPD-like impaired pulmonary function, emphysema, and mild AHR in ST2-deficient, Cpa3Cre/+, and their wildtype littermates. However, ST2−/− and Cpa3Cre/+ mice had a defective inflammatory response in this model, especially regarding alveolar macrophages, which were reduced in both strains. Given that MCs become activated and release pro-inflammatory mediators in response to ST2 stimulation, it seems possible that MCs stimulated via IL-33/ST2 contribute to the expansion of alveolar macrophages that occurs in COPD patients. To the best of our knowledge, this is the first time that the roles of MCs and the ST2 receptor were investigated in a mouse model of elastase/LPS-induced COPD-like disease. Our results complement previous findings in cigarette smoke-induced COPD models, and highlight the need for better mouse models.
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Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph Disease, is a progressive neurodegenerative disorder characterized by loss of neuronal matter due to the expansion of the CAG repeat in the ATXN3/MJD1 gene and subsequent ataxin-3 protein. Although the underlying pathogenic protein expansion has been known for more than 20 years, the complexity of its effects is still under exploration. The ataxin-3 protein in its expanded form is known to aggregate and disrupt cellular processes in neuronal tissue but the role of the protein on populations of immune cells is unknown. Recently, mast cells have emerged as potential key players in neuroinflammation and neurodegeneration. Here, we examined the mast cell-related effects of ataxin-3 expansion in the brain tissues of 304Q ataxin-3 knock-in mice and SCA3 patients. We also established cultures of mast cells from the 304Q knock-in mice and examined the effects of 304Q ataxin-3 knock-in on the immune responses of these cells and on markers involved in mast cell growth, development and function. Specifically, our results point to a role for expanded ataxin-3 in suppression of mast cell marker CD117/c-Kit, pro-inflammatory cytokine TNF-α and NF-κB inhibitor IκBα along with an increased expression of the granulocyte-attracting chemokine CXCL1. These results are the beginning of a more holistic understanding of ataxin-3 and could point to the development of novel therapeutic targets which act on inflammation to mitigate symptoms of SCA3.
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Introduction

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD), belongs to the group of neurodegenerative disorders known as polyglutamine (polyQ) disease associated with a polyQ expansion in the protein expressed by the corresponding causative gene (1). In SCA3, the polyQ-expanded protein is known as ataxin-3 and patients carry an expansion between 61 and 87 repeats on the affected allele resulting in the observed phenotype characterized by a disturbance of movement coordination (cerebellar ataxia), bulbar, pyramidal and extrapyramidal signs, and a possible occurrence of peripheral neuropathy or ophthalmoplegia (2). Currently, there is no cure or no therapy mitigating disease progression available for SCA3.

Although in the 20 years since the discovery of the ataxin-3 protein large strides have been made to understand the cellular dysfunction underlying the disease such as, mitochondrial and autophagic disturbances, as well as the protein cleavage and aggregation (3), the full mechanisms behind neuronal death are still unknown. The newly developed 304Q ataxin-3 knock-in mouse model is an important promising tool to further reveal the pathologic effects of ataxin-3 expansion (4). These knock-in mice express 304Q instead of the 6Q normally present in either one or both of the murine ataxin-3 alleles. With twelve months of age these heterozygous and homozygous mice show a significant weight reduction compared to wild type (WT) mice. Despite a very mild motor phenotype, they already show massive SDS-insoluble ataxin-3 and ubiquitin-positive aggregates throughout the brain supporting a strong positive correlation between the polyQ expansion and a toxic function of ataxin-3 related to neurons (4).

Mast cells are important players in the immune system and exert their effects via expression and release of mediators involved in physiological functions of the body including innate and adaptive immune response, tissue healing, angiogenesis, and normal neuronal growth (5). The best-known activation of mast cells occurs during type I allergic reactions through crosslinking of immunoglobulin (Ig) E bound FcϵRI receptors by antigens. Degranulation occurs a few seconds after crosslinking and results in release of granules stored mediators attracting leukocytes such as eosinophils, neutrophils, or Th2 lymphocytes and increasing permeability of the blood vessels to allow immune cell passage (5, 6). In addition to the FcϵRI, mast cells express a variety of receptors such as other Fc receptors, receptors for chemokines and cytokines, or receptors for pathogen associated molecular patterns such as Toll-like receptors, all involved in mast cell activation and immune response (5, 6). In the last decade, mast cells have gained traction in their role in neurodegeneration. They are incredibly potent and considered the first responders able to initiate and magnify immune responses in the brain partly due to their capacity to access neuronal tissue and to affect the blood brain barrier (7). Although mast cells are important immune cells, their role in SCA3 remains to be discovered. It is still unclear if mast cells could play a pathogenic role as mediators of ataxin-3 activity.

The role of ataxin-3 in cell autonomous inflammatory pathways is only beginning to be examined (8). Therefore, we analyzed the effects of ataxin-3 expansion in the brain tissues of the 304Q ataxin-3 knock-in mice and the cerebellar post-mortem brain tissue of SCA3 patients on markers involved in mast cell growth, development and function. For these studies, we also established cultures of mast cells from the 304Q ataxin-3 knock-in mice. Our results point to a role for expanded ataxin-3 in suppression of mast cell marker CD117/c-Kit, pro-inflammatory cytokine TNF-α and NF-κB inhibitor IκBα along with an increased expression of the granulocyte-attracting chemokine CXCL1. This is the first report to describe an immune cell phenotype for SCA3 and a mast cell-specific phenotype for neurodegenerative conditions.



Materials and Methods


Generation of 304Q Ataxin-3 Knock-In Mice

This study was carried out in strict accordance with the recommendations presented in the Guide for Care and Use of Laboratory Animals of the University of Tübingen, Germany. The protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Tübingen, Germany. Ataxin-3 knock-in C57Bl/6 mice with 304Q were generated using zinc finger technologies and providing a donor vector with (CAACAGCAG)48 as described (4). One out of three founders integrated up to 304 CAGs into the ataxin-3 gene. 304Q ataxin-3 knock-in mice used in the current study were either heterozygous or homozygous. Mouse housing and genotyping were described earlier (4). For qRT-PCR 3 mice per genotype at the age of 2 and 12 months and western blot analyses 4 mice per genotype were analyzed at the age of 3 and 12 months.



Histological Analysis of Tissue Mast Cells

Formalin-fixed tissue samples were embedded in paraffin. After deparaffinization and rehydration, 5 µM thick sections were stained with toluidine blue (Carl Roth, Karlsruhe, Germany) for visualization of mast cells. Mast cells were counted at 200-400x magnification. Microscopic analysis was performed using AxioVision software (Carl Zeiss Microscopy, Jena, Germany).



Generation and Culture of Bone Marrow-Derived Mast Cells (BMMC)

Bone marrow cells were collected from femurs of homozygous (304Q/304Q) and heterozygous (WT/304Q) 12 month old 304Q ataxin-3 knock-in and wild type (WT/WT) mice and cultured in RPMI (Gibco, Thermo Fisher Scientific, Waltham, MA), supplemented with 10% fetal bovine serum, penicillin/streptomycin (Biochrom, Berlin, Germany), plus 30 ng/mL mouse IL-3 (PeproTech, Hamburg, Germany). Cells were cultured in 6 well plates, incubated at 37°C in a humidified incubator under 5% (v/v) CO2. Starting after 3 days, half of the medium was changed once a week every week. In addition, starting after 3 weeks, medium was changed completely once a week every week by transferring the non-adherent cells in fresh medium into a new plate. After culture for 9 weeks, cells were used for functional assays. For each genotype, several lines were generated. Maturity and purity of the BMMC were examined on cytospins stained with May-Grünwald/Giemsa (Carl Roth). We did not detect differences in the staining of pure BMMC from 304Q/304Q mice compared to BMMC from WT/WT mice (not shown).



Treatment and Analyses of BMMC

To detect release of β-hexosaminidase, BMMC were loaded with 2,4-dinitrophenyl (DNP)-specific IgE for 90 min and stimulated with 0.1 µg/ml DNP (Thermo Fisher Scientific), for 90 min. To analyze phosphorylation status of signaling molecules, BMMC were stimulated with DNP/IgE or with 1 µM phorbol ester PMA and 1 µM ionomycin (In vivoGen, San Diego, USA) for 10 min or with 1 μg/ml lipopolysaccharide (LPS) from Escherichia coli 0111:B4 (Sigma-Aldrich, Munich, Germany) for 30 min. To analyze cytokine expression and release, BMMC were stimulated for 90 min or for 6 h and culture supernatants were tested by ELISA (R&D systems, MN) in accordance with the manufacturer’s instructions. Degranulation of BMMC was quantified by determining the amount of released β-hexosaminidase in the supernatant by color enzyme assay (9). The percent degranulation of mast cells was estimated by the following formula: (β-hexosaminidase activity in the supernatant fraction/total β-hexosaminidase activity in the cellular and supernatant fraction) ×100.



RNA Preparation and Real-Time RT-PCR

For analysis of BMMC, total RNA was prepared by using EXTRACTME RNA isolation kit (7Bioscience, Hartheim, Germany). Real-time RT-PCR was performed using SsoFastTM EVAGreen Supermix (Bio Rad Laboratories, Munich, Germany) and as described (10). To analyze data, a relative quantification method was performed by using the housekeeping gene of glyceraldehyde 3-phosphate dehydrogenase (Gapdh) or β-actin as a reference for expression of the target gene. The CFX Manager 2.1 software of BioRad Laboratories was used. For analysis of human and murine brain tissue, total RNA was prepared using AllPrep DNA/RNA/microRNA Universal Kit (Qiagen, Hilden, Germany) as described earlier (4). 500 ng purified RNA was transcribed into cDNA using QuantiTect Reverse Transcription Kit (Qiagen) Real-time RT-PCR was performed using SYBR Green PCR Master Mix (Qiagen) as described. qRT-PCR was run on the LightCycler 480 II (Roche, Mannheim, Germany). Relative gene expression quantification was performed by normalization to the housekeeping genes Sdha, Pdh, mActb and Tbp using LightCycler 480 SW 1.5.1 software (Roche). Specific sense/anti-sense primers: human ACTB: 5’ AAA GAC CTG TAC GCC AAC AC/5’ CTC AGG AGG AGC AAT GAT CT, human CD117: 5’ GCC CAA TAT AAA AGG CAA AT/5’ AGT GCA AAT GGT TAC TTC CA, human IL-3RA: 5’ CCT CCT TTG GCT CAC GCT G/5’ GCC CAC TCG GAC GGT GTA G, human TNF: 5’ CAG ATA GAT GGG CTC ATA CCA GGG/5’ GCC CTC TGG CCC AGG CAG TCA G, human CXCL8: 5’ CTG AGA GTG ATT GAG AGT GG/5’ ACA ACC CTC TGC ACC CAG TT, mouse Gapdh: 5’ TGT TCC TAC CCC CAA TGT GT/5’ AGA GTG GGA GTT GCT GTT GA, mouse Cd117: 5’ CTG GTG GTT CAG AGT TCC ATA GAC/5’ TCA ACG ACC TTC CCG AAG G, mouse Il-3rα chain: 5’ TGG AGG AAG TCG CTG CTC TA/5’ CGT CAC CTC GCA GTC TTC AA, mouse Tnf: 5’ GGA GGC AAC AAG GTA GAG/5’ TGT CCA TTC CTG AGT TCT G, mouse Cxcl1: 5’ TAG GGT GAG GAC ATG TGT G/5’ GCC CTA CCA ACT AGA CAC AA, mouse Sdha: 5’ GCA GCA CAG GGA GGT ATC A/5’ CTC AAC CAC AGA GGC AGG A, mouse Pdh: 5’ GTA GAG GAC ACG GGC AAG AT/5’ TGA AAA CGC CTC TTC AGC A, mouse mActb: 5’ CCA CAC CCG CCA CCA GTT CG/5’ TAC AGC CCG GGG AGC ATC GT, mouse Tbp: 5’ TCT ATT TTG GAA GAG CAA CAA AGA C/5’ GAG GCT GCT GCA GTT GCT A



Western Blot Analysis

Western blot analysis of BMMC was performed as described previously (11) and murine brain lysates as described in Haas et al. (4). Shortly, frozen brain tissue was homogenized in TES buffer (4% Tris Base pH 7.5, 0.1 mM EDTA, 100 mM Na2Cl) containing protease inhibitor complete EDTA-free protease inhibitor cocktail (Roche). Afterwards, TNES (TES-buffer plus 10% Igepal CA-630) was added in a relation of 1:10 and homogenates incubated on ice for 30 min. Homogenates were centrifuged at 13.200 g for 25 min at 4°C and to supernatants glycerol to a final concentration of 10% were added. For Western blot analyses, 4x LDS sample buffer (1 M Tris base pH 8.5, 2 mM EDTA, 8% LDS, 40% glycerol, 0.025% phenol red) and 100 mM 1,4-dithiothreitol (MerckMillipore) was added to 30 µg of protein lysates and heat-denatured at 70°C for 10 min. Protein samples were separated electrophoretically using 8% Bis-Tris gel and MOPS (50 mM MOPS, 50 mM Tris base pH 7.3, 3.5 mM SDS, 1 mM EDTA) electrophoresis buffer. Proteins were transferred on 0.2 um nitrocellulose membrane (GE Healthcare) using a Bicine/Bis-Tris transfer buffer (25 mM Bicine, 25 mM Bis-Tris pH 7.2, 1 mM EDTA, 15% methanol). After membrane blocking with 5% skimmed milk powder (Sigma-Aldrich), membranes were incubated with the respective primary antibody at 4°C overnight. For visualization of proteins of brain lysates, membranes were incubated with fluorescence tagged secondary antibodies (IRdye 800CW goat anti-mouse IgG (H+L), LI-COR or IRdye 800CW goat anti-rabbit IgG (H+L) LI-COR) for 1.5 hours at room temperature and fluorescence signal detection was performed on the LI-COR ODYSSEY FC (LI-COR). Visualization of proteins of BMMC was performed by the secondary antibodies anti-mouse IgG or anti-rabbit IgG HRP-linked (Cell Signaling Technology®) and Super Signal® West Dura Extended Duration Substrate (Thermo Fisher Scientific, Waltham, MA). The obtained signals were measured by bioimaging analyzer (Alpha Innotech Corporation, San Leandro, CA). The membranes were stripped and used for a second or third staining. Membranes were probed with phospho-ERK (MAPK)-1/2 (12D4) mouse mAb, IκBα (44D4) rabbit mAb, CD117 (D13A2) rabbit mAb (all from Cell Signaling Technology®, Frankfurt, Germany), TNF alpha (EPR19147) rabbit mAb (from Abcam), β-Actin (AC-15) mouse mAb (Sigma Aldrich), GAPDH (D-6) mouse mAb (from Santa Cruz Biotechnology, Dallas, TX). β-Actin or GAPDH labeling was used as loading control for normalization.



Statistics

Data expressed as mean ± SEM. Unpaired t-test was used to analyze differences between two groups. Two-way analysis of variance was used to analyze differences between genotypes and stimulation conditions with Bonferroni multiple comparisons. A value of p < 0.05 was considered to be statistically significant.




Results


Brain Tissues of 304Q Ataxin-3 Knock-In Mice and Post-Mortem SCA3 Patients Show an Effect of Expanded Ataxin-3 on the Expression of Mast Cell Markers and Inflammatory Cytokines

In order to elucidate the effects of polyglutamine expansion of ataxin-3 on mast cells we chose to analyze the mRNA expression levels of the mast cell markers CD117/c-Kit and IL-3 receptor α-chain (IL-3Rα) using 304Q ataxin-3 knock-in mice. The 304Q ataxin-3 knock-in mouse model represents the human patient phenotype on a neuropathological, behavioral, and transcriptomic levels in a more complete manner than any existing SCA3 mouse. CD117 is a mast/stem cell receptor for growth factor SCF important in the mast cell development and function, while IL-3R is a potent receptor involved in the stimulation of mast cell growth in response to IL-3 produced by activated T cells (12). There was both a significant down-regulation of Cd117 expression and a significant up-regulation of mKc/Cxcl1 expression in the brains of 12-month-old 304Q/304Q and WT/304Q mice compared to WT/WT mice (Figures 1B, D). Also, the brains of 304Q ataxin-3 knock-in mice were tested for expression of the cytokine gene Tnf and the chemokine mKc/Cxcl1. Tnf is well known to participate in an acute inflammation and mKc/Cxcl1 (homologue to human IL-8/CXCL8) is involved in pro-inflammatory chemotaxis of mast cells. The Cxcl1 expression was reliably increased, but no changes in the levels of Tnf expression were detected in 304Q ataxin-3 knock-in mice relative to WT/WT mice. The housekeeping genes Sdha, Pdh, mActb, and Tbp were not affected (Figures 1A, C).




Figure 1 | Expression of Il-3rα, Cd117, Tnf, and Cxcl1/mKc as well as the housekeeping genes Sdha, Pdh, mActb and Tbp mRNA in brain tissue from 2-month-old (A, B) and from 12-month-old (C, D) WT/WT, WT/304Q, and 304Q/304Q ataxin-3 knock-in mice. Unpaired t test shows statistically significant differences, n = 3, Values are mean ± SEM, *p < 0.05, **p < 0.01. Expression of CD117, IL-3RA, TNF, and CXCL8 mRNA in cerebellar brain tissue of SCA3 patients normalized using β-actin (E). Total RNA was extracted, reverse-transcribed and analyzed by quantitative real-time PCR, n = 4-6. Values are mean ± SEM, p values were calculated by unpaired t-test, *p < 0.05.



In order to demonstrate the relevance of our findings in the SCA3 mouse model to human disease, we tested the expression of IL3RA, TNF and CXCL8 in the post-mortem brain tissues of human SCA3 patients. Noteworthy, we found a tendency towards an increased expression of CXCL8 associated with a significantly decreased expression of CD117 compared to controls consistent with our observations in 304Q ataxin-3 knock-in mice (Figure 1E).

To confirm the findings for gene expression on protein level, we analyzed the expression of CD117 and TNF-α in brain tissues by Western blot. A significant down-regulation of both CD117 and TNF-α was detected in the 12-month-old 304Q/304Q and WT/304Q mice compared to WT/WT mice (Figure 2). We have not established mast cell staining in the available brain tissues, but we have stained mast cells in intestinal tissues. There was a trend towards lower mast cell numbers in duodenal and jejunal tissues of 304Q/304Q ataxin-3 knock-in mice compared to WT controls (Supplementary Figure S1).




Figure 2 | CD117 and TNF-α are down-regulated in cerebellar brain tissue of 304Q/304Q ataxin-3 knock-in mice. Protein levels of CD117 (A) and TNF-α (B) in relation to β-actin in brain tissue from 3-month-old and from 12-month-old WT/WT, WT/304Q, or 304Q/304Q ataxin-3 knock-in mice. Unpaired t test shows statistically significant differences, n = 4. Values are mean ± SEM, *p < 0.05, ***p < 0.001.





PolyQ-Expanded Ataxin-3 Modulates Expression of CD117 and Cytokines in BMMC

Next, we aimed to analyze the effect of ataxin-3 directly in mast cells. Thus, we generated cultures of BMMC from the 12-month-old WT/WT, WT/304Q, or 304Q/304Q ataxin-3 knock-in mice. Interestingly, culturing bone marrow cells from 304Q/304Q ataxin-3 knock-in the presence of IL-3 for 6 weeks resulted in 71 ± 9.5% mature BMMC compared to 91 ± 1.3 and 97 ± 2% from WT/WT or WT/304Q mice, respectively. Pure BMMC were found in all cases following 9 weeks of culture. Recovery was 406 ± 159% of BMMC from WT/WT mice compared to 234 ± 33% and 225 ± 82% of BMMC from WT/304Q or 304Q/304Q ataxin-3 knock-in mice. No differences concerning size and degree of granulation were observed between mature BMMC derived from WT/WT, WT/304Q, or 304Q/304Q ataxin-3 knock-in mice.

Expression levels of Cd117, Tnf and Cxcl1 mRNA were determined before and after stimulation of BMMC with IgE/2,4-dinitrophenyl (DNP), ionomycin/phorbol-12-myristat-acetate (PMA) or lipopolysaccharide (LPS). The Cd117 expression was strongly reduced in BMMC from homozygous and, to a lesser extent, heterozygous 304Q ataxin-3 knock-in mice compared to cells from WT/WT mice (Figure 3A). This finding could be confirmed on protein level by Western blot, which showed a significantly lower expression of CD117 in BMMC from 304Q/304Q ataxin-3 knock-in compared to cells from WT/WT mice (Figure 3E). Tnf expression in response to ionomycin/PMA stimulation was substantially reduced in cells from 304Q/304Q and WT/304Q mice compared to WT/WT controls (Figure 3B). In contrast, a marked increase of mRNA expression for the proinflammatory chemokine gene Cxcl1 was detected in BMMC from 304Q/304Q mice relative to WT/WT mice in response to LPS stimulation (Figure 3C). These observations are in accordance with our findings in mouse and human SCA3 brain tissues.




Figure 3 | Expression of Cd117 and Tnf is down-regulated and expression of Cxcl1 is upregulated in BMMC from 304Q/304Q ataxin-3 knock-in mice. Cd117 (A), Tnf (B), and Cxcl1 (C) mRNA levels were determined following stimulation of BMMC from WT/WT, WT/304Q, or 304Q/304Q ataxin-3 knock-in mice with IgE/DNP, ionomycin/PMA or LPS for 90 min. Release of β-hexosaminidase (β-Hex) (D) as a marker of degranulation was measured following stimulation with IgE/DNP or ionomycin/PMA. Protein levels of CD117 in relation to GAPDH were measured in BMMC from WT/WT, WT/304Q, or 304Q/304Q ataxin-3 knock-in mice (E). Release of cytokines TNF-α (F) and CXCL1 (G) in supernatants of BMMC from 304Q ataxin-3 knock-in mice were measured following stimulation with IgE/DNP, ionomycin/PMA or LPS for 6h Unpaired t test (E) and two-way ANOVA (A–D, F, G) show statistically significant differences, n = 3-5. Values are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





304Q Ataxin-3 Modulates Cytokine Release by BMMC

BMMC from 12-month-old 304Q ataxin-3 knock-in mice were stimulated with either IgE/DNP or ionomycin/PMA for 90 min and the release of pre-stored β-hexosaminidase as marker of degranulation was measured (Figure 3D). In both cases the stimulated BMMC demonstrated robust degranulation; however, there was no difference between the responses of BMMC from 304Q ataxin-3 knock-in mice compared to WT/WT mice demonstrating that the expanded 304Q ataxin-3 did not influence the capacity of BMMC to degranulate (Figure 3D).

To analyze the release of de novo synthesized cytokines, BMMC from 12-month-old 304Q ataxin-3 knock-in mice were stimulated with either IgE/DNP, ionomycin/PMA, or LPS for 6 h. The amount of released TNF-α protein measured by ELISA showed a strong decrease upon ionomycin/PMA stimulation in BMMC from 304Q/304Q mice compared to WT/WT mice (Figure 3F) in agreement with the gene expression data. The release of CXCL1 also correlated to the measured mRNA levels, with a strong increase in CXCL1 levels in BMMC from 304Q/304Q mice (Figure 3G).



304Q Ataxin-3 Modulates Activation of NF-κB Signaling Pathway in BMMC

Further, we aimed to analyze the signaling pathways altered in BMMC from 304Q ataxin-3 knock-in 3 mice compared to BMMC from WT/WT mice to observe which proteins could be responsible for the transcriptional changes in cytokine production. We analyzed two main signaling pathways involved in mast cell cytokine expression, the MAPK pathway ERK1/2 and the NF-κB pathway.

We did not observe significant differences in phosphorylation of ERK1/2 (Figure 4A). However, we found a significant increase of the NF-κB inhibitor IκBα in BMMC from homozygous 304Q/Q304 ataxin-3 knock-in mice (Figure 4B). The increase of IκBα could be responsible for a decreased expression of TNF-α as a consequence of a decreased NF-κB activity.




Figure 4 | ERK1/2 and NF-κB signaling in BMMC from WT/WT, WT/304Q, or 304Q/304Q ataxin-3 knock-in mice. (A) BMMC from WT/WT, WT/304Q, and 304Q/304Q ataxin-3 knock-in mice stimulated or unstimulated with IgE/DNP, ionomycin/PMA or LPS for 10 min. Supernatants of BMMC cultures were analyzed by Western blot for ERK1/2 phosphorylation (A) and IkBα (B) relative to GAPDH. Representative pictures and densitometric analyses as integrated density values (IDV) are shown. Unpaired t test shows statistically significant differences, n = 3. Values are mean ± SEM, *p < 0.05.






Discussion

Ataxin-3, a causative protein of SCA3, is ubiquitously expressed throughout different organs, tissues and cells, including the brain and the immune system (13). Since the discovery of the polyQ-expanded ataxin-3 in patients with SCA3 (1) it was reported that this protein causes a complex pattern of gene expression changes in transgenic SCA3 cell lines and human SCA3 pontine neurons (14). Various molecular mechanisms have been proposed to explain the toxic function of polyQ expansion, including dysregulation of transcription, impairment of the ubiquitin–proteasome system, mitochondrial dysfunction, dysregulation of intracellular Ca2+ homeostasis, impairment of axonal transport and genotoxic stress (15). These single-cause hypotheses are not entirely satisfactory and, taken together, indicate that the disease pathogenesis might not be exclusive to one particular structure or dysfunction. Therefore, further studies are required to evaluate the implications of a polyQ expansion in SCA3 toxicity.

Mast cells were recently implicated as agents of neurodegeneration in several disease (16). Mast cells are potent activators and regulators of the peripheral immune system with access to neuronal tissue. They are able to affect the blood-brain barrier and thus could be involved in CNS pathology. Mast cells are involved in a multitude of conditions including cancer, allergy, psoriasis, multiple sclerosis, Parkinson’s disease, stroke, autism, migraines, sleep disorders, stress and inflammation (17). Brain mast cells are crucial mediators of sleep and fundamental neurobehavior which are all involved in ataxia and similar neurodegenerative disorders (18).

In this study we evaluated the hypothesis of mast cell contribution to SCA3. For this purpose, we tested the mRNA and protein expression levels of the inflammatory mast cell marker CD117/c-Kit and IL-3Rα in the brains of normal and 304Q ataxin-3 knock-in mice. CD117/c-Kit signaling network plays an important role in several cell functions including proliferation, survival, apoptosis, motility, adhesion and angiogenesis (19). We found that the expression of CD117, but not of IL-3Rα, was reduced in comparison with healthy controls. In order to analyze the effect of expanded ataxin-3 directly in mast cells we established the BMMC cultures from homozygous and heterozygous 304Q ataxin-3 knock-in mice. In agreement with the brain data, expression levels of CD117 in BMMC from 304Q ataxin-3 knock-in mice were reduced compared to cells from WT/WT mice in stimulated and unstimulated cells. We conclude that mast cells are negatively regulated by the expanded ataxin-3. Analyses of post-mortem brain samples from the SCA3 patients corroborate this conclusion.

Consistently, we found that maturation of BMMC from 304Q/304Q ataxin-3 knock-in mice takes longer than from homozygous WT and heterozygous 304Q ataxin-3 knock-in mice. However, these findings need to be confirmed in future studies by more quantitative techniques such as flow cytometry or transmission electron microscopy. Furthermore, the cell recovery/proliferation of pure mature BMMC from 304Q/304Q ataxin-3 knock-in mice was lower compared to BMMC from WT controls. Interestingly, expression of mutant huntingtin, the disease protein in Huntington´s disease (HD), was also shown to affect maturation of BMMC (20). This finding combined with our observation suggests a significant impairment in mast cells maturation in polyQ-associated neurodegenerative conditions such as SCA3 and HD.

In general, mast cells exert their effects via expression and release of mediators involved in physiological functions of the body through the intracellular activation of tyrosine kinases (5). The best-known activation of mast cells occurs during type-I allergic reactions through crosslinking of IgE bound to FcϵRI receptors by antigens (6). However, no effect of 304Q ataxin-3 on degranulation was found in our experiments with BMMC judging by the amounts of released β-hexosaminidase following stimulation with IgE/DNP or ionomycin/PMA. We conclude that the mast cell signaling involved in degranulation is not targeted by the expanded ataxin-3.

Along with the reduced expression of CD117, we detected a suppressive effect of expanded ataxin-3 on the mRNA and protein expression of the proinflammatory TNF-α both in the cerebellar brain regions and supernatants of ionomycin/PMA-stimulated BMMC. TNF-α expression in response to FcϵRI cross-linking was low compared to ionomycin/PMA stimulation. This may be due to different time courses and the strength of the ionomycin/PMA stimulation which skips receptor-mediated signals and directly induces PKC phosphorylation and calcium concentration elevation, respectively (21). TNF-α is a pleiotropic cytokine. Activation of signaling by TNF-α initiates a variety of potential outcomes, including cell proliferation, gene activation or cell death (22). The intracellular signaling pathways induced by this cytokine in SCA3 along with the role of ataxin-3 are only beginning to be examined (8).

In contrast to CD117 and TNF-α, the mRNA and protein levels of CXCL1 were found stimulated by the expanded ataxin-3 both in the brains and BMMC. Mast cells, like macrophages, have the capacity to newly synthesize CXCL1, making detectable amounts within 1 hour of LPS treatment (23). CXCL1 is a mouse homologue to human IL-8/CXCL8 involved in a number of pro-inflammatory activities, including the chemotaxis of neutrophils to the site of injury thereby aggravating the ongoing inflammatory response. CXCL1 is also shown to display a neuroprotective function (24). Future work will reveal the specific role for the mast cell-released CXCL1 stimulation in response to expanded ataxin-3 in the mechanism of SCA3.

The modulation of transcription of TNF-α and CXCL1 in BMMC expressing the expanded 304Q ataxin-3 compared to the healthy controls prompted us to test if this process involves NF-κB which is a protein complex that controls transcription, cytokine/chemokine production and cell survival. NF-κB is found in almost all animal cell types and is involved in cellular responses to diverse stimuli. Canonically, TNF-α is one of the major inducers of NF-κB activity (25) which in turn is expected to activate expression of CXCL1 (26). Therefore, the reduced expression of TNF-α in the BMMC from 304Q ataxin-3 knock-in mice is consistent with the increased expression of the NF-κB inhibitor, IκBα, but not with the increased expression of CXCL1 we observed. Moreover, CXCL1 binding to its receptors CXCR1/2 is supposed to activate the downstream extracellular signal-regulated kinases 1 and 2 (ERK1/2) (27). However, we did not observe significant differences in phosphorylation of ERK1/2. This conundrum points out to the profound interference of the polyQ-expanded ataxin-3 with the normal transcriptional and signaling responses of mast cells. The exploration of alternative pathways is warranted to clarify this point further.

Ataxin-3 is a deubiquitylating enzyme that removes and disassembles ubiquitin chains from specific substrates (28). NF-κB signaling consists of a series of positive and negative regulatory elements. Inducing stimuli trigger IKK activation leading to phosphorylation, ubiquitination, and degradation of IκB proteins, resulting in release of NF-κB, its nuclear translocation and ultimately induction of NF-κB target genes (29). However, a direct interaction of NF-κB pathway and the deubiquitinase ataxin-3 has not yet been shown. A possible pathway that activates NF-κB signaling in context of expanded ataxin-3 could be via the U-box E3 ligase CHIP, which has been identified as a direct interaction partner of ataxin-3. Thereby, ataxin-3 and CHIP interact and regulate each other’s activity (28). On the other side, CHIP was shown to promote the activation of NF-κB signaling (30). Additionally, an siRNA-based drug screen in mammalian cells expressing expanded ataxin-3 identified 15 genes which are related to TNF/NF-κB and ERK1/2 pathways and concluded that expanded ataxin-3 can be regulated by these pro-inflammatory and cell death/survival pathways (31). Moreover, ataxin-3 may be involved in deubiquitination of several signaling molecules and it is hard to predict how expanded ataxin-3 may affect certain modifications and thus the behavior or fate of such proteins.

Recently, expression of mutant huntingtin (mHtt) was shown to affect toll-like receptor 4 (TLR-4) intracellular trafficking and cytokine production in BMMC (20). Similar to our findings in BMMC with the expanded ataxin-3, expression of TNF-α was reduced while the release of β-hexosaminidase was not affected in mHtt-expressing BMMC. Besides NF-κB several transcription factors such as AP-1, SP1, ETS-1, ELK-1, and NFAT have been found to be involved in TNF-α mRNA production (32). Pérez-Rodríguez et al. report that the ERK-ELK-c-Fos signaling axis, but not NF-κB, participate in TNF-α gene transcription in BMMCs in response to LPS stimulation via TLR-4. We found the highest induction of TNF-α in response to stimulation with ionomycin/PMA, which is known to cause PKC activation and an increase in intracellular calcium (21). Consistently, we found a strong activation of the downstream signaling molecules ERK1/2 in response to ionomycin/PMA stimulation. Thus, TNF-α expression in response to ionomycin/PMA also appears to depend on ERK1/2-related transcription factors such as ELK-1. However, different from the findings in BMMC expressing mutant huntingtin, we observed no significant differences in the phosphorylation of ERK1/2 in BMMC with expanded ataxin-3 compared to wild type BMMC. Further investigations are needed to identify all signaling molecules involved and all effects of ataxin-3 in mast cells.

In summary, we identified for the first time the mast cell target genes transcriptionally dysregulated by the polyQ-expanded ataxin-3. Future work will reveal the pathogenic mechanisms behind these observations and will examine the previous hypothesis that transcriptional dysregulation appears to represent a unifying feature of polyQ disorders (14).
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Skin is a frontline organ that is continuously exposed to external stimuli, including pathogens. Various immune cells reside in the skin under physiological conditions and protect the body from the entry of pathogens/antigens by interacting with each other and orchestrating diverse cutaneous immune responses. To avoid unnecessary inflammation and tissue damage during the elimination of external pathogens and antigens, skin possesses regulatory systems that fine-tune these immune reactions. Mast cells (MCs) are one of the skin-resident immune cell populations that play both effector and regulatory functions in the cutaneous immune response. So far, the interleukin-10-mediated mechanisms have mostly been investigated as the regulatory mechanisms of MCs. Recent studies have elucidated other regulatory mechanisms of MCs, such as the maintenance of regulatory T/B cells and the programmed cell death protein-1/programmed cell death-ligand 1-mediated inhibitory pathway. These regulatory pathways of MCs have been suggested to play important roles in limiting the excessive inflammation in inflammatory skin diseases, such as contact and atopic dermatitis. The regulatory functions of MCs may also be involved in the escape mechanisms of antitumor responses in skin cancers, such as melanoma. Understanding and controlling the regulatory functions of skin MCs may lead to novel therapeutic strategies for inflammatory skin diseases and skin cancers.
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Introduction

Skin is the outermost organ separating the body from the outer environment. As the skin is constantly exposed to various external stimuli, such as pathogens and physical/chemical trauma, it has sophisticated barrier systems that protect the body from such stimuli. One such barrier system includes the immunological barrier, in which skin-resident or infiltrated immune cells exhibit effector functions to eliminate the pathogens (1). To form this barrier, the immune cells perform effector functions by interacting with each other and producing various cytokines/chemokines, leading to inflammation. While inflammation is necessary for efficient protection of the body from external stimuli such as pathogens and antigens, excess of it can cause undesired tissue damage. To minimize tissue damage, multiple regulatory systems must precisely control the effector functions of immune cells.

Among the immune cells in the skin, mast cells (MCs) are one of the most abundant skin-resident immune cells, accounting for approximately 10% of all hematopoietic cells in the skin (2). Skin MCs consist in connective tissue-type MCs (CTMCs) in mice and tryptase-positive, chymase-positive MCTC in humans and are considered to be derived from the bone marrow, yolk sac, and the aorta-gonad-mesonephros region (3–6). Under physiological conditions, MCs are localized in the hypodermis and dermis, mainly around blood vessels, nerve fibers, and hair follicles (7, 8). Several studies have been performed to elucidate the roles of MCs in the skin under steady and diseased conditions. MCs play both facilitating and regulatory roles in a context-dependent manner (9–13). So far, the interleukin (IL)-10-mediated mechanisms have mostly been investigated as the regulatory mechanisms of MCs. However, recent studies have revealed several IL-10-independent regulatory functions of MCs.

In this review, we discuss the recent findings on the immunoregulatory functions of skin MCs and their underlying mechanisms in the context of inflammatory skin diseases and skin cancers, focusing on contact dermatitis, atopic dermatitis (AD), and malignant melanoma (Table 1).


Table 1 | A summary of references regarding the regulatory functions of mast cells in the skin.





Contact Dermatitis 

Contact dermatitis, such as metal allergy and plant allergy, is a prototypic Th1/Type 1 CD8+ T cells (Tc1)-type immune response of the skin (1). Mouse contact hypersensitivity (CHS) is one of the most frequently used animal models of contact dermatitis (22). Small molecules (<500 Da), called haptens, bind to self-proteins and become antigens to induce CHS. When foreign antigens invade the skin, they are captured by the skin dendritic cells (DCs), mainly dermal DCs, which subsequently migrate to the skin-draining lymph nodes (LNs) and undergo maturation. The migrated DCs then present the antigens to naive T cells in an antigen-specific manner and promote their differentiation into effector T cells (sensitization). When the same antigens enter the skin, the skin DCs present the antigens to skin-infiltrated effector T cells in situ and activate them to produce cytokines and cytotoxic molecules, such as interferon-γ and granzyme B, which lead to antigen-specific immune responses (elicitation). MCs play a role in CHS regulation via multiple mechanisms.


Promotion of CHS by MCs 

During the sensitization phase in CHS, MCs play promoting role by interacting with or recruiting immune cells in the skin. Upon hapten exposure, MCs release tumor necrosis factor (TNF) and promote the maturation/migration of dermal DC s to the LNs, leading to the facilitation of sensitization (23, 24). MC-derived exosome may also be involved in DC maturation (25). Furthermore, MCs facilitate sensitization by amplifying the infiltration of neutrophils into the hapten exposed skin, a key step for sensitization (26, 27), by releasing TNF and histamine (26). Recruitment of neutrophils by MCs are also important for the promotion of elicitation (23, 28). In addition, MCs present antigens to T cells by acquiring major histocompatibility complex class II (MHCII) from DCs, and can facilitate elicitation (29). However, in the elicitation phase, negative regulatory functions of MCs have also been elucidated as illustrated below.



IL-10-Dependent Regulation of CHS

Previous studies have investigated the role of skin MCs in CHS using MC-deficient mice, such as WBB6F1-KitW/Wv (KitW/Wv) and C57BL/6-KitW-sh/W-sh (KitW-sh/W-sh) mice (Kit-dependent, constitutive MC deficiency) (9). In these mice, both facilitating and regulatory roles of MCs have been reported in CHS. For example, Norman et al. reported that CHS responses in KitW/Wv mice are reduced when it is induced by low-concentration hapten (oxazolone) and elevated when it is induced by high-concentration hapten, suggesting that MCs are necessary for the development of CHS and to limit the excess inflammation (30). Grimbaldeston et al. also reported exacerbated oxazolone-induced CHS responses in KitW/Wv and KitW-sh/W-sh mice. This exacerbation was eliminated by the transfer of wild-type (WT) mouse-derived MCs, but not IL-10-deficient (IL-10-/-) mouse-derived MCs, suggesting that MCs limit inflammation in CHS in an IL-10-dependent manner (14). Using IL-10 reporter mice, it was later confirmed that MCs produce IL-10 most abundantly in the skin one day after the elicitation in oxazolone-induced CHS, whereas MCs produce minimal IL-10 when CHS was induced with low concentrations of oxazolone (15).

Because Kit-dependent MC-deficient mice have various hematological abnormalities other than MC deficiency, it has been debated whether the exacerbated CHS response in these mice is solely attributable to MC deficiency. However, exacerbated CHS responses have also been observed in Kit-independent MC-deficient mice (9, 11), and MC-specific depletion of IL-10 (Mcpt5-Cre+Il10f/f mice) recapitulated the exacerbated CHS phenotype in MC-deficient mice (15). These results indicate that MCs play a suppressive role in eliciting oxazolone-induced CHS via IL-10 production. In contrast, these regulatory functions of MCs were not observed by Dudeck et al., in which MC-deficient mice (both Kit-dependent and Kit-independent MC-deficient mice) were treated with 2-4-dinitrofluorobenzene-induced CHS, and showed attenuated CHS responses. Furthermore, MC-specific depletion of IL-10 did not affect the CHS response (23). Thus, MCs seem to change their roles depending on the type and concentration of haptens, although the molecular mechanisms underlying the switch of MC function in each context remain unclear. CHS protocol (e.g. interval between sensitization and elicitation, skin site of sensitization), the parameter used to measure inflammation, and the timing of analysis after the elicitation (e.g. early versus late phase) are other potential variables that would influence the functions of MCs or phenotype of MC-deficient mice in CHS. In the early phase, MCs may facilitate CHS by releasing inflammatory mediators such as TNF and histamine (23), while in the late phase, MCs may limit CHS by producing anti-inflammatory mediators such as IL-10 (15).



Maintenance of Regulatory B cells

In addition to MCs, IL-10 is produced by several cell populations, such as regulatory T cells (Tregs) and regulatory B cells (Bregs). Both cell populations play crucial roles in the termination of the CHS response (22, 31). Kim et al. reported that MCs inhibit CHS responses by maintaining the IL-10+ Breg number in skin-draining LNs in an IL-5-dependent manner (16). In oxazolone-induced CHS, KitW-sh/W-sh mice showed an augmented CHS response, which was accompanied by a reduced IL-10+ Breg number in the skin-draining LNs. Reconstitution with MCs restored the population of IL-10+ Bregs in KitW-sh/W-sh mice and suppressed the CHS response. The level of IL-5 was markedly decreased in the LNs of KitW-sh/W-sh mice and was restored by reconstitution of MCs. This recovery of Breg number and IL-5 level in LNs was diminished under reconstitution with IL-5-/- MCs. Based on these results, it has been proposed that MCs perform regulatory functions in CHS by maintaining Breg number in LNs (16). MCs may increase IL-10 levels in peripheral tissues by producing IL-10 themselves and by maintaining IL-10-producing cell populations, such as Bregs.



Maintenance of Resident Memory T Cells 

Skin-resident memory T (TRM) cells are a subset of memory T cells that provide local surveillance and do not migrate out of the skin (32). Upon inflammation, effector T cells infiltrate the skin, and some of them become TRM cells, mostly CD8+ TRM cells. IL-7, IL-15, and transforming growth factor (TGF)-β are pivotal cytokines that generate the skin TRM cells (32). Skin TRM cells protect the body from the invasion of pathogens; however, they are also involved in the development of various inflammatory skin diseases, including contact dermatitis.

Using oxazolone-induced CHS, Gimenez-Rivera et al. examined the relationship between MCs and CD8+ TRM cells in skin (17). The authors modified CHS via repeated elicitation at long intervals (elicitation at 30 days and 60 days after the 1st elicitation), which led to the accumulation of antigen-specific TRM cells in the elicited skin. Under these conditions, the CHS response was significantly increased in KitW-sh/W-sh and Mcpt5-Cre+iDTR mice. The number of CD8+ TRM cells was significantly higher in MC-deficient mice than in control WT mice. In addition, the expression levels of IL-15, but not IL-7 and TGF-β, were upregulated in MC-deficient mice. In vitro, the MC proteases such as chymase and carboxypeptidase degraded IL-15. These results suggest that MCs limit skin inflammation in CHS by regulating the TRM cell number via IL-15 degradation (17).



Programmed Cell Death Protein-1/Programmed Cell Death-Ligand 1 Signaling

The abovementioned regulatory functions of MCs are exhibited in a contact-independent manner via cytokine production. However, MCs can also exhibit regulatory functions by direct contact via the programmed cell death-1 (PD-1, CD279)/programmed cell death-ligand 1 (PD-L1, CD274) pathway (18). The PD-1/PD-L1 pathway is a negative regulator that coordinates the balance between T cell activation and tolerance (33). PD-1 expressed on effector T cells binds to PD-L1 expressed on various tissue-resident and antigen-presenting cells and transduces signals that inhibit the proliferation of T cells and their effector functions.

To investigate the mechanisms by which the PD-1/PD-L1 pathway regulates T cell activation in CHS, we induced CHS in Pdl1-/- mice and found that Pdl1-/- and WT mice treated with the anti-PD-L1 antibody exhibited an exacerbated CHS response, indicating that the PD-1/PD-L1 pathway is important for the negative regulation of the CHS response. However, the effect of the anti-PD-L1 antibody on the CHS response was abolished in MC-deficient mice, suggesting that MCs are involved in PD-1/PD-L1-mediated negative regulation of effector T cells. Skin MCs highly express PD-L1 in both mice and humans. MCs interact with T cells in the skin, as revealed by two-photon microscopic observations. In a co-culture system of effector T cells and MCs, effector T cell activation was induced by WT MCs, which was further enhanced by Pdl1-/- MCs or via the blockade of the PD-1/PD-L1 pathway by the anti-PD-L1 antibody. These results suggest that MCs directly contact effector T cells in the skin and negatively regulate their activation via the PD-1/PD-L1 pathway (18).




Atopic Dermatitis

Atopic dermatitis (AD) is a common chronic inflammatory skin disease. Type 2 cytokines, especially IL-4 and IL-13, are central mediators that induce various symptoms in AD, such as pruritus and skin barrier defects (34). The number of MCs is significantly increased in the skin lesions of AD, suggesting the involvement of MCs in the establishment of AD. Similar to the studies on CHS, both pro- and anti-inflammatory functions of MCs have been reported in the AD model, which may be dependent on the model used in the study.


Regulatory Function of MCs in AD: Maintenance of Tregs (Oxazolone-Induced AD Model)

As mentioned in section 1, oxazolone is a representative hapten to induce CHS, a type 1 immune response in the skin. Single time application of oxazolone following the sensitization (at intervals of 5-7 days) induces CHS. However, repeated and frequent application of oxazolone (5-10 times at intervals of a few days) causes type 2 cytokine-shifted inflammation in the skin and is used as an AD model (35). KitW-sh/W-sh mice exhibited exacerbated dermatitis, whereas adoptive transfer of WT MCs into KitW-sh/W-sh mice decreased the inflammatory response, indicating that MCs play a suppressive role in this AD model (19). The suppressive effects of MC reconstitution were not observed in Il2-/- MCs, suggesting that MC-derived IL-2 is involved in the suppression mechanism. Since the ratio of activated T cells to Tregs in the skin was significantly higher in KitW-sh/W-sh mice reconstituted with Il2-/- MCs than in those reconstituted with WT MCs, it was concluded that MCs inhibit dermatitis by maintaining Tregs via IL-2 production (19). Exacerbated phenotypes in KitW-sh/W-sh mice have also been reported in the MC903-induced AD model (36), but the underlying mechanisms by which MCs suppress inflammation in this model remain unclear.



Pro-Inflammatory Function of MCs in AD (House Dust Mite/Staphylococcal Enterotoxin B -Induced AD Model)

Repeated treatment with Dermatophagoides farinae (house dust mite: HDM) extract and staphylococcal enterotoxin B (SEB) induces skin inflammation that mimics AD (37). Clinical scores were significantly lower in KitW-sh/W-sh mice and Kit-independent MC-deficient mice (Cpa3-Cre+Mcl-1f/f) than in the corresponding WT mice, indicating that MCs are required for maximal skin inflammation in this model (38). Since the Fc receptor for IgE-deficient (FcεRI-/-) mice also showed reduced skin inflammation in this model, the authors speculated that MCs facilitate atopic skin inflammation via FcεRI-dependent mechanisms. In another study using the same HDM/SEB-induced AD model, Serhan et al. revealed that MCs promote atopic skin inflammation by interacting with the nociceptive sensory neurons (nociceptors) (39). HDM directly activates nociceptors, which produce substance P. Substance P induces the activation of MCs surrounding nociceptors via the Mas-related G protein-coupled receptor B (MRGPRB), a receptor for cationic molecules from the MRGPR family. These results suggest that after exposure to HDM allergens, nociceptors sense the allergens and induce MC degranulation via the activation of MRGPRB on MCs, leading to the initiation of type 2 inflammation.

Therefore, in AD lesions, MCs may play facilitating roles via the release of various chemical mediators by degranulation, which may induce both IgE-dependent (FcεRI-mediated) and independent (MRGPRB-mediated) responses. In contrast, MCs may play regulatory roles in AD by maintaining Treg number and suppressing Th2 cell activation.




Malignant Melanoma

Malignant melanoma (MM) is one of the most malignant types of skin cancer (40). Previous studies on the involvement of MCs in MM development have mostly been based on histological analysis investigating the number of MCs surrounding the MM and its relation to prognosis. Some reports have shown a correlation between tumor progression and the number of MCs surrounding the tumors (41, 42), whereas others have shown a decrease in the number of MCs in advanced MM (43, 44); therefore, the results have not been consistent. Recent studies using mouse MM models have shown both beneficial and detrimental roles of MCs in MM development (20, 45).

Kaesler et al. reported the beneficial role of MCs in the antitumor response in MM (45). The authors first identified that patients exhibiting better responses to anti-cytotoxic T-lymphocyte antigen 4 (CTLA4) antibody treatment developed colitis as an immune-mediated adverse effect with a systemic lipopolysaccharide (LPS) signature. In a mouse model of MM using the B16 melanoma cell line, LPS treatment reduced the tumor volume. MC-deficient mice (Mcpt5-cre+ R-DTAfl/fl) showed increased tumor volume compared to control WT mice, and the suppressive effect of LPS treatment on tumor volume was not observed in MC-deficient mice. Based on these results, the authors concluded that the effective immune control of MM by the anti-CTLA4 antibody was dependent on LPS-activated MCs, which recruit tumor-infiltrating effector T cells via secretion of C-X-C motif chemokine ligand 10 (45).

In contrast, Somasundaram et al. reported an association between MCs and resistance to anti-PD-1 therapy in MM (20). Using humanized mice and melanomas from human patients, the authors first examined the immune cell changes in tumors after treatment with anti-PD-1 antibodies. Immunohistochemical and flow cytometric analyses revealed that MC numbers were increased in the group resistant to anti-PD-1 antibodies. Furthermore, RNA sequence analysis of tumors from patients with MM before and after anti-PD-1 antibody treatment showed an increase in MC number after treatment, especially in the non-responder group. Meanwhile, the elimination of MCs with sunitinib enhanced the therapeutic effects of the anti-PD1 antibody in the humanized MM model. Mechanistically, numerous Treg infiltrations were observed around the MCs at tumor sites, correlating with decreased MHC class I expression in the surrounding tumors. These findings suggest that MCs may promote tumor progression by downregulating tumor MHC class I expression by recruiting Tregs, either directly or indirectly. Histamine from MCs may contribute to tumor promotion by enhancing peritumoral M2 macrophage differentiation and suppressing CD8+ T cell activity (21). These results suggest that the depletion of MCs or downregulation of MC function can be used as potential therapeutic strategies for MM.



Discussion

As described above, MCs perform immunosuppressive functions via diverse mechanisms, at least in mice (Table 1). At the initial stage of inflammation or when the extent of inflammation is low, MCs may play a role in promoting inflammation. However, at the late stage of inflammation or when inflammation becomes excessive, MCs may switch their role from pro- to anti-inflammatory and fine-tune inflammation to avoid undesired tissue damage (11, 15). In the cancer environment, where the activation of innate and acquired immune systems is necessary for the elimination of tumors, such regulatory functions by MCs may become deleterious to the host.

However, many open questions are unanswered. For example, signals that induce the regulatory functions of skin MCs are not yet fully understood. As for the signals that induce IL-10 production from skin MCs, a few pathways, such as vitamin D receptor signaling-dependent pathway and the IgE signaling-dependent pathway, have been reported (12, 46). Analysis of the signal-transducing molecules in those pathways may become a clue to understand the molecular mechanisms by which MCs acquire regulatory functions. Besides, skin MCs may be heterogenous populations as reported in MCs in other organs such as lung (47) and esophagus (48), and MCs with regulatory functions, such as IL-10-producing MCs, may be a particular MC subset in the skin. Indeed, while skin MCs under physiological state are maintained by local proliferation in adult skin (5, 6), bone marrow-derived MCs appear in the skin in inflammatory state (49, 50), suggesting that skin MCs may be heterogenous populations (skin resident MCs versus bone marrow-derived MCs). We are currently investigating the functional differences between those MC populations. In addition, since there are various discrepancies in the pathogenesis of human diseases and mouse disease models, elucidating the physiological significance of MCs in human diseases remains a challenge. Skin organoids/human skin equivalent systems as intermediates between mouse disease models and human patients constitute a promising strategy that will likely lead to a better understanding of the role of MC in skin diseases. Human cutaneous MCs produce minimal IL-10 (51, 52); therefore, whether IL-10-mediated regulation by MCs, as revealed by mouse studies, is actually involved in human diseases remains to be verified. Nevertheless, elucidation of the molecular mechanisms that control MC function may lead to the development of novel therapeutic strategies for inflammatory skin diseases and skin cancers.
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Urticaria is a symptom of acute skin allergies that is not clearly understood, but mast cell histamine is hypothesized to cause swelling and itching. Omalizumab, an anti-human IgE antibody that traps IgE and prevents its binding to high-affinity IgE receptors, is effective in treating urticaria. We recently experienced a case of urticaria refractory to antihistamine therapy in which the peripheral-blood basophil count responded to omalizumab therapy and its withdrawal. Furthermore, the peripheral-blood basophils showed an unexpected increase in the expression of a cell surface activation marker. This phenomenon has been reported by other analyses of basophil and mast cell dynamics during omalizumab treatment. Here, we analyze these observations and formulate a hypothesis for the role of basophils in urticaria. Specifically, that activated basophils migrate to the local skin area, lowering peripheral-blood counts, omalizumab therapy alters basophilic activity and causes their stay in the peripheral blood. We hope that our analysis will focus urticaria research on basophils and reveal new aspects of its pathogenesis.
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Introduction

Urticaria is a common skin disease characterized by itchy, red, raised bumps or hives. It is generally classified based on its duration, acute (≦ 6 weeks) or chronic (>6 weeks), and the relevance of eliciting factors, spontaneous (no specific eliciting factor involved) or inducible (specific eliciting factor involved) (1). Based on these classifications, chronic spontaneous urticaria (CSU) is diagnosed based a duration of over 6 weeks and the absence of identifiable eliciting factors.

The etiology and pathogenesis of CSU remain largely unexplored. However, there is a consensus that cutaneous mast cells play a major role by releasing histamine, which acts on blood vessels and nerves to cause swelling and provoke itching, respectively. Antihistamine is the standard treatment for urticaria and antihistamine-resistant patients are well-controlled with omalizumab, an anti-human IgE antibody, which reconfirms that IgE is important in the pathology of urticaria, even in CSU with unknown triggers.



Peripheral Blood Basophil Counts and the Disease Activity of CSU

We recently reported a case with a 6-year history of severe CSU, whose peripheral basophil count was persistently low (almost zero cells per µL) for more than 1 year (2). Upon urticaria resolution by omalizumab administration, we noticed that the peripheral basophil count had increased. When the patient discontinued omalizumab, the peripheral blood basophil count again dropped to zero and urticaria recurred. Restarting omalizumab rescued the peripheral blood basophil count and improved the skin rash. Before our observation, this inverse correlation with basophil count and urticarial activity has been confirmed by clinical trials of omalizumab (3) in which they quantified peripheral-blood basophils using blood histamine levels and flow cytometry. The study authors found that both parameters increased with omalizumab treatment and clinical CSU improvement.

The contribution of basophils to allergic reactions, acquired immunity, and autoimmune diseases is better understood (4, 5), though it was long ignored or confused with that of tissue-resident mast cells. This may be because basophils account for less than 1% of granulocytes in the peripheral blood and are phenotypically similar to mast cells. Both cell types have basophilic granules in their cytoplasm, high-affinity IgE receptors (FcϵRI) on their surface, and release histamine and other chemical mediators.

The fact that basophils express FcϵRI and release histamine, together with observation that the basophils in peripheral blood inversely correlate with urticarial rash severity, suggests that basophils play a role in CSU. Indeed, as omalizumab has become more frequently used in the treatment of CSU refractory to antihistamine therapy, a number of reports have examined potential predictors of its efficacy (6–10). Many studies have demonstrated that low total IgE levels are an essential marker for discriminating the efficacy of omalizumab. Fok et al. (9) found that low IgE levels in CSU patients did not respond to omalizumab or had only a weak effect, but there was no evidence to suggest which marker was effective. Aghdam et al. (10) evaluated whole blood leukocytes responses in CSU patients treated with omalizumab to elucidate the effect of omalizumab on different FcϵRI-bearing leukocytes, only percentage of basophil increased after omalizumab treatment, but other white blood cells remain stable. As for baseline characteristics of CSU patients, Johal et al. (6) reported higher symptom scores and slower symptom improvement with omalizumab treatment in those with decreased peripheral blood basophils than in those without, which is consistent with previous studies focusing on basopenia as a marker of disease severity (11). Rijavec et al. (7) reported that a very low number of absolute basophil count in the circulation (1.7 basophils/µL) is predictive of a poor response to omalizumab. Furthermore, low circulating basophils count significantly correlated with very low densities of FcϵRI and IgE on basophils. They also confirmed the basopenia using the low expression of basophil-related genes in the whole-blood genes, including FCER1A that codes α-chain of FcϵRI, CPA3 that codes carboxypeptidase A3, and HDC that involves histamine synthesis.

The phenomenon that basophils are inversely correlated with CSU severity is not specific to omalizumab treatment, as it was also observed in CSU patients treated with antihistamines (12). This report measured symptom severity using the daily baseline urticaria activity score; the more severe the symptoms, the lower the peripheral blood basophil count. Thus, the relationship between peripheral-blood basophils and urticaria severity is not treatment-method dependent.

In clinical practice, basophils account for a very small percentage of peripheral blood cells, which makes it difficult to define an expected value. However, basophil fluctuations can indicate urticaria activity, at least on a patient-by-patient basis.



A Basophil Activation Marker Increased After the Initiation of Omalizumab

Not only did omalizumab treatment affect peripheral-blood basophil levels (2), it also increased their surface expression of CD203c, which reflects the activation state of basophils (13). It seems a paradoxical phenomenon where peripheral circulating basophils appear to express more CD203c after successful omalizumab treatment. Of course, it is important to consider that CD203c expression is not equivalent to CD63 expression and is not a specific marker for degranulation. Its expression can be driven by IL-3 at least in vitro (14), besides IgE-FcϵRI cross-linking (15). Therefore, some reports suggest that CD203c expression is not a suitable index for assessing basophil activation in patients with CSU (14).

However, omalizumab has also been reported to enhance sensitivity of human basophils to IgE-mediated stimulation (16–21). Basophils collected from the patients with the sensitivity to cat allergens showed 3- to 125-fold more sensitive to antigen-driven secretion after the treatment with omalizumab (17). Nevertheless, the lack of change in responsiveness to non-IgE-mediated stimuli, e.g., to N-formyl-methionyl-leucyl-phenylalanine, may be worth considering (18).

To explain this, we hypothesized that activated basophils migrate locally to the skin while patients experience CSU symptoms, and inactive or immature basophils unable to show sufficient activity in response to IgE-mediated stimulation remain in the peripheral blood (Figure 1, step 1). Once the CSU symptoms are relieved, the basophils with the ability to become fully activated in response to stimuli stay in the peripheral blood, increasing the frequency of peripheral blood basophils that express cell-surface CD203c.




Figure 1 | In urticaria, (Step 1) activated basophils migrate to the skin lesions, while inactive basophils remain in the peripheral blood. (Step 2) Omalizumab binds free IgE, which prevents further basophilic activity and a corresponding decrease in FcϵRI expression. Activated CD203c-positive basophils stay in the peripheral blood, leading to an increase of the peripheral blood basophil population.





Basophil Infiltration of CSU Lesions

The BB1 antibody against human basophils has detected basophil infiltration into skin lesions (22–24). In CSU patients, the number of mast cells in autologous serum-induced wheals remains constant from about 30 minutes to 48 hours after development. However, the number of basophils was high at baseline compared to healthy skin and further increased by about 30 minutes after onset (23). Moreover, the immunohistochemistry analysis of autologous wheals revealed overlapping trends of IL-4 (possibly expressed by activated basophils) and the chemokine receptor CCR3, which are primarily associated with type 2 immune responses. The presence of these molecules peaked at 30 minutes, then began to decline, which suggests that these recruiting mechanisms might attract basophils early in the reaction (23).

The relationship between blood and tissue basophil counts has not been studied in detail. However, given the finding that blood basopenia is frequently observed in CSU patients (25), these reports of the identification of basophils at sites of inflammatory lesions suggest that the decrease in basophils is probably the result of migration of basophils from the circulation to the tissues.



Discussion

Unfortunately, the mechanism for omalizumab efficacy in urticaria is not clear (16). FcϵRI are also expressed on dendritic cells (DCs), potent antigen presenting cells, and eosinophils, and there are reports that omalizumab treatment actually deregulates FcϵRI expression on DCs (21), but it is assumed that mast cells and basophils are the main cells involved in the pathogenesis of CSU. Another evidence, as well, indicated that DCs do not play a principal role in CSU. Although a reduction in FcϵRI expression of CD1c in DCs after omalizumab treatment could be observed (10), this reduction did not correlate with clinical changes. It is well known that the expression of FcϵRI on the cell surface of mast cells is regulated by the amount of external IgE (26, 27). The same is true for basophils. This theory is supporting evidence that allergic reactions occur more quickly and severely upon a second exposure than it did after the first. The prevailing hypothesis is that omalizumab binds free IgE, which reduces FcϵRI expression on mast cells and basophils.

In atopic dermatitis patients, the omalizumab-dependent reduction of free IgE in the circulating blood is followed by the downregulation of basophilic FcϵRI expression as early as 3 days after the first dose (28). In allergic rhinitis patients, the FcϵRI expression on basophils had decreased by 88% on day 7 of omalizumab treatment, which is also when the acute allergen wheal size decreased (29). In CSU, and other allergic diseases, the mean basophil-bound IgE and basophil FcϵRI expression were noticeably reduced 7 days after initiating omalizumab treatment. These data corresponded with the onset of symptom relief, and basophilic activity remained suppressed throughout the omalizumab treatment period (30).

Our severe CSU patient responded similarly to omalizumab treatment (2). CRA1 antibody confirmed that the amount of FcϵRI expressed on basophils decreased, reflecting the result of IgE neutralization by omalizumab. CRA2 antibodies, which recognize the IgE–FcϵRI binding site, can measure unbound FcϵRI but did not detect any free FcϵRI on peripheral-blood basophils before omalizumab administration. These results mean that all the IgE receptors on peripheral-blood basophils are in a state of IgE binding. Flow cytometry confirmed that CRA2-positive basophils appeared only after external IgE was neutralized by omalizumab.

Interestingly, the reduction of FcϵRI expression on cutaneous mast cells is much slower than for basophils (Figure 2). A previous report indicated that it takes 70 days after omalizumab administration for mast-cell FcϵRI expression to be significantly reduced (29). The phenotypic change in cutaneous mast cells observed with omalizumab treatment offers novel insights into the time required for tissue responses and mast cell behavior to shift in CSU (16). The same is observed in cell cultures; when human mast cells, purified from the skin are cultured in vitro, the FcϵRI expression does not decrease even IgE has been withdrawn for 4 to 8 weeks (31). Unlike peripheral-blood basophils, once skin mast cells have acquired FcϵRI expression, its expression does not immediately change when external IgE levels decrease. This difference may be related to the lifespan length of the two cells. In basophils, further studies are needed to determine whether the amount of IgE receptors on the same cell can change depending on the amount of external IgE, or whether new cells are mobilized from the bone marrow each time, resulting only in expressing FcϵRI dependent on the amount of external IgE.




Figure 2 | In urticaria, (Step 1) activated cutaneous mast cells and basophils release histamine, which acts on blood vessels to cause swelling. Activated basophils are recruited to the skin lesion, lowering the peripheral-blood basophil count. (Step 2) Within a week of omalizumab administration, the reduction in free IgE leads to decreased FcϵRI expression on basophils but not cutaneous mast cells. Activated, CD203c+ basophils stay in the peripheral blood. (Step 3) After 70 days of omalizumab treatment, mast-cell FcϵRI expression decreases but they remain in the skin.



Thus, that the early (within 7 days) onset of omalizumab’s therapeutic effects mirrors basophil dynamics and corresponds with changes in the basophil population leads us to hypothesize that basophils play a large role in CSU pathology (Figure 2). Although there is much to learn about urticaria, we expect that focusing on basophils will reveal new aspects of its pathogenesis.
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Epithelial-derived alarmins (IL-33, TSLP, and IL-25) play an upstream role in the pathogenesis of asthma. Basophil-derived cytokines are a pivotal component of allergic inflammation. We evaluated the in vitro effects of IL-33, TSLP, and IL-25, alone and in combination with IL-3 on purified peripheral blood human basophils (hBaso) and bone marrow-derived mouse basophils (mBaso) in modulating the production of IL-4, IL-13, CXCL8 or the mouse CXCL8 equivalents CXCL1 and CXCL2. IL-3 and IL-33, but not TSLP and IL-25, concentration-dependently induced IL-4, IL-13, and CXCL8 release from hBaso. IL-3 synergistically potentiated the release of cytokines induced by IL-33 from hBaso. In mBaso, IL-3 and IL-33 rapidly induced IL-4 and IL-13 mRNA expression and protein release. IL-33, but not IL-3, induced CXCL2 and CXCL1 from mBaso. Differently from hBaso, TSLP induced IL-4, IL-13, CXCL1 and CXCL2 mRNA expression and protein release from mBaso. IL-25 had no effect on IL-4, IL-13, and CXCL1/CXCL2 mRNA expression and protein release even in the presence of IL-3. No synergism was observed between IL-3 and either IL-25 or TSLP. IL-3 inhibited both TSLP- and IL-33-induced CXCL1 and CXCL2 release from mBaso. Our results highlight some similarities and marked differences between the effects of IL-3 and alarmins on the release of cytokines from human and mouse basophils.




Keywords: allergy, asthma, basophils, IL-4, IL-13, IL-25, IL-33, TSLP



Introduction

The epithelium represents a pivotal component of the innate immune system, providing a physical and immune barrier that is a first line of defense against environmental insults (1, 2). Damaged epithelial cells release a range of proinflammatory mediators causing barrier dysfunction and tissue remodeling (3, 4). Allergens, cytokines, microbial products, cigarette smoke extracts and physical stimuli induce the release of epithelium-derived alarmins including interleukin (IL)-33, thymic stromal lymphopoietin (TSLP) and IL-25 (3–7), also known as IL-17E (8). Although these alarmins possess some common characteristics, they markedly differ in immunological and biochemical characteristics (9–11). IL-33, an IL-1 superfamily member cytokine (9, 12), functions via IL-1RL1 (ST2)-mediated activation of several immune cells (12–14). TSLP is an IL-2 family member that activates the heterodimeric receptor TSLPR : IL-7Rα on a wide range of immune and non-immune cells (10, 15). IL-25/IL-17E is an unusual member of the IL-17 family of cytokines that binds, as a dimer, to the heterodimeric receptor IL-17RA : IL-17RB present on some immune cells (8). The upstream role of these epithelial alarmins has identified TSLP (16–18) and IL-33 (19, 20) as potential therapeutic targets for the treatment of T2-high and presumably also for T2-low asthma (20–22).

Although basophils account for 0.5% - 1% of all leukocytes in bone marrow and peripheral blood (23, 24), these cells play critical roles in clearing pathogens (25, 26), and initiating inflammatory processes in allergy (27–30), autoimmunity (31–34), immunodeficiencies (35, 36), and cancer (37–40). Most of these studies have been conducted in humans using peripheral blood basophils (hBaso) and often using mouse bone marrow-derived basophils (mBaso) as a model system. Since the beginning of these studies, there has been a debate regarding whether mouse basophils were indeed similar to human basophils (41, 42). It is now becoming evident that hBaso differ from mBaso with respect to cytokine and chemokine produced (43–46), surface receptors (47–49), responsiveness to immunological (46, 47, 49) and pharmacological stimuli (50). For instance, activated hBaso release a specific profile of cytokines (e.g., IL-3, IL-4, IL-13, CXCL8, VEGF-A) (36, 51–58), whereas mBaso express a wider spectrum of cytokines/chemokines (e.g., IL-3, IL-4, IL-6, IL-13, TNF-α, CXCL1, CXCL2, CXCL4) (43–45, 59, 60). Moreover, there has been controversy regarding the functional expression of TSLP receptor on human versus mouse basophils (46, 47, 49, 61). Finally, human and mouse basophils release IL-3 (58, 62). Therefore, there is the possibility of an autocrine priming mediated by IL-3 of basophils for functional response to alarmins.

Taken together, much remains to be learned about immunological differences between hBaso and mBaso. Accordingly, in this study we explored the in vitro effects of IL-33, TSLP, and IL-25, alone and in combination with IL-3 on the release of cytokines from highly purified human peripheral blood basophils and bone marrow-derived mouse basophils.



Materials and Methods


Reagents and Buffers

Bovine serum albumin (BSA), human serum albumin (HSA), [piperazine-N,N’ -bis (2-ethanesulfonic acid) (Pipes)] (Sigma-Aldrich, Milan, Italy), L-glutamine, antibiotic-antimycotic solution (10,000 IU penicillin, 10 mg/mL streptomycin, and 25 µg/mL amphotericin B), fetal calf serum (FCS), Iscove modified Dulbecco medium (IMDM) and Hanks’ balanced salt solution (GIBCO, Grand Island, NY, USA), RPMI 1640 with 25 mM HEPES buffer, Eagle’s minimum essential medium (Flow Laboratories, Irvine, UK), Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden), rhIL-3, rhIL-33, rhIL-25, and rhTSLP (R& D System, Minneapolis, MN, USA), CD117 MicroBead (Miltenyi Biotech, Bologna, Italy), and HClO4 (Baker Chemical Co., Deventer, Netherlands) were commercially purchased. The Pipes (P) buffer was a mixture of 25 mM Pipes, 110 mM NaCl, 5 mM KCl, pH 7.37, referred to as P. P2CG, contains, in addition to P, 2 mM CaCl2 and 1 g/L dextrose (63); pH was titrated to 7.4 with sodium bicarbonate.



Purification and Stimulation of Human Basophils

The study involving the use of human blood cells was approved by the Ethics Committee of the University of Naples Federico II (198/18), and written informed consent was obtained from all subjects involved in the study according to the recommendations from the Declaration of Helsinki. Basophils were purified from peripheral blood of healthy volunteers, aged 18-42 years, undergoing hemapheresis within the Immunohematology Unit at the University of Naples Federico II. Buffy coats were subjected to double-Percoll density centrifugation, which produced basophil-depleted cell and basophil-enriched cell suspensions (46). Basophils were purified from the basophil-enriched cell suspensions using the Basophil Isolation Kit II (Miltenyi, Biotec, Bologna, Italy). Basophils, with purity ~ 99% assessed by Alcian blue staining (64), were incubated at 37°C for 18 hours (52) in IMDM in the presence of increasing concentrations (1, 10, or 100 ng/ml) of the following cytokines: rhIL-3, rhIL-33, rhIL-25, and rhTSLP (R&D, Minneapolis, MN, USA). In some experiments, hBaso were stimulated with a combination of rhIL-3 (10 ng/ml) plus either rhIL-33 (10 ng/ml), rhTSLP (10 ng/ml) or rhIL-25 (10 ng/ml). At the end of these incubations, the cell-free supernatants were harvested and stored at -20°C for subsequent assay of IL-4, IL-13 and CXCL8 by ELISA.



Differentiation and Purification of Bone Marrow-Derived Mouse Basophils

C57Bl/6 female mice were purchased from Charles River Laboratories (Calco, Italy) and housed in the animal facility at Istituto Superiore di Sanità (Rome, Italy), according to the current Italian law guidelines (D.Lgs.vo 26/14: Authorization no. 243/2016-PR, Prot. D9997.13). Bone marrow (BM) was collected from tibiae and femurs of 6-10 week old female C57BL/6 mice and cells were disaggregated by gently pipetting with RPMI 1640 culture medium (EuroClone, Pero, Milan, Italy) containing 10% FCS, 1% penicillin, 1% fungizone, 1% streptomycin. To eliminate the erythrocytes, the BM cell suspension was incubated with 4 ml of ammonium-chloride-potassium (ACK) lysis buffer for 4 minutes at 22°C. BM cells (30 x 106) were cultured in complete RPMI 1640 supplemented with 1% of sodium pyruvate (Basophil medium) plus 2 ng/ml of recombinant mouse IL-3 (rmIL-3; R&D Systems, Minneapolis, MN, USA). At days 4 and 7 of differentiation, non-adherent cells were harvested, centrifuged (5 minutes at 400 x g, 4°C) and re-seeded in a new flask containing fresh Basophil medium and 2 ng/ml of rmIL-3. At day 10, cells were harvested and stained with the following monoclonal antibodies (mAbs) for flow cytometry analyses: PE anti-mouse CD49b (clone DX5, Miltenyi Biotec), FITC anti-mouse FcεR1 (clone MAR-1), PE-Cy7 anti-mouse CD117/c-kit (clone 2B8), APC anti-mouse CD11c (clone N418) or APC anti-mouse CD200R (clone Ba13) (all from Biolegend, San Diego, CA, USA). Mouse basophils (FcεR1+ CD11c- c-kit-) were purified by fluorescence activated cell sorting (FACS) using a MoFlo Astrios EQ cell sorter (Beckman Coulter, Brea, CA, USA). The obtained mBaso population was routinely > 98% pure (see Figure S1).



Stimulation of Mouse Basophils

Sorted mBaso were incubated (106 cells/ml) for various times at 37°C with graded concentrations (1, 10, or 100 ng/ml) of the following cytokines: rmIL-3, rmIL-33 (BioLegend, San Diego, CA, USA), rmIL-25 and rmTSLP (R&D Systems, Minneapolis, MN, USA). In some experiments, mBaso were stimulated with a combination of rmIL-3 (1 ng/ml) plus either rmIL-33 (1 or 10 ng/ml), rmTSLP (1 or 10 ng/ml) or rmIL-25 (1 or 10 ng/ml). Cells and culture supernatants were harvested at 4 h and 24 h for further analyses.



Gene Expression Analysis With qRT-PCR

Total RNA was extracted from mBaso by using TRIsure reagent (Bioline, London, UK). Messenger RNA was reverse transcribed by means of Tetro cDNA Synthesis Kit (Bioline). Quantitative reverse transcription-PCR (qPCR) was performed using Sensimix Plus SYBR Kit containing the fluorescent dye SYBR Green (Bioline) and by means of an ABI 7500 Real-time PCR system (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). Forward and reverse primers (Table SI) were purchased from Eurofin Genomics (Ebersberg, Germany). Triplicates were performed for each experimental point and data were normalized to HPRT (2-ΔCt method).



ELISA Assays

Human IL-4, IL-13 and CXCL8 were assessed in duplicate samples using ELISA kits according to the manufacturer’s instructions (Quantikine ELISA Kit) (R&D Systems, Minneapolis, MN, USA). The ELISA detection range was 31-2,000 pg/ml (IL-4), 125-4,000 pg/ml (IL-13) and 31-2,000 pg/ml (CXCL8). mBaso were cultured in 48 multiwells at 106 cells/ml with single or combined cytokines, as described above. Supernatants were collected after 24 hours to perform ELISA assays by using specific kits to evaluate the production of murine IL-4 (Biolegend), IL-13 (Thermo Fisher Scientific), CXCL1 and CXCL2 (R&D Systems, Minneapolis, MN, USA). The ELISA detection range was 2-125 pg/ml (mIL-4), 7.8-500 pg/ml (mIL-13) 15.6- 1,000 pg/ml (mCXCL1), 7.8- 500 pg/ml (mCXCL2).



Flow Cytometry of IL-33, IL-25 and TSLP Receptors

mBaso were cultured for 24 hours alone (untreated) or in the presence of IL-3 at graded concentrations (1, 10 or 100 ng/ml). Cells were then stained with PE-Cy7 anti-mouse ST2 (clone RMST2-2; Thermo Fisher Scientific), PE anti-mouse TSLPR (clone 22H9; BD Biosciences, Franklin Lakes, NJ) and APC anti-mouse IL-25R/IL-17RB (clone 9B19) (Biolegend, San Diego, CA, USA) and analyzed by flow cytometry.



Statistical Analysis

All data were analyzed for statistical significance by means of Prism 8 (GraphPad software). Values from groups were compared by Student’s t-test based on the parametric or nonparametric distribution of the continuous variables. One-way ANOVA analysis of variance was performed to compare means among multiple groups, followed by post hoc testing (Tukey test). Values were considered significant when the probability was below the 5% confidence level (p < 0.05).




Results


Effects of IL-3 and Alarmins on Cytokine Release from Human Basophils

In a first series of experiments we evaluated the effects of incubation (20 h at 37°C) with IL-3 on purified basophils from healthy donors (hBaso). Figure 1A shows that IL-3 (1 to 100 ng/ml) concentration-dependently induced the secretion of IL-13 and CXCL8 and, to a lesser extent, of IL-4 from five different preparations of hBaso. We also investigated the effects of alarmins (IL-33, TSLP, and IL-25) on the production of cytokines from hBaso. Figure 1B indicates that IL-33 (1 to 100 ng/ml) caused a concentration-dependent release of IL-4, IL-13, and CXCL8.




Figure 1 | Effects of increasing concentrations of rhIL-3 (A), rhIL-33 (B), rhTSLP (C), and rhIL-25 (D) on IL-4, IL-13, and CXCL8 release from different preparations of human basophils (n=5). Basophils were incubated (18 hours at 37°C) with the indicated concentrations of cytokines. At the end of incubations, cell-free supernatants were collected and analyzed for IL-4, IL-13, and CXCL8 protein by ELISA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



The heterodimeric receptor for TSLP, composed of TSLPR and IL-7Rα, has not been found on basophils from healthy donors and allergic subjects (47) and the activating property of TSLP on human basophils has been apparently conflicting (46, 47, 49, 61, 65). In all our four independent experiments, we found that TSLP (0.1 to 100 ng/ml) did not induce the release of detectable levels of IL-4, IL-13, and CXCL8 from purified basophils obtained from healthy donors (Figure 1C). IL-25 (IL-17E) is an alarmin which belongs to the IL-17 family and activates the heterodimeric receptor IL-17RA : IL-17RB (8). Figure 1D shows the results of four independent experiments, indicating that IL-25 (0.1 to 100 ng/ml) did not cause the release of IL-4, IL-13, and CXCL8 from hBaso.



Effects of IL-3 on Alarmin-Induced Cytokine Release from Human Basophils

Human basophils express the heterodimeric IL-3 receptor composed of the IL-3Rα (CD123) and the βc chain (61, 66). IL-3 is best known for its ability to mediate priming effects when combined with a variety of different co-stimuli (58, 67–70). As also shown in Figure 1, IL-33 (10 ng/ml) and IL-3 (10 ng/ml) caused IL-4 release from hBaso. Incubation of hBaso with IL-3 (10 ng/ml) and IL-33 (10 ng/ml) synergistically potentiated IL-4 release from hBaso (p < 0.001). IL-3 and IL-33 induced the secretion of both IL-13 and CXCL8 from hBaso. Figure 2A also shows that incubation of hBaso with IL-3 synergistically potentiated the capacity of IL-33 to induce IL-13 (p < 0.001) and CXCL8 (p < 0.001).




Figure 2 | Effects of rhIL-3 (10 ng/ml), alone and in combination with (A) rhIL-33 (10 ng/ml), (B) rhTSLP (10 ng/ml), or (C) rhIL-25 (10 ng/ml), on IL-4, IL-13, and CXCL8 released from different preparations of human basophils (n = 4). Basophils were incubated (18 hours at 37°C) with the indicated concentrations of cytokines. At the end of incubations, cell-free supernatants were collected and analyzed for IL-4, IL-13, and CXCL8 protein by ELISA. *p < 0.05; **p < 0.01; ***p < 0.001.



Similar experiments were performed to investigate the possible interactions between IL-3 and TSLP or IL-25 on the release of cytokines from hBaso. Figure 2B shows the results of four independent experiments performed with different preparations of hBaso, indicating that the lack of activating effect of TSLP on the release of cytokines (IL-4, IL-13, and CXCL8) was not modified by co-incubation with IL-3 (10 ng/ml). Similarly, hBaso were essentially unresponsive to IL-25 even when cells were co-incubated with IL-3 (10 ng/ml) (Figure 2C).



Effects of IL-3 and Alarmins on Cytokine Release from Mouse Basophils

To evaluate the effects of IL-3 and alarmins on cytokine release by mBaso we employed highly purified BM-derived basophils. After 10 days of differentiation in the presence of IL-3 (71), basophils were FACS-sorted as FcεR1+ CD11c- kit- to remove contaminating mast cells (FcεR1+, c-kit+) and dendritic cells (CD11c+), yielding more than 95% pure population (Figure S1). Sorted mBaso were cultured in the presence of graded concentrations of IL-3, IL-33, TSLP or IL-25. Cytokine and chemokine expression was evaluated after 4 h and 24 h, while the protein release in the culture supernatants was measured after 24 h of incubation. IL-3 induced both mRNA expression (Figures 3A and S2A for statistical analysis) and protein release (Figure 3C) of IL-4 and IL-13 in similar amounts and a concentration-dependent manner, with maximum efficacy at 10 ng/ml. Stimulation of mBaso with IL-33 also induced concentration-dependent expression (Figures 3A and S2B) and production (Figure 3D) of IL-4 and IL-13, the latter released in notably higher amounts (~  5-fold) with respect to IL-4 (Figure 3D). Of note, TSLP induced low but significant increases in the expression of IL-4 and IL-13 mRNA (Figures 3A and S2C) and secretion of protein (Figure 3E) levels in mBaso stimulated with just 1 ng/ml. In contrast, IL-25 failed to induce any of these cytokines by mBaso at all concentrations tested (Figures 3A, F and S2D). We also measured the expression and release of the chemokines CXCL1 and CXCL2, two mouse functional homologues of human CXCL8 (72). IL-3 did not increase the expression of CXCL1 and CXCL2 in mBaso (Figures 3B and S2A). Both IL-33 and TSLP could induce these two chemokines in mBaso. In fact, TSLP dose-dependently enhanced the expression (Figures 3B and S2C) and production (Figure 3E) of both chemokines, while IL-33 showed a greater capacity to induce CXCL2, compared to CXCL1, both at mRNA (Figures 3B and S2B) and protein level (Figure 3D). In contrast, stimulation with IL-25 failed to induce either CXCL1 or CXCL2 expression (Figures 3B and S2D) and protein release (Figure 3F) in mBaso.




Figure 3 | Effects of rmIL-3, rmIL-33, rmTSLP, or rmIL-25 on cytokine (IL-4, IL-13) and chemokine (CXCL1, CXCL2) mRNA expression and protein release by mBaso. Purified mBaso (106 cells/ml) were stimulated with the indicated concentrations of rmIL-3, rmIL-33, rmTSLP, or rmIL-25. Expression of IL-4 and IL-13 (A), CXCL1 and CXCL2 (B) mRNAs after 4 and 24 hours of stimulation was assessed by qRT-PCR. Data in heatmap represent the mean fold increase of mRNA normalized to HPRT and with respect to untreated (NT) controls at 4 h +/- SD. Concentrations of IL-4, IL-13, CXCL1 and CXCL2 in culture supernatants of mBaso incubated (24 hours at 37°C) with the indicated concentrations of rmIL-3 (C), rmIL-33 (D), rmTSLP (E), or rmIL-25 (F) were measured by ELISA. Data represent the mean amount of released cytokines +/- SD in culture triplicates. One representative experiment out of at least three replicates is shown. *p < 0.05; **p < 0.01; ***p < 0.001.





Effects of IL-3 on Alarmin-Induced Cytokine Release from Mouse Basophils

Next, we analyzed whether IL-3 could synergistically increase the response of mBaso to alarmin stimulation. To this end, we cultured mBaso with a suboptimal dose of IL-3 (1 ng/ml) in combination with an optimal dose of IL-33 (10 ng/ml), TSLP (10 ng/ml) or IL-25 (10 ng/ml). IL-3 strongly synergized with IL-33 in inducing IL-4 and IL-13 mRNA expression (Figures 4A and S3A for statistical analysis) and protein secretion (Figure 4B) by mBaso. In contrast, IL-3 decreased the expression (Figures 4A and S3A for statistical analysis) and production (Figure 4B) of CXCL1 and CXCL2 induced by IL-33. Combination of IL-3 (1 ng/ml) with TSLP (10 ng/ml) did not enhance IL-4 and IL-13 production while it inhibited the expression (Figures 4C and S3B for statistical analysis) and release (Figure 4D) of CXCL1 and CXCL2 with respect to TSLP alone. IL-3 (1 ng/ml) failed to prime mBaso to IL-25 (10 ng/ml) stimulation, with regard to cytokine and chemokine secretion (Figure 4F). Moreover, this combined treatment resulted in a slight but significant reduction in the levels of IL-13 secreted compared to those seen with IL-3 alone (Figures 4E, F and S3C for statistical analysis). Although we found a synergistic effect of IL-3 and IL-25 in inducing the mRNA expression of CXCL1 at 24 h (Figures 4E and S3C), the levels of released CXCL1 were not significantly higher compared to those from mBaso exposed to the single cytokines or left untreated (Figure 4F).




Figure 4 | Effects of rmIL-3 alone and in combination with rmIL-33, rmTSLP, or rmIL-25 on cytokine (IL-4, IL-13) and chemokine (CXCL1, CXCL2) mRNA expression and release from mBaso. Purified mBaso (106 cells/ml) were stimulated with rmIL-3 (1 ng/ml) alone and in combination with (A, B) rmIL-33 (10 ng/ml), (C, D) rmTSLP (10 ng/ml) or (E, F) rmIL-25 (10 ng/ml). (A, C, E) mRNA expression was assessed by qRT-PCR after 4 and 24 hours of stimulation. Data in heatmap represent the mean fold increase of mRNA normalized to HPRT and with respect to untreated (NT) controls at 4 h +/- SD. (B, D, F) Concentrations of IL-4, IL-13, CXCL1 and CXCL2 in culture supernatants of mBaso incubated (24 h at 37°C) with the indicated combinations were measured by ELISA. NT: not stimulated. Data represent the mean amount of released cytokines +/- SD in culture triplicates. One representative experiment out of at least two replicates is shown. *p < 0.05; **p < 0.01; ***p < 0.001 ns, Not Significant.





Modulation of Alarmin Receptor Expression in mBaso by IL-3

We asked whether the effects of IL-3 in modulating the response of mBaso to alarmins could be attributable to its differential capacity to modulate the expression of membrane receptors for these alarmins. Thus, we stimulated mBaso with graded concentrations of IL-3 and analyzed the expression of the specific subunits of each alarmin, namely ST2, TSLPR and IL-17RB, by qRT-PCR and flow cytometry. We observed a IL-3 (1-100 ng/ml) concentration-dependent increase in the mRNA (Figure 5A) and membrane protein (Figure 5B) of ST2 and TSLPR, but this did not affect the expression of IL-25R. Overall, these data indicate that IL-3 may enhance the responsiveness of mBaso to stimulation with IL-33 at least in part by increasing the expression of its specific receptor on basophil membranes.




Figure 5 | Expression of alarmin receptors by murine basophils. Sorted mBaso (106 cells/ml) were cultured (24 hours at 37°C) alone (NT) or in the presence of the indicated concentrations of rmIL-3. Cells were then analyzed for expression of ST2, TSLPR and IL-25/IL-17RG by (A) qRT-PCR and (B) flow citometry. (A) Data in heatmap represent the mean fold mRNA increase normalized to HPRT and with respect to untreated (0) controls at 4 h +/- SD. (B) Numbers inside each plot represent mean fluorescence intensity values. One representative experiment out of two is shown. *p < 0.05; **p < 0.01; ***p < 0.001.






Discussion

Increasing evidence supports the concept that the epithelium constitutes a key component of the innate immune system, providing a physical and immune-modulatory barrier that is a first line of defense against environmental insults (1, 2). Alarmins (TSLP, IL-33, IL-25/IL-17E), constitutively expressed in epithelial cells, are the first reactors to immunologic, infectious, neoplastic and traumatic insults and rapidly initiate innate and adaptive immune responses (11, 14, 73). In this study, we have analyzed the in vitro effects of IL-33, TSLP, and IL-25, alone and in combination with IL-3, on the production of cytokines from highly purified peripheral blood human basophils and bone marrow-derived mouse basophils. Our results showed some similarities and several qualitative and quantitative differences between the effects of these alarmins on human and mouse basophils.

IL-3, at all concentrations tested, markedly induced IL-13 and CXCL8 secretion from hBaso, whereas it has less effect on IL-4, consistent with previous reports (46, 54, 74). By contrast, IL-3 concentration-dependently caused a rapid and long-lasting increase in both IL-4 and IL-13 mRNA expression and in the secretion of these cytokines from mBaso.

Another striking difference between human and mouse basophils was the response to TSLP. We confirmed the recent results by other investigators (46, 47) by showing that a wide spectrum of TSLP did not induce the release of cytokines IL-4 and IL-13 from hBaso. We also extended the previous findings by showing that TSLP did not cause CXCL8 release from hBaso. In contrast, TSLP caused IL-4, IL-13, CXCL1 and CXCL2 mRNA expression and the release of these cytokines from mBaso. The latter findings support a role of TSLP in the differentiation and activation of basophils, as previously demonstrated in different mouse models (37, 75–77).

The distinct effects of TSLP on cytokine release from hBaso and mBaso could be explained by different methods of cell preparations. hBaso purified from peripheral blood of normal donors are not exposed to IL-3, while mBaso are obtained from bone marrow-derived precursors differentiated in the presence of IL-3. For the above reasons, we recently examined the effects of TSLP, alone and in presence of IL-3, on culture-derived human basophils (CDBA) (61). CDBA were obtained by culturing CD34+ precursor cells in the presence of IL-3. In these experiments, IgE-sensitized and non IgE-sensitized basophils stimulated with TSLP alone or in combination with IL-3 did not release IL-4 and IL-13 (61).

The activating effects of IL-33 on hBaso and mBaso were qualitatively similar but presented some quantitative differences. This alarmin induced the secretion of similar amounts of IL-4 and IL-13 from hBaso but higher levels of IL-13 compared to IL-4 in mBaso. CXCL8 in hBaso was induced by IL-33 at similar levels as CXCL1 in mBaso. In mBaso, IL-33 induced massive amounts of CXCL2. Accordingly, a recent report has shown that IL-33 induces similar amounts of mRNA and protein expression of the neutrophil-attracting mediators CXCL1 and CXCL2 by bone marrow-derived basophils in a mouse model of skin inflammation (60).

IL-25/IL-17E is a member of the IL-17 cytokine family and is known to activate a limited number of immune cells (11). As previously reported (46), a wide range of concentrations of IL-25 did not induce the release of IL-4 and IL-13 from hBaso. Our results extend on these findings in showing that IL-25 displayed no capacity to induce CXCL8 secretion from basophils purified from unselected healthy volunteers. The current and previous results (46) indicate that IL-25 does not induce the release of several cytokines from basophils purified from peripheral blood of healthy volunteers. IL-25 also failed to induce IL-4, IL-13, CXCL1 and CXCL2 mRNA expression in mBaso or to stimulate the production of these cytokines. Notably, we observed that IL-25 even inhibits the release of IL-13 induced by IL-3 from mBaso. It should be noted that in different experimental models it has been reported that IL-25 inhibits the activating property of IL-22 (78) and of Poly I:C (79).

IL-3 is well known for its ability to synergize with a wide range of immunological stimuli to augment the release of several mediators from human basophils (51, 54, 58, 74, 80). Consistent with the results previously published (57, 58, 80), we found that exposure of hBaso to IL-3 synergistically potentiated the activating effects of IL-33 for the production of IL-13, IL-4, and CXCL8 from these cells. The synergistic interaction between IL-3 and IL-33 was more marked with respect to IL-13 secretion compared to IL-4 release from hBaso. These findings are explained, in part, by evidence that IL-3 significantly induces the expression of ST2 – the IL-33 receptor on human basophils (80, 81). These findings might have translational relevance in various immune disorders. Human and mouse basophils release IL-3 (58, 62). Therefore, the synergistic interaction between IL-3 and certain alarmins on the release of immunomodulatory cytokines from hBaso and mBaso might be relevant in the pathophysiology of different basophil-mediated disorders such as allergic diseases (27–30), parasitic infections (82, 83), autoimmunity (31–34), and cancer (37–40).

To the best of our knowledge, it had never been demonstrated whether a similar priming effect of IL-3 is also exerted on mBaso activated by different stimuli. In this study we have examined the possible interactions between IL-3 and three alarmins on the production of cytokines from mBaso. Incubation of mBaso with low-dose (1 ng/ml) of IL-3 synergistically potentiated the releasing activity of IL-33 (10 ng/ml) on the secretion of both IL-4 and IL-13. The relevance of these findings is supported by the observation that IL-3 and IL-33 synergize in vivo to produce IL-4 from mBaso (84). Interestingly, the observation that IL-3 increased the expression of ST2 on mBaso suggests that IL-3 may amplify IL-33 responsiveness through up-regulation of ST2. On the other hand, the finding that IL-3 inhibited the production of CXCL1 and CXCL2 induced by IL-33 suggests the involvement of downstream modulation pathways.

It has been reported that IL-3 induces the expression of TSLPR but not of IL-7Rα on human basophils (47). In the latter study, basophils were unresponsive to TSLP. In keeping with this, IL-3 markedly upregulated the expression of TSLPR on mBaso, both mRNA and cell surface protein, but did not enhance their response to TSLP. Interestingly, incubation of mBaso with low-dose (1 ng/ml) IL-3 inhibited the production of CXCL1 and CXCL2 from mBaso stimulated by TSLP, as observed with IL-33. Incubation of hBaso with IL-3 did not modify the lack of response to IL-25 of these cells. Similar to hBaso, IL-25 had no effect on IL-3-stimulated mBaso with respect to IL-4/IL-13 mRNA expression and protein level and this correlated with failure by IL-3 to increase IL-17RB expression on mBaso.

Collectively, our results highlight different levels of complexity when examining the effects of alarmins (TSLP, IL-33, and IL-25) on the production of different cytokines from hBaso and mBaso. In particular, IL-33 appears to have comparable activating effects on both human and mouse basophils. By contrast, TSLP is a more selective activator of mBaso, but not of hBaso. Moreover, IL-25 seemingly does not activate mouse or human basophils. The above information appear of translational relevance for efforts at elucidating the complex immunological functions of alarmins in allergic disorders. It is commonly thought that epithelial-derived alarmins (IL-33, TSLP, IL-25) play an upstream role in the pathogenesis of asthma (2, 10, 15, 73) where basophil-derived cytokines are a pivotal component of allergic inflammation (26, 67, 85). Our results suggest that individual alarmins, which have different and specific roles in the activation of basophils, presumably play distinct roles in the pathogenesis of allergic disorders.

We also found quantitative differences in the activating properties of IL-3 and alarmins. For instance, the IL-3 and IL-3 plus IL-33 conditions markedly increased IL-13 more than IL-4 production from hBaso, but had similar effects on the release of these cytokines from mBaso. Another striking difference between human and mouse basophils was found when examining the synergism between IL-3 and alarmins. IL-3 synergistically potentiated the release of several cytokines induced by IL-33 in human and murine basophils. In contrast, combination of IL-3 with either IL-33 or TSLP caused an inhibitory effect in mBaso, but not in hBaso, in the production of neutrophil-attracting chemokines. Finally, IL-3 and IL-25 had no synergistic or additive effect in both human and murine basophils.

The prominent differences in the activating properties of IL-3 and of the three alarmins examined in this study are not surprising. IL-3, together with IL-5 and GM-CSF, belongs to the β common chain (βc) cytokine family (61). IL-33 is an IL-1 family member that activates the ST2 receptor enabling the recruitment of the co-receptor IL-1RAcP (86). TSLP is a member of the IL-2 family of helical cytokines, which binds to the heterodimeric TSLPR, namely the IL-7Rα receptor chains (10). IL-25/IL-17E is an unusual member of the IL-17 family of cytokines which binds as a disulphide-linked dimer to IL-17RA-IL-17RB receptor chains (11). Moreover, IL-3 and the three alarmins activate distinct signaling and transcription factors (11, 50, 87). Therefore, it is not surprising that these different cytokines produce distinct physiological effects on human and mouse basophils.

Bone marrow-derived murine basophils are often used as a model system for studies of the role of these cells in human health and disease (37, 45, 50, 59, 60, 62). Our results illustrate several differences in the release of some key cytokines induced by IL-3 and alarmins, alone and in combination, from hBaso and mBaso. Although mouse basophils represent useful models for understanding the role of these cells in different experimental disorders, our findings suggest caution when making generalizations to human disease.

Another important technical issue is the purity of cells with which one works. Basophils account for 0.5% - 1% of all leukocytes in bone marrow and peripheral blood (23, 24) and are difficult to purify to the homogeneity. Our experiments were carefully executed with highly purified human and mouse basophils in order to exclude the possibility that contaminating cells, in particular IgE+ dendritic cells (47, 88), may have influenced the expression and production of cytokines. However, we cannot exclude the possibility that during the purification procedures to obtain highly purified basophils we could have lost a small percentage of cells responsive to some of the examined alarmins (e.g., TSLP, IL-25).

Our study has some limitations that should be pointed out. First, mouse basophils were generated by culturing murine bone marrow cells for 14 days with IL-3. Murine basophils generated in this manner have an activated phenotype (82, 89) and differ from naïve primary mature basophils (50). Therefore, bone marrow-derived mBaso cannot be directly compared to mature hBaso obtained from peripheral blood. Another technical issue stems from the purification procedures to obtain highly purified human and mouse basophils. We used flow cytometry to purify mBaso and there is a possibility that this procedure might have activated murine basophils. Finally, Gonzales and collaborators have recently identified four phenotypically distinct subpopulations of human peripheral blood basophils (90) and Pellefigues and coworkers have provided some evidence of the existence of mBaso functional heterogeneity (50). In our study, we did not address the emerging issue of possible existence of human and mouse basophil heterogeneity. Another obvious question is if mBaso from other tissues are similar to bone marrow-derived mBaso. There is preliminary evidence that mBaso can acquire distinct characteristics depending on the different tissue locations (50). Collectively, these observations highlight the intrinsic complexity of analyzing and comparing the in vitro functions of human versus mouse basophils.

In conclusion, our study highlights some similarities and several differences in response to alarmins between hBaso and bone marrow-derived mBaso. The results of this study can thereby serve as a reference guide for scientists of basophil biology to interpret the results obtained with human basophils versus those of mouse. Such information appears of translational relevance for efforts aimed at elucidating the complex biological functions of both alarmins and basophils in health and disease.
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Basophils are the rarest granulocytes and have long been overlooked in immunological research due to their rarity and similarities with tissue-resident mast cells. In the last two decades, non-redundant functions of basophils have been clarified or implicated in a broad spectrum of immune responses, particularly by virtue of the development of novel analytical tools for basophils. Basophils infiltrate inflamed tissues of patients with various disorders, even though they circulate in the bloodstream under homeostatic conditions. Depletion of basophils results in the amelioration or exaggeration of inflammation, depending on models of disease, indicating basophils can play either beneficial or deleterious roles in a context-dependent manner. In this review, we summarize the recent findings of basophil pathophysiology under various conditions in mice and humans, including allergy, autoimmunity, tumors, tissue repair, fibrosis, and COVID-19. Further mechanistic studies on basophil biology could lead to the identification of novel biomarkers or therapeutic targets in a broad range of diseases.
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1 Introduction

Basophils are the least common granulocytes, representing ~0.5% of peripheral blood leukocytes in both mice and humans. Basophils have long been regarded erroneously as the blood-circulating mast cells, due to their phenotypic similarities with tissue-resident mast cells, including the surface expression of the high-affinity IgE receptor (FcεRI), and the release of histamine in response to various stimuli. Actually, in clinical settings, basophils are frequently used as a surrogate for tissue-resident mast cells for allergy diagnosis. Nevertheless, basophils and mast cells differ from each other in several aspects. Basophils usually circulate in the blood, while mast cells reside in peripheral tissues. Basophils have much shorter lifespan than mast cells. Moreover, the gene expression profile is quite distinct between basophils and mast cells in both mice and humans (1, 2), implying that basophils have unique roles distinct from those played by mast cells.

In the last two decades, a series of analytical tools for basophils have been developed, including basophil-depleting antibodies (3, 4), genetically engineered mice which specifically lack basophils (5–11), basophil-reporter mice (7, 11, 12), and basophil-specific Cre-expressing mice (7, 13, 14). Studies using these powerful tools have identified non-redundant roles of basophils in Th2-type immune responses, including the allergic inflammation (15–17) and protective immunity against parasitic infections (18–20). Basophils are also shown to play important roles in other types of responses, such as autoimmunity (21), tissue repair (22), fibrosis (23), cancer (24–26), and possibly COVID-19 pathogenesis (27). In this review, we summarize the recent developments on the contribution of basophils to the pathogenesis of a variety of inflammatory disorders, based on research findings published mainly during the past 5 years. Regarding inflammatory responses associated with parasitic infections, we highly recommend readers to refer recent review articles (18–20).



2 Role of Basophils in Allergic Inflammation


2.1 Basophils as a Tool for Allergy Diagnosis

Basophils isolated from patients’ blood are often used for allergy testing in clinical settings. The basophil activation test (BAT) is a representative assay, in which patient’s blood is incubated with suspected allergens, and the activation of basophils in the blood is assessed by the upregulation of CD63 and/or CD203c on their cell surface (28, 29). BAT is useful for the diagnosis of a wide variety of allergic disorders, including allergy to food, drug, or venom as well as allergic rhinitis and asthma. BAT is also utilized to monitor allergy therapeutics, such as allergen immunotherapy and anti-IgE therapy (30–32).

Approximately 10-15% of individuals have basophils that are non-responsive to anti-IgE antibody or allergen stimulation, known as non-responder or non-releaser basophils (33). The non-responder basophil phenotype is associated with downregulation of spleen tyrosine kinase (Syk), even though the functional significance of non-responder basophils remains elusive. The presence of non-responder basophils is a challenge when using BAT for allergy diagnosis.

BAT is a potential diagnostic tool for hypersensitivity reactions against COVID-19 mRNA vaccines, but its usefulness for predicting allergic reactions to the mRNA vaccines remains controversial. Troelnikov et al. recruited three patients with a history of polyethylene glycol (PEG) allergy and found that all three patients displayed a positive skin intradermal test and BAT for a PEG-containing mRNA vaccine, while all of them displayed negative BAT for PEG itself (34). Basophils from these patients were also activated by PEGylated liposomal doxorubicin, suggesting that PEGylated lipid nanoparticles, but not PEG itself, are the cause of their hypersensitivity reactions. Warren et al. recruited patients with a previous history of allergic reactions against mRNA vaccines (35). Only 1 of 11 patients displayed a positive skin prick test for the mRNA vaccines, even though all patients clinically underwent allergic reactions to the mRNA vaccines. In contrast, 10 of 11 patients displayed a positive BAT against PEG alone while all 11 patients had a positive BAT against the mRNA vaccines, even though PEG-specific IgE could not be detected in these patients. This suggests a role for non-IgE-mediated allergic reactions against the COVID-19 mRNA vaccines. Interestingly, Labella et al. reported that 50% of persons with a history of SARS-CoV-2 infection displayed positive BAT against the mRNA vaccine, irrespective of their vaccination status (36). Therefore, a positive BAT result against the mRNA vaccines may be attributed to either a PEG allergy or a previous SARS-CoV2 infection.

Additional allergy tests using basophils have been proposed. McKenzie et al. established a method for detecting allergen specific IgE on basophils, designated as CytoBas (37). Qi et al. reported that upon activation, basophils and mast cells release CD203c+ extracellular vesicles, and the presence of such vesicles has strong diagnostic value in patients with drug allergies (38).



2.2 Skin Allergy


2.2.1 Cutaneous Basophils Hypersensitivity

In the 1970s, basophils attracted attention since massive infiltration of basophils into the skin lesion was observed in certain forms of delayed-type hypersensitivity reactions triggered by the injection of foreign antigens (39, 40). It is called cutaneous basophil hypersensitivity (CBH) and mainly studied in guinea pigs. This reaction clinically and histologically resembles Jones-Mote responses to rabbit serum proteins in humans. CBH is hardly elicited in mice, and the functional role of basophils in CBH remains to be clarified. Skin allergic reactions against COVID-19 mRNA vaccination clinically resemble Jones-Mote reactions (41) characterized by erythematous and indurated skin reactions. Although it remains unclear whether basophils are indeed recruited to the site of the mRNA vaccination, it would be possible that basophils are potentially involved in the hypersensitivity reactions against COVID-19 mRNA vaccines since some reports indicate the IgE-independent basophil activation by mRNA vaccines (34, 35).



2.2.2 Atopic Dermatitis

The infiltration of basophils in the skin has been described in several inflammatory skin disorders, including atopic dermatitis (AD), bullous pemphigoid, prurigo, Henoch-Shönlein purpura, eosinophilic pustular folliculitis (Ofuji’s disease), and urticaria (42, 43). Of note, peripheral blood basophils from patients with AD display upregulated expression of activation markers such as CD63 and CD203c on the cell surface, compared with those from healthy controls (44, 45). This suggests a possible role for basophils in the pathogenesis of AD. As discussed below, studies from mouse AD models demonstrated that basophils contribute to the allergic inflammation, pruritus, and barrier dysfunction in AD, three key features that contribute to the pathogenesis of AD (46) (Figure 1).




Figure 1 | Role of basophils in the pathogenesis of atopic dermatitis. Basophils contribute to allergic inflammation, pruritus, barrier dysfunction and Staphylococcus aureus colonization in atopic dermatitis (AD). 1) Basophil-derived interleukin (IL)-4 stimulates group 2 innate lymphoid cells (ILC2s) to enhance the production of IL-5 and CCL11, leading to enhanced recruitment of eosinophils to the skin lesion (upper left panel). Basophil-derived IL-4 also augments the differentiation of naïve T cells into Th2 cells in draining lymph nodes (upper right panel). 2) Basophil-derived leukotriene C4 (LTC4) acts on CysLTR2+ sensory neurons, inducing acute itch flares in AD (lower left panel). 3) Basophil-derived IL-4 promotes proliferation and differentiation of keratinocyte (lower middle panel). 4) Basophil-derived IL-4 suppresses the IL-1 and IL-23 production by keratinocytes, leading to reduced production of IL-17A by γδ T cells and, therefore, increased susceptibility to S. aureus infection (lower right panel).




2.2.2.1 Allergic Inflammation in AD

Basophils play important roles in the induction of skin allergic inflammation in multiple models of AD, including IgE-dependent chronic allergic inflammation (IgE-CAI) (47, 48), the MC903-induced model (42), the oxazolone-induced model (49, 50), and the IL-33-transgenic mouse model (51). In IgE-CAI, mice are first sensitized with hapten trinitrophenol-specific IgE, followed by an intradermal challenge of corresponding allergens in ear skin, which results in severe ear swelling and infiltration of inflammatory cells, including eosinophils, macrophages, neutrophils, and basophils. IgE-CAI can be elicited even in the absence of mast cells. On the other hand, depletion of basophils almost completely abolishes ear swelling and cellular infiltration (3, 6, 48), illustrating an essential role for basophils in the induction of IgE-CAI. Serine proteases released by basophils play critical roles in the development of IgE-CAI (52). Moreover, basophil-derived interleukin (IL)-4 plays a key role in the recruitment of eosinophils to the skin lesion, and thus promotes cutaneous inflammation (53). In an IgE-dependent skin allergic inflammation model similar to IgE-CAI, basophil-derived IL-4 promotes the expression of adhesion molecules, resulting in the enhanced recruitment of eosinophils (54). Basophil-derived IL-4 also plays an important role in the development of AD induced by repetitive topical application of hapten oxazolone (50). In this model, basophils are the major source of IL-4 in the skin lesion, consistent with recent single-cell RNA-seq data (55). Depletion of basophils ameliorates eczematous skin inflammation with crusts and scales, suggesting the role of basophil-derived IL-4 in the formation of lichenized skin lesions. Basophil-derived IL-4 also plays key roles in other AD models. In a topical MC903 application model, basophil-derived IL-4 acts on skin-resident group 2 innate lymphoid cells (ILC2s), leading to enhanced proliferation of ILC2s and AD-like skin inflammation (42). Similarly, in the IL-33-transgenic mouse model, basophils promote the proliferation of ILC2s, possibly through the production of IL-4 (51). Thus, basophil-derived IL-4 appears to contribute to AD pathogenesis in the mouse models. In moderate-to-severe AD patients, the treatment with dupilumab, a human monoclonal antibody against IL-4Rα, rapidly improves the disease (56), suggesting the involvement of IL-4 and IL-13 in the pathogenesis of human AD. Given that human basophils can produce a large amount of IL-4 in response to various stimuli (57), it is likely that basophils contribute to the pathogenesis of certain types of AD in humans.

Several reports indicate that basophils contribute to Th2 cell differentiation in mouse AD models (12, 49, 58). Infiltration of basophils into skin draining lymph nodes is observed in some AD models, including the MC903-induced and oxazolone-induced models (12, 49), suggesting that basophils can provide IL-4 required for the differentiation of naive CD4+ T cells into Th2 cells. Moreover, basophils are capable of presenting antigens to naïve T cells, leading to the induction of Th2 cell differentiation (59–61). However, this role of basophils remains controversial, since some reports argued that basophils are incapable of processing and presenting antigens to naïve T cells (62, 63). Miyake et al. revisited this issue and found that basophils acquire peptide-MHC-II complexes from dendritic cells (DCs) through trogocytosis and can present antigens to naïve T cells, promoting their differentiation into Th2 cells (35). Therefore, the functional significance of basophils in Th2 cell differentiation may differ, depending on experimental settings, determined in part by the extent of the basophil-DC interaction in draining lymph nodes.



2.2.2.2 Pruritus in AD

AD is characterized by chronic and intense itch, which can be mediated by both histaminergic and non-histaminergic pathways (64). Th2 cytokines including IL-4, IL-13, and IL-31 interact with sensory neurons to provoke chronic itch in the context of AD (65, 66). Basophils can produce a large amount of IL-4 in response to various stimuli (57), and are the major source of IL-4 in the skin lesions of multiple AD models (48, 50, 67). Moreover, basophils can produce IL-31 in response to anti-IgE and N-formyl-methionyl-leucyl-phenylalanine stimulation (68). Therefore, it is probable that basophils play a role in pruritus in AD.

Approximately 50% of patients with AD experience acute itch flares, which is the exacerbation of intense itch, within 2 months. Wang et al. showed that basophils contribute to acute itch flares by interacting with sensory neurons via leukotriene C4 (LTC4) in a mouse model. Mice were first topically sensitized with MC903 and allergens (ovalbumin; OVA) on ear skin for 10 days, followed by an intradermal OVA challenge at a separate skin site, leading to acute itch flares at the challenge site, and chronic itch at the sensitization site (44). Basophil depletion significantly reduced the occurrence of acute itch flares, whereas mast cell-deficiency had no effect. Moreover, chemogenic activation of basophils induced acute itch flares, suggesting the critical roles of basophils in acute itch flares. Importantly, pharmacological inhibition of LTC4 significantly reduced the occurrence of acute itch flares, and LTC4 levels in the skin lesion were partly dependent on basophils. These results indicate the possible involvement of the basophil-LTC4 axis in acute itch flares.



2.2.2.3 Skin Barrier Dysfunction in AD

Skin barrier dysfunction is considered critical for the pathogenesis of AD. Damaged epithelial cells produce cytokines such as thymic stromal lymphopoietin (TSLP) and IL-33, leading to the promotion of Th2 immunity (69). Th2 immunity in turn promotes further disruption of the skin barrier (70). Consistent with this, the in vitro treatment of keratinocytes with either IL-4 or IL-13 induced the reduction of barrier-related genes (71, 72). Of note, the treatment of AD patients with dupilumab significantly increased epidermal barrier-related genes (73), suggesting that IL-4 and/or IL-13 promote skin barrier dysfunction in AD patients. In accordance with this, in a MC903-induced AD model, basophil depletion decreased the expression of IL-4 and IL-13 in skin lesion, reduced epidermal hyperplasia and keratinocyte proliferation and significantly reduced trans-epidermal water loss (67), indicating the involvement of basophils in skin barrier dysfunction through the IL-4 and IL-13 production.



2.2.2.4 Staphylococcus aureus Infection in AD

Skin colonization of S. aureus is frequently observed in patients with AD and is involved in the pathogenesis of AD (74, 75). In mice, the intradermal injection of lipoteichoic acid, a principal cell wall component of S. aureus, enhances skin recruitment of basophils in a TSLP-dependent manner (76). Moreover, basophil-derived IL-4 promoted cutaneous S. aureus infection in a mouse model of S. aureus infection. The tape stripping-induced skin barrier disruption triggered the recruitment of basophils to the skin and facilitated cutaneous S. aureus colonization (77). Either basophil depletion or basophil-specific IL-4/IL-13 deficiency protected mice from enhanced S. aureus infection. Basophil-derived IL-4/IL-13 suppresses IL-1 and IL-23 production by keratinocytes. This leads to reduced IL-17A expression by γδ T cells and impaired production of neutrophil-attracting chemokines in the skin, resulting in enhanced S. aureus infection. Callewaert et al. reported that the dupilumab treatment reduces S. aureus colonization in patients with AD (78), suggesting that basophil-derived IL-4/IL-13 may also promote cutaneous S. aureus infections in AD patients.



2.2.2.5 Resolution of AD

Basophils reportedly contribute to the resolution of allergic inflammation through the generation of M2 macrophages. In the IgE-CAI model, basophil-derived IL-4 promotes the differentiation of inflammatory monocytes into anti-inflammatory M2 macrophages, leading to the resolution of skin allergic inflammation (48). Pellefigues et al. identified two distinct roles for basophils during an allergic inflammation in another AD model, in which mice were topically applied with MC903 for 4 consecutive days only. Mice developed continual aggravation of ear swelling and skin barrier dysfunction for approximately 9-10 days (inflammation phase), followed by the resolution of skin inflammation after 10 days (resolution phase). Depletion of basophils in the inflammation phase resulted in the improvement of barrier dysfunction, indicating the proinflammatory role of basophils. By contrast, either basophil-specific macrophage colony-stimulating factor (M-CSF)-deficiency or IL-4 neutralization resulted in aggravated ear swelling and skin barrier dysfunction in the resolution phase. Considering that IL-4 and M-CSF are important for the generation of anti-inflammatory M2 macrophages, basophil-derived IL-4 and M-CSF likely cooperate together to promote M2 macrophage differentiation, leading to the resolution of AD. In line with this, basophil-depletion at the resolution phase resulted in the impaired generation of CD206hi macrophages and reduced efferocytosis (phagocytosis of apoptotic cells) capacity in macrophages.




2.2.3 Chronic Spontaneous Urticaria

Chronic spontaneous urticaria (CSU) is characterized by itchy hives or angioedema which lasts for at least 6 weeks. Several lines of evidence have suggested the role of basophils in the pathogenesis of CSU (79–81). Ito et al. demonstrated the recruitment of basophils to skin lesions in patients with CSU (43). Extreme basopenia in the blood is commonly observed in patients with CSU (82, 83), and blood basopenia is associated with disease severity (84, 85). Omalizumab, a humanized monoclonal anti-IgE antibody, has been approved for the treatment of CSU (86, 87). Notably, the omalizumab therapy rapidly increases the blood basophil number (88–90), whereas the number of FcεRI+ cells in skin lesions is decreased by omalizumab treatment (88). These results indicate the possibility that blood basopenia mirrors the recruitment of basophils to the skin lesion.

In some patients with CSU, IgG autoantibodies against IgE and FcεRI are detected (91–93), which is considered to be a cause of CSU (94). A recent study revealed that blood basopenia is strongly associated with the presence of autoantibodies against IgE or FcεRI (95). Furthermore, blood basopenia combined with autoantibodies is a predictor for slower response to omalizumab therapy (96). Nonetheless, how basopenia is associated with autoantibody and poor therapeutic responses against omalizumab remains unclear. Autoantibody-mediated activation of basophils may promote basophil recruitment to the skin lesion resulting in basopenia in the blood. It is also postulated that patients bearing autoantibodies display resistance to omalizumab therapy, possibly due to the inability of anti-IgE antibody to interfere with IgG autoantibody-mediated basophil activation.




2.3 Respiratory Allergy

In patients with moderate-to-severe asthma, the treatment with dupilumab, an anti-IL-4Rα antibody, efficiently reduces severe exacerbation and improves lung functions (97), suggesting the involvement of IL-4 and/or IL-13 in the pathogenesis of asthma. In line with this, several animal studies demonstrated the therapeutic effect of IL-4 and IL-13 inhibition on type 2 lung inflammation (98–100). Basophils are a potent source of IL-4 and IL-13 (50) and therefore may contribute to the development of lung inflammation in patients with asthma. Indeed, histopathological analysis revealed basophil infiltration in the lungs of asthmatic patients, especially in fatal cases (101, 102). Sputum basophils from asthmatic patients display increased expression of activation markers such as CD63 and CD203c, compared with blood basophils (103). Notably, the treatment of asthma patients with benralizumab, a human monoclonal antibody against IL-5Rα, significantly reduces the count of not only eosinophils but also basophils in the blood (104–106). This suggests that the therapeutic effect of benralizumab can be attributed in part to the basophil depletion.

The frequency of basophils in the sputum of patients is higher in eosinophilic asthma than in non-eosinophilic asthma and healthy controls (103, 107) and positively correlated with that of sputum eosinophils, implying a possible role of basophils in eosinophil recruitment to inflamed lungs. In accordance with this, the expression of basophil/mast cell-related genes in sputum is associated with lung eosinophilic inflammation (108). In a papain-induced asthma model, activated basophils produce IL-4 which promotes the proliferation of ILC2, enhances the production of IL-5 and CCL11 from TSLP-activated ILC2s, and facilitates recruitment of eosinophils into the lungs (109, 110). Matsuyama et al. reported that the long-acting muscarinic antagonist acts on muscarinic M3 receptor expressed by basophils to suppress IL-4 production. Therefore, it inhibits activation and proliferation of ILC2s, leading to the reduced eosinophil infiltration and airway inflammation. Unlike basophils, mast cells rather suppress papain-induced lung allergic inflammation by promoting regulatory T cell expansion (111).

Infiltration of basophils is observed in nasal polyps in patients with chronic rhinosinusitis (112–114). Recent study suggested the role of basophils in aspirin-exacerbated respiratory disease (AERD) (114), which is characterized by the triad of chronic rhinosinusitis, namely nasal polyps (CRSwNP), asthma and intolerance to cyclooxygenase-1 inhibitors. Patients with AERD displayed increased basophil numbers in nasal polyps and peripheral blood, compared to patients with CRSwNP alone. Basophils from nasal polyps of AERD patients displayed an activated phenotype and increased rates of degranulation, as assessed by the loss of staining with 2D7, a basophil granule-specific antibody. Frequency of basophil degranulation was positively correlated with disease severity, suggesting the possible contribution of basophils to the pathogenesis of AERD.



2.4 Gastrointestinal Allergy

As mentioned earlier, basophils are extensively utilized for the diagnosis of food allergies. Besides their usefulness in the diagnosis, basophils are implicated in the pathogenesis of peanut allergy in a human study (115). In mouse models of epicutaneous allergen sensitization, basophils promote the production of allergen-specific IgE, leading to the development of food allergies (116–119). Basophils also play a key role in the effector phase of food allergies (120). After repeated intragastric challenge with allergens, basophils infiltrated the jejunum, and the depletion of basophils reduced the incidence of diarrhea, concurrent with the reduction of mMCP-1+ mast cells in the jejunum. In this model, IL-4 produced by basophils plays a key role in the food allergy pathogenesis. Given that IL-4Rα on mast cells plays a critical role in this model (121), it can be assumed that basophil-derived IL-4 acts on mast cells to aggravate food allergies.

Recent studies have identified the role of basophils in the pathogenesis of eosinophilic esophagitis (EoE), a food allergy-related chronic and inflammatory esophageal disorder (122, 123). Infiltration of basophils into the esophagus is observed in patients with active EoE, and the frequency of basophils in the esophagus is positively correlated with eosinophil infiltration in the esophagus (122). In mice, EoE-like esophageal inflammation can be triggered by epicutaneous sensitization and subsequent challenge with food allergens (122, 123). Basophil depletion or TSLP neutralization significantly reduces the esophageal infiltration of eosinophils, highlighting the roles of TSLP and basophils in the pathogenesis of the mouse EoE model. In another mouse model of EoE, the IL-33 receptor on basophils plays a key role in the recruitment of basophils to the esophagus and esophageal eosinophilic inflammation (123).



2.5 Systemic Anaphylaxis

Basophils reportedly contribute to IgG1-mediated anaphylaxis through the release of the platelet-activating factor (PAF) in a mouse model (124). In a food allergy model, mice deficient for the inhibitory receptor Allergin-1 showed systemic anaphylaxis in a basophil-dependent manner (125). Human studies also indicated the possible involvement of basophils in systemic anaphylaxis. In patients with acute anaphylaxis, blood basophil numbers decreased in the acute phase and recovered in the convalescent phase (126–128). Concurrently, the intracellular histamine content of basophils significantly decreased in patients with anaphylaxis (128). Serum levels of CCL2 significantly increased in the acute phase, as compared with healthy controls or with the convalescent phase (126, 127). Further in vitro experiments revealed that the serum from patients with acute phase anaphylaxis promoted basophil chemotaxis in a CCL2-depedent manner, suggesting the role of CCL2-mediated basophil chemotaxis during systemic anaphylaxis (127).



2.6 Functional Significance of CD15s Expressed on Human Basophils in Allergic Inflammation

Puan et al. reported that single nucleotide polymorphisms (SNPs) in the fucosyltransferase 6 (FUT6) gene locus are associated with the surface expression of CD15s (sialyl Lewis x) in human basophils (129). In vitro experiments showed that CD15s on basophils is functionally important for the rolling on E-selectin-coated surfaces. Indeed, patients with FUT6 null mutations had higher basophil numbers in the blood and lower itch sensitivity against mosquito bites. Furthermore, FUT6-deficiency significantly reduced serum concentration of total IgE and house dust mite (HDM)-specific IgE and decreased skin prick responses against HDM antigens. These results highlight the role of basophils in HDM-induced allergy and itch sensitivity against insect bites.




3 Role of Basophils in Tissue Repair and Fibrosis


3.1 Resolution of Inflammation and Tissue Repair

Following acute and chronic inflammation, an integrated resolution process takes place, which results in the reduction of cellular infiltration and tissue damage repair (130). As mentioned earlier, basophils promote the generation of anti-inflammatory M2 macrophages, leading to the resolution of allergic inflammation (48, 67). This beneficial role of basophils was also demonstrated in liver tissue repair after Listeria monocytogenes (Lm) infection (131). Lm infection induced necroptosis of liver-resident Kupffer cells, which triggered IL-33 production from hepatocytes and IL-4 production from recruited basophils. Recruited monocytes were alternatively activated by basophil-derived IL-4, leading to the replacement of ablated Kupffer cells with monocyte-derived macrophages. This was also the case when healing after myocardial infarction (MI) (22). In an animal model of MI, basophils infiltrated heart tissue, and basophil depletion or basophil-specific IL-4/IL-13-deficiency resulted in the deterioration of cardiac functions and increased the infarct region. Moreover, basophil-specific IL-4/IL-13-deficiency increased the infiltration of inflammatory Ly6Chi monocytes and reduced Ly6Clo reparative macrophage numbers, suggesting the involvement of basophil-derived IL-4/IL-13 in the phenotypic transition from inflammatory monocytes to reparative macrophages (22, 132). Stimulation of basophils by IPSE/α-1 significantly enhanced cardiac functions, demonstrating the important role of activated basophils in post-MI tissue repair. In patients with acute MI, low blood basophil counts were associated with increased scar size and poor outcomes, which raises the possibility that basophils contribute to the tissue repair process. Thus, basophil-derived IL-4 and IL-13 contributes to a variety of tissue repair responses (Figure 2 upper panel).




Figure 2 | Role of basophils in tissue repair responses, tissue fibrosis and emphysema formation. 1) In skin allergy, basophil-derived interleukin (IL)-4 promotes the differentiation of inflammatory monocytes into anti-inflammatory M2 macrophages, leading to the resolution of allergic inflammation. In the liver infected with Listeria monocytogenes, basophil-derived IL-4 promotes monocyte differentiation into M2 macrophages which replace damaged Kupffer cells, promoting healing of liver damage. In myocardial infarction, basophil-derived IL-4 and/or IL-13 promotes the generation of reparative Ly6Clo macrophages which enhances post-infarction tissue repair. 2) In allograft heart transplantation, basophil-derived IL-4 promotes tissue fibrosis, possibly by acting on tissue-resident macrophages or fibroblasts, leading to the generation of myofibroblasts and deposition of collagen fibers. 3) In a chronic obstructive lung disease (COPD) model, basophil-derived IL-4 promotes the generation of MMP-12+ interstitial macrophages which promote the destruction of alveolar walls and emphysema formation.



Basophil-derived amphiregulin is also involved in UVB-induced suppression of cutaneous inflammation (133). Inclan-Rico et al. revealed that basophils contributed to the resolution of lung inflammation by inhibiting ILC2 activation in a helminth infection model (134). Lung-infiltrated basophils stimulate ILC2s to enhance the expression of the receptor for the neuropeptide neuromedin B, and neuromedin B-mediated signals inhibit exaggerated activation of ILC2s and prevent excess lung inflammation.



3.2 Tissue Fibrosis and Emphysema

Type 2 immunity promotes tissue repair whereas the dysregulated or chronic tissue repair program leads to tissue fibrosis (135). In an allograft heart transplantation model, basophil-derived IL-4 was involved in tissue fibrosis (23). Donor-derived basophils infiltrated allograft heart and produced IL-4, while basophil depletion reduced the number of α-SMA+ myofibroblasts and hence inhibits allograft fibrosis. In accordance with this, an IL-4 receptor-deficient graft heart was resistant to tissue fibrosis. In this model, IL-3 played a role in the recruitment and activation of basophils (136). Therefore, it can be assumed that IL-3-activated basophils produce IL-4 which in turn acts on heart-resident macrophages and fibroblasts to promote the generation of myofibroblasts and deposition of collagens (Figure 2 middle panel).

A recent report implicated basophils in IgG4-related diseases (IgG4-RD) (137). IgG4-RD is characterized by elevated IgG4 levels in serum, storiform fibrosis, and marked infiltration of IgG4-producing plasma cells in multiple organs, including the pancreas, kidney, and salivary glands. Basophils expressing both TLR2 and TLR4 infiltrated pancreatic tissues in patients with type 1 autoimmune pancreatitis, a pancreatic manifestation of IgG4-RD (138). Furthermore, LPS-stimulated basophils produced IL-13 and B cell-activating factor (BAFF), which induced IgG4 production by B cells (139), suggesting that basophils may contribute to IgG4 production in patients with IgG4-RD.

Dysregulated tissue repair responses can cause pulmonary emphysema (140). Shibata et al. revealed that basophils contribute to the pathogenesis of pulmonary emphysema in an elastase-induced mouse model of chronic obstructive lung disease (COPD) (13). Basophil-derived IL-4 promoted the generation of emphysema-prone MMP12+ interstitial macrophages, contributing to lung emphysema formation (Figure 2 lower panel). On the other hand, genetically engineered mast cell-deficient mice (Cpa3Cre/+ mice) developed pulmonary emphysema as much as observed in mast cell-sufficient mice, even though these mice showed partial reduction of basophils (141). A recent report showed basophil infiltration in the inflamed lung tissue of patients with COPD, especially in severe cases (142), suggesting the possible contribution of basophils for COPD development in humans.




4 Role of Basophils in Autoimmune Diseases


4.1 Systemic Lupus Erythematosus

Autoreactive IgE antibodies are frequently detected in patients with systemic lupus erythematosus (SLE), and the serum level of autoreactive IgE is associated with disease activity and active nephritis (143–147). In phase Ib clinical trial, omalizumab therapy showed some efficacy on disease activity in SLE patients with elevated level of serum autoreactive IgE antibody (148), which indicates the role of autoreactive IgE in the pathogenesis of SLE. Moreover, patients with SLE displayed blood basopenia, and their basophils had upregulated expression of activation markers such as CD63 and CD203c, compared with basophils from healthy controls (144, 149). Additionally, patient serum induced basophil activation in an IgE-dependent manner (149). These observations suggest the role of autoreactive IgE antibodies and basophils in SLE. In line with this, basophils play critical roles in animal models of lupus nephritis, including Lyn-deficient mice, MRL-lpr/lpr lupus prone mice, and a pristane-induced SLE model (144, 149, 150). The presence of a feedback-loop is proposed for the pathogenesis of mouse SLE models and patients (149, 151) (Figure 3). In SLE models, basophils are recruited to secondary lymphoid organs, display an activated phenotype, and produce IL-4, IL-13, and BAFF to promote autoantibody production. The formation of immune complexes of IgE autoantibodies and autoantigens further activates blood-circulating basophils to enhance the expression of CD62L, which in turn facilitates the homing of basophils into secondary lymphoid organs. Prostaglandin D2 (PGD2) is involved in the recruitment of basophils to secondary lymphoid organs (152). PGD2, possibly produced by activated basophils, enhances surface expression of CXCR4 in basophils, promoting the migration of basophils into secondary lymphoid organs. In accordance with this, basophils from patients with SLE display high CXCR4 expression on their cell surface, which is positively correlated with disease activity.




Figure 3 | Feedback loop for the exacerbation of systemic lupus erythematosus. In the mouse model of systemic lupus erythematosus (SLE) and in patients with SLE, autoreactive IgE antibodies can be detected in the blood. Autoreactive IgE antibodies form immune complexes with corresponding autoantigens and activate blood-circulating basophils. Activated basophils upregulate the surface expression of CD62L and CXCR4 and infiltrate into lymph nodes. They produce interleukin (IL)-4, IL-13, and B cell-activating factor (BAFF) which in turn induces autoantibody production from B cells, resulting in the deposit of immune complexes in the kidney and in disease progression.





4.2 Other Autoimmune Diseases

Lamri et al. reported that basophils contributed to the pathogenesis of mixed connective tissue disease (MCTD) (153). Patients with MCTD displayed blood basopenia and upregulated expression of CD203c, CD63 and CXCR4 on the surface of basophils. In a mouse MCTD-like lung inflammation model, the infiltration of activated basophils was observed in lung draining lymph nodes. Depletion of basophils or IgE-deficiency prevented the development of lung MCTD-like inflammation. Yuk et al. showed that basophil-derived IL-6 potentiated T cell differentiation into Th17 cells, thus promoting the development of experimental autoimmune encephalomyelitis (154).




5 Role of Basophils in Cancer

Several lines of evidence have indicated the possible role of basophils in the development of cancer (24). In pancreatic ductal adenocarcinoma (PDAC), basophils infiltrate tumor draining lymph nodes and express IL4. A higher number of infiltrating basophils is associated with reduced PDAC patient survival. In a mouse model of pancreatic cancer, basophils recruited to tumor draining lymph nodes were activated by T cell-derived IL-3 to produce IL-4, promoting Th2 cell and M2 macrophage differentiation which favors pancreatic cancer development. Similarly, basophil infiltration in the tumor microenvironment was a predictor for poor human gastric cancer prognosis (155).

Basophils reportedly contribute to the pathogenesis of chronic myeloid leukemia (CML) (25). Blood basophilia is frequently observed in patients with CML and is associated with poor prognosis of CML. In a mouse model of CML, basophils produced large amount of CCL3 in the bone marrow, which inhibits the functions of normal hematopoietic stem cells and supports the proliferation of leukemia cells (156).

Intriguingly, basophils played a rather protective role in a mouse melanoma model. The depletion of regulatory T cells resulted in substantial infiltration of basophils and CD8+ T cells in the tumor microenvironment achieving complete rejection of transplanted melanoma (157). Tumor-infiltrating basophils produce CCL3 and CCL4 to promote the recruitment of CD8+ T cells into the tumor microenvironment enhancing tumor rejection. In patients with ovarian cancer, the activated basophil phenotype was predicative of better prognosis (158).

Taken together, these data show that basophils play either deleterious or protective roles in a context-dependent manner. In accordance with this, the opposite roles of basophils were reported in mutagen-induced skin carcinogenesis in mice. On one hand, Crawford et al. demonstrated the protective role of basophils (159). Repetitive application of DNA-damaging xenobiotics DMBA resulted in the production of autoreactive IgE and accumulation of IgE+ basophils in the skin. Deficiency of IgE or FcεRIα promotes tumorigenesis and tumor growth, suggesting the contribution of basophils in the inhibition of epithelial carcinogenesis. On the other hand, Hayes et al. showed that basophils and IgE rather enhanced tumor growth in an inflammation-induced skin carcinogenesis model (160) in which mice were first topically treated with DMBA and subsequently with TPA (protein kinase C activator). This led to the production of natural IgE and the accumulation of IgE+ basophils in the skin. IgE-deficiency or basophil depletion abolished epithelial hyperplasia. Basophil-derived histamine is thought to promote epithelial hyperplasia, thus promoting TPA-induced tumor growth.



6 Possible Roles of Basophils in COVID-19

Emerging evidence suggests a possible role for basophils in COVID-19 (27). Mass-cytometry analysis revealed that the blood basophil number decreases during the acute phase and is restored in the recovery phase (161). In line with this, several studies demonstrated that the blood basophil number is significantly lower in severe COVID-19 patients, compared with less-severe patients or non-COVID-19 patients (162–167). Therefore, lower blood basophil counts would be a risk factor predicting a poor COVID-19 prognosis (162, 168). Notably, the plasma level of anti-SARS-CoV2 IgG correlated positively with the number of blood-circulating basophils (161), suggesting the possible role for basophils in IgG responses against SARS-CoV2.

Surface expression profiles of blood basophils are also altered in COVID-19 patients, especially in severe cases (164, 167). Basophils showed upregulated expression of activation markers such as CD63 and CD11b in severe cases (167). In line with this, in vitro co-culture of basophils with SARS-CoV2 led to the production of IL-4 and IL-13 by basophils (169). Further mechanistic studies will be required to identify whether basophils play protective or deleterious roles in COVID-19.



7 Conclusion and Perspectives

Basophils have long been neglected from immunological studies, partly due to their similarity to tissue-resident mast cells, even though they have been evolutionally conserved in many animal species. We now appreciate that basophils have non-redundant roles distinct from those played by mast cells in a variety of immune and inflammatory responses, including IgE-CAI, papain-induced asthma, and elastase-induced COPD models. Studies of animal models identified that basophils infiltrate either the sites of inflammation or the draining lymph nodes and regulate immune responses by interacting with various types of cells, including macrophages, T cells, ILCs and sensory neurons. Recent human studies, including the treatments of patients with therapeutic antibodies (e.g. omalizumab, benralizumab and dupilumab), have advanced our understanding of human basophil pathophysiology. Further mechanistic studies would identify novel roles for basophils in an even broader range of disorders and promote the development of novel strategies for the treatment of such diseases by targeting basophils and their products.
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IgE-mediated release of proinflammatory mediators and cytokines from basophils and mast cells is a central event in allergic disorders. Several groups of investigators have demonstrated the presence of autoantibodies against IgE and/or FcεRI in patients with chronic spontaneous urticaria. By contrast, the prevalence and functional activity of anti-IgE autoantibodies in atopic dermatitis (AD) are largely unknown. We evaluated the ability of IgG anti-IgE from patients with AD to induce the in vitro IgE-dependent activation of human basophils and skin and lung mast cells. Different preparations of IgG anti-IgE purified from patients with AD and rabbit IgG anti-IgE were compared for their triggering effects on the in vitro release of histamine and type 2 cytokines (IL-4, IL-13) from basophils and of histamine and lipid mediators (prostaglandin D2 and cysteinyl leukotriene C4) from human skin and lung mast cells. One preparation of human IgG anti-IgE out of six patients with AD induced histamine release from basophils, skin and lung mast cells. This preparation of human IgG anti-IgE induced the secretion of cytokines and eicosanoids from basophils and mast cells, respectively. Human monoclonal IgE was a competitive antagonist of both human and rabbit IgG anti-IgE. Human anti-IgE was more potent than rabbit anti-IgE for IL-4 and IL-13 production by basophils and histamine, prostaglandin D2 and leukotriene C4 release from mast cells. Functional anti-IgE autoantibodies rarely occur in patients with AD. When present, they induce the release of proinflammatory mediators and cytokines from basophils and mast cells, thereby possibly contributing to sustained IgE-dependent inflammation in at least a subset of patients with this disorder.
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Introduction

Mast cells and basophils are important cells of the immune system (1–3) and play critical roles in several allergic (4–9) and autoimmune disorders (10–12), infections (13, 14), cardiovascular diseases (15–17), immunodeficiencies (18), and cancer (19–22). The secretion of preformed mediators (e.g. histamine) and de novo synthesis of lipid mediators (e.g. leukotriene C4, prostaglandin D2) and various cytokines following FcεRI cross-linkage plays key roles in diverse IgE-mediated allergic conditions, including atopic dermatitis (AD) (23), chronic spontaneous urticaria (CSU) (24, 25), asthma (5, 26, 27), allergic rhinitis (28), food allergies (29), and anaphylaxis (30–32).

Human mast cells and basophils express a complete (αβγ2), high-affinity receptor for IgE (FcεRI) (33). The interaction of IgE with its receptor is characterized by a very slow dissociation rate (Koff < 10-5/s), accounting for its uniquely high affinity, the highest reported for a human immunoglobulin (Ig) to any of its receptors (34, 35). Aggregation of FcεRI bound to IgE by multivalent antigens, anti-IgE antibodies generated in rabbit or goat (36, 37), or superantigens (38–41) leads to mast cell and basophil activation and mediator release.

Several studies have reported the presence of spontaneously occurring autoantibodies to IgE (36, 42–45), FcεRI (46–49), or both in diverse allergic (36, 42–46, 48, 50–52) and autoimmune disorders (47, 53). Most of these studies have focused on the ability of anti-IgE/FcεRI autoantibodies isolated from patients with CSU to activate peripheral blood basophils (36, 42, 46–48). However, most anti-IgE/FcεRI antibodies isolated from patients with CSU (36), asthma (50), or AD (44) are ineffective basophil secretagogues, which might explain some of the controversies in the field (50, 54). These controversial findings do not necessarily rule out the ability of some of these autoantibodies to activate human tissue mast cells. In any instance, the recent documentation of IgE autoantibodies against eosinophil peroxidase and eosinophil cationic protein in some patients with CSU and AD further reinforce the notion that shared, dysregulated immune functions may differentially contribute to the pathogenesis of these conditions (55).

Even though basophils account for approximately 1% of circulating peripheral blood leukocytes, analysis of basophil activation in vitro has become a mainstay of research in allergy and immunology for some compelling reasons. First, these cells can play critical roles in the activation of type 2 immune responses through the production of such Th2-like cytokines as IL-4 and IL-13 (38, 39, 56–62); second, basophils have the propensity to migrate into the sites of allergic inflammation (63–65); last, but not least, these cells are much more readily available for analysis than human tissue-resident mast cells.

The purpose of this study was four-fold. First, we examined the presence of functional IgG anti-IgE autoantibodies in patients with AD and compared their functions to rabbit IgG anti-IgE and to human polyclonal IgG. Second, we evaluated the effects of functional IgG anti-IgE on the release of Th2-like cytokines (IL-4 and IL-13) from human basophils. Third, we investigated whether human monoclonal IgE is a competitive antagonist of human and rabbit IgG anti-IgE. Finally, we examined the ability of functional human IgG anti-IgE to activate human primary skin and lung mast cells.



Materials and Methods


Reagents and Buffers

Bovine serum albumin, human serum albumin, piperazine-N,N’-bis (2-ethanesulfonic acid) (Pipes), L-glutamine, antibiotic-antimycotic solution (10,000 IU penicillin, 10 mg/mL streptomycin, and 25 µg/mL amphotericin B), collagenase (Worthington Biochemical Corp., Lakewood, NJ, USA), Hanks’ balanced salt solution, fetal calf serum (FCS) (Thermo-Fisher, Grand Island, NY, USA), pronase (Merck Millipore, Burlington, CA, USA), RPMI 1640 with 25 mM HEPES buffer, Eagle’s minimum essential medium (Fuji Film, Research Triangle Park, NC, USA), Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden), CD117 MicroBeads (Miltenyi Biotech, Bologna, Italy), Iscove modified Dulbecco Medium (IMDM) (Fuji Film, Research Triangle Park, NC, USA), HClO4 (Baker Chemical Co., Deventer, Netherlands), hyaluronidase, chymopapain, elastase type I, cysteinyl leukotriene C4 (LTC4), and prostaglandin D2 (PGD2) (Sigma Chemical Co., St. Louis, MO), deoxyribonuclease I (Merck Millipore, Burlington, CA, USA), (3H)-LTC4 and (3H)-PGD2 (New England Nuclear, Boston, MA) were commercially purchased. Rabbit IgG anti-IgE antibody, produced by rabbit immunization with the Fc fragment of a human IgE myeloma (patient PS) and then absorbed with the IgE Fab as previously described (37), was kindly donated by Drs. Kimishige and Teruko Ishizaka (La Jolla Institute for Allergy and Immunology, La Jolla, CA). Rabbit anti-LTC4 and anti-PGD2 antibodies were a gift of Dr. Lawrence M. Lichtenstein (The Johns Hopkins University, Baltimore, MD). The Pipes buffer used in these experiments was a mixture of 25 mM Pipes, 110 mM NaCl, 5 mM KCl, pH 7.37, referred to as P. P2CG contains, in addition to P, 2 mM CaCl2 and 1 g/L dextrose (66); pH was titrated to 7.4 with NaHCO3.



Atopic Dermatitis Patients

The study was approved by the Ethics Committee of the University of Naples Federico II, School of Medicine (Prot. 198/18), and informed consent was obtained from all participants prior to collection of blood according to recommendations from the Declaration of Helsinki. Serum samples from six patients with AD (aged 5 to 17 years) and six normal donors (aged 6 to 22 years) were collected and stored at -20°C. Patients with AD had similar clinical pictures, characterized by a chronic, pruritic skin eruption marked by erythema, papules, or lichenification of flexural areas of the extremities, face and neck (67). Serum samples were obtained from these patients after not taking any drug for at least one week.



Purification of Human Monoclonal IgE

IgE myeloma protein was purified from a myeloma patient (68) by gel filtration on Sepharose G-200 followed by elution through a Sepharose CL-4B column. Analysis by sodium dodecyl-sulfate polyacrylamide gel electrophoresis of purified human monoclonal IgE proteins demonstrated a single protein with a m.w. of 180,000-200,000 D. Analysis by radioimmunoassay showed no IgG, IgM, or IgA contamination (38, 69, 70).



Purification of Human Polyclonal IgG

Human IgG were purified by precipitation of human serum with 50% saturated NH4SO4 followed by chromatography on a DEAE-cellulose column equilibrated with 0.01 M phosphate buffer (pH 7.9), as previously described (70, 71).



Purification of Human IgG Anti-IgE Antibody

Comparable levels of IgG anti-IgE antibodies were detected in serum samples from the six AD patients studied, which averaged 1,020 ng/ml (± 135 ng/ml), much higher than in nonatopic controls (< 50 ng/ml) (45). For affinity purification of these autoantibodies, sera (3 ml for each run) were passed through an immunosorbent Sepharose 4B column (1.2 x 5 cm) coated with IgE purified from ADZ (45). Immunosorbent-bound Ig with anti-IgE activity were eluted with glycine HCl buffer 0.2 M (pH 2.8), and the pH was rapidly readjusted by the addition of 2 M NaOH. The total content of immunoglobulins of the eluted fraction was measured by radioimmunoassay. Anti-IgE activity belonged to the IgG isotype. IgE content was less than 0.05 U/ml. The specificity and activity of IgG anti-IgE were tested as described elsewhere (45).



Purification of Human Basophils

Basophils were purified from peripheral blood of healthy volunteers, aged 19-45 years, undergoing hemapheresis within the Immunohematology Unit at the University of Naples Federico II. Buffy coats were subjected to double-Percoll density centrifugation, which produced basophil-depleted and basophil-enriched cell suspensions (72). Basophils were purified from the basophil-enriched cell suspensions using the Basophil Isolation Kit II (Miltenyi, Biotec, Bologna, Italy). Basophils, with purity ≥ 95%, assessed by Alcian blue staining, were incubated in IMDM in the presence of activating stimuli for 4 hours (IL-4 secretion) or 18 hours (IL-13 secretion) at 37°C (38). At the end of these incubations, the cell-free supernatants were stored at -20°C for subsequent assay of IL-4 and IL-13.



Isolation of Human Skin Mast Cells

The study was approved by the Ethics Committee of the University of Naples Federico II (Protocol: Human MC No. 7/19) and informed consent was obtained from all donors. Skin obtained from patients undergoing either mastectomy for breast cancer or elective cosmetic surgery was separated from the subcutaneous fat by blunt dissection. The tissue was finely cut into 1- to 2-mm fragments and dispersed into single-cell suspension as previously described (73). Yields with this technique ranged between 0.1 and 0.9 × 106 mast cells/g of wet tissue, and purity was between 5 and 10%. Human skin mast cells (HSMCs) were further purified using a CD117 MicroBead kit cell sorting system (Miltenyi Biotec, Bologna, Italy) according to the manufacturer’s instructions. Mast cell purity using this technique ranged from 36 to 71% as assessed by Alcian blue staining.



Isolation of Human Lung Mast Cells

Human lung mast cells (HLMCs) were purified from macroscopically normal lung tissue obtained from patients [hepatitis C virus (HCV−), hepatitis B surface Ag (HBsAg−), HIV−] affected by lung adenocarcinoma undergoing thoracic surgery (74, 75). Freshly resected lung tissue was obtained intraoperatively and was minced finely with scissors and washed extensively with Pipes buffer over Nytex cloth (120-μm pore size) (Tetko, Elmsford, NY, USA). The cells were suspended (106 cells/mL) in RPMI 1640 with 5% FCS, 2 mM L-glutamine, and 1% antibiotic-antimycotic solution and incubated in 24-well plates (Falcon, Becton Dickinson, Milan, Italy). The enzymatic tissue dispersion yielded ≈5 × 105 mast cells/gram of lung tissue and purity ranged from 4% to 19% (40). HLMCs were further purified using a CD117 MicroBead kit cell sorting system (Miltenyi Biotec, Bologna, Italy) according to the manufacturer’s instructions (40). Mast cell purity using this technique ranged from 58% to 82% as assessed by Alcian blue staining.



Histamine Release From Human Basophils

Whole blood samples were processed immediately after collection to obtain leukocyte-enriched preparations (76, 77). Duplicate leukocyte aliquots were incubated (45 minutes at 37°C) in P2CG buffer with increasing concentrations of rabbit IgG anti-human IgE myeloma (patient PS; anti-IgE) or human IgG anti-IgE. Cell-free supernatants were collected and stored at −20°C for subsequent assay of histamine content using an automated fluorometric technique (78). Histamine release (HR) was expressed as percent of the total content assessed in parallel samples lysed by addition of 2% HClO4, minus the basal, or spontaneous release (77). Percent HR values were the means of duplicate determinations, differing by <5%. Basophil reactivity, that is, the maximal percent histamine release (HRMAX), and threshold sensitivity (HRSENS), that is, 100x the inverse of the secretagogue concentration inducing half-maximal HR (EC50), were calculated as described (76, 79–81).



Histamine Release From Mast Cells

HSMCs or HLMCs (≈3 × 104 mast cells per tube) were resuspended in P2CG. 0.3 mL of the cell suspensions were placed in 12 × 75 mm polyethylene tubes. 0.2 mL of each prewarmed releasing stimulus was added, and incubation was continued at 37°C for 45 min (40, 41). At the end of incubation, cells were centrifuged (1000× g, 4°C, 5 min) and supernatants were stored at –20°C for subsequent assay of histamine content. Histamine was measured in duplicate determinations with an automated fluorometric technique (78).



IL-4 and IL-13 ELISA

IL-4 and IL-13 were assessed in duplicate samples using ELISA kits according to manifacturer’s instructions (Quantikine ELISA Kit) (R&D Systems, Minneapolis, MN, USA). The ELISA detection range was 31-2,000 pg/ml (IL-4) and 125-4,000 pg/ml (IL-13).



Immunoassay of LTC4 and PGD2

LTC4 and PGD2 were measured in duplicate samples by radioimmunoassay (40, 82). The anti-LTC4 and anti-PGD2 antibodies are highly selective, with less than 1% cross-reactivity to other eicosanoids (82, 83).



Statistical Analysis

Data were analyzed with the GraphPad Prism 8 software package (GraphPad Software, La Jolla, CA, USA). Values were expressed as mean ± SEM (standard error of the mean). Statistical analysis was performed using Student’s t-test or one-way analysis of variance. Values were considered significant when the probability was below the 5% confidence level (p < 0.05).




Results


Effects of Human and Rabbit IgG Anti-IgE on Histamine Release From Human Basophils

In a first group of experiments, we compared the effects of increasing concentrations of human IgG anti-IgE purified from the sera of six patients with AD, rabbit IgG anti-IgE and human polyclonal IgG on HR from human basophils. Figure 1A shows that increasing concentrations (10-4 to 3 x 10-2 μg/ml) of human IgG anti-IgE isolated from only one out of six AD patients, as previously described (44), induced the release of substantial amounts of histamine from basophils isolated from six different normal donors. Shown for comparison is the concentration-dependent release of histamine induced by higher concentrations of rabbit IgG anti-IgE (10-3 to 3 x 10-1 μg/ml) in parallel experiments with the same basophil preparations (Figure 1B). Similarly, in the same experiments, non-functional human IgG anti-IgE purified from the other five AD patients did not induce HR from basophils (Figure 1C). In these experiments, human polyclonal IgG (10-3 to 3 μg/ml) purified from six healthy donors failed to induce mediator release from basophils (Figure 1D). Basophil reactivity, that is the maximal percent HR (HRMAX) in response to human IgG anti-IgE (70.0% ± 3.80%), was similar to basophil reactivity to rabbit IgG anti-IgE (65.8% ± 3.68%). By contrast, the secretagogue concentration inducing half-maximal histamine release (EC50) induced by the functionally active human anti-IgE preparation (2.4 x 10-3 ± 5 x 10-4 μg/ml) was significantly lower than the corresponding concentration of rabbit anti-IgE (4 x 10-2 ± 1 x 10-2 μg/ml), hence resulting in significantly higher HRSENS (p < 0.05). These results indicate that one preparation of the human IgG anti-IgE preparations tested was active on human basophils. This preparation of human IgG anti-IgE is from now on referred to as “human anti-IgE”.




Figure 1 | Effects of increasing concentrations of human IgG anti-IgE (A) and rabbit IgG anti-IgE (B) on HR from basophils obtained from six normal donors. Neither non-functional human IgG anti-IgE obtained from the other five atopic dermatitis donors (C) nor human polyclonal, pooled from six nonatopic donors, IgG induced mediator release from basophils (D). Each point represents the mean ± SEM percent HR in six different preparations of basophils. Error bars are not shown when graphically too small.





Effects of Human and Rabbit Anti-IgE on Cytokine Production by Human Basophils

IgE cross-linking induced by rabbit or goat anti-IgE (57, 58, 60, 61, 72, 84–87) or superantigens (38, 39, 59) can induce the production of IL-4 and IL-13 from human basophils. In a series of parallel experiments, we compared the effects of human and rabbit anti-IgE on the release of IL-4 and IL-13 from peripheral blood basophils purified (> 95%) from healthy donors. Figure 2 shows the results of five independent experiments in which we examined the effects of increasing concentrations (10-3 to 10-1 μg/ml) of human and rabbit anti-IgE. In these experiments, basophils were incubated 4 hours at 37°C to evaluate IL-4 release, whereas they were incubated 18 hours at 37°C to examine IL-13 production, as previously reported (38, 39, 60, 72). Both preparations of anti-IgE induced a concentration-dependent release of IL-4 (Figure 2A) and IL-13 (Figure 2B). However, human anti-IgE, at all tested concentrations, was more effective than the corresponding concentrations of rabbit anti-IgE in inducing the release of both IL-4 and IL-13 from basophils. IgG with anti-IgE activity obtained from the other five AD patients did not cause IL-4 and IL-13 release from human basophils (data not shown). Similarly, human polyclonal IgG obtained from six normal donors did not induce cytokine release from basophils (data not shown).




Figure 2 | Effects of increasing concentrations of human IgG anti-IgE (red bars) and rabbit IgG anti-IgE (blue bars) on IL-4 (A) and IL-13 (B) release from human basophils obtained from five donors. Basophils were incubated with secretagogues for 4 hours (IL-4) or 18 hours (IL-13) at 37°C. Each bar represents the mean ± SEM in five parallel experiments. Error bars are not shown when graphically too small. ***p < 0.001 when compared to the corresponding value obtained with rabbit IgG anti-IgE.





Effects of Human Monoclonal IgE on Human or Rabbit Anti-IgE-Induced Mediator Release From Human Basophils

The ability of human and rabbit anti-IgE to trigger basophil mediator release suggested that it might interact with basophil-bound IgE. To test this hypothesis we conducted experiments to verify whether soluble human monoclonal IgE purified from a myeloma patient (68) (70) might inhibit the mediator response to human and rabbit anti-IgE. To this end, basophils were preincubated (10 min at 37°C) with increasing concentrations of human IgE and the cells were incubated for an additional 30 min at 37°C in the presence of increasing concentrations of human or rabbit anti-IgE. Figure 3 illustrates the results of typical experiments showing that preincubation with increasing concentrations of human monoclonal IgE concentration-dependently shifted to the right effects on basophil HR of both human (Figure 3A) and rabbit anti-IgE (Figure 3B). Preincubation (10 min at 37°C) of human basophils with tenfold higher concentrations of human polyclonal IgG did not interfere with either human (Figure 3C) or rabbit anti-IgE effects (Figure 3D). Similar results were obtained in three additional experiments. The parallel shift to the right of the HR curve caused by increasing concentrations of human monoclonal IgE on both human and rabbit anti-IgE, without changes in maximal efficacy, suggested that it might act as a competitive inhibitor.




Figure 3 | (A) Effects of increasing concentrations of human monoclonal IgE on human IgG anti-IgE-induced HR from human basophils. Cells were preincubated (10 minutes, 37°C) with the indicated concentrations of IgE and then challenged with the indicated concentrations of human IgG anti-IgE for an additional 30 minutes at 37°C. Each value is the mean of duplicate determinations in a typical experiment out of three similar experiments. (B) Effects of increasing concentrations of human monoclonal IgE on rabbit IgG anti-IgE-induced HR from human basophils. Cells were preincubated (10 minutes, 37°C) with increasing concentrations of IgE and then challenged with the indicated concentrations of rabbit IgG anti-IgE for an additional 30 minutes at 37°C. Each value is the mean of duplicate determinations in a typical experiment out of four. (C) Effect of increasing concentrations of human polyclonal IgG purified from a healthy donor on human IgG anti-IgE-induced HR from human basophils. Cells were preincubated (10 minutes, 37°C) with increasing concentrations of human polyclonal IgG and then challenged with the indicated concentrations of human IgG anti-IgE for an additional 30 minutes at 37°C. (D) Effect of increasing concentrations of human polyclonal IgG purified from a healthy donor on rabbit IgG anti-IgE-induced HR from human basophils. Cells were preincubated (10 minutes, 37°C) with increasing concentrations of human polyclonal IgG and then challenged with the indicated concentrations of rabbit IgG anti-IgE for an additional 30 minutes at 37°C. Each value is the mean of duplicate determinations in a typical experiment out of four.





Effects of Human and Rabbit Anti-IgE on Histamine Release and De Novo Synthesis of PGD2 From Human Skin Mast Cells

In five parallel experiments, we compared the activating properties of human and rabbit anti-IgE on HR (Figure 4A) and de novo synthesis of PGD2 by HSMCs (Figure 4B). The maximal percent HR caused by human anti-IgE (17.8 ± 0.91%) was similar to that induced by rabbit anti-IgE (20.2 ± 2.8%). Similarly, the maximal production of PGD2 induced by human anti-IgE (31.1 ± 3.7 ng/106 cells) was comparable to that caused by rabbit anti-IgE (30.5 ± 2.6 ng/106 cells). By contrast, the secretagogue concentration inducing half-maximal histamine release (EC50) for histamine release was significantly lower (5 x 10-2 ± 1 x 10-2 μg/ml) for human anti-IgE compared to rabbit anti-IgE (2.5 x 10-1 ± 6 x 10-2 μg/ml) (p < 0.05), indicating a comparably higher HRSENS. Similarly, the EC50 for PGD2 production caused by human anti-IgE (7.2 x 10-2 ± 2.1 x 10-3 μg/ml) was significantly lower than that of rabbit anti-IgE (2.9 x 10-1 ± 3 x 10-2 μg/ml) (p < 0.05).




Figure 4 | Effects of increasing concentrations of human IgG anti-IgE and rabbit IgG anti-IgE on HR (A) and the de novo synthesis of PGD2 (B) from HSMCs obtained from five different donors. HSMCs were incubated (45 min at 37°C) in the presence of the indicated concentrations of human IgG anti-IgE or rabbit IgG anti-IgE. Each point shows the mean ± SEM.  **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 when compared to the corresponding value. Error bars are not shown when graphically too small.





Effects of Human and Rabbit Anti-IgE on Histamine Release and De Novo Synthesis of Lipid Mediators From Human Lung Mast Cells

In five experiments, we compared the effects of increasing concentrations of human and rabbit anti-IgE on HR and de novo synthesis of LTC4 and PGD2 from HLMCs. Increasing concentrations (10-2 to 3x10-1 μg/ml) of human or rabbit anti-IgE (10-1 to 3 μg/ml) caused a concentration-dependent release of histamine from HLMCs (Figure 5A). The maximal percent HR in response to human anti-IgE (18.4% ± 1.8%) was similar to HLMC reactivity to rabbit anti-IgE (20.2% ± 1.2%). By contrast, the EC50 was significantly lower (4.6 x 10-2 ± 4 x 10-3 μg/ml) for human compared to rabbit anti-IgE (3.4 x 10-1 ± 8 x 10-2 μg/ml) (p < 0.01). In these experiments, we also compared the effects of human and rabbit anti-IgE on the de novo synthesis of LTC4 and PGD2 from HLMCs. Figure 5B shows that the maximal production of LTC4 by HLMCs exposed to human anti-IgE (40.9 ± 2.2 ng/106 cells) was similar to that caused by rabbit anti-IgE (42.5 ± 2.0 ng/106 cells). By contrast, the concentration of human anti-IgE inducing half-maximal LTC4 release was significantly lower (4.0 x 10-2 ± 4 x 10-3 μg/ml) than the EC50 for rabbit anti-IgE (2.5 x 10-1 ± 6 x 10-2 μg/ml) (p < 0.05). Similarly, HLMC reactivity to human anti-IgE (31.4 ± 2.6 ng/106 cells) was similar to rabbit anti-IgE (38.9 ± 3.0 ng/106 cells) with respect to PGD2 production (Figure 5C). The EC50 for PGD2 production caused by human anti-IgE (4.2 x 10-2 ± 1 x 10-3 μg/ml) was significantly lower than that of rabbit anti-IgE (2.8 x 10-1 ± 8 x 10-2 μg/ml) (p < 0.05).




Figure 5 | Effects of increasing concentrations of human IgG anti-IgE and rabbit IgG anti-IgE on HR (A) and the de novo synthesis of LTC4 (B) and PGD2 (C) from HLMCs obtained from five different donors. HLMCs were incubated (45 min at 37°C) in the presence of the indicated concentrations of human IgG anti-IgE or rabbit IgG anti-IgE. Each point shows the mean ± SEM. **** p < 0.0001, *** p < 0.001, * p < 0.05 when compared to the corresponding value. Error bars are not shown when graphically too small.






Discussion

Our results indicate that although autoantibodies against IgE can be found in some patients with AD, these can rarely induce the activation of human basophils and mast cells. We have detected functional IgG anti-IgE in one out of six patients with AD and characterized its ability to trigger mediator release from human basophils and mast cells. This human IgG anti-IgE is a more potent secretagogue than rabbit IgG anti-IgE, and human monoclonal IgE appears to act as a competitive antagonist of either antibody. A novel finding emerging from this study is the ability of human anti-IgE from AD to induce the release of IL-4 and IL-13 from human basophils. Another novel aspect is the observation that human anti-IgE activates not only human basophils, but also skin and lung mast cells to release histamine and arachidonic acid metabolites.

The role of naturally occurring anti-IgE/FcεRI autoantibodies in allergic and non allergic disorders is still a fascinating and unsettled issue, as recently discussed by Galli (54). Several investigators have found these autoantibodies in CSU (42, 46–49, 88–91) and in asthma (43, 50, 92). By contrast, anti-IgE autoantibodies have been inconsistently found in AD patients (43–45, 47, 52). Anti-IgE/FcεRI autoantibodies of the IgG class have been found in most of these studies (43–48, 88, 90, 91, 93, 94), while IgM (42, 49), and/or IgA autoantibodies have been only documented in rare instances (49). In most cases the autoantibodies found in patients with CSU or AD lacked the capacity to activate human basophils in vitro (36, 44, 47). While in some studies human IgE-specific IgG autoantibodies were able to activate human basophils (44, 47), in others they even inhibited basophil activation (36, 50).

A limitation in most of these functional studies was that they only examined the potential effects of autoantibodies to IgE or FcεRI on HR from human peripheral blood basophils (36, 42, 46–48, 88, 90, 91). The above results, while contrasting, do not necessarily rule out the hypothesis that these naturally occurring autoantibodies can activate human basophils to release cytokines (e.g., IL-4, IL-13) or tissue mast cells to produce arachidonic acid metabolites.

In this study, we found that only one preparation of human IgG anti-IgE out of six patients with AD had the ability to activate peripheral blood basophils purified from normal donors and mast cells isolated from human skin or lung tissue. Although the sample size examined in this study is too small to conclusively estimate the prevalence of functional anti-IgE autoantibodies in AD patients, these results allow to raise a few points. The apparent low prevalence of functional autoantibodies to IgE might explain, at least in part, the controversial results on the presence of functional such autoantibodies in AD patients (43–45, 47, 52). Moreover, our findings are in line with the systematic, aptly controlled observations by MacGlashan demonstrating that the autoantibodies to IgE and/or FcεRI from the vast majority of patients with CSU lacked the capacity to activate human basophil mediator release (36).

Our results provide some information on the functional potency of the IgG anti-IgE isolated from a patient with AD. Although basophil reactivity, that is the maximal HR in response to human anti-IgE, was similar to that induced by rabbit anti-IgE, the potency of human anti-IgE was significantly higher than that of rabbit anti-IgE. Similar results were obtained when comparing the reactivity and threshold sensitivity of human skin and lung mast cells to human and rabbit anti-IgE in experiments looking not only at the HR but also the de novo synthesis of lipid mediators (i.e., PGD2, and LTC4). Collectively, these results indicate that human anti-IgE, when it is functionally present, can be significantly more potent than rabbit anti-IgE preparations commonly used in experimental or diagnostic in vitro protocols for IgE-dependent activation of human FcεRI+ cells.

We also provide some clues on the immunologic mechanism of activation of human basophils by human IgG anti-IgE. We found that preincubation of human basophils with increasing concentrations of human monoclonal IgE purified from a myeloma patient (68, 70) concentration-dependently interfered with the activating properties of both human and rabbit anti-IgE. The specificity of this response was confirmed by the observation that preincubation of basophils with tenfold higher concentrations of human polyclonal IgG did not antagonize the ability of both human and rabbit to trigger mediator release anti-IgE.

A novel finding of this study is the ability of human IgG anti-IgE to induce the release of Th2-like cytokines (e.g., IL-4, IL-13) from human basophils. The vast majority of studies exploring the functional activity of human anti-IgE and anti-FcεRI have evaluated the ability of these autoantibodies to induce HR from human basophils (36, 42, 47, 48, 50, 88, 90, 91). To the best of our knowledge, we provide the first evidence that a functional preparation of human IgG anti-IgE can also induce the release of IL-4 and IL-13 from human basophils. Also in this case, we observed that only IgG anti-IgE obtained from one out of six AD donors could cause cytokine release from basophils.

Our findings may have some translational relevance. AD is characterized by robust Th2-mediated immune responses to numerous environmental stimuli (95). The Th2 cytokines IL-4 and IL-13 are believed to play pivotal roles in the pathogenesis of AD (96, 97). Consistent with these findings, dual IL-4 and IL-13 blockade with the IL-4Rα antagonist, dupilumab showed unprecedented efficacy in adult AD patients (98, 99). Moreover, recent evidence indicates that LTC4 plays a role in a mouse model of AD (100). The observation that human IgG anti-IgE is a potent stimulus for the production of IL-4/IL-13 from basophils and LTC4 from mast cells suggests that these autoantibodies may play a role in the onset and progression of at least a subset of AD patients.

Human basophils and mast cells are key contributors to allergic disorders (1, 13, 26), including AD (67). A closer understanding of their roles in allergies has been marked by the considerable heterogeneity of these cells, whereby distinct morphologic and functional properties can not only be appreciated between mast cells and basophils (26) but also between cells located in different tissues and districts (40, 101–104). In this study, we demonstrated that human IgG anti-IgE is a potent stimulus for the production of Th2-like cytokines, hinting at a possible role in the upstream control of allergic responses, including IgE synthesis. Further, the agonist effects on prostanoids secretion from skin mast cells, mediators found at substantial levels in AD lesions (105), might have important clinical implications in AD.

In conclusion, our results extend previous findings (36, 44) indicating that only a minority of IgG anti-IgE isolated from patients with AD activates human FcεRI+ cells. Our data show that when functional autoantibodies to IgE are present, these can be more potent than rabbit IgG anti-IgE in inducing the release of histamine, cytokines (IL-4, IL-13) and lipid mediators (PGD2, and LTC4) from human basophils and/or mast cells. Further studies in larger cohorts of patients with different phenotypes of AD are needed to more conclusively assess the prevalence of functional autoantibodies to IgE or FcεRI and their possible contribution to disease pathogenesis and the response to current and prospective therapeutic strategies.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the University of Naples Federico II, School of Medicine (Prot. 198/18), and informed consent was obtained from all participants prior to collection of blood according to recommendations from the Declaration of Helsinki. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

RP, IQ, GM, VC, and GV designed the research. RP, IQ, AP, and VC did the experiment. RP, GM, MT, VC, and GV analyzed the data and wrote the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported in part by grants from the CISI-Lab Project (University of Naples Federico II) and TIMING Project and Campania Bioscience (Regione Campania).



Acknowledgments

The authors would like to thank Dr. Gjada Criscuolo for her excellent managerial assistance in preparing it and the administrative staff (Dr. Roberto Bifulco, Dr. Anna Ferraro and Dr. Maria Cristina Fucci), without whom it would not be possible to work as a team.



References

1. Galli, SJ, Gaudenzio, N, and Tsai, M. Mast Cells in Inflammation and Disease: Recent Progress and Ongoing Concerns. Annu Rev Immunol (2020) 38:49–77. doi: 10.1146/annurev-immunol-071719-094903

2. Hamey, FK, Lau, WWY, Kucinski, I, Wang, X, Diamanti, E, Wilson, NK, et al. Single-Cell Molecular Profiling Provides a High-Resolution Map of Basophil and Mast Cell Development. Allergy (2021) 76:1731–42. doi: 10.1111/all.14633

3. Miyake, K, Shibata, S, Yoshikawa, S, and Karasuyama, H. Basophils and Their Effector Molecules in Allergic Disorders. Allergy (2021) 76:1693–706. doi: 10.1111/all.14662

4. Schroeder, JT. Basophils: Emerging Roles in the Pathogenesis of Allergic Disease. Immunol Rev (2011) 242:144–60. doi: 10.1111/j.1600-065X.2011.01023.x

5. Marone, G, Borriello, F, Varricchi, G, Genovese, A, and Granata, F. Basophils: Historical Reflections and Perspectives. Chem Immunol Allergy (2014) 100:172–92. doi: 10.1159/000358734

6. Siracusa, MC, Saenz, SA, Hill, DA, Kim, BS, Headley, MB, Doering, TA, et al. TSLP Promotes Interleukin-3-Independent Basophil Haematopoiesis and Type 2 Inflammation. Nature (2011) 477:229–33. doi: 10.1038/nature10329

7. Siracusa, MC, Wojno, ED, and Artis, D. Functional Heterogeneity in the Basophil Cell Lineage. Adv Immunol (2012) 115:141–59. doi: 10.1016/B978-0-12-394299-9.00005-9

8. Bradding, P, and Arthur, G. Mast Cells in Asthma–State of the Art. Clin Exp Allergy (2016) 46:194–263. doi: 10.1111/cea.12675

9. Galli, SJ, Kalesnikoff, J, Grimbaldeston, MA, Piliponsky, AM, Williams, CM, and Tsai, M. Mast Cells as "Tunable" Effector and Immunoregulatory Cells: Recent Advances. Annu Rev Immunol (2005) 23:749–86. doi: 10.1146/annurev.immunol.21.120601.141025

10. Rivellese, F, Nerviani, A, Rossi, FW, Marone, G, Matucci-Cerinic, M, de Paulis, A, et al. Mast Cells in Rheumatoid Arthritis: Friends or Foes? Autoimmun Rev (2017) 16:557–63. doi: 10.1016/j.autrev.2017.04.001

11. Maurer, M, Altrichter, S, Schmetzer, O, Scheffel, J, Church, MK, and Metz, M. Immunoglobulin E-Mediated Autoimmunity. Front Immunol (2018) 9:689. doi: 10.3389/fimmu.2018.00689

12. Lamri, Y, Vibhushan, S, Pacreau, E, Boedec, E, Saidoune, F, Mailleux, A, et al. Basophils and IgE Contribute to Mixed Connective Tissue Disease Development. J Allergy Clin Immunol (2021) 147:1478–89.e1411. doi: 10.1016/j.jaci.2020.12.622

13. Eberle, JU, and Voehringer, D. Role of Basophils in Protective Immunity to Parasitic Infections. Semin Immunopathol (2016) 38:605–13. doi: 10.1007/s00281-016-0563-3

14. Yamanishi, Y, Miyake, K, Iki, M, Tsutsui, H, and Karasuyama, H. Recent Advances in Understanding Basophil-Mediated Th2 Immune Responses. Immunol Rev (2017) 278:237–45. doi: 10.1111/imr.12548

15. Shi, GP, Bot, I, and Kovanen, PT. Mast Cells in Human and Experimental Cardiometabolic Diseases. Nat Rev Cardiol (2015) 12:643–58. doi: 10.1038/nrcardio.2015.117

16. Varricchi, G, Marone, G, and Kovanen, PT. Cardiac Mast Cells: Underappreciated Immune Cells in Cardiovascular Homeostasis and Disease. Trends Immunol (2020) 41:734–46. doi: 10.1016/j.it.2020.06.006

17. Sicklinger, F, Meyer, IS, Li, X, Radtke, D, Dicks, S, Kornadt, MP, et al. Basophils Balance Healing After Myocardial Infarction via IL-4/IL-13. J Clin Invest (2021) 131:e136778. doi: 10.1172/JCI136778

18. Marone, G, Varricchi, G, Loffredo, S, Galdiero, MR, Rivellese, F, and de Paulis, A. Are Basophils and Mast Cells Masters in HIV Infection? Int Arch Allergy Immunol (2016) 171:158–65. doi: 10.1159/000452889

19. Varricchi, G, Galdiero, MR, Loffredo, S, Marone, G, Iannone, R, and Granata, F. Are Mast Cells MASTers in Cancer? Front Immunol (2017) 8:424. doi: 10.3389/fimmu.2017.00424

20. Sektioglu, IM, Carretero, R, Bulbuc, N, Bald, T, Tuting, T, Rudensky, AY, et al. Basophils Promote Tumor Rejection via Chemotaxis and Infiltration of CD8+ T Cells. Cancer Res (2017) 77:291–302. doi: 10.1158/0008-5472.CAN-16-0993

21. Hayes, MD, Ward, S, Crawford, G, Seoane, RC, Jackson, WD, Kipling, D, et al. Inflammation-Induced IgE Promotes Epithelial Hyperplasia and Tumour Growth. Elife (2020) 9:e51862. doi: 10.7554/eLife.51862

22. De Monte, L, Wormann, S, Brunetto, E, Heltai, S, Magliacane, G, Reni, M, et al. Basophil Recruitment Into Tumor-Draining Lymph Nodes Correlates With Th2 Inflammation and Reduced Survival in Pancreatic Cancer Patients. Cancer Res (2016) 76:1792–803. doi: 10.1158/0008-5472.CAN-15-1801-T

23. Serhan, N, Basso, L, Sibilano, R, Petitfils, C, Meixiong, J, Bonnart, C, et al. House Dust Mites Activate Nociceptor-Mast Cell Clusters to Drive Type 2 Skin Inflammation. Nat Immunol (2019) 20:1435–43. doi: 10.1038/s41590-019-0493-z

24. Rauber, MM, Pickert, J, Holiangu, L, Mobs, C, and Pfutzner, W. Functional and Phenotypic Analysis of Basophils Allows Determining Distinct Subtypes in Patients With Chronic Urticaria. Allergy (2017) 72:1904–11. doi: 10.1111/all.13215

25. Vasagar, K, Vonakis, BM, Gober, LM, Viksman, A, Gibbons, SP Jr., and Saini, SS. Evidence of In Vivo Basophil Activation in Chronic Idiopathic Urticaria. Clin Exp Allergy (2006) 36:770–6. doi: 10.1111/j.1365-2222.2006.02494.x

26. Varricchi, G, Raap, U, Rivellese, F, Marone, G, and Gibbs, BF. Human Mast Cells and Basophils-How are They Similar How are They Different? Immunol Rev (2018) 282:8–34. doi: 10.1111/imr.12627

27. Galli, SJ, and Tsai, M. IgE and Mast Cells in Allergic Disease. Nat Med (2012) 18:693–704. doi: 10.1038/nm.2755

28. Zhai, GT, Wang, H, Li, JX, Cao, PP, Jiang, WX, Song, J, et al. IgD-Activated Mast Cells Induce IgE Synthesis in B Cells in Nasal Polyps. J Allergy Clin Immunol (2018) 142:1489–1499.e1423. doi: 10.1016/j.jaci.2018.07.025

29. Macchia, D, Melioli, G, Pravettoni, V, Nucera, E, Piantanida, M, Caminati, M, et al. Guidelines for the Use and Interpretation of Diagnostic Methods in Adult Food Allergy. Clin Mol Allergy (2015) 13:27. doi: 10.1186/s12948-015-0033-933

30. Leyva-Castillo, JM, Galand, C, Kam, C, Burton, O, Gurish, M, Musser, MA, et al. Mechanical Skin Injury Promotes Food Anaphylaxis by Driving Intestinal Mast Cell Expansion. Immunity (2019) 50:1262–75.e1264. doi: 10.1016/j.immuni.2019.03.023

31. Choi, HW, Suwanpradid, J, Kim, IH, Staats, HF, Haniffa, M, MacLeod, AS, et al. Perivascular Dendritic Cells Elicit Anaphylaxis by Relaying Allergens to Mast Cells via Microvesicles. Science (2018) 362:eaao0666. doi: 10.1126/science.aao0666

32. Dispenza, MC, Krier-Burris, RA, Chhiba, KD, Undem, BJ, Robida, PA, and Bochner, BS. Bruton's Tyrosine Kinase Inhibition Effectively Protects Against Human IgE-Mediated Anaphylaxis. J Clin Invest (2020) 130:4759–70. doi: 10.1172/JCI138448

33. Blank, U, Huang, H, and Kawakami, T. The High Affinity IgE Receptor: A Signaling Update. Curr Opin Immunol (2021) 72:51–8. doi: 10.1016/j.coi.2021.03.015

34. Garman, SC, Wurzburg, BA, Tarchevskaya, SS, Kinet, JP, and Jardetzky, TS. Structure of the Fc Fragment of Human IgE Bound to its High-Affinity Receptor Fc epsilonRI Alpha. Nature (2000) 406:259–66. doi: 10.1038/35018500

35. Kulczycki, A Jr., and Metzger, H. The Interaction of IgE With Rat Basophilic Leukemia Cells. II. Quantitative Aspects of the Binding Reaction. J Exp Med (1974) 140:1676–95. doi: 10.1084/jem.140.6.1676

36. MacGlashan, D. Autoantibodies to IgE and FcepsilonRI and the Natural Variability of Spleen Tyrosine Kinase Expression in Basophils. J Allergy Clin Immunol (2019) 143:1100–1107.e1111. doi: 10.1016/j.jaci.2018.05.019

37. Ishizaka, T, Ishizaka, K, Johansson, SG, and Bennich, H. Histamine Release From Human Leukocytes by Anti-Gamma E Antibodies. J Immunol (1969) 102:884–92.

38. Genovese, A, Borgia, G, Bjorck, L, Petraroli, A, de Paulis, A, Piazza, M, et al. Immunoglobulin Superantigen Protein L Induces IL-4 and IL-13 Secretion From Human Fc Epsilon RI+ Cells Through Interaction With the Kappa Light Chains of IgE. J Immunol (2003) 170:1854–61. doi: 10.4049/jimmunol.170.4.1854

39. Patella, V, Florio, G, Petraroli, A, and Marone, G. HIV-1 Gp120 Induces IL-4 and IL-13 Release From Human Fc Epsilon RI+ Cells Through Interaction With the VH3 Region of IgE. J Immunol (2000) 164:589–95. doi: 10.4049/jimmunol.164.2.589

40. Cristinziano, L, Poto, R, Criscuolo, G, Ferrara, AL, Galdiero, MR, Modestino, L, et al. IL-33 and Superantigenic Activation of Human Lung Mast Cells Induce the Release of Angiogenic and Lymphangiogenic Factors. Cells (2021) 10:145. doi: 10.3390/cells10010145

41. Marone, G, Rossi, FW, Pecoraro, A, Pucino, V, Criscuolo, G, Paulis, A, et al. HIV Gp120 Induces the Release of Proinflammatory, Angiogenic, and Lymphangiogenic Factors From Human Lung Mast Cells. Vaccines (Basel) (2020) 8:208. doi: 10.3390/vaccines8020208

42. Gruber, BL, Baeza, ML, Marchese, MJ, Agnello, V, and Kaplan, AP. Prevalence and Functional Role of Anti-IgE Autoantibodies in Urticarial Syndromes. J Invest Dermatol (1988) 90:213–7. doi: 10.1111/1523-1747.ep12462239

43. Nawata, Y, Koike, T, Hosokawa, H, Tomioka, H, and Yoshida, S. Anti-IgE Autoantibody in Patients With Atopic Dermatitis. J Immunol (1985) 135:478–82.

44. Marone, G, Casolaro, V, Paganelli, R, and Quinti, I. IgG Anti-IgE From Atopic Dermatitis Induces Mediator Release From Basophils and Mast Cells. J Invest Dermatol (1989) 93:246–52. doi: 10.1111/1523-1747.ep12277582

45. Quinti, I, Brozek, C, Wood, N, Geha, RS, and Leung, DY. Circulating IgG Autoantibodies to IgE in Atopic Syndromes. J Allergy Clin Immunol (1986) 77:586–94. doi: 10.1016/0091-6749(86)90350-7

46. Niimi, N, Francis, DM, Kermani, F, O'Donnell, BF, Hide, M, Kobza-Black, A, et al. Dermal Mast Cell Activation by Autoantibodies Against the High Affinity IgE Receptor in Chronic Urticaria. J Invest Dermatol (1996) 106:1001–6. doi: 10.1111/1523-1747.ep12338544

47. Fiebiger, E, Hammerschmid, F, Stingl, G, and Maurer, D. Anti-FcepsilonRIalpha Autoantibodies in Autoimmune-Mediated Disorders. Identification of a Structure-Function Relationship. J Clin Invest (1998) 101:243–51. doi: 10.1172/JCI511

48. Hide, M, Francis, DM, Grattan, CE, Hakimi, J, Kochan, JP, and Greaves, MW. Autoantibodies Against the High-Affinity IgE Receptor as a Cause of Histamine Release in Chronic Urticaria. N Engl J Med (1993) 328:1599–604. doi: 10.1056/NEJM199306033282204

49. Altrichter, S, Zampeli, V, Ellrich, A, Zhang, K, Church, MK, and Maurer, M. IgM and IgA in Addition to IgG Autoantibodies Against FcvarepsilonRIalpha are Frequent and Associated With Disease Markers of Chronic Spontaneous Urticaria. Allergy (2020) 75:3208–15. doi: 10.1111/all.14412

50. Chan, YC, Ramadani, F, Santos, AF, Pillai, P, Ohm-Laursen, L, Harper, CE, et al. "Auto-Anti-IgE": Naturally Occurring IgG Anti-IgE Antibodies may Inhibit Allergen-Induced Basophil Activation. J Allergy Clin Immunol (2014) 134:1394–1401 e1394. doi: 10.1016/j.jaci.2014.06.029

51. Nawata, Y, Koike, T, Yanagisawa, T, Iwamoto, I, Itaya, T, Yoshida, S, et al. Anti-IgE Autoantibody in Patients With Bronchial Asthma. Clin Exp Immunol (1984) 58:348–56.

52. Czech, W, Stadler, BM, Schopf, E, and Kapp, A. IgE Autoantibodies in Atopic Dermatitis–Occurrence of Different Antibodies Against the CH3 and the CH4 Epitopes of IgE. Allergy (1995) 50:243–8. doi: 10.1111/j.1398-9995.1995.tb01141.x

53. Gruber, BL, Kaufman, LD, Marchese, MJ, Roth, W, and Kaplan, AP. Anti-IgE Autoantibodies in Systemic Lupus Erythematosus. Prevalence and Biologic Activity. Arthritis Rheum (1988) 31:1000–6. doi: 10.1002/art.1780310810

54. Galli, SJ. Complexities in Analyzing Human Basophil Responses to Autoantibodies to IgE or FcepsilonRI. J Allergy Clin Immunol (2019) 143:932–4. doi: 10.1016/j.jaci.2018.12.998

55. Sanchez, J, Sanchez, A, Munera, M, Garcia, E, Lopez, JF, Velasquez-Lopera, M, et al. Presence of IgE Autoantibodies Against Eosinophil Peroxidase and Eosinophil Cationic Protein in Severe Chronic Spontaneous Urticaria and Atopic Dermatitis. Allergy Asthma Immunol Res (2021) 13:746–61. doi: 10.4168/aair.2021.13.5.746

56. Galeotti, C, Stephen-Victor, E, Karnam, A, Das, M, Gilardin, L, Maddur, MS, et al. Intravenous Immunoglobulin Induces IL-4 in Human Basophils by Signaling Through Surface-Bound IgE. J Allergy Clin Immunol (2019) 144:524–535.e528. doi: 10.1016/j.jaci.2018.10.064

57. Rivellese, F, Suurmond, J, de Paulis, A, Marone, G, Huizinga, TW, and Toes, RE. IgE and IL-33-Mediated Triggering of Human Basophils Inhibits TLR4-Induced Monocyte Activation. Eur J Immunol (2014) 44:3045–55. doi: 10.1002/eji.201444731

58. Silver, MR, Margulis, A, Wood, N, Goldman, SJ, Kasaian, M, and Chaudhary, D. IL-33 Synergizes With IgE-Dependent and IgE-Independent Agents to Promote Mast Cell and Basophil Activation. Inflammation Res (2010) 59:207–18. doi: 10.1007/s00011-009-0088-5

59. Patella, V, Giuliano, A, Bouvet, JP, and Marone, G. Endogenous Superallergen Protein Fv Induces IL-4 Secretion From Human Fc Epsilon RI+ Cells Through Interaction With the VH3 Region of IgE. J Immunol (1998) 161:5647–55.

60. Redrup, AC, Howard, BP, MacGlashan, DW Jr., Kagey-Sobotka, A, Lichtenstein, LM, and Schroeder, JT. Differential Regulation of IL-4 and IL-13 Secretion by Human Basophils: Their Relationship to Histamine Release in Mixed Leukocyte Cultures. J Immunol (1998) 160:1957–64.

61. Ochensberger, B, Daepp, GC, Rihs, S, and Dahinden, CA. Human Blood Basophils Produce Interleukin-13 in Response to IgE-Receptor-Dependent and -Independent Activation. Blood (1996) 88:3028–37.

62. MacGlashan, D Jr., White, JM, Huang, SK, Ono, SJ, Schroeder, JT, and Lichtenstein, LM. Secretion of IL-4 From Human Basophils. The Relationship Between IL-4 mRNA and Protein in Resting and Stimulated Basophils. J Immunol (1994) 152:3006–16.

63. Ito, Y, Satoh, T, Takayama, K, Miyagishi, C, Walls, AF, and Yokozeki, H. Basophil Recruitment and Activation in Inflammatory Skin Diseases. Allergy (2011) 66:1107–13. doi: 10.1111/j.1398-9995.2011.02570.x

64. Guo, CB, Liu, MC, Galli, SJ, Bochner, BS, Kagey-Sobotka, A, and Lichtenstein, LM. Identification of IgE-Bearing Cells in the Late-Phase Response to Antigen in the Lung as Basophils. Am J Respir Cell Mol Biol (1994) 10:384–90. doi: 10.1165/ajrcmb.10.4.7510984

65. Irani, AM, Huang, C, Xia, HZ, Kepley, C, Nafie, A, Fouda, ED, et al. Immunohistochemical Detection of Human Basophils in Late-Phase Skin Reactions. J Allergy Clin Immunol (1998) 101:354–62. doi: 10.1016/S0091-6749(98)70248-9

66. Patella, V, de Crescenzo, G, Marino, I, Genovese, A, Adt, M, Gleich, GJ, et al. Eosinophil Granule Proteins Activate Human Heart Mast Cells. J Immunol (1996) 157:1219–25.

67. Nomura, T, and Kabashima, K. Advances in Atopic Dermatitis in 2019-2020: Endotypes From Skin Barrier, Ethnicity, Properties of Antigen, Cytokine Profiles, Microbiome, and Engagement of Immune Cells. J Allergy Clin Immunol (2021) 148:1451–62. doi: 10.1016/j.jaci.2021.10.022

68. Maisonpierre, PC, Suri, C, Jones, PF, Bartunkova, S, Wiegand, SJ, Radziejewski, C, et al. Angiopoietin-2, a Natural Antagonist for Tie2 That Disrupts In Vivo Angiogenesis. Science (1997) 277:55–60. doi: 10.1126/science.277.5322.55

69. Romagnani, S, Damiani, G, Giudizi, MG, Biagiotti, R, Almerigogna, F, Delprete, GF, et al. In Vitro Production of IgE by Human Peripheral Blood Mononuclear Cells. III. Demonstration of a Circulating IgE-Bearing Cell Involved in the Spontaneous IgE Biosynthesis. Clin Exp Immunol (1982) 49:176–84.

70. Marone, G, Tamburini, M, Giudizi, MG, Biagiotti, R, Almerigogna, F, and Romagnani, S. Mechanism of Activation of Human Basophils by Staphylococcus Aureus Cowan 1. . Infect Immun (1987) 55:803–9. doi: 10.1128/iai.55.3.803-809.1987

71. Romagnani, S, Giudizi, MG, del Prete, G, Maggi, E, Biagiotti, R, Almerigogna, F, et al. Demonstration on Protein A of Two Distinct Immunoglobulin-Binding Sites and Their Role in the Mitogenic Activity of Staphylococcus Aureus Cowan I on Human B Cells. J Immunol (1982) 129:596–602.

72. Schroeder, JT, and Bieneman, AP. Activation of Human Basophils by A549 Lung Epithelial Cells Reveals a Novel IgE-Dependent Response Independent of Allergen. J Immunol (2017) 199:855–65. doi: 10.4049/jimmunol.1700055

73. de Paulis, A, Stellato, C, Cirillo, R, Ciccarelli, A, Oriente, A, and Marone, G. Anti-Inflammatory Effect of FK-506 on Human Skin Mast Cells. J Invest Dermatol (1992) 99:723–8. doi: 10.1111/1523-1747.ep12614216

74. Staiano, RI, Loffredo, S, Borriello, F, Iannotti, FA, Piscitelli, F, Orlando, P, et al. Human Lung-Resident Macrophages Express CB1 and CB2 Receptors Whose Activation Inhibits the Release of Angiogenic and Lymphangiogenic Factors. J Leukoc Biol (2016) 99:531–40. doi: 10.1189/jlb.3HI1214-584R

75. Ferrara, AL, Galdiero, MR, Fiorelli, A, Cristinziano, L, Granata, F, Marone, G, et al. Macrophage-Polarizing Stimuli Differentially Modulate the Inflammatory Profile Induced by the Secreted Phospholipase A2 Group IA in Human Lung Macrophages. Cytokine (2021) 138:155378. doi: 10.1016/j.cyto.2020.155378

76. Casolaro, V, Spadaro, G, and Marone, G. Human Basophil Releasability. VI. Changes in Basophil Releasability in Patients With Allergic Rhinitis or Bronchial Asthma. Am Rev Respir Dis (1990) 142:1108–11. doi: 10.1164/ajrccm/142.5.1108

77. Spadaro, G, Giurato, G, Stellato, C, Marone, G, and Casolaro, V. Basophil Degranulation in Response to IgE Ligation is Controlled by a Distinctive Circadian Clock in Asthma. Allergy (2020) 75:158–68. doi: 10.1111/all.14002

78. Siraganian, RP. An Automated Continuous-Flow System for the Extraction and Fluorometric Analysis of Histamine. Anal Biochem (1974) 57:383–94. doi: 10.1016/0003-2697(74)90093-1

79. MacGlashan, DW Jr. Basophil Activation Testing. J Allergy Clin Immunol (2013) 132:777–87. doi: 10.1016/j.jaci.2013.06.038

80. Dahlen, B, Nopp, A, Johansson, SG, Eduards, M, Skedinger, M, and Adedoyin, J. Basophil Allergen Threshold Sensitivity, CD-Sens, is a Measure of Allergen Sensitivity in Asthma. Clin Exp Allergy (2011) 41:1091–7. doi: 10.1111/j.1365-2222.2011.03763.x

81. Glaumann, S, Nopp, A, Johansson, SG, Rudengren, M, Borres, MP, and Nilsson, C. Basophil Allergen Threshold Sensitivity, CD-Sens, IgE-Sensitization and DBPCFC in Peanut-Sensitized Children. Allergy (2012) 67:242–7. doi: 10.1111/j.1398-9995.2011.02754.x

82. de Paulis, A, Cirillo, R, Ciccarelli, A, de Crescenzo, G, Oriente, A, and Marone, G. Characterization of the Anti-Inflammatory Effect of FK-506 on Human Mast Cells. J Immunol (1991) 147:4278–85.

83. Patella, V, Casolaro, V, Bjorck, L, and Marone, G. Protein L. A Bacterial Ig-Binding Protein That Activates Human Basophils and Mast Cells. J Immunol (1990) 145:3054–61.

84. Gibbs, BF, Haas, H, Falcone, FH, Albrecht, C, Vollrath, IB, Noll, T, et al. Purified Human Peripheral Blood Basophils Release Interleukin-13 and Preformed Interleukin-4 Following Immunological Activation. Eur J Immunol (1996) 26:2493–8. doi: 10.1002/eji.1830261033

85. Smithgall, MD, Comeau, MR, Yoon, BR, Kaufman, D, Armitage, R, and Smith, DE. IL-33 Amplifies Both Th1- and Th2-Type Responses Through its Activity on Human Basophils, Allergen-Reactive Th2 Cells, iNKT and NK Cells. Int Immunol (2008) 20:1019–30. doi: 10.1093/intimm/dxn060

86. Chen, K, Xu, W, Wilson, M, He, B, Miller, NW, Bengten, E, et al. Immunoglobulin D Enhances Immune Surveillance by Activating Antimicrobial, Proinflammatory and B Cell-Stimulating Programs in Basophils. Nat Immunol (2009) 10:889–98. doi: 10.1038/ni.1748

87. Sharma, M, Das, M, Stephen-Victor, E, Galeotti, C, Karnam, A, Maddur, MS, et al. Regulatory T Cells Induce Activation Rather Than Suppression of Human Basophils. Sci Immunol (2018) 3:eaan0829. doi: 10.1126/sciimmunol.aan0829

88. Eckman, JA, Hamilton, RG, Gober, LM, Sterba, PM, and Saini, SS. Basophil Phenotypes in Chronic Idiopathic Urticaria in Relation to Disease Activity and Autoantibodies. J Invest Dermatol (2008) 128:1956–63. doi: 10.1038/jid.2008.55

89. Sabroe, RA, Francis, DM, Barr, RM, Black, AK, and Greaves, MW. Anti-Fc(episilon)RI Auto Antibodies and Basophil Histamine Releasability in Chronic Idiopathic Urticaria. J Allergy Clin Immunol (1998) 102:651–8. doi: 10.1016/s0091-6749(98)70283-0

90. Grattan, CE, Francis, DM, Hide, M, and Greaves, MW. Detection of Circulating Histamine Releasing Autoantibodies With Functional Properties of Anti-IgE in Chronic Urticaria. Clin Exp Allergy (1991) 21:695–704. doi: 10.1111/j.1365-2222.1991.tb03198.x

91. Soundararajan, S, Kikuchi, Y, Joseph, K, and Kaplan, AP. Functional Assessment of Pathogenic IgG Subclasses in Chronic Autoimmune Urticaria. J Allergy Clin Immunol (2005) 115:815–21. doi: 10.1016/j.jaci.2004.12.1120

92. Ritter, C, Battig, M, Kraemer, R, and Stadler, BM. IgE Hidden in Immune Complexes With Anti-IgE Autoantibodies in Children With Asthma. J Allergy Clin Immunol (1991) 88:793–801. doi: 10.1016/0091-6749(91)90187-s

93. Marone, G, Spadaro, G, Palumbo, C, and Condorelli, G. The Anti-IgE/anti-FcepsilonRIalpha Autoantibody Network in Allergic and Autoimmune Diseases. Clin Exp Allergy (1999) 29:17–27. doi: 10.1046/j.1365-2222.1999.00441.x

94. Paganelli, R, Quinti, I, D'Offizi, GP, Papetti, C, Nisini, R, and Aiuti, F. Studies on the In Vitro Effects of Auto-Anti-IgE. Inhibition of Total and Specific Serum IgE Detection by a Human IgG Autoantibody to IgE. J Clin Lab Immunol (1988) 26:153–7.

95. Gittler, JK, Shemer, A, Suarez-Farinas, M, Fuentes-Duculan, J, Gulewicz, KJ, Wang, CQ, et al. Progressive Activation of T(H)2/T(H)22 Cytokines and Selective Epidermal Proteins Characterizes Acute and Chronic Atopic Dermatitis. J Allergy Clin Immunol (2012) 130:1344–54. doi: 10.1016/j.jaci.2012.07.012

96. Eichenfield, LF, Tom, WL, Chamlin, SL, Feldman, SR, Hanifin, JM, Simpson, EL, et al. Guidelines of Care for the Management of Atopic Dermatitis: Section 1. Diagnosis and Assessment of Atopic Dermatitis. J Am Acad Dermatol (2014) 70:338–51. doi: 10.1016/j.jaad.2013.10.010

97. Oetjen, LK, Mack, MR, Feng, J, Whelan, TM, Niu, H, Guo, CJ, et al. Sensory Neurons Co-Opt Classical Immune Signaling Pathways to Mediate Chronic Itch. Cell (2017) 171:217–228.e213. doi: 10.1016/j.cell.2017.08.006

98. Beck, LA, Thaci, D, Hamilton, JD, Graham, NM, Bieber, T, Rocklin, R, et al. Dupilumab Treatment in Adults With Moderate-to-Severe Atopic Dermatitis. N Engl J Med (2014) 371:130–9. doi: 10.1056/NEJMoa1314768

99. Thaci, D, Simpson, EL, Beck, LA, Bieber, T, Blauvelt, A, Papp, K, et al. Efficacy and Safety of Dupilumab in Adults With Moderate-to-Severe Atopic Dermatitis Inadequately Controlled by Topical Treatments: A Randomised, Placebo-Controlled, Dose-Ranging Phase 2b Trial. Lancet (2016) 387:40–52. doi: 10.1016/S0140-6736(15)00388-8

100. Voisin, T, Perner, C, Messou, MA, Shiers, S, Ualiyeva, S, Kanaoka, Y, et al. The CysLT2R Receptor Mediates Leukotriene C4-Driven Acute and Chronic Itch. Proc Natl Acad Sci USA (2021) 118:1031-44.e18. doi: 10.1073/pnas.20220871182022087118

101. Cohen, M, Giladi, A, Gorki, AD, Solodkin, DG, Zada, M, Hladik, A, et al. Lung Single-Cell Signaling Interaction Map Reveals Basophil Role in Macrophage Imprinting. Cell (2018) 175:1031–1044 e1018. doi: 10.1016/j.cell.2018.09.009

102. Pellefigues, C, Mehta, P, Chappell, S, Yumnam, B, Old, S, Camberis, M, et al. Diverse Innate Stimuli Activate Basophils Through Pathways Involving Syk and IkappaB Kinases. Proc Natl Acad Sci USA (2021) 118:e2019524118. doi: 10.1073/pnas.2019524118

103. Varricchi, G, Loffredo, S, Borriello, F, Pecoraro, A, Rivellese, F, Genovese, A, et al. Superantigenic Activation of Human Cardiac Mast Cells. Int J Mol Sci (2019) 20:1828. doi: 10.3390/ijms20081828

104. Vivanco Gonzalez, N, Oliveria, JP, Tebaykin, D, Ivison, GT, Mukai, K, Tsai, MM, et al. Mass Cytometry Phenotyping of Human Granulocytes Reveals Novel Basophil Functional Heterogeneity. iScience (2020) 23:101724. doi: 10.1016/j.isci.2020.101724

105. Sawada, Y, Honda, T, Nakamizo, S, Nakajima, S, Nonomura, Y, Otsuka, A, et al. Prostaglandin E2 (PGE2)-EP2 Signaling Negatively Regulates Murine Atopic Dermatitis-Like Skin Inflammation by Suppressing Thymic Stromal Lymphopoietin Expression. J Allergy Clin Immunol (2019) 144:1265–1273 e1269. doi: 10.1016/j.jaci.2019.06.036




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Poto, Quinti, Marone, Taglialatela, de Paulis, Casolaro and Varricchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 02 June 2022

doi: 10.3389/fimmu.2022.886044

[image: image2]


Uncovering the Mast Cell Response to Mycobacterium tuberculosis


Ivonne Torres-Atencio 1,2, Ariadne Campble 2, Amador Goodridge 2* and Margarita Martin 3,4


1 Departamento de Farmacología, Facultad de Medicina, Universidad de Panamá, Panama, Panama, 2 Tuberculosis Biomarker Research Unit, Centro de Biología Molecular y Celular de Enfermedades (CBCME) – Instituto de Investigaciones Científicas y Servicios de Alta Tecnología (INDICASAT-AIP), Ciudad Del Saber, Panama, 3 Biochemistry Unit, Biomedicine Department, Faculty of Medicine, University of Barcelona, Barcelona, Spain, 4 Laboratory of Clinical and Experimental Respiratory Immunoallergy, August Pi i Sunyer Biomedical Research Institute (IDIBAPS), Barcelona, Spain




Edited by: 

Satoshi Tanaka, Kyoto Pharmaceutical University, Japan

Reviewed by: 

Rosa Muñoz Cano, Hospital Clínic de Barcelona, Spain

Rommel Chacon-Salinas, Instituto Politécnico Nacional, Mexico

*Correspondence: 

Amador Goodridge
 agoodridge@indicasat.org.pa

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 28 February 2022

Accepted: 02 May 2022

Published: 02 June 2022

Citation:
Torres-Atencio I, Campble A, Goodridge A and Martin M (2022) Uncovering the Mast Cell Response to Mycobacterium tuberculosis. Front. Immunol. 13:886044. doi: 10.3389/fimmu.2022.886044



The immunologic mechanisms that contribute to the response to Mycobacterium tuberculosis infection still represent a challenge in the clinical management and scientific understanding of tuberculosis disease. In this scenario, the role of the different cells involved in the host response, either in terms of innate or adaptive immunity, remains key for defeating this disease. Among this coordinated cell response, mast cells remain key for defeating tuberculosis infection and disease. Together with its effector’s molecules, membrane receptors as well as its anatomical locations, mast cells play a crucial role in the establishment and perpetuation of the inflammatory response that leads to the generation of the granuloma during tuberculosis. This review highlights the current evidences that support the notion of mast cells as key link to reinforce the advancements in tuberculosis diagnosis, disease progression, and novel therapeutic strategies. Special focus on mast cells capacity for the modulation of the inflammatory response among patients suffering multidrug resistant tuberculosis or in co-infections such as current COVID-19 pandemic.
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Mini Review

Mycobacterium tuberculosis (MTB) is the bacterium that causes tuberculosis (TB), which surpasses Human Immunodeficiency Virus (HIV) as the leading cause of death by an infectious agent. According to the World Health Organization (WHO), in 2019, approximately 10 million people became ill with active tuberculosis, and 1.2 million died from this disease (1). It is estimated that one third of the world population is infected with this bacterium but remains asymptomatic. Before the coronavirus (COVID-19) pandemic, TB was the leading cause of death from a single infectious agent (1).

Despite advances made over the past 20 years in understanding the mechanisms that contribute to protective immunity against MTB, there are still major gaps in scientific and clinical knowledge regarding TB. One of these gaps is TB latency, specifically the mechanisms that allow MTB to remain clinically latent and how the infection is reactivated, and disease development occurs. Another crucial point that remains unclear is the individual roles of the different immune cells participating in the host response to the bacilli. The existence of multi-drug resistant strains adds yet another layer of complexity to understanding interactions between the bacilli and genetically distinct hosts. These represent the main obstacles to developing treatments directed at latent infections as a means to prevent disease (2).

Under the current COVID-19 pandemic conditions, another cause for concern is possible co-infection with MTB and SARS-CoV-2 virus. In addition to co-infected patients presenting more severe respiratory symptoms, the cellular mediators released during acute COVID-19 infection increase the risk of latent tuberculosis reactivation (3). Mast cells are among these cellular mediators and play a role in mast cell activation syndrome (MCAS) (4). While MCAS could be exacerbated with multiple pathogen infections, no major MCAS among patients with triple infections of TB, HIV, and SARS-CoV-2 has been noticed (5, 6). Rivas et al. reported two unusual cases of patients with triple infections of SARS-CoV-2, MTB, and HIV. Following treatment with supplemental oxygen and initiation of antituberculosis and antiretroviral therapies, both patients demonstrated clinical improvement and recovery from COVID-19. Thus, the effect of multiple infection on mast cell response requires a deeper revision to denote differences between clinical observations and the cellular and molecular level of MCAS.

Host resistance to MTB infection requires a coordinated effort between cells of the innate and adaptive immune systems (7). Various lung immune cell populations respond to MTB, and while their functions offer host protection, they can also result in potentially damaging inflammation. For example, although CD4+ T cells are mainly responsible for containing the infection through specific antigen recognition, these T cells are also major contributors to disease at different stages of infection (8). Macrophages, neutrophils, dendritic cells, NK, and B lymphocytes have also been shown to play an important role in the MTB infection response (9). Thus, the participation of both adaptative and innate immune branches remains key for defense against tuberculosis.

While the roles of these immune cells have been determined, the role of mast cells (MC) remains unclear. This minireview aims to consolidate the knowledge available on the host’s MC response to MTB. Special focus will be directed to the cellular and clinical aspects related to this interaction.



MCs Function

MCs’ versatility results from several elements that characterize their immune protection skills. First, MCs store a variety of mediators in their granules and express a diverse population of receptors on the cell membrane. Second, MCs are strategically distributed throughout the body in sites whose function complements the immune system. Specifically, MCs are found in skin and gastrointestinal and respiratory tissues and mucous membranes (10). The diversity of MC receptors, their signaling pathways and products make MCs central effector cells in the pathogenesis of many respiratory diseases, particularly diseases with underlying inflammatory and allergic pathologies (11).

In addition to the role mast cells play in allergenic processes, increasing evidence points to the participation of these cells in other pathologies ranging from autoimmune disorders, infectious diseases to cancer. In these processes, MCs have deleterious effects. Understanding how MCs cause damage as well as finding strategies to limit these effects is an important area of research (10).

MCs are further classified into two subtypes according to their protease content. Those found in skin are mostly chymase-tryptase positive (MCTC), while those located in mucosa, such as bronchial epithelium, are tryptase positive (MCT). In addition to the MC subtype, the increase in the number of MCs is also important in inflammatory processes (12). The major activation pathway is through the FcϵRI and its interaction with IgE. Other MC receptors have a sentinel response to lipopolysaccharides or peptidoglycans generated by bacteria. For example, upon activation, Toll-Like Receptors (TLRs) induce the synthesis and up-regulation of cytokines including GM-CSF, IL-6, IL-8, and IL-10 (13). The precise cytokine profile depends on the activation route within the mast cell. To facilitate this interaction, MCs are located at the host-environment interface, proximal to both blood and lymphatic vessels. In addition, MCs are present along nerve fibers and close to tissue-resident immune cells (i.e. dendritic cells) (14).

Advancements in our understanding of MC biology have identified an abundance of checkpoints for potential therapeutic intervention. For example, the introduction of antihistamines more than 80 years ago led to the discovery of the different histamine receptors, one of the major inflammatory mediators stored in MCs (15). H1-antihistamines represent the cornerstone of treatment in patients with pruritus, allergic rhinitis, or allergic conjunctivitis, and this receptor is abundantly expressed on MCs (15).



MC Antimicrobial Activity

MCs demonstrate antimicrobial activity against bacteria, fungi, and viruses (14). These functions are executed following pathogen recognition via pattern recognition receptors (PRRs), and Fc receptors. At the beginning of an infection, MCs signal the pathogen’s presence to innate and adaptive immune cells present near the infection site or distally in the draining lymph nodes (14). Mouse models of infectious pathogens have demonstrated increased pathogen clearance in animals with sufficient MCs compared to MC-deficient mice (16).

MCs have unique features that make their functions crucial for host defense. First, they are preponderant in the skin and mucosal sites, which is where most pathogens initiate infection, and they are among the first cells to encounter pathogens along with other innate immune cells, such as dendritic cells and macrophages. Second, MCs can recognize three targets: the pathogens directly, host molecules that opsonize pathogens, and/or signals released by infected cells in the vicinity. Third, after activation, MCs release inflammatory mediators and antimicrobial peptides that contribute to immune cell recruitment and the clearance of the invading pathogen (14).

Moreover, MCs can both initiate and sustain the inflammatory response due to de novo synthesis of mediators and their ability to undergo multiple regranulation-degranulation cycles. One remarkable feature that distinguishes MCs from all other granulated cell types (e.g. neutrophils) is that cellular degranulation is not automatically associated with cell death. Instead, early studies suggest that MCs not only survive this process but possess the ability to recover, replenish their granules and participate in another round of degranulation (17). This special ability of regranulation makes sense considering the longevity and high time and energy investment in terms of weeklong development and maturation of MCs (18). On the other hand the ability of MCs to independently phagocytize and kill bacteria has also been discussed and remains controversial (19). In recent years, an additional antimicrobial mechanism, known as mast extracellular traps (MECT), has been proposed (20).



Microbial Signals That Activate MCs: PAMPS and DAMPS

MCs activation mechanisms differ according to the pathogen. Depending on the stimuli perceived by MCs, they release a panel of inflammatory mediators for the type of pathogen detected (21). For example, in one study, MCs secreted proinflammatory cytokines when challenged by respiratory syncytial virus, they secreted anti-viral type 1 IFN (22). This differential response results from the characteristics of the MC surface receptors that are engaged and the signals released by those receptors.

MCs express a wide array of pattern recognition receptors (PRRs). The PRRs are a class of germ line-encoded receptors that recognize both extra- and intracellular pathogens as well as pathogen-derived products and pathogen-associated molecular patterns (PAMPS) (23). Among these PRRs, TLR expression in MCs from various origins has been well documented. Human MCs have been shown to express TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, and TLR9 at different levels depending on the literature consulted (24–26).

The best-characterized receptors are TLR2, TLR4, and TLR5, which recognize the following bacterial products: peptidoglycan, lipopolysaccharide (LPS), and Flagelin, respectively (14). Cytokine and chemokine production and secretion are the common functional outcomes of TLR signaling in MCs, but this signaling can also induce calcium influx and degranulation (e.g. peptidoglycan stimulation through TLR2) (27).

MTB can be recognized by MC PRRs, as is the case with TLR2 (28). In addition, MCs can respond to danger signals (DAMPS), such as IL-33, released by neighboring infected host cells, which activates proinflammatory cytokine secretion by MCs to resolve infection (29). Previous exposure to pathogens/TLR-ligands enhances IgE-dependent release of several inflammatory mediators in MCs, which suggests that infections might magnify the severity of allergic reactions (30). In addition to the PPRs, other molecules, such as the glycosylphosphatidylinositol-anchored proteins (GPI) receptor CD48, can bind pathogens and trigger MC degranulation and microbe uptake (31). Complement receptors (CR3, CR4, C3aR, and C5aR) and immunoglobulin receptors (FcϵRI, FcγRI, FcγRII, and Fcγ RIII) have also been reported to mediate the MC response to other pathogens, including bacteria and parasites (32).



MCs Innate Response to Pathogens: Release of Preformed and De Novo Mediators

The MC response to invading pathogens includes the release of mediators that regulate vascular flow, permeability, and cell chemotaxis. MCs can upregulate adhesion molecules on vascular endothelium, facilitating cellular recruitment from circulation into infection sites. MC-derived TNF recruits neutrophils to sites of bacterial infection (33). MC-derived eotaxin (CCL11) or IL-8 recruits eosinophils or cytotoxic cells after parasitic or viral infection, respectively (34). Eicosanoid pathways are also activated by pathogens. Leukotrienes and prostaglandins contribute to permeability, neutrophil chemotaxis and mucus production (14).

In addition, MCs can clear pathogens by releasing compounds with bactericidal activity, such as cathelicidins or β-defensins (35). Cathelicidins are host antimicrobial peptides that can be constitutively produced or induced by TLR2 signals in MCs; these peptides act in two ways: by killing pathogens and inducing MCs to migrate to the infection site (36).



Microbe Uptake and Intracellular and Extracellular Killing

The precise role of the phagocytic capability of MCs in the host defense against bacteria remains under debate. Available evidence suggest that this role probably has a minor impact compared with the bacterial killing mediated by professional phagocytes. Recently, a review updated the knowledge about MCs phagocytic capabilities of (37). These authors compiled evidences to support the notion that several MCs membrane receptors bind free and/or opsonized pathogens. We believe that such capabilities highlight the enormous MCs versatility in controlling infectious disease during the early innate immune responses.

MCs have several mechanisms available to kill microbes they come in contact with. One of these mechanisms results from the recognition of opsonized microbes by the complement or IgG receptors. Following their binding, pathogens are internalized via a route involving the endosome-lysosome pathway, similar to that of phagocytes (19). However, microbe uptake can proceed without cytosolic degradation, leading to the formation of pathogen reservoirs. For most pathogens, these reservoirs have adverse effects on the host (19, 31), but other pathogens undergo intracellular degradation within MCs.

The other mechanism MCs use to kill microbes is Mast Extracellular Traps (MECT). These are antimicrobial structures that support extracellular killing of bacteria that have not been efficiently phagocytized. MECTs act through a combination of direct killing of entrapped pathogens and/or physical retention so that phagocytic cells recruited to the infection site can then eliminate the pathogen (38). These structures were first described in other cell types, including neutrophils (39).

This antimicrobial strategy implies a disruption of the nuclear membrane and a release of nuclear and granular components, which cause cell death. Some studies suggest that this process is an active and regulated event where the presence of microbes induces MECT, and the production of reactive oxygen species (ROS) leads to cell death (40).

The major components of MECTs are DNA, histones, granule proteins, such as tryptase, and antimicrobial peptides. The role of MECTs still requires further investigation; however, a possible explanation of its physiological relevance in MCs can be derived from the fact that this action is restricted to the same physical space that demonstrates MC activity. The antimicrobial action is observed locally, avoiding uncontrolled MC activation and the undesirable spread of proinflammatory mediators after an overwhelming infection to the tissue, which could lead to vascular leakage and further enhance inflammation and tissue damage (20).



MCs in Lung Diseases

MC activity is involved in the maintenance of healthy lungs, contributing to defense against several respiratory pathogens, including Mycobacterium tuberculosis, Staphylococcus aureus, Francisella tularensis, Streptococcus pyogenes, Klebsiella pneumoniae, Listeria monocytogenes, Pseudomona aeruginosa, and Streptococcus pneumoniae (41). However, inappropriate or chronic activation of MCs by IL-9 may lead to pathologic inflammation and remodeling of tissue structures, including fibrosis during uncontrolled infections (42). There is strong evidence of MC number increase and activation in lung diseases, such as atopic and nonatopic asthma (43), while changes in the phenotypes of the MCs present in the airway (44) have been observed for pulmonary fibrosis (45) and pulmonary hypertension, which is characterized by increased pulmonary vascular resistance and remodeling (46). Mast cell activation may also play a role in acute respiratory distress syndrome (ARDS) (47) and chronic obstructive pulmonary disease (COPD) (48). Associations between MC infiltration and lung cancer prognosis give contradictory results; the differential contributions of MCs to tumor angiogenesis and tumor cytotoxicity according to the microenvironment may explain the lack of consistent conclusions (49).

SARS-CoV-2 infection in mice model have revealed the effects MCs humoral mediators. The histamine from MCs granules increases the expression of cytokines, such as IL-6, and chemokines, such as IL-8; which favor the hyperinflammatory state observed at severe stages of viral infection. The cytokines and chemokines also degrade the extracellular matrix and the hyaline membrane of the intra-alveolar space, which can lead to thrombosis (50). On the other hand, the lungs of COVID-19 patients show a diffuse alveolar damage (DAD) with suppression of MCs proliferation (51). A plausible explanation is that the high interferon levels in the early phase of COVID-19 might cause this suppression observed in DAD (51). DAD is also observed in lungs of patients ADRS, acute hypersensitivity pneumonitis, idiopathic acute interstitial pneumonia, drug abuse, toxic inhalants, ingestants, connective tissue disease, viral and bacterial infections including some acute forms of tuberculosis (52, 53). In addition, the levels of serum anti-SARS-CoV-2–spike S1 protein-specific IgE (SP-IgE) and anti-SARS-CoV-2 nucleocapsid protein-specific IgE (NP-IgE) appear to be significantly higher in patients suffering severe COVID-19; and SP-IgE levels correlated with the total lung severity scores and the ratio of arterial oxygen partial pressure  to fractional inspired oxygen (PaO2/FiO2) (54). Post-acute sequalae COVID-19 patients report significantly higher expression in serum of IL-6 and CXCL1; whereas no difference was observed on serum levels of IL-8, TNF, CCL2, CCL3, IL-17A, IL-33, and VEGF (55). Taken all together these initial evidences warrant separate review to accurately compile the natural history of MCs during SARS-CoV-2 infection, disease and resolution.



Tuberculosis

Members of the Mycobacterium tuberculosis complex, which include MTB, M. caprae, M. microti, M. pinnipedii, M. africanum, and M. canettii (the latter two are responsible for a small number of cases in Africa), are responsible for TB. The first three species mainly affect humans, while M. bovis, which is also part of the MTB complex group, is involved primarily in cattle infections. Mycobacteria other than tuberculosis (MOTT) can cause pulmonary TB in humans. These are also known as non-tuberculous mycobacteria (NTM) and affect mainly immunocompromised patients as well as the elderly.

The first contact between the bacilli and the patient occurs when the patient inhales microdroplets containing the bacilli, which constitutes the pulmonary transmission of TB. After this primary contact, the infection can go unnoticed for several weeks, and at this point, there are three possible outcomes. First, the infection may be controlled by the human immune cells; second, the bacilli can remain in a latent state and third, the patient may present with symptoms. Once the infection is established, granulomas, which are aggregates of infected macrophages surrounded by different immune cells, begin to form (56).

The initial MTB infection is asymptomatic. Despite symptoms initiation is variable, after approximately 4 to 6 weeks, the patient starts to present hypersensitivity to tuberculin (57). Symptoms that a patient with pulmonary TB may present include cough, fever, night sweats, weight loss, and hemoptysis.

MTB can establish either an acute infection of the lung tissue or a chronic infection where it remains inside the immune system cells. The bacteria can reside inside alveolar macrophages after entering through a phagocytotic process with the help of the complement fraction (8). However, there are other cells involved in recognizing MTB after it enters the body, as well as modulating the immune response. For example, previous studies have demonstrated that in addition to residing in macrophages, MTB infects different cell types in the lungs, including dendritic cells and neutrophils; moreover, the dominant infected cell population varies at the different stages of infection (58, 59). Pahari et al. reviewed MTB interactions using a mononuclear phagocyte system and highlighted the mechanisms involved in reversing the immune suppression induced by MTB infection (60).

TB is diagnosed by isolating and identifying MTB on sputum samples from ill patients. This can be completed by observing the bacilli under a microscope, culturing the bacilli, or by PCR (61). Other laboratory tests can also be performed, such as the tuberculin test (TST) and the Interferon Gamma test (IGRA).

For example, the TST is not completely specific, because patients that have been vaccinated with the Bacillus Calmette Guerin (BCG) vaccine will show a positive result (62). On the other hand, the IGRA tests have yielded high rates of conversions between positive and negative latent tuberculosis infection (LTBI), mainly due to the cutoff values (63). Although these tests are highly accepted, they are not foolproof and represent a challenge when trying to correctly diagnose patients. For these reasons, it is important to evaluate other methods for diagnosing patients with TB, especially patients with LTBI.



MCs and Tuberculosis

The first evidence of MCs’ role in TB came from various studies performed over previous decades. First, Ratnam et al. studied rodent lungs after MTB infection and reported the presence of “cells containing many electron-dense intracytoplasmic granules” which were determined to be from MCs (64, 65). Later, Muñoz et al. demonstrated that MTB could activate MCs in vitro, resulting in MCs degranulation and production of the inflammatory cytokines TNFα and IL-6 (66). In vivo experimentation showed an increase in MCs after MTB infection in rodent lungs (65). Also, MC-derived TNFα may play a role in the early steps of infection since it is stored in granules and can be immediately released after infection. TNFα has an initial impact in neutrophil recruitment and leads to the differentiation of circulant monocytes to macrophages in addition to playing an important role in granuloma maintenance. An experimental animal TB model that excluded TNFα showed an increase in IL-6 production (67).

Muñoz and colleagues showed CD48 recognizes and mediates MTB uptake into MCs (66). The same authors found that MTB can also enter the MCs through lipid rafts (68). TLR2 has also been proposed to play a role in MCs after MTB infection. Transfer of TLR2+/+ MCs into TLR-/-MTB-infected mice showed diminished lung bacterial growth and an increase in proinflammatory cytokine release that contributes to granuloma maintenance (69). More recently, a study by Naqvi et al. demonstrated a massive increase in MC numbers in the infected lung of BCG infected animals (70). They also showed that in vitro co-culture of BCG and rodent Rat Basophilic Leukaemia (RBL-2H3) MCs led to significant killing of BCG, phagocytosis of BCG, take up BCG-derived antigens by macropinocytosis, generation of Reactive Oxygen Species (ROS) and degranulation. All together these evidences suggest that MCs play a significant protective role during tuberculosis infection and disease.

MC-mediated innate immunity usually promotes timely resolution of acute infection; however, paradoxically, this same response can also promote chronic infections and exacerbate pathologies. In the TB context, MTB uptake through raft membrane domains might also allow the bacteria to bypass the lysosome degradation route, thereby resulting in intracellular MTB survival (68). During lung mycobacterial infection, MCs are involved in the development of granulomas, which may also protect bacteria from total clearance (71). On the other hand, MTB can use additional strategies to evade the immune response; for example, MTB can produce catalase, which degrades hydrogen peroxide, thereby preventing the release of mast cells’ extracellular traps (MCETS) (72).

Experiments using recombinant MTB antigens provide further insights into the MC response triggered by MTB. These antigens are present in a group of proteins actively produced by MTB during its growth. The recombinant MTB antigens MTSA-10, MPT-63, and ESAT-6 were found to induce the release of inflammatory mediators (66). MCs also respond specifically to MTB lipids increasing calcium influx and degranulation (73). In contrast, such immune response have been tested as therapeutic strategy for chronic diseases such as chronic spontaneous urticaria (CSU) (74). Yan and colleagues demonstrated that the use of BCG polysaccharide nucleic acid (BCG-PSN) significantly reduced the recovery time of patients suffering CSU (74). They supported this finding by showing in-vitro data that revealed BCG-PSN also inhibited the hexosaminidase release rates in IgE-sensitized RBL-2H3 cells. Taken all together, the modulating role of Mycobacteria promises a novel therapeutic strategy for targeting chronic autoimmune diseases. Molecular mechanisms of MCs and MTB interaction now warrant a multidisciplinary effort to generate new fundamental basis that depict the MC´s microbial intake (Figure 1).




Figure 1 | Effector inflammatory response after mast cells interaction with Mycobacterium tuberculosis.



The precise lipids involved and the exact MC receptors that are triggered remain unknown. Determining this is further complicated by the fact that MTB’s lipid composition varies throughout the infection process. There is a lipid profile that dampens or enhances immune responses resulting in bacterial persistence or clearance (75). This differential expression may be key in determining the clinical fate of infection. It would be key to assess MCs activation mechanisms in those scenarios. A better understanding of lipid interactions with MCs could lead to the development of immunomodulators distinct from the traditional protein antigen-based vaccines. Moreover, it would be useful to determine if MCs play a role in the establishment and perpetuation of the granuloma, as well as identify a molecule that can be used as a biomarker to classify patients in the different stages of infection.

There are also clinical evidences that support the role of MC´s in the MTB clearance during TB. An earlier study investigated the MC density on tissue sections of 45 people suffering tuberculous lymphadenitis. They found lymph node to have a significant increase of MC´s with greater granuloma involvement and multinucleated giant cell formation (76). In contrast, during tuberculous pleurisy, there is no significant increase in MC´s when compared to individuals with nonspecific pleuritis (77). When studying more severe pulmonary TB among patients admitted to the intensive care units, it was observed that these patients have an increased MCs in lung tissue (78). In fact, a recent study analyzed fibrotic tissue from post-mortem lung tissue microarrays from individuals with pulmonary TB and healthy control subjects (79). They demonstrated that MCs were localized at pneumonic areas, in the granuloma periphery and particularly abundant. Similarly, non-tuberculosis mycobacteria trigger MCs response. Emerging evidences show MCs within leprosy lesions, including collagen increase and tryptase-rich mast cell density (80, 81). Taken all together, these early clinical evidences support the notion of MCs playing a role during MTB infection and disease.



Conclusion

The role of MCs in infectious processes, including TB infection, supports their potential use as biomarkers to predict disease severity. MCs should also be considered a therapeutic target for treating patients that do not respond as expected to anti-TB therapies. These therapies usually result in the modulation of immune cell populations, including mast cells. Without this modulation, the mycobacteria evade the immune response through the decomposition of hydrogen peroxide, which is an essential trigger for MCET induction. There is emerging in vivo and clinical evidences that highlight some other roles of MCs during TB. Further studies are warranted to fully characterize the complete MCs contribution not only during disease, but also during latent TB infection stage as well as clearance after anti-TB therapy.
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Lipids play fundamental roles in life as an essential component of cell membranes, as a major source of energy, as a body surface barrier, and as signaling molecules that transmit intracellular and intercellular signals. Lipid mediators, a group of bioactive lipids that mediates intercellular signals, are produced via specific biosynthetic enzymes and transmit signals via specific receptors. Mast cells, a tissue-resident immune cell population, produce several lipid mediators that contribute to exacerbation or amelioration of allergic responses and also non-allergic inflammation, host defense, cancer and fibrosis by controlling the functions of microenvironmental cells as well as mast cell themselves in paracrine and autocrine fashions. Additionally, several bioactive lipids produced by stromal cells regulate the differentiation, maturation and activation of neighboring mast cells. Many of the bioactive lipids are stored in membrane phospholipids as precursor forms and released spatiotemporally by phospholipase A2 (PLA2) enzymes. Through a series of studies employing gene targeting and lipidomics, several enzymes belonging to the PLA2 superfamily have been demonstrated to participate in mast cell-related diseases by mobilizing unique bioactive lipids in multiple ways. In this review, we provide an overview of our current understanding of the regulatory roles of several PLA2-driven lipid pathways in mast cell biology.
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Introduction

Altered tissue sensitivity to environmental triggers contributes to the development of allergic inflammation, which is often associated with type 2 immunity (1, 2). Allergic diseases have become very common in hygienic countries, with a prevalence that has increased by 2–3-fold within the last two decades. Patients with anaphylaxis, food allergy, asthma, allergic rhinitis, and atopic eczema typically have elevated levels of serum IgE in association with activation of mast cells (3). Development of mast cells in extravascular tissues depends essentially on the stromal cytokine stem cell factor (SCF) and its receptor c-Kit, with various cytokines and adhesion molecules having accessory roles in tissue- or disease-specific contexts (4). Crosslinking of FcϵRI, a high affinity IgE receptor on the surface of mast cells, with IgE and antigen (allergen), or exposure to several IgE-independent stimuli such as substance P, which is released from TRPV1+ sensory neurons and acts on the MRGPR family receptors on mast cells (5), triggers exocytosis of granule contents (e.g., histamine and proteases) and production of various cytokines and chemokines, thereby promoting harmful allergic reactions and also participating in beneficial host defense against invading microorganisms or venom components (6). Mast cells also generate a variety of bioactive lipids called lipid mediators, which take part in fine-tuning of allergic responses by regulating the functions of various cell types. Furthermore, proper maturation and activation of mast cells are positively or negatively affected by various microenvironmental factors, including bioactive or structural lipids. For instance, the CD300 immunoreceptor family binds to structural lipids (e.g., ceramides, sphingomyelin, phosphatidylserine (PS) and phosphatidylethanolamine (PE)) as functional ligands and negatively regulates FcϵRI signaling to put a brake on excessive immediate allergic reactions (7, 8).

Lipid mediators, on which we put a specific focus in this article, are produced through specific biosynthetic pathways, are released extracellularly via diffusion, specific transporters or extracellular vesicles (EVs), act on specific receptors on target cells, and are rapidly degraded or inactivated within local tissue microenvironments. Individual lipid mediators display pleiotropic functions and can have both offensive and protective effects by acting on distinct receptor subtypes expressed on different cell types. Lipid mediators are categorized into several classes, including eicosanoids derived from ω6 arachidonic acid (AA), such as prostaglandins (PGs) and leukotrienes (LTs); specialized pro-resolving lipid mediators (SPMs) derived from ω3 eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA), such as resolvins, maresins and protectins; and lysophospholipid-derived mediators, such as lysophosphatidic acid (LPA) and platelet-activating factor (PAF) (9–12). Biosynthesis of these lipid mediators is initiated in many if not all cases by hydrolysis of membrane phospholipids by phospholipase A2s (PLA2s). The mammalian genome encodes more than 50 PLA2-related enzymes, which are classified into several structurally related families, including the cytosolic PLA2 (cPLA2), Ca2+-independent PLA2 (iPLA2), secreted PLA2 (sPLA2), PAF acetylhydrolase (PAF-AH), lysosomal PLA2, PLA-acyltransferase (PLAAT), and α/β hydrolase (ABHD) families (13). The properties and functions of individual PLA2s, as revealed by studies using knockout or transgenic mice for individual PLA2s in combination with comprehensive lipidomics, have been summarized in current reviews (14, 15).

Importantly, genetic and pharmacological studies have provided evidence that several intracellular and extracellular PLA2s uniquely regulate the maturation and functions of mast cells through driving distinct lipid pathways in vivo (16–23). These include (i) cPLA2α-driven generation of AA metabolites by activated mast cells for propagation or sequestration of allergic inflammation, (ii) PAF-AH2-driven constitutive generation of EPA/DHA metabolites for optimization of mast cell activation, (iii) sPLA2-III-driven paracrine PGD2 circuit for mast cell maturation, (iv) sPLA2-IIA-driven modulation of gut microbiota that indirectly affects mast cells, and (v) miscellaneous PLA2s whose roles in mast cells are controversial. In this article, we will make an overview of the roles of these PLA2-driven lipid pathways in mast cell biology.



Regulatory Roles of Intracellular PLA2s in Mast Cell Biology


Eicosanoid Generation by cPLA2α in Activated Mast Cells

In general, PLA2 acts as the most upstream enzyme in the biosynthetic pathways for various lipid mediators derived from membrane phospholipids (Figure 1). It is well established that group IVA cPLA2 (cPLA2α or PLA2G4A), the only PLA2 subtype that shows a striking substrate specificity for AA-containing phospholipids, is essential for stimulus-coupled release of AA from phospholipids and thereby production of eicosanoids in many cell types including mast cells (24, 25). cPLA2α has an N-terminal C2 domain, which allows translocation of the enzyme from the cytosol to perinuclear, ER and Golgi membranes in response to an increase in cytosolic Ca2+ following cell activation (24). In addition, cPLA2α is phosphorylated by mitogen-activated protein kinases (MAPKs) and possibly other kinases, an event that is essential for full activation of cPLA2α (25). Phosphatidylinositol-4,5-bisphosphate (PIP2) and ceramide-1-phosphate (C1P) modulate the subcellular localization and activation of cPLA2α (26, 27). These properties place cPLA2α as a central regulator of the stimulus-coupled generation of eicosanoids, a class of AA-derived lipid mediators including PGs and LTs.




Figure 1 | PLA2-driven lipid mediator pathways. Lysophospholipids (such as lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylserine (LPS), lysophosphatidylglycerol (LPG), lysophosphatidylinositol (LPI) and LPA) and polyunsaturated fatty acids (such as AA, EPA and DHA) released from membrane phospholipids (PC, PE, PS, phosphatidylinositol (PI), phosphatidylglycerol (PG) and phosphatidic acid (PA)) by PLA2 are metabolized by downstream enzymes into various lipid mediators, which in turn act on their specific receptors on target cells. In the PLA2-lysophospholipid axis, various lysophospholipids are converted by autotaxin (ATX) into LPA, and alkyl-LPC is converted by LPC acyltransferase 2 (LPCAT2) into PAF. In the PLA2-PUFA axis, ω6 AA released by PLA2 is metabolized into prostanoids including PGD2, PGE2, PGF2α, PGI2, TXA2, and 12-hydroxyheptadecatrenoic acid (12-HHT) via the COX pathway involving COX-1 or COX-2 and terminal PG synthases (PGDS, PGES, PGF2α synthase (PGFS), PGI2 synthase (PGIS) and TXA2 synthase (TXAS)), or into LTB4 and cysLTs (LTC4, D4 and E4) via the 5-LOX pathway involving 5-LOX, its cofactor 5-LOX-activating protein (FLAP), and terminal LT synthases (LTA4H and LTC4S). Combined actions of 15-LOX and 5-LOX give rise to lipoxins (e.g., LXA4), an AA-derived SPM. ω3 PUFAs (e.g., EPA and DHA) are metabolized by LOXs and/or CYP450s into various SPMs including hydroxy-EPA (e.g., 18-HEPE), hydroxy-DHA (e.g., 14- and 17-HDHAs), E- and D-series resolvins (e.g., RvE1-3 and RvD1-6), protectin D1 (PD1), maresins (e.g., MaR1-2), and ω3 epoxides (e.g., 17,18-EpETE).



Activated mast cells produce LTB4, LTC4 and PGD2 as major AA-derived eicosanoids. Following FcεRI-dependent or -independent activation of mast cells, the AA released by cPLA2α from membrane phosphatidylcholine (PC) and phosphatidylethanolamine (PE) is converted by the sequential action of 5-lipoxygenase (LOX) and terminal LT synthases to LTs (the 5-LOX pathway), or by that of cyclooxygenases (COXs) and hematopoietic PGD synthase (H-PGDS) to PGD2 (the COX pathway) (Figure 2), with preferential production of PGD2 by connective-tissue mast cells (CTMCs) and LTC4 by mucosal mast cells (MMCs) (28–30). After being exported from mast cells via the specific transporter MRP1, LTC4 is converted to LTD4 and then to LTE4 by extracellular peptidases; therefore, these three LTs, which have a glutathione-derived cysteine in their structures, are often referred to as cysteinyl LTs (cysLTs) (31). Of the two COX isoforms COX-1 and -2, pre-existing COX-1 is mainly responsible for immediate PGD2 generation that occurs within a few minutes, while inducible COX-2 is responsible for delayed PGD2 generation that lasts for several hours (32, 33). IL-3-driven bone marrow-derived mast cells (BMMCs), a relatively immature mast cell population, produce LTC4 in preference to PGD2, thus resembling MMCs. Coculture of BMMCs with fibroblasts in the presence of SCF facilitates their maturation toward a CTMC-like phenotype, with an eicosanoid balance shift from LTs to PGD2 that is accompanied by increased expression of cPLA2α, COX-2, H-PGDS and LTB4 dehydrogenase (which inactivates LTB4) and by decreased expression of LTA4 hydrolase (LTA4H; LTB4 synthase) and LTC4 synthase (LTC4S) (34, 35).




Figure 2 | The cPLA2α-eicosanoid axis. (A) The role of cPLA2α in generation of PGD2 and LTs in IgE/antigen (Ag)-activated mast cells. Following FcεRI-dependent signaling that is linked to STIM1/ORAI1-driven Ca2+ influx, cPLA2α translocates from the cytosol to the perinuclear, Golgi and ER membranes, where several downstream eicosanoid-biosynthetic enzymes are also located. The activity of cPLA2α is augmented by phosphorylation at Ser505 by MAPKs, Ser727 by MAPK-activated protein kinases (MAPKAPKs), and possibly other kinases. The AA released from AA-containing phospholipids (PL-AA) by cPLA2α is then metabolized into PGD2 via the COX pathway involving COX-1 (or COX-2 if it is induced) and H-PGDS and into LTB4 and LTC4 via the 5-LOX pathway involving 5-LOX (which also translocates from the cytosol to the perinuclear membrane in response to Ca2+), FLAP (a cofactor that presents AA to 5-LOX), LTA4H and LTC4S. Alternatively, cPLA2α-generated alkyl-LPC is acetylated by LPCAT2 to PAF. These reactions occur independently of degranulation and cytokine induction.



Following FcεRI-dependent or -independent activation, BMMCs from cPLA2α-deficient (Pla2g4a–/–) mice fail to produce LTs and PGD2 as well as PAF, a lysophospholipid-derived lipid mediator that also participates in allergic responses, with no change (17) or a slight increase (36, 37) in degranulation. Pla2g4a–/– mice or WT mice treated with a cPLA2α inhibitor display reduced asthmatic responses upon pulmonary antigen challenge (16, 38). As in mice lacking cPLA2α, asthmatic responses are attenuated in mice lacking biosynthetic enzymes or receptors for LTs, PGD2, or PAF (39–45), implying a critical role of the cPLA2α-LT/PGD2/PAF axis in this pulmonary allergic disease. In contrast, passive cutaneous anaphylaxis (PCA), a model of immediate-type allergic reactions, is not altered in Pla2g4a–/– mice, likely due to simultaneous shutdown of the generation of pro-anaphylactic LTC4 and anti-anaphylactic PGD2 by mast cells (20).

LTB4 is a potent chemoattractant for leukocytes, while cysLTs promote microvascular permeability, sustained smooth muscle contraction, and mucus secretion. Among the three cysLT receptors (CysLT1~3), CysLT1 binds to LTD4 > LTC4 > LTE4, CysLT2 to LTC4 = LTD4 > LTE4, and CysLT3 to LTE4 as determined by transfection systems, although their specificity in vivo is less clear. Besides being produced by mast cells as well as by macrophages, eosinophils and basophils, cysLTs can also activate mast cells to produce contractile PGs via a mechanism involving a receptor sensitive to montelukast (46, 47), a CysLT1 antagonist that is now clinically used for treating patients with asthma (48). IL-4-dependent mast cell proliferation requires autocrine/paracrine cysLT signaling via CysLT1, and CysLT2 interacts with CysLT1 to dampen cysLT-dependent mitogenic responses of mast cells (49, 50). Recently, cysLTs have attracted attention as critical regulators of group 2 innate lymphoid cells (ILC2s). CysLTs induce CysLT1-dependent production of Th2 cytokines (IL-4, IL-5, and IL-13) by ILC2s in cooperation with the epithelial-derived cytokines IL-25 and IL-33, promoting the expansion of ILC2s, Th2 cells, and eosinophils after allergen challenge (51–53). CysLT2-driven production of IL-33 by type 2 alveolar cells leads to expansion of ILC2s, and pharmacological inhibition of CysLT2 blocks IL-33-driven mast cell activation and associated lung inflammation (54). Antigen inhalation leads to expansion of IL-25-producing airway brush cells or tuft cells, which is attenuated by genetic deletion of LTC4S or CysLT3, revealing an importance of the airway LTE4-CysLT3 axis in type 2 inflammation (55). Similarly, cysLTs produced by intestinal tuft cells cooperate with IL-25 to activate ILC2s, and tuft cell-specific deletion of cysLT generation blocks type 2 immune responses against food allergens or helminth infection (56). In the context of atopic dermatitis, tape stripping of the stratus corneum (equivalent to scratching) causes keratinocytes to systemically release IL-33, which synergizes with intestinal tuft cell-derived IL-25 and cysLTs to drive the expansion and activation of ILC2s that produce IL-4, eventually promoting mast cell expansion in the intestine (57). In addition, LTC4 derived from basophils rather than mast cells acts on CysLT2 on natriuretic polypeptide-positive (Nppb+) sensory neurons to elicit itch (58, 59), underscoring a novel mechanism for acute itch flares in atopic dermatitis.

PGD2 exerts pro- and anti-allergic functions through two PGD receptors, DP1 and CRTH2 (DP2), depending on the disease contexts. Global or mast cell-specific deletion of DP1 ameliorates asthma and anaphylaxis, which may be attributable in part to the impaired maturation of mast cells (see below) (20, 43). In contrast, DP1 deficiency increases the migration of antigen-captured dendritic cells into the draining lymph nodes, thereby exacerbating contact hypersensitivity (CHS), a Th1-dependent delayed-type allergic response (60, 61). Global or mast cell-specific deletion of H-PGDS worsens anaphylaxis (20, 62) and food allergy with mast cell hyperplasia (63). The anti-inflammatory action of PGD2 is mediated, at least in part, by its non-enzymatic conversion to 15-deoxy-PGJ2, which acts on the nuclear receptor PPARγ to attenuate pro-inflammatory NF-κB signaling (64). Mast cell-derived PGD2 is involved in ILC2 expansion via CRTH2 (65), and CRTH2-deficient mice exhibit reduced pulmonary ILC2 responses and type 2 inflammation, an event that is rescued by transfer of CRTH2-sufficient ILC2s (66). LTE4 enhances the ability of PGD2 to induce ILC2 and Th2 cells (52, 67), implying a synergistic role of the two mast cell-derived eicosanoids in promoting type 2 immunity. Activation of cPLA2α in intestinal tuft cells leads to generation of not only LTC4 (see above) but also PGD2, the latter of which increases mucus secretion by goblet cells to impede pathogen invasion (68). Thus, it seems that mast cells and tuft cells share common characteristics in that they produce both PGD2 (via the cPLA2α/COX-2/H-PGDS pathway) and LTC4 (via the cPLA2α/5-LOX/LTC4S pathway) in response to specific stimuli and participate in fine-tuning allergic responses as well as host defense against pathogens.

Although mast cells produce PGE2 minimally, this pleiotropic eicosanoid is produced by stromal cells surrounding mast cells and plays an anti-allergic role in general by acting on four types of its receptor (EP1–4). During mast cell-fibroblast coculture, the AA released by cPLA2α in mast cells is transferred to adjacent fibroblasts through the transcellular route and then metabolized there by PGE2 synthase (mPGES-1) to PGE2 (17), which acts on stromal EP3 to counteract allergic reaction. As such, mice lacking EP3 display more severe asthma, anaphylaxis, and CHS (20, 69, 70). Paradoxically, however, PGE2 directly elicits mast cell activation via EP3 by evoking Ca2+ signaling (71). Genetic deletion of mPGES-1 or pharmacological inhibition of COX-1 rather than COX-2 mimics aspirin-exacerbated respiratory disease (AERD) that is characterized by bronchoconstriction, eosinophilia, and mucus secretion upon exposure to non-steroidal anti-inflammatory drugs (NSAIDs; COX inhibitors), an event that is reversed by EP2 (or to a lesser extent EP1) agonist (72). In this AERD pathology, aspirin-induced mast cell activation and cysLT overproduction depend on the adherent interaction of platelets with granulocytes and thromboxane A2 (TXA2) signaling (72, 73). In addition, PGE2 alleviates mast cell activation (74–76), increases vascular remodeling (77), prevents eosinophilia (78, 79), reduces proliferation of ILC2s and Th2 cells (80, 81), and attenuates atopic dermatitis by reducing TSLP expression (82) via EP2 signaling. The mast cell-related eicosanoid network is illustrated in Figure 3.




Figure 3 | The mast cell-driven eicosanoid network in asthma. PGD2 and LTs produced by activated mast cells act on various cell types including leukocytes, platelets, bronchial epithelial cells and smooth muscle cells to promote allergic responses. PGE2, produced by various cells such as bronchial epithelial cells (but not mast cells), dampens allergic responses. NSAIDs (COX inhibitors) blocks PGE2 production, thereby exacerbates asthma known as AERD. For details, please see the text.





Constitutive Generation of ω3 Epoxides by PAF-AH2 in Mast Cells

PAF-AHs were originally identified as a unique group of PLA2s having the capacity to hydrolyze and thereby inactivate PAF (83, 84). Plasma-type PAF-AH (PLA2G7 or group VIIA PLA2) is a secreted protein produced by macrophages, mast cells or other sources, and is now more generally referred to as lipoprotein-associated PLA2 (Lp-PLA2), existing as a low-density lipoprotein (LDL)-bound form in human plasma (85). PAF-AH2 (group VIIB PLA2) is a cytosolic enzyme that shows significant structural homology with Lp-PLA2. Despite their names, however, there has been no confirmative evidence that Lp-PLA2 or PAF-AH2 has a protective role against allergic reactions by degrading PAF in vivo. Rather, it is now recognized that Lp-PLA2 and PAF-AH2 preferentially hydrolyze oxidized phospholipids in lipoproteins and cells, respectively. Importantly, PAF-AH2 is abundantly expressed in mast cells and contributes to constitutive (i.e., stimulus-independent) generation of unique epoxy-metabolites of ω3 fatty acids (ω3 epoxides), which prime mast cells to ensure optimal FcεRI-dependent activation (Figure 4A) and attenuates pulmonary hypertension by reducing the expression of pro-fibrotic factors (Figure 4B) in autocrine and paracrine manners, respectively (18, 19).




Figure 4 | The PAF-AH2-ω3 epoxide axis. (A) PAF-AH2-driven constitutive generation of ω3 epoxides in mast cells and their cell-autonomous role in augmentation of FcεRI signaling. PAF-AH2 directly hydrolyzes phospholipids with oxidized fatty acids (ω3 epoxides in this case) to release free ω3 epoxides (17,18-EpETE and 19,20-EpDPE), which act on the nuclear receptor PPARγ (probably indirectly) to suppress the expression of Srcin1, a Src-inhibitory protein. This Srcin1 downregulation eventually leads to increased activation of the FcεRI-proximal Src family kinases Fyn and Lyn, thereby ensuring optimal FcεRI signaling. (B) Suppression of pulmonary hypertension by PAF-AH2-derived ω3 epoxides. The ω3 epoxides released from lung mast cells acts on neighboring fibroblasts in a paracrine manner to prevent TGF-β-driven Smad2 phosphorylation, thereby attenuating perivascular fibrosis leading to amelioration of pulmonary hypertension.



Comprehensive lipidomics profiling of BMMCs revealed that unique ω3 epoxides, namely 17,18-epoxyeicosatetraenoic acid (17,18-EpETE) and 19,20-epoxydocosapentaenoic acid (19,20-EpDPE) derived respectively from EPA and DHA, are constitutively released from the cells (18). Unlike the canonical route for eicosanoid biosynthesis, in which the AA released by cPLA2α from membrane phospholipids is metabolized by downstream enzymes to eicosanoids (see above), these ω3 epoxides are liberated directly by PAF-AH2 from ω3 epoxide-esterified phospholipids pre-existing in cell membranes (Figure 4A). Genetic or pharmacological inactivation of PAF-AH2 shuts off the constitutive release of ω3 epoxides from mast cell membranes, resulting in reduced FcεRI signaling and anaphylaxis. Supplementation of Pafah2–/– BMMCs with ω3 epoxides fully restores the defective FcεRI-dependent, but not -independent, activation. Mechanistically, ω3 epoxides augment FcεRI-driven activation of mast cells by downregulating Srcin1, a Src-inhibitory protein that counteracts the FcεRI-proximal Src-family tyrosine kinases Fyn and Lyn and thereby dampens FcϵRI signaling (18). Transcriptome analysis revealed that genes regulated by ω3 epoxides largely overlap with those regulated by a PPARγ antagonist in Pafah2–/– BMMCs, implying that the action of ω3 epoxides may involve the inactivation of PPARγ, a lipid-sensing nuclear receptor that induces Srcin1 expression (18).

In general, ω3 fatty acids including EPA and DHA play beneficial roles in various biological events. These ω3 fatty acids act by themselves on the fatty acid receptors GPR40 or GPR120 (86, 87), or are converted by LOX or cytochrome P450 (CYP450) enzymes to SPMs with potent anti-inflammatory or pro-resolving functions. Indeed, several CYP450 isoforms have the capacity to catalyze the epoxidation of EPA and DHA to yield ω3 epoxides (88). Individual SPMs act on their specific receptors, such as ERV1/ChemR23 for resolvin E1 (RvE1), DRV1/GPR32 for RvD1, DRV2/GPR18 for RvD2, GPR37 for protectin D1 (PD1), and LGR6 for maresin 1 (MaR1) (89–93), and can limit leukocyte recruitment, induce granulocyte apoptosis, enhance efferocytosis by phagocytes, facilitate the switch from M1 to M2 macrophages, promote the return of non-apoptotic cells to lymphatics and blood vessels, and help tissue repair (11, 94, 95). In this context, it seems strange that ω3 epoxides potentiate (rather than attenuate) mast cell activation and thereby exacerbate allergic responses. It should be noted, however, that the immunosuppressive action of SPMs can be disadvantageous to host defense (11, 94, 95). Conceivably, FcϵRI-induced mast cell activation might have evolved originally as a defense system against harmful venom, bacteria, and/or parasites (96, 97), where the ω3 epoxide-mediated optimization of FcϵRI signaling may be important for proper elimination of these unfavorable materials from the body and thereby maintenance of a healthy state. In a modern hygienic environment, however, this protective response has been shifting into deleterious outcomes against exposure to environmental allergens, manifesting as allergic diseases.

In contrast to their augmentative role in FcεRI-dependent mast cell activation and anaphylaxis, ω3 epoxides produced by PAF-AH2 in mast cells have a protective role in pulmonary hypertension, a fatal rare disease that causes right heart failure by elevated pulmonary arterial resistance (19). Global or mast cell-specific deletion of PAF-AH2 in mice accelerates vascular remodeling with perivascular fibrosis, resulting in exacerbation of hypoxic pulmonary hypertension. Mechanistically, 17,18-EpETE and 19,20-EpDPE produced by PAF-AH2 in lung mast cells act on stromal fibroblasts in a paracrine manner to suppress their activation by inhibiting TGF-β-driven Smad2 signaling (Figure 4B). Administration of ω3 epoxides into mice improves pulmonary hypertension by reducing advanced vascular remodeling harboring perivascular fibrosis in several models. Furthermore, the whole-exome sequencing of patients with pulmonary arterial hypertension identifies two candidate pathogenic variants of the PAFAH2 gene. Thus, the PAF-AH2–ω3 epoxide axis could be a promising therapeutic target for pulmonary hypertension. In addition, 17,18-EpETE suppresses CHS by inhibiting neutrophil migration through GPR40 (98) Thus, the actions of ω3 epoxides are context-dependent, having detrimental or beneficial effects depending on the diseases.

Plasma-type PAF-AH (PLA2G7/Lp-PLA2) is abundantly expressed in BMMCs, is secreted after FcεRI-dependent activation, and may participate in the degradation of PAF produced by these cells in an autocrine fashion (99). Interestingly, a comprehensive transcriptome analysis of various mast cell populations demonstrated that the expression level of the Pla2g7 gene in skin mast cells is much lower than that in tongue, tracheal, esophageal and peritoneal mast cells (100). Although the physiological significance of the low expression of this enzyme in skin mast cells is unclear, it might avoid rapid degradation of PAF produced by these cells or neighboring cells in a local skin niche. In the aforementioned pulmonary hypertension model, Pla2g7–/– mice do not display any noticeable phenotype (19), implying the segregated role of the two (plasma-type and intracellular) PAF-AH isoforms in this disease. 




Regulatory Roles of Extracellular PLA2s in Mast Cell Biology


General View of sPLA2s

The sPLA2 family comprises Ca2+-dependent, low-molecular-mass enzymes with a conserved His-Asp catalytic dyad. There are 11 mammalian sPLA2s (catalytically active IB, IIA, IIC, IID, IIE, IIF, III, V, X and XIIA and inactive XIIB), which are structurally subdivided into group I/II/V/X, group III, and group XII branches (101). Individual sPLA2s exhibit distinct tissue distributions and exert their specific functions in lipid mediator-dependent or -independent fashions (102–105). In extracellular milieus, sPLA2s act on the plasma membrane of activated, damaged, or dying cells (rather than that of resting cells) and also on non-cellular phospholipid components, such as dietary food, lipoproteins, lung surfactant, EVs, and membranes of invading microbes, as hydrolytic targets. Although the expression and potential functions of sPLA2s in mast cells had been reported in previous studies (106–113), the results should be interpreted with caution since many of them relied on the strategies employing overexpression or exogenous addition of super-physiologic levels of sPLA2s, which might not precisely reflect pathophysiologic situations in vivo. Beyond this caveat, gene targeting studies have provided unequivocal evidence for the involvement of several sPLA2s in the regulation of mast cells in cell-autonomous and non-autonomous ways. Our comprehensive phenotypic screening of various sPLA2 knockout strains, with mast cell-dependent PCA reaction in vivo and BMMC functions ex vivo as readouts, has revealed that mice null for sPLA2-III and -IIA, but not those for sPLA2-IB, -IID, -IIE, -IIF, -V and -X, displayed notable alterations in the maturation and/or functions of mast cells (20), as described below.



Regulation of Mast Cell Maturation by sPLA2-III Through the Paracrine PGD2 Pathway

Bee venom group III PLA2 (bvPLA2), when injected into mouse skin, directly activates mast cells likely through hydrolysis of membrane phospholipids to give rise to lysophospholipids, whose massive accumulation can cause lysis of all the cells (including mast cells) in the milieu due to their detergent-like nature leading to release of the alarmin IL-33 and thereby activation of ILC2s and then Th2 cells (114). The aggravated Th2 response by bvPLA2 can be considered as a protective mechanism against future exposure to this noxious venom component. Administration of human sPLA2-III, the sole mammalian homolog of bvPLA2, into mouse skin also elicits mast cell activation (20). Endogenous sPLA2-III is stored in and released from secretory granules of mouse and human mast cells. Importantly, mast cell-dependent passive and active anaphylactic responses are markedly reduced in mice lacking sPLA2-III (Pla2g3–/–) and conversely augmented in mice with transgenic overexpression of human sPLA2-III (PLA2G3TG) (20). Notably, mast cells in Pla2g3–/– mice are numerically normal but morphologically and functionally immature, indicating that sPLA2-III does not merely act as a mast cell activator, but also facilitates mast cell maturation. In fact, histamine and protease contents in secretory granules, expression of mast cell maturation markers (e.g., histidine decarboxylase (histamine synthase), mast cell proteases, and H-PGDS), and FcεRI-dependent and even -independent activation are considerably lower in Pla2g3–/– mast cells than in Pla2g3+/+ mast cells. These phenotypes are mast cell-autonomous, since BMMCs from Pla2g3–/– mice fail to reconstitute the anaphylactic response after their transfer into mast cell-deficient KitW-sh/W-sh mice, and since mast cell-specific deletion of sPLA2-III also leads to similar defects in mast cell maturation and anaphylaxis (20, 21). Importantly, the perturbed mast cell maturation and anaphylaxis in Pla2g3–/– mice are recapitulated in mice lacking lipocalin-type PGD2 synthase (L-PGDS), which is expressed in stromal fibroblasts, or those lacking the PGD2 receptor DP1, which is induced in maturing mast cells. Thus, sPLA2-III secreted from mast cells hydrolyzes phospholipids in adjacent fibroblasts to release AA, which is then converted by fibroblastic L-PGDS to PGD2 that acts on DP1 on mast cells to promote their proper maturation (Figure 5A). This sPLA2-III-L-PGDS-DP1 paracrine circuit highlights a new aspect of PGD2-DP1 signaling in the regulation of mast cell maturation and thereby allergy and provides evidence for the long-standing proposal that sPLA2 acts as a paracrine coordinator of eicosanoid production in tissue microenvironments (20). Since EVs serve as a better hydrolytic target of sPLA2s (115, 116), it is also possible that sPLA2-III may act on mast cell-secreted EVs to release AA, which is incorporated into fibroblasts and utilized for L-PGDS-driven PGD2 generation.




Figure 5 | Regulatory roles of sPLA2s in mast cell biology. (A) The sPLA2-III-driven paracrine PGD2 circuit for proper mast cell maturation. sPLA2-III secreted from immature mast cells hydrolyzes phospholipids in adjacent fibroblast membranes or possibly in mast cell-derived EVs to release AA. This AA is metabolized by fibroblastic COX/L-PGDS to PGD2, which in turn acts on DP1 on mast cells to promote mast cell maturation. (B) Non-canonical action of sPLA2-IIA on mast cells via shaping of the gut microbiota. sPLA2-IIA, a potent bactericidal protein, is secreted from intestinal Paneth cells and modulates the gut microbiota. This event has systemic effects on immunity and metabolism, thereby secondarily affecting mast cell activation in distal tissues.



Furthermore, mast cell-specific Pla2g3-deficient mice, as well as mast cell-deficient KitW-sh mice reconstituted with mast cells prepared from global Pla2g3–/– mice, display a significant reduction of irritant contact dermatitis (ICD) and an aggravation of Th1-dependent CHS (21). The increased CHS response by sPLA2-III deficiency in mast cells depends, at least in part, on the reduced expression of H-PGDS and thereby reduced production of PGD2 due to immaturity of mast cells. During severe CHS responses, mast cells represent a source of IL-2 and IL-10, which amplify recruitment, maintenance, and function of Treg cells that limit ear swelling and epidermal hyperplasia (117–120). H-PGDS deficiency in mast cells also abrogates the suppressive effect of mast cells on CHS, indicating that, in addition to the cytokines IL-2 and IL-10, the lipid mediator PGD2 serves as another negative regulator of the CHS responses. In support, mice lacking DP1 also display an exacerbation of CHS by affecting the expression of IL-10 in dendritic cells (60, 61). Taken together, sPLA2-III, which is secreted from mast cells, promotes mast cell maturation through the lipid-driven functional interaction with stromal fibroblasts, thereby facilitating acute anaphylactic and ICD reactions and limiting delayed CHS response.



sPLA2-IIA Regulates Mast Cells Through Shaping of the Gut Microbiota

sPLA2-IIA (PLA2G2A) is a prototypic sPLA2 that is highly upregulated in various human tissues during inflammation such as rheumatoid arthritis, sepsis, and COVID-19 infection (121–123). While sPLA2-IIA promotes sterile inflammation by mobilizing pro-inflammatory lipid mediators or DAMPs (danger-associated molecular patterns) from EVs as an “inflammatory sPLA2” (115), it also efficiently degrades bacterial membranes (Gram-positive in particular), thereby playing a protective role against bacterial infection as a “bactericidal sPLA2” (124). In the context of mast cell biology, sPLA2-IIA was partially purified from rat mastocytoma RBL-2H3 cells (125), was detected immunohistochemically in secretory granules of rat serosal mast cells (126), triggered histamine release or PGD2 production by rat serosal mast cells when added exogenously at high concentrations (106, 107), and enhanced FcεRI-induced degranulation when overexpressed in RBL-2H3 cells (110, 111). However, as the Pla2g2a gene is naturally disrupted in C57BL/6 and 129 strains due to a natural frameshift mutation (127, 128), it had been difficult to evaluate the precise in vivo functions of endogenous sPLA2-IIA using a standard knockout strategy. Even in BALB/c mice, a strain that has an intact Pla2g2a gene (127), sPLA2-IIA expression is highly restricted to intestinal Paneth cells (129, 130). Although a trace level of Pla2g2a mRNA is induced in BALB/c-derived BMMCs after stimulation with SCF plus accessory cytokines in vitro (131), there has been no follow-up study showing that sPLA2-IIA is substantially expressed in mouse mast cells in vivo. This expression profile of sPLA2-IIA in BALB/c mice is in marked contrast to that in other animal species including humans and rats, in which sPLA2-IIA is expressed or induced in many tissues. Beyond these limitations, sPLA2-IIA-depleted (Pla2g2a–/–) mice on the BALB/c background are best suited for analyzing the role of endogenous sPLA2-IIA in the intestine. Importantly, this new mouse model has unveiled a previously unrecognized, non-canonical action of intestinal sPLA2-IIA on mast cells via shaping of the gut microbiota.

Despite the restricted expression of sPLA2-IIA in the intestine, its genetic deletion unexpectedly leads to unusual changes in mast cell degranulation in distal skin. In a model of carcinogen-induced skin cancer, tumor development is markedly reduced, accompanied by a reduction of degranulated mast cells in the tumor tissue, in Pla2g2a–/– mice relative to Pla2g2a+/+ mice (22). Surprisingly, cohousing of Pla2g2a–/– and Pla2g2a+/+ mice in the same cages, which results in mixing of the microbiota between the genotypes through coprophagia, abolishes the skin cancer-related phenotypes. Of more interest, IgE/antigen-induced PCA is uniquely altered in Pla2g2a–/– mice depending on housing conditions; when Pla2g2a+/+ and Pla2g2a–/– mice are housed in two different animal facilities, the PCA response in Pla2g2a–/– mice is reduced in one facility, while it is conversely elevated in the other facility, relative to Pla2g2a+/+ mice (23). Furthermore, in both facilities, the opposite PCA phenotypes in Pla2g2a–/– mice are lost when they are cohoused with Pla2g2a+/+ mice. Thus, the PCA phenotypes in Pla2g2a–/– mice are greatly influenced by housing conditions, implying that sPLA2-IIA, primary expressed in intestinal Paneth cells that secrete various antimicrobial peptides, contributes to shaping of the gut microbiota through its bactericidal activity, thereby secondarily affecting mast cell fate and associated allergic reaction in distal skin. Indeed, metagenome analysis of the stool revealed that several bacterial genera such as Gram-positive Lachnospiraceae and Ruminococcaceae and Gram-negative Helicobacteraceae and Prevotellaceae are differently distributed in Pla2g2a+/+ and Pla2g2a–/– mice, and there is a better correlation between distinct PCA responses and Ruminococcaceae and Mucispirillum abundances in the two facilities. The alteration in gut microbiota in Pla2g2a–/– BALB/c mice, as well as in PLA2G2A-transgenic C57BL/6 mice in which human sPLA2-IIA is overexpressed systemically, also impact the severity of arthritis and psoriasis (22, 132). Thus, sPLA2-IIA acts as a host factor that is primarily expressed in the intestine and contributes to shaping of the gut microbiota, whose disturbance by Pla2g2a deletion or overexpression secondarily affects various diseases including those involving mast cells in proximal and distal tissues (Figure 5B). This concept opens a new avenue for the action modes of this classical sPLA2 and might be applicable to other sPLA2 isoforms expressed in the gastrointestinal tract or even in other anatomical sites such as the respiratory tract and skin.

Nonetheless, looking back the classical view that sPLA2-IIA is expressed in mast cells of rat and human, mast cell-autonomous roles of sPLA2-IIA should be reconsidered. Related to the observations that forcible overexpression or exogenous addition of sPLA2-IIA resulted in enhanced mast cell degranulation as described above (106–108, 110, 111), sPLA2 inhibitors suppressed degranulation by rat serosal mast cells (107) or LTC4 production by human lung mast cells (112), although the inhibitors used in those studies were not strictly specific for sPLA2-IIA. Alternatively, sPLA2-IIA released from activated mast cells, like that released from other cells such as platelets, leukocytes and epithelial cells, might contribute to propagation of inflammation by mobilizing lipid mediators from EVs (133), host defense against infection by degrading bacterial membranes (124), or regulation of cellular signaling by acting as a ligand for the sPLA2 receptor PLA2R1 (130, 134).




Miscellaneous Roles of Other PLA2s in Mast Cell Biology

Several studies have demonstrated the potential roles of sPLA2-V (PLA2G5) and sPLA2-X (PLA2G10) in mast cells. Reportedly, sPLA2-V is released from antigen-activated BMMCs and then acts on neighboring fibroblasts to augment COX-1-dependent PGD2 biosynthesis (135–137), is localized to the perinuclear area in BMMCs (131), and augments FcεRI-induced PGD2 and LTC4 production when overexpressed in RBL-2H3 cells (110, 111). TLR2-induced, COX-2-dependent delayed PGD2 generation is partially reduced in BMMCs from sPLA2-V-deficient (Pla2g5–/–) mice, where sPLA2-V may act in cooperation with cPLA2α  (138). In addition, sPLA2-X is detected in BMMCs, and IL-13 induction in response to IL-33 is substantially impaired in BMMCs from sPLA2-X-deficient (Pla2g10–/–) mice (139). Importantly, Pla2g5–/– and Pla2g10–/– mice are both protected from airway inflammation induced by allergen challenge through the mechanisms involving ILC2 cells, M2 macrophages, eosinophils, airway epithelial cells, and possibly mast cells (139–145). However, other studies showed that the expression levels of sPLA2-V and -X in BMMCs are rather low and that FcεRI-induced BMMC activation ex vivo and PCA reaction in vivo are not significantly affected in Pla2g5–/– and Pla2g10–/– mice (17, 20, 146). To reconcile these inconsistencies, it is necessary to clarify whether these two sPLA2s are expressed in a certain population of mast cells and play specific roles therein under particular pathophysiological conditions.

Several lines of evidence argue the involvement of mast cells in cardiometabolic diseases (147). Since activated mast cells produce PGD2 and LTB4, which have been implicated in cardiovascular pathology including atherosclerosis (148, 149), it is likely that cPLA2α contributes to the disease by supplying these eicosanoids in atherosclerotic plaques. Indeed, global Pla2g4a–/– mice are protected from the development of atherosclerosis (150). However, the contribution of cPLA2α expressed in mast cells to the disease remains unknown and should be confirmed using mast cell-specific Pla2g4a–/– mice. Modified or oxidized low-density lipoprotein (LDL) has been shown to induce mast cell activation, resulting in cytokine secretion and subsequent leucocyte recruitment, presumably through TLR4 (151). As a component of modified LDL, the lysophospholipid mediator LPA can induce mast cell activation, resulting in the release of tryptase and chemokines (152). Many LPA species could be detected in the atherosclerotic lesion, where mast cells also reside (152, 153). Since several sPLA2s have the capacity to generate modified LDL with a pro-atherogenic potential in vitro (154–157), it is tempting to speculate that LPA produced in LDL by these sPLA2s may contribute to the development of atherosclerosis through activating aortic mast cells. Although several studies using mice overexpressing sPLA2-IIA or those lacking sPLA2-V or sPLA2-X have proposed the potential roles of these sPLA2s in atherosclerosis, none of them has provided evidence that these sPLA2s generate modified, pro-atherogenic LDL in vivo (158–162). Therefore, it is still unclear whether sPLA2s could promote atherosclerosis development by modifying LDL and generating LPA, and if so, which sPLA2 isoform(s) would be truly responsible for this event in the context of mast cell activation.

Group IVD cPLA2 (cPLA2δ or PLA2G4D) was initially identified as a keratinocyte-specific cPLA2 isoform that is highly induced during psoriasis (163). It has recently been shown that cPLA2δ is expressed in mast cells of psoriatic patients and is released extracellularly via mast cell-derived EVs to be transferred into adjacent Langerhans cells (164). The EV-driven cPLA2δ captured by Langerhans cells generates neolipid antigens, which are then presented on CD1a to activate lipid-specific CD1a-reactive T cells, leading to induction of the Th17 cytokines IL-17A and IL-22. Although these results have provided a model whereby cPLA2δ promotes psoriasis pathology, it remains unclear which lipid metabolites produced by cPLA2δ can act as neolipid antigens. Since cPLA2δ exhibits PLA1 activity in preference to PLA2 activity (165), certain lipid metabolites generated by the PLA1 reaction might underlie the function of cPLA2δ. Further, given that cPLA2δ is expressed in epidermal keratinocytes rather than in mast cells and that CD1a is present in humans but not in mice, the regulatory roles of cPLA2δ in psoriasis or other skin diseases such as atopic dermatitis in the context of mast cells need further exploration.

Mast cells also express group VIA Ca2+-independent PLA2 (iPLA2β, also known as PLA2G6 or PNPLA9). Pharmacologic inhibition of iPLA2β by bromoenol lactone (BEL), a well-known iPLA2 inhibitor, attenuates IgE/antigen-stimulated mast cell exocytosis (166). However, mice deficient in iPLA2β (Pla2g6-/-) show a normal PCA response in vivo, and Pla2g6-/- BMMCs exhibit normal degranulation, eicosanoid generation, and cytokine expression in vitro (17), arguing against the contribution of iPLA2β to mast cell development and functions. Thus, caution should be exercised when interpreting the results obtained from studies using BEL or other iPLA2 inhibitors. Alternatively, considering that the iPLA2 family includes nine isoforms, some BEL-sensitive iPLA2 isoform(s) other than iPLA2β, such as group VIB iPLA2γ (PNPLA8) which is expressed in BMMCs more abundantly than iPLA2β  (18), might be involved in the regulation of mast cells.

Interestingly, silencing of adipose triglyceride lipase (ATGL, also referred to as PNPLA2 or iPLA2ζ), a member of the iPLA2 family that plays an essential role in lipolysis and thereby energy metabolism by hydrolyzing triglycerides stored in lipid droplets (167), results in the reduction of PGD2 and LTC4 synthesis more efficiently than silencing of cPLA2α in human mast cells derived from blood CD34+ progenitors (168). These results suggest that the AA released from triglycerides by ATGL is coupled with eicosanoid synthesis in mast cells, underscoring a functional link between energy homeostasis and eicosanoid signaling. However, given the essential role of cPLA2α in eicosanoid generation in mast cells as revealed by studies using Pla2g4a-/- mice (see above), the following possibilities should also be taken into consideration: (i) mouse and human mast cells might have distinct dependence on cPLA2α and ATGL; (ii) the AA released by ATGL from lipid droplets might be firstly incorporated into membrane phospholipids by lysophospholipid acyltransferases and then cleaved out by cPLA2α toward eicosanoid synthesis; or (iii) ATGL-mediated energy supply might be required for appropriate cPLA2α-driven eicosanoid generation. Also, it is important to clarify whether ATGL in mast cells is involved in the regulation of eicosanoid synthesis or other effector functions under certain in vivo conditions.



Concluding Remarks

In this article, we have highlighted current understanding of the pathophysiological roles of several PLA2s and associated bioactive lipids in mast cell biology, focusing mainly on the findings obtained from studies using gene-manipulated mice in combination with comprehensive lipidomics. As a future prospect, it is important to translate these findings obtained from experimental animals into humans. It is possible that the functions of mast cells may also be affected by other PLA2s or bioactive lipids not described in this article, by bioenergetics coupled with lipogenesis, lipolysis and fatty acid β-oxidation, and by lipid composition in membrane microdomains that could affect signal potency through FcϵRI or other receptors. A full understanding of lipid networks in relation to mast cells, allergy, and other mast cell-dependent biological events should be further elucidated using advanced techniques such as spatiotemporal lipid imaging, untargeted lipidomics, and novel pharmacological tools to manipulate the activity or expression of particular PLA2 subtypes that would have a potential to sequester allergic or other diseases. Further research will lead to a better understanding of the overall picture of the regulation of mast cells by lipids, hopefully allowing the prophylactic and/or therapeutic application of novel agents that target specific PLA2-driven lipid pathways to human diseases.
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MRGPRX2, the human member of the MAS-related G protein coupled receptors (Mrgprs), serves as the cellular target of human mast cells (MCs) for innate ligands, including neuropeptides and antimicrobial peptides. In addition, MRGPRX2 also functions as the receptor for multiple FDA-approved drugs. As such, MRGPRX2 is a mediator of MC responses in neurogenic inflammation, host defense and pseudoallergy. We analyzed the spatiotemporal patterns of MRGPRX2 following its binding of the neuropeptide substance P (SP). Herein, we show that MRGPRX2 internalizes via both endocytosis and macropinocytosis, followed by its distribution between a perinuclear region and the secretory granules (SGs). Further, we show that MRGPRX2-containing macropinosomes undergo resolution by a mechanism that involves dynamin and LC3, giving rise to the incorporation of both LC3 and MRGPRX2 into the SGs. SP then promotes the acidification of the LC3-associated SGs, presumably by stimulating their fusion with lysosomes. Taken together, our results reveal a unique mode of MRGPRX2 trafficking that complements endocytosis and involves macropinocytosis, autophagic machinery-assisted macropinosome resolution and receptor delivery to the SGs.
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Introduction

While best known for their involvement in immunoglobulin E (IgE)-triggered allergy (1), mast cells (MCs) are key players in innate immune responses (2–4). Indeed, their strategic location in tissues that interface the external environment, jointly with their IgE-independent responses to multiple stressors, have marked them as sentinel cells and first responders to external insults (5). Both IgE-dependent and independent immune responses of the MCs are caused by the release of inflammatory mediators, part of which are pre-stored in cytoplasmic secretory granules (SGs) and released during regulated exocytosis (6, 7). Others, including lipid mediators, cytokines and chemokines are released following their de novo synthesis (8). Taken together, these mediators accomplish the important roles played by MCs in health and disease.

In particular intriguing are the responses of a subset of MCs to a variety of ligands, including neuropeptides, antimicrobial peptides and toxins, that share commonly only their positive charge (9, 10). MC responses to this class of stimuli play major roles in host defense and neurogenic inflammation (11–13). Furthermore, included in this class of ligands are multiple FDA-approved drugs, that by triggering MC degranulation cause pseudo-allergic reactions (14). The underlying mechanism(s) of MC activation by these positively charged stimuli has remained enigmatic until the recent identification of the Mas-related G protein coupled receptors (Mrgprs) as their cellular targets (15). This recognition has placed Mrgprs, and in particular MRGPRX2, the human member of this family, at a central position in MC biology.

The cellular functions of G protein coupled receptors (GPCRs) are tightly linked with their cellular positioning. Internalization and post-endocytic trafficking may terminate GPCR signaling or may prolong or diverse it (16–18). Therefore, we have undertaken to decipher the spatiotemporal patterns of MRGPRX2, following its binding of the neuropeptide substance P, that by binding to MRGPRX2 mediates the neuro-immune responses of MCs, such as in itch and pain (12, 19). Here we report on the unique patterns of MRGPRX2 internalization, that involve macropinocytosis and LC3-assisted delivery to the SGs.



Material and Methods


Antibodies and Reagents

Anti-human MRGPRX2 antibody (cat no. 359002) and anti-HA.11 Epitope Tag antibody (cat no. 901513) were from Biolegend (San Diego, CA). Anti-syntaxin 3 antibody (cat no. ab133750), secondary Alexa Fluor® 488 Goat Anti-Rabbit IgG H&L (cat no. ab150077, dilution 1:500) and secondary Alexa Fluor® 647 Goat Anti-Mouse IgG H&L (cat no. ab150115) were from Abcam (Cambridge, UK). Substance P (cat no. S6883), pitstop2 (cat no. SML1169) and saponin (cat no. S4521-25G) were purchased from Sigma-Aldrich (St Louis, MO, USA). Cytochalasin D (cat no. 1233), dynasore (cat no. 2897) and EIPA (cat no. 3378) were from Tocris Bioscience (Minneapolis, MN, USA). Tetramethylrhodamine (TRITC)- labeled 70 kDa dextran was purchased from Thermo Fischer Scientific (cat no. D1818, Waltham, MA, USA).



Plasmids Used in this Study

The following expression plasmids were used in this study: Neuropeptide Y (NPY)–mRFP and NPY Venus were a gift from Dr. U. Ashery (Tel Aviv University, Tel Aviv, Israel), NPY-CFP was a gift from Dr. P. Blinder, (Tel Aviv University, Tel Aviv, Israel). pEGFP-LC3 was a gift from Dr. A. Ashkenazi (Tel Aviv University, Tel Aviv, Israel), originally a gift from Tamotsu Yoshimori (Addgene plasmid # 21073; http://n2t.net/addgene:21073; RRID : Addgene_21073) and LC3-EGFP-mRFP (ptfLC3) was a gift from Dr. R. Pinkas Kramarski (Tel Aviv University, Tel Aviv, Israel), originally a gift from Dr. Tamotsu Yoshimori (Addgene plasmid # 21074; http://n2t.net/addgene:21074; RRID : Addgene_21074). Lifeact-GFP was a gift from Dr. B.-Z. Shilo (Weizmann Institute of Science, Rehovot, Israel) and pcDNA3-EGFP-Rac1-T17N was a gift from Dr. Gary Bokoch (Addgene plasmid # 12982; http://n2t.net/addgene:12982; RRID : Addgene_12982). pcDNA3-EGFP was a gift from Dr. J. Silvio Gutkind (University of California, San Diego, USA).



Cell Culture

RBL cells stably expressing N-terminally tagged hemagglutinin (HA) human MRGPRX2 (RBL-MRGPRX2) were generated as previously described (20). Cells were maintained at 37°C in a humidified incubator with 5% CO2 in adherent cell cultures in low glucose DMEM (cat no. 01-050-1A, Biological Industries, Beit-Haemek, Israel) supplemented with 10% FBS (cat no. 12657, GIBCO, Grand Island, NY), 2 mM L-Glutamine (cat no. 03-020-1A, Biological Industries), 100 μg/mL streptomycin and 100 U/mL penicillin, 12.5 U/mL nystatin (Biological Industries) and 1 mg/mL of G418 (cat no. A1720, Sigma Aldrich). LAD-2 cells (a kind gift from Dr. A.S. Kirshenbaum and Dr. D. Metcalfe, Laboratory of Allergic Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD) were cultured in StemPro-34 (cat no. 10640-019, GIBCO) supplemented with 1x StemPro-34 Nutrient, 2 mM L-Glutamine (cat no. 03-020-1A, Biological Industries), 100 U/mL penicillin and 100 μg/mL streptomycin (cat no. 03-032-1B, Biological Industries), and 100 ng/mL hSCF (cat no. 300-07, Peprotech, Rocky Hill, NJ).



Cell Transfection

Transient transfection of RBL-MRGPRX2 cells was performed as previously described (21). Briefly, RBL-MRGPRX2 cells (1.5 x 107) were transfected with 30-50 µg cDNA by electroporation at 300 V for 20 ms, using an ECM 830 electroporator (BTX, Holliston, Mass, USA). The cells were immediately replated in either 24-well (1 x 105 cells/well) tissue culture dishes for confocal imaging or in 6-well (0.2 x 106 cells/well) tissue culture dishes for flow cytometry experiments containing growth medium and used within 20-24 h after transfection.



Dextran Uptake Assay

RBL-MRGPRX2 cells (1 x 105 cells/well) were incubated with 0.1 mg/mL of TRITC- labeled 70 kDa dextran (D1818, Thermo Fischer Scientific) in Tyrode’s buffer (10 mM HEPES [pH 7.4], 130 mM NaCl, 5 mM KCl, 1.4 mM CaCl2, 1 mM MgCl2, 5.6 mM glucose, and 0.1% BSA) for the desired time periods, without or with 10 µM SP, in 24-well dishes at 37°C and 5% CO2. Where indicated, cells were preincubated for 30 minutes (min), prior to SP trigger, with vehicle or with the indicated inhibitor(s). Cells were washed three times with ice-cold PBS and fixed for 20 min at room temperature (RT) with 4% paraformaldehyde (catalog no. 15710; Electron Microscopy Sciences, Hatfield, Pa) followed by permeabilization for 15 min with 0.1% Triton X-100, 5% FBS, and 2% BSA diluted in PBS. Subsequently, cells were labeled with mouse anti-HA (1:100 dilution) antibody for 1 hour (h) at RT, followed by three washes and a 1-h incubation with Alexa Fluor® 647 Goat Anti-Mouse IgG H&L secondary antibody (1:500 dilution).



Flow Cytometry Analysis

RBL-MRGPRX2 cells were washed three times in Tyrode’s buffer to remove dead, non-adherent cells. RBL-MRGPRX2 (5 x 105) or LAD-2 (6 x 105) cells were stimulated at 37°C and 5% CO2, in Tyrode’s buffer for the desired time periods. Cells were then washed three times with ice-cold PBS containing 0.5% BSA and 2 mM sodium azide (FACS buffer) followed by fixation in 4% paraformaldehyde for 15 min at RT. For analyses of cell surface MRGPRX2, cells were stained for 30 min at RT with anti-human MRGPRX2 antibody (1:300 dilution). Cells were subsequently washed three times and stained with Alexa Fluor® 647-conjugated Goat Anti-Mouse IgG H&L secondary antibody (1:2000 dilution) for 30 min at RT, in the dark. For total receptor expression, cells were washed and fixed for 15 min at RT with 4% paraformaldehyde. Cells were subsequently washed and permeabilized with 0.1% saponin and 10% FBS containing PBS for 15 min at RT, after which the cells were washed and stored in the permeabilization buffer overnight at 4°C. The permeabilized cells were then stained for 30 min at RT with anti-human MRGPRX2 antibody (1:300 dilution), washed three times with the permeabilization buffer and stained with the secondary antibody as above. Cells were washed three times with FACS buffer and analyzed by flow cytometry using a CytoFLEX LX flow cytometer (Beckman Coulter, Indianapolis, IN). A minimum of 10,000 cells was acquired per sample. Cells were gated on single cells and were additionally gated on GFP-positive cells in experiments involving transient transfection with either dominant negative (DN) Rac1-GFP or control GFP. Data was analyzed using the FlowJo™ Software Version 10 (Treestar, Ashland, OR).



Immunostaining and Laser Confocal Microscopy Analysis

RBL-MRGPRX2 (1 x 105) and LAD-2 (0.6 x 105) cells grown on untreated (RBL-MRGPRX2) or fibronectin (cat no. F1141, Sigma Aldrich, St Louis, MO, USA) coated (LAD-2) 12-mm round glass coverslips (thick #1; Thermo Scientific, Menzel-Gläser, Saarbrücken, Germany) were washed three times in Tyrode’s buffer, the cells were stimulated as indicated in the same buffer at 37°C and 5% CO2. The cells were subsequently washed three times with ice-cold PBS and fixed for 20 min at RT with 4% paraformaldehyde (cat no. 15710; Electron Microscopy Sciences, Hatfield, PA) in PBS. Fixed cells were permeabilized for 15 min at RT with 0.1% Triton X-100, 5% FBS, and 2% BSA diluted in PBS. Cells were then incubated for 1 h at RT with the desired primary antibodies followed by three washes and a 1-h incubation with the appropriate secondary antibody (1:500 dilution). After washing, cells were mounted in mounting medium (cat no. E18-18; Golden Bridge Life Science, Mukilteo City, WA) and analyzed with a Leica SP5 or SP8 TCS laser scanning confocal microscope (Leica, Wetzlar, Germany) equipped with a HyD detector and a ×63 oil/1.4 NA objective or a Zeiss LSM 710 confocal microscope equipped with a 63 x1.4 oil Plan-Apochromat objective. Colocalization analysis of NPY-CFP with immunostained MRGPRX2 was quantified as the Manders’ correlation coefficient with Costes’ automatic threshold using the JaCoP plugin of the extended ImageJ version Fiji (22–24). Three-dimensional reconstructions of z stacks (slice thickness ≤ 0.5µm for both fluorescent channels with ~ 10 slices) were performed by using Imaris software (Bitplane, Zurich, Switzerland). Macropinosomes were defined as circular, phase-bright organelles that dissociated from circular ruffles or peripheral ruffles in cells stimulated with SP. To determine the mean fluorescence intensity (MFI) of macropinosomes, the borderline of each macropinosome was outlined with the segmented line tool, saved as a region of interest (ROI) and the MFI was measured using the extended ImageJ version Fiji. The background MFI was subtracted from the MFI of the macropinosomes for each cell, and the MFIs for at least 20 cells/condition were averaged. Next, the MFI values of four randomly selected regions of interest at the periphery of cells triggered with SP for 30 min were selected, measured, and averaged. This averaged MFI values were used for normalization. The size of macropinosomes was calculated by drawing the borderline of each macropinosome with the segmented line tool, again saved as ROIs. The length of the ROIs was then measured using the extended ImageJ version Fiji (23). To determine the vesicles/cell images were converted into threshold images, the required channels were merged (using the AND or XOR operations of the image calculator) to compare the signal patterns and then analyzed with the ImageJ “analyze particle” macro (23).



Statistical Analysis

Data were analyzed using GraphPad Prism Version 8.3.0 for Windows (GraphPad Software, La Jolla, CA). One-way analysis of variance (ANOVA) with repeated measures followed by Dunnett’s post-test or Student’s or Welch’s t-test was used for comparing means, respectively according to the statistic requirements. Results were considered significant when P values were smaller than 0.05.




Results


MRGPRX2 Internalizes via Two Distinct Pathways

Given the profound differences between the human MRGPRX2 and its rodent orthologs, we used the RBL-MRGPRX2 cells (19), that stably express the human MRGPRX2, as our model. We have recently validated the authenticity of this model by demonstrating that the ectopically expressed MRGPRX2 in RBL cells retains the authentic signaling elicited by the endogenously expressed MRGPRX2 in the human LAD-2 cells (21). Furthermore, unlike naïve RBL cells, RBL-MRGPRX2 cells have acquired responsiveness to MRGPRX2 ligands, this model allows measuring the exclusive responses of MRGPRX2 to ligands, such as SP, that additionally bind to canonical receptors, such as Neurokinin 1 (NK1), that is endogenously expressed in some MCs. Consistent with our previous results (25), flow cytometric analyses (FACS) revealed a reduction in the cell surface expression of MRGPRX2 in response to SP trigger (Figure 1A and Supplementary Figure 1). However, no significant changes were noted in the total amount of receptor (Figure 1A), implying that half of the total amount of the receptor either remains at the plasma membrane or internalizes, but recycles back to the plasma membrane. However, half of the total amount of receptor, which internalizes in response to SP stimulation, is targeted to an internal, non-degradative compartment(s), and is retained intracellularly, without recycling back to the plasma membrane (Figure 1A). A similar distribution was also noted for the endogenously expressed MRGPRX2 in LAD-2 cells, in which 40% of the total amount of receptor localized to the cell surface following 30 min of cell stimulation with SP, while 60% of the receptor could only be immunostained after cell permeabilization, implying its retainment in an intracellular compartment (Figure 1B).




Figure 1 | MRGPRX2 internalizes into non-recycling and non-degradative compartment(s). RBL-MRGPRX2 cells (A, C–E) or LAD-2 cells (B) were incubated for 30 min with either vehicle (A, B), or 20 µM pitstop2, 50 µM EIPA or their combination (C), or 10 µM CytD (D), or 80 µM dynasore (E), as indicated. Cells were subsequently triggered with 10 µM SP for the indicated time periods (A, C-E) or for 30 min (B) and stained with anti-MRGPRX2 antibodies in the absence (A, closed circles, B–E) or presence of 0.1% saponin (A, open circles, B). Cells were analyzed by flow cytometry as described under Materials and Methods. Cell surface and total receptor expression are presented as the percentage of cell surface or total MRGPRX2 expression in the absence of trigger. Data are means ± SEM (n = 5-9). Statistical significance was determined by one–way ANOVA, followed by Dunnett’s post-test, for A - C. *P < 0.05, **P < 0.01, and P< 0.05 for 5 min SP vs. 5 min SP +pitstop2, P< 0.01 for 5 min SP vs. 5 min SP + EIPA and P< 0.05 for 15 min SP vs. 15 min SP + pitstop2. Statistical significance was determined by unpaired two-tailed Student’s t-test for B, D and E *P[surface (–):SP vs. (+)SP] = 0.0156, *P[5 min: SP vs. SP+CytD] = 0.019, *P[5 min: SP vs. SP + dynasore] = 0.013, *P[15 min: SP vs. SP + dynasore] = 0.019.



Further analysis of the first phase of MRGPRX2 internalization in RBL-MRGPRX2 cells revealed that MRGPRX2 endocytosis was sensitive to pitstop2, an inhibitor of both clathrin-dependent endocytosis and clathrin-independent and Arf6-dependent endocytosis (26, 27) (Figure 1C). Thus, following a 5-min trigger with SP, 44% of MRGPRX2 internalized in the absence of pitstop2, but only 26% in its presence (Figure 1C). However, with increasing time of trigger, pitstop2 became less efficient, whereby approximately 60% of MRGPRX2 internalized following 30 min of SP trigger in the absence of inhibitor and 52% in its presence (Figure 1C). MRGPRX2 internalization also displayed a similar pattern of sensitivity to cytochalasin D (CytD), an inhibitor of actin polymerization (28), significantly inhibiting MRGPRX2 internalization following a 5-min trigger with SP, but displaying no inhibition following 30 min SP trigger (Figure 1D). Therefore, collectively, these results suggested that another pathway, alternative to endocytosis, exists for MRGPRX2 internalization.

Cell surface expression of MRGPRX2 was also reduced by dynasore, an inhibitor of dynamin, that executes membrane fission events (29) (Figure 1E). Furthermore, consistent with the more general role of dynamin in controlling internalization pathways, the inhibitory effect of dynasore was evident also at longer periods of SP trigger (Figure 1E).

In agreement with our previous results (21), close inspection of the receptor by high resolution confocal microscopy revealed that in resting cells, the receptor distributed between the plasma membrane and an internal fraction, part of which was perinuclear, reminiscent of the Golgi/TGN, and part resided at vesicles, which we have previously identified as the SGs, based on their labelling with the SG marker, NPY-mRFP (30) (Figure 2A). Confocal images of the cells also revealed marked alterations in cell morphology that occurred following their stimulation with SP (Figure 2A). The latter included cell flattening and formation of membrane ruffles and macropinosomes, that were identified by brightfield images and confirmed by their proximity to actin ruffles, visualized by the expression of Lifeact-GFP, an actin marker (Figure 2A). Furthermore, some of the plasma membrane-localized receptor concentrated at what appeared like sites of macropinosome formation from the membrane ruffles, and some localized to the macropinosomes (Figure 2A). Following a longer period of SP trigger (i.e. 3.5 h), the majority of MRGPRX2 distributed between the perinuclear region and the NPY-mRFP-labelled SGs (Figure 2A). Similar results were also observed in the LAD-2 cells, in which at the end of 30 min stimulation by SP, the internalized receptor was detected in the vicinity of macropinosomes and SGs, which were stained by anti-syntaxin 3 antibodies (Supplementary Figure 2). In contrast, MRGPRX2 localized to membrane protrusions, associated with actin ruffles, in RBL-MRGPRX2 cells that were triggered by SP for 30 min in the presence of CytD (Figure 2B). Quantitative analysis of the confocal images revealed significant increases in MRGPRX2 association with the SGs (Figure 2C), size of the cellular macropinosomes (Figure 2D) and the extent of MRGPRX2 association with macropinosomes (Figure 2E), in response to cell triggering with SP.




Figure 2 | Modes of MRGPRX2 internalization. RBL-MRGPRX2 cells, transiently transfected with NPY-mRFP (red) or NPY-mRFP and Lifeact-GFP (green), as indicated, were either left untreated (UT), or triggered with 10 µM SP for the indicated time periods, in the absence of inhibitor (A, C–E), or following preincubation for 30 min with 10 µM CytD (B), 20 µM pitstop2 (C, D–F) or 80 µM dynasore (D–F), as indicated. Cells were immunostained with anti-HA antibodies, followed by Alexa Fluor® 647-conjugated secondary antibodies (pseudo colored cyan). Enlargements correspond to the boxed areas. Macropinosomes are shown by the overlap with the brightfield (BF) image. Arrows point to MRGPRX2 that is localized to cell ruffles. Arrowheads point to macropinosomes. Scale bars = 10µm. The mean number of vesicles/cell that are double positive for NPY-mRFP and MRGPRX2 (NPY+/MRGPRX2+) (C), the mean size of macropinosomes (D), and the Mean Fluorescent Intensity (MFI) of macropinosome-associated MRGPRX2 (E), were calculated as described under Materials and Methods. Results are the means ± SEM from three independent experiments for dynasore and four independent experiments for pitstop2, each experiment including at least 20 cells/condition. Statistical significance was determined by one–way ANOVA, followed by Dunnett’s post-test for C *P < 0.05, **P < 0.01 and ***P < 0.001. Statistical significance was determined by unpaired two-tailed Student’s t-test for D, ****P[UT vs. 5 min SP] = 6.12552E-08, ****P[UT vs.15 min SP = 1.62931E-07, *P[15 min: SP vs. SP + dynasore] = 0.013, and for E, ***P[UT vs. 5 min SP] = 0.0001, ****P[UT vs. 15 min SP] = 2.01147E-05, *P[5 min: SP vs. SP + dynasore] = 0.042, **P[5 min: SP vs. SP + pitstop2] = 0.0017, *P[15 min: SP vs. SP + dynasore] = 0.0171, ***P[15 min: SP vs. SP + pitstop2] = 4.6873E-06).



Imaging of cells that were triggered for 5 min with SP in the presence of pitstop2 demonstrated a significant increase in the amount of macropinosome-associated MRGPRX2 (Figures 2E, F), with no significant change in the SG-localized MRGPRX2 (Figure 2C). Therefore, these results implied that pitstop2-sensitive endocytosis and macropinocytosis may represent two interchangeable modes of MRGPRX2 internalization, whereby inhibition of one pathway, i.e. endocytosis by pitstop2, shifts the receptor to the alternative macropinocytic pathway.

We also analyzed the influence of dynasore on the distribution of MRGPRX2 and found that in a similar manner to the effect of pitstop2, also dynasore significantly increased the amount of macropinosome-associated MRGPRX2 (Figures 2E, F). Furthermore, dynasore significantly increased the mean size of the cellular macropinosomes as well (Figures 2D, F).



SP Stimulates Macropinocytosis

To gain direct evidence for the involvement of macropinocytosis in MRGPRX2 internalization, we allowed the cells to take up TRITC-dextran (70 kDa), a commonly used probe for measuring macropinocytosis (31), and compared its location with the location of the internalized MRGPRX2. The results of these experiments revealed that SP stimulated the uptake of TRITC-dextran, which could be completely inhibited by EIPA, a Na+/H+ exchange inhibitor, that is known to inhibit macropinocytosis (32, 33) (Figures 3A, B). These results therefore demonstrated that SP can stimulate macropinocytosis. Furthermore, MRGPRX2 localized to the same dextran-containing vesicles (Figures 3A, B), part of which also contained NPY-Venus (Figures 3A, C), revealing a connection between MRGPRX2-positive macropinosomes and the SGs. In sharp contrast to the profound effect of EIPA, the uptake of TRITC-dextran was not affected by pitstop2 (Figures 3A–C), indicating that this alternative pathway of MRGPRX2 internalization was insensitive to this inhibitor, consistent with its ability to compensate for MRGPRX2 internalization by endocytosis (Figure 2E). Indeed, analysis of the cell surface expression of MRGPRX2 by flow cytometry revealed that EIPA was as potent as pitstop2 in inhibiting MRGPRX2 internalization (Figure 1B). Furthermore, combining EIPA with pitstop2 further inhibited internalization, supporting the notion of MRGPRX2 internalization via both pitstop2-sensitive endocytosis and EIPA-sensitive macropinocytosis (Figure 1B).




Figure 3 | MRGPRX2 internalizes by macropinocytosis. RBL-MRGPRX2 cells, transiently transfected with NPY-Venus (green) (A), or co-transfected with NPY-CFP (pseudo colored white) and either GFP or Rac1-DN-GFP (green) (D), were triggered with 10 µM SP in the presence of 0.1 mg/ml TRITC-Dextran (red) for the indicated time periods, in the presence of vehicle (A, D) or following 30 min pre-incubation with either 50 µM EIPA or 20 µM pitstop2, as indicated (A). Cells were immunostained with anti-HA antibodies followed by Alexa Fluor® 647-conjugated secondary antibodies (pseudo colored cyan). Enlargements correspond to the boxed areas. Macropinosomes are shown as the overlap with the brightfield images. Arrows point to MRGPRX2 position at sites of macropinosome formation and arrowheads point to macropinosomes. Scale bars = 10µm. The mean number of vesicles/cell that are double positive for Dextran and MRGPRX2 (Dextran+/MRGPRX2+) (B, E), or triple positive for NPY, Dextran and MRGPRX2 (NPY+/Dextran+/MRGPRX2) (C, F), was calculated for cells that were triggered for the indicated time periods with SP (15 min for E and F), in the absence or presence of the indicated inhibitors or Rac1-DN. Results are means ± SEM from three (D–F, G) or four (A–C) independent experiments, with each experiment including 15-20 cells/condition. The effect of Rac1-DN expression on SP-induced internalization of MRGPRX2 was quantified by flow cytometry, by measuring the cell surface amount of MRGPRX2 gated on GFP-positive single cells. Results are presented as the percentage of the amount of cell surface MRGPRX2 in the absence of stimulation by SP (G). Data are means ± SEM of four independent experiments. Statistical significance was determined by unpaired two-tailed Welch’s t-test. P values for Dextran+/MRGPRX2+ vesicles/cell: *P[5 min: SP vs. SP+ EIPA] = 0.0271, **P[15 min: SP vs. SP + EIPA] = 0.0026, **P[GFP vs. Rac1-DN-GFP] = 0.009. P values for NPY+/Dextran+/MRGPRX2+ vesicles/cell: **P[15 min: SP vs. SP + EIPA] = 0.01, ****P[5 min: SP vs. 5 min SP + EIPA] = 2.996x10^6, *P[GFP vs. Rac1-DN-GFP] = 0.018. P values for MRGPRX2 surface expression are **P[5 min: SP/GFP vs. SP/Rac1-DN-GFP] = 0.01, *P[15 min: SP/GFP vs. SP/Rac1-DN-GFP] = 0.0358.



To substantiate the role of macropinocytosis in MRGPRX2 internalization even further, we also examined the impact of expression of a dominant negative (DN) mutant of Rac1 [i.e. Rac1(T17N)], a key player of actin rearrangements during macropinocytosis (34, 35), on the internalization of MRGPRX2, using the internalization of dextran as a positive control. Expectedly, DN Rac1 inhibited the uptake of TRITC-dextran (Figure 3D) and accordingly significantly reduced the number of internal vesicles that were double positive for dextran and MRGPRX2 (Figure 3E) or triple positive for dextran, MRGPRX2 and NPY-CFP (Figure 3F), which like NPY-mRFP and NPY-Venus, serves as a SG marker. Finally, DN Rac1 significantly retained the cell surface expression of MRGPRX2 (Figure 3G), thus demonstrating its capacity to inhibit SP-stimulated internalization of MRGPRX2.



Trafficking of MRGPRX2 to the SGs Involves the Autophagic Machinery

We have previously shown that early endosomes fuse with the SGs in MCs (36), thus providing a possible mechanism for MRGPRX2 targeting to the SGs. However, our results, showing that inhibition of endocytosis by pitstop2 does not prevent MRGPRX2 targeting to the SGs (Figure 2C), strongly suggested that MRGPRX2 can reach the SGs also directly from macropinosomes. Recently, it was demonstrated that cells respond to plasma membrane injury by forming large macropinosomes at the repair site (37). These structures eventually become positive for the autophagy-related LC3B protein, followed by their shrinkage and fusion with lysosomes (37). Given the lysosomal nature of the MC SGs, the previous reports that documented the presence of LC3 on MC SGs (38, 39), and our recent findings on inhibition of MRGPRX2-stimulated secretion by autophagy targeting drugs (21), we were motivated to examine if LC3 plays a role in MRGPRX2 delivery from macropinosomes to the SGs. To this end, we monitored the intracellular distribution of MRGPRX2 in response to SP trigger, in cells that were co-transfected with NPY-mRFP and LC3-GFP. Analysis of the confocal images revealed that the vesicular fraction of MRGPRX2, which increased with the time of SP trigger, indeed resided on NPY-mRFP labelled SGs, however a fraction of the NPY-positive SGs also labelled positive for LC3-GFP (Figures 4A–E). A smaller fraction of intracellular MRGPRX2 localized to LC3-GFP-positive, but NPY-mRFP-negative vesicles (Figure 4F), that were smaller in size and resided in close proximity to the SGs (Figures 4A, B). Consistent with the reports on bone marrow derived MCs (38), these vesicles, that may correspond to autophagosomes, were present also in resting cells (Figure 4A). Three-dimensional reconstructions of the confocal images corroborated the existence of three types of vesicles (Figure 4B, and Supplementary Video 1), and suggested that a fusion event between LC3-positive vesicles and LC3-negative SGs gives rise to the formation of the LC3-positve SGs (Figure 4C). This fusion event is fast and therefore restricting the number of LC3-positive and NPY-negative vesicles.




Figure 4 | LC3 and dynamin assist MRGPRX2 trafficking to SGs. RBL-MRGPRX2 cells, transiently co-transfected with NPY-mRFP (red) and LC3-GFP (green), were triggered for the indicated time periods with 10 µM SP, in the presence of vehicle or following 30 min pre-incubation with 80 µM dynasore, as indicated (A). Cells were immunostained with anti-HA antibodies followed by Alexa Fluor® 647-conjugated secondary antibodies (pseudo colored cyan). Yellow arrows point to MRGPRX2 that is localized to NPY-mRFP and LC3-positive SGs, red arrows point to NPY-mRFP-positive, but LC3 negative SGs, and green arrows point to LC3 positive, but NPY-mRFP negative vesicles. Enlargements correspond to the boxed areas. Scale bars = 10µm. Confocal images of cells that were activated for 15 min with SP, were 3-dimensionally reconstructed by using Imaris software (scale bars 2 µm) (B). Arrows point to LC3+/NPY+ vesicles. A scheme of a 3-dimensionally reconstructed LC3+/NPY+ vesicle is shown in (C), showing that some of the fluorescence of LC3-GFP overlaps with NPY-mRFP (yellow). The average number of LC3+/NPY+/MRGPRX2+ (D), LC3-/NPY+/MRGPRX2+ (E), or LC3+/NPY-/MRGPRX2+ (F) vesicles/cell was calculated using the ImageJ software and is presented as the mean ± SEM from three to six independent experiments, with each experiment including at least 20 cells/condition. Statistical significance was determined by one-way ANOVA, followed by Dunnett’s post-test, for comparison of UT with different time points of SP trigger in D-F: *P < 0.05, **P < 0.01, ***P < 0.001, or unpaired two-tailed Welch’s t-test comparison SP ± dynasore for D, *P[LC3+/NPY+/MRGPRX2+ - 5 min: SP vs. SP + dynasore] = 0.0652, for E, *P[LC3+/NPY+/MRGPRX2+ - 15 min: SP vs. SP + dynasore] = 0.0220, *P[LC3+/NPY+/MRGPRX2+ - 30 min: SP vs. SP + dynasore] = 0.0365, and for F, *P[LC3-/NPY+/MRGPRX2+ - UT: SP vs. SP + dynasore] = 0.0191, *P[LC3-/NPY+/MRGPRX2+ - 5 min: SP vs. SP + dynasore] = 0.0238, *P[LC3-/NPY+/MRGPRX2+ - 15 min: SP vs. SP + dynasore] = 0.1049 and *P[LC3-/NPY+/MRGPRX2+ - 5 min: SP vs. SP + dynasore] = 0.0216. A schematic presentation of the types of vesicles into which MRGPRX2 internalizes in response to SP trigger is shown in (G).



To further decipher the connection between macropinocytosis and MRGPRX2 trafficking to the SGs, we tested the impact of dynasore, that inhibits endocytosis, on the cellular distribution of MRGPRX2 in the LC3-GFP-expressing cells. Consistent with its profound impact on the macropinosomes’ size (Figure 2D), dynasore significantly inhibited the association of MRGPRX2 with LC3-posivtive as well as LC3-negative SGs (Figures 4A, D–F). These results therefore implicated dynamin in playing a role in the delivery of MRGPRX2 from macropinosomes to the SGs.

GFP fluorescence is pH sensitive. Thus, while LC3-GFP is fluorescent in autophagosomes, this fluorescence quenches in autolysosomes that form following autophagosome fusion with lysosomes. The possibility therefore arises that the LC3-negative SGs (i.e. LC3-/NPY+) may still contain LC3-GFP, the fluorescence of which is quenched (Figure 4G). To address this possibility, we repeated our analyses of MRGPRX2 distribution in cells that were co-transfected with NPY-CFP and LC3-GFP-mRFP, a tandem fluorescent protein that is commonly used to monitor various stages of autophagy due to the pH insensitivity of mRFP. Thus, LC3-GFP-mRFP yields both green and red signals when located in the less acidic autophagosomes and only a red signal when located in the acidic autolysosomes (40). These studies demonstrated the presence of LC3-containing vesicles that were either double positive for GFP and mRFP, or only positive for mRFP (Figure 5A). Notably, the amount of both types of LC3-positive vesicles significantly increased in response to SP trigger (Figure 5B), indicating that they were formed by a dynamic and trigger-dependent process. Furthermore, with increasing time of SP trigger, the relative amount of GFP-negative/mRFP-positive vesicles increased, suggesting that SP stimulated their acidification, presumably by promoting their fusion with lysosomes (Figure 5B). NPY-CFP colocalized with both LC3-GFP-mRFP double positive and LC3-GFP-negative and mRFP-positive vesicles (Figures 5A, C), implying that both types of MRGPRX2-associated SGs contain LC3, but differ in their internal pH.




Figure 5 | SP stimulates fusion of LC3-positive SGs with lysosomes. RBL-MRGPRX2 cells, transiently co-transfected with NPY-CFP (magenta) and LC3-GFP-mRFP (green and red), were either left untreated (UT) or triggered for the indicated time periods with 10 µM SP. Cells were subsequently immunostained with anti-HA antibodies followed by Alexa Fluor® 647-conjugated secondary antibodies (pseudo colored cyan) (A). Enlargements correspond to the boxed areas. Yellow arrows point to MRGPRX2 that is localized to LC3-positive-SGs (GFP+/mRFP+), and white arrows point to MRGPRX2 that is localized to LC3-autolysosome-SGs (GFP-/mRFP+). An example of the merge of NPY-CFP and LC3-GFP is shown in the inset of the 30 min image. Scale bars = 10µm. The average number of double positive GFP+/mRFP+ vesicles or single GFP-/mRFP+ vesicles was quantified using the ImageJ software and is presented as the mean ± SEM from five independent experiments, with each experiment including at least 20 cells/condition (B). The extent of colocalization of NPY-CFP with LC3-mRFP or LC3-GFP was quantified (n = 3) and is presented as Mander’s correlation coefficient (C). Statistical significance was determined by one-way ANOVA, followed by Dunnett’s post-test. *P < 0.05, **P < 0.01, *** P< 0.001.






Discussion

While internalization of GPCRs has been historically associated with signal termination, it is currently well established that GPCRs may continue signaling post their internalization. Moreover, their intracellular signaling patterns may differ from their plasma membrane signaling (18, 41). Therefore, deciphering the spatiotemporal regulation of GPCRs is central to understanding their functions. Given the important role played by MRGPRX2 in mediating MC innate immune and neurogenic responses, we have undertaken this study to investigate its route of trafficking in response to the binding of its neuropeptide ligand SP. We have previously shown that SP stimulates MRGPRX2 internalization (25), but the fate of the internalized receptor has not been characterized before. The first important finding that emerged from this study is the recognition that while a fraction of the internalized receptor may recycle back to the plasma membrane, approximately half of internalized MRGPRX2 is retained intracellularly, indicating its trafficking to a neither recycling nor degradative compartment. This pattern of intracellular targeting was not the result of overexpression, because we have previously shown that the level of MRGPRX2 expression in the stably transfected RBL-MRGPRX2 cells is even lower than its endogenous expression in LAD-2 cells (21). Furthermore, similar intracellular retention was also noted in the LAD-2 cells. Second, we demonstrate that MRGPRX2 internalizes via two parallel pathways, that can compensate each other, upon inhibition of one of them. Specifically, we show that alongside its internalization by an endocytic pathway, MRGPRX2 internalizes by macropinocytosis. This conclusion is supported by a number of observations, including the location of the receptor in macropinosomes, its colocalization with internalized dextran (70 kDa) and the inhibition of its targeting to macropinosomes by either EIPA or expression of DN Rac1, both known inhibitors of macropinocytosis (33, 35). The endocytic pathway of MRGPRX2 internalization is sensitive to pitstop2, an inhibitor of clathrin-dependent endocytosis and clathrin-independent and Arf6-dependent endocytosis (26, 27), thus implicating either one of these pitstop2-sensitive endocytic pathways in mediating MRGPRX2 internalization. However, the fact that MRGPRX2 internalization is only partially inhibited by the combination of pitstop2 and EIPA raises the possibility that an additional mode of clathrin-independent endocytosis that is resistant to pitstop2, might also be involved.

Macropinocytosis has been associated with innate immune cell surveillance and has been demonstrated to occur in macrophages and dendritic cells in response to microbe associated molecular patterns (42). This concept was recently extended by the finding that macropinocytosis complements endocytosis in internalizing the chemokine GPCR, CCR5 in macrophages (43). Our demonstration that MRGPRX2, a GPCR that mediates a broad spectrum of innate immune responses of MCs, also internalizes by both endocytosis and macropinocytosis strongly supports the recognition of macropinocytosis as a central mechanism in innate immunity. Whether macropinosomes comprise a site of intracellular signaling of MRGPRX2 is presently unknown and is the subject of our future research.

Analysis of the post endocytic trafficking of SP-bound MRGPRX2 revealed that the receptor distributes between a perinuclear region, reminiscent of the Golgi/TGN and the SGs. The latter intriguing location prompted us to investigate the route by which MRGPRX2 reaches the SGs. We have previously shown that MC SGs incorporate endocytic cargo by fusing with early endosomes (34). Thus, SG fusion with endosomes could provide a mechanism for MRGPRX2 targeting to the SGs. However, the finding that inhibition of endocytosis by pitstop2 does not prevent MRGPRX2 delivery to the SGs, suggested the existence of an alternative pathway that connects macropinocytosis, the second mechanism of MRGPRX2 internalization, with the SGs. Motivated to delineate such pathway, we hypothesized that macropinosome resolution may serve as a mechanism of regenerating SGs. We based our hypothesis on parallel mechanisms that exist during phagocytosis, where phagosome fragmentation leads to lysosome reformation (44), or repair of plasma membrane injury, during which LC3-mediated resolution of macropinosomes is linked with fusion with lysosomes (37). Indeed, our results reveal a novel link between macropinosomes, LC3 and the SGs. Specifically, we show that MRGPRX2 internalizes into LC3-positive vesicles that very rapidly acquire the patterns of LC3-GFP-positive-mRFP-positive SGs, followed by the patterns of LC3-GFP-negative-mRFP positive SGs. Furthermore, in the presence of dynasore, that blocks endocytosis, reduction in the amount of MRGPRX2 that is associated with these LC3-positive vesicles is accompanied by an increase in the macropinosome size. Therefore, taken together, our results are compatible with a model, whereby plasma membrane-localized MRGPRX2 internalizes in response to cell trigger by SP by both endocytosis, which may include both clathrin-dependent and clathrin-independent endocytosis, and by macropinocytosis, that may or may not be coupled to SG recapture (Figure 6). Endosomes then fuse with the SGs, thereby delivering MRGPRX2 to the SGs, whereas dynamin and LC3 promote the budding of macropinosome-derived vesicles leading to macropinosome resolution (Figure 6). These macropinosome-derived vesicles then fuse with NPY-mRFP labelled SGs (type I in our model, Figure 6), to form NPY positive and GFP-LC3-positive SGs (type II in the model, Figure 6), which then fuse with lysosomes to form NPY-positive/LC3-GFP-negative, but LC3-mRFP-positive, SGs (type III in the model, Figure 6). Therefore, this pathway provides not only a mode for incorporation of extracellular or membranal cargo into the SGs, but it may also serve as mechanism of regeneration of SGs by capturing part of the released cargo by macropinocytosis and incorporating it back into the SGs. Alternatively, macropinocytosis might be directly involved in the recapturing of SGs that have partially emptied their content during exocytosis. Macropinosomes may thereby facilitate the internalization of MRGPRX2, and its SG targeting by their subsequent fusion with non-degranulated SGs (Figure 6). Consistent with this notion are previous observations that documented LC3 location and release by bone marrow derived MCs (38). We do not presently know if cytosolic LC3 binds to the macropinosomes, in analogy to LC3-associated macropinocytosis during membrane repair (37) or LC3-associated phagocytosis (45), in which case, the LC3-GFP-positive, but NPY-negative vesicles correspond to macropinosome derived vesicles, that fuse with the type I SGs to form type IIa SGs (Figure 6), or whether LC3 resides on phagophores or autophagosomes, that respectively engulf or fuse with macropinosome-derived vesicles, prior to their fusion with the SGs to form type IIb SGs (Figure 6), in analogy to the biogenesis of lamellar bodies in the lung (46). Future studies will distinguish between these possibilities. It is interesting to note in this context that autophagy has been implicated in playing a role in FcεRI-mediated exocytosis (38) and we have shown that 3-methyladenine (3-MA), an inhibitor of canonical autophagy, inhibits MRGPRX2-mediated secretion (21). However, while these results implicate canonical autophagy in the mechanism of MC exocytosis, they do not necessarily counteract the possibility of non-canonical autophagy playing a role in MRGRPX2 trafficking.




Figure 6 | Model for the crosstalk between macropinosomes and the SGs. According to our model, plasma membrane-localized MRGPRX2 internalizes in response to cell stimulation by SP by two parallel mechanisms: (A) by endocytosis that is partially sensitive to pitstop2 and (B) by macropinocytosis. Endosomes may fuse with the SGs, thereby delivering MRGPRX2 to the SGs, whereas MRGPRX2-containing vesicles bud from macropinosomes by a mechanism that involves dynamin and either the binding of cytosolic or phagophore associated LC3, or fusion with autophagosomes. These vesicles then fuse with TGN-derived SGs (Type I) generating respectively, Type IIa or Type IIb, LC3-positive SGs. The latter then acidify, most likely by their fusion with lysosomes, by a SP-stimulated process, generating Type III SGs.



In summary, deciphering the spatiotemporal regulation of MRGPRX2 is of particular interest given the different ability of MRGPRX2 ligands to stimulate internalization. Thus, it is tempting to speculate that biased ligands, such as AG30/5C (11), that do not stimulate receptor internalization, and therefore restrict MRGPRX2 signaling to the plasma membrane, may confer distinct functions than balanced ligands, such as SP (25), that may stimulate intracellular signaling. Delineating the route of post endocytic trafficking of MRGPRX2 may thus pave the road for the rational design of cell-permeable antagonists that will specifically target undesired and site-specific MRGPRX2 activation. Here we show that SP-bound MRGPRX2 internalizes by two parallel pathways, including endocytosis and macropinocytosis. We also show that the internalized receptor is targeted to internal non-degradative compartments that include the SGs. Further, we uncovered a novel mechanism that connects macropinosomes and SGs and which mediates the delivery of MRGPRX2 to the SGs. Whether the SGs participate in MRGPRX2 signaling or serve as an alternative to endocytic recycling, for the direct coupling of receptor retrieval with exocytosis, are intriguing questions, which we shall address in our future studies.
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Supplementary Video 1 | RBL-MRGPRX2 cells were transiently transfected with NPY-mRFP, marking SGs, and LC3-GFP. Next day, cells were triggered for 15 min with 10µM SP and imaged using a Zeiss LSM 710 confocal microscope. Three-dimensional reconstructions of z stacks (slice thickness ≤ 0.5µm for both fluorescent channels with ~ 10 slices) were performed by using Imaris software (Bitplane, Zurich, Switzerland).

Supplementary Figure 1 | RBL-MRGPRX2 cells (A, B) or LAD-2 cells (C, D) were stained with anti-MRGPRX2 antibody followed by Alexa Fluor® 647 secondary antibody (blue lines) or by the secondary antibody (grey lines, control) in the absence (A, C) or presence (B, D) of 0.1% saponin, and analyzed by flow cytometry.

Supplementary Figure 2 | LAD-2 cells were either left untreated (UT) or triggered with 10 µM SP for 30 min (n = 2 with at least 20 cells/condition per experiment). Cells were immunostained with mouse anti-MRGPRX2 and rabbit anti-syntaxin 3 (STX3) antibodies, followed by Alexa Fluor® 647-conjugated goat anti-mouse secondary antibodies (pseudo colored cyan) and Alexa Fluor® 488-conjugated goat anti-rabbit secondary antibodies (pseudo colored red). Enlargements correspond to the boxed areas. Enlargements correspond to the boxed areas. Macropinosomes are shown by the overlap with the brightfield (BF) image. White arrows point to MRGPRX2 that is localized to macropinosomes. Blue arrows points to STX3 located at the plasma membrane, where it overlaps with MRGPRX2. Arrowheads point to macropinosomes. Scale bars = 10µm.
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Tissue-specific mouse models are essential tools to decipher the role of each cell compartment and/or their expressed genes in the pathophysiology of diseases. Here, we describe a new knock-in mouse model allowing expression of both the fluorescent protein tdTomato and the CRE recombinase selectively in the basophil compartment under the control of the Mcpt8 gene. These “CT-M8” mice did not show any abnormalities in their peripheral distribution of major immune cell populations nor their basophil function. CT-M8 mice allowed the identification of basophils by immunofluorescence and flow cytometry and basophil-specific Cre-mediated floxed gene deletion. Breeding of our CT-M8 mice with the ROSA26flox-stop-DTA mice led to the generation of basophil-deficient mice with no detectable abnormalities in other cell compartments. These mice were then used to document basophil involvement in systemic lupus erythematosus (SLE) pathophysiology since we previously reported by transient depletion of these cells during the course of an ongoing disease that they support and amplify autoantibody production in two distinct lupus-like mouse models (Lyn−/− and pristane-induced). Here, constitutive basophil deficiency prevented pristane-induced lupus-like disease development by limiting autoantibody titers and renal damages. Therefore, basophils have a nonredundant role in pristane-induced lupus-like disease and are involved in both its induction and amplification. This CT-M8 new mouse model will allow us to finely decipher the role of basophils and their expressed genes in health and disease.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease (AID) affecting mainly women of child-bearing age. SLE can affect different organs, such as skin, lungs, joints, or kidneys. Lupus nephritis is one of the most severe organ manifestations of SLE. It affects 25% to 60% of SLE patients, and about 20% of these patients develop a life-threatening end-stage renal disease (1). SLE is characterized by the presence in the patient’s blood of autoreactive antibodies of several isotypes, mainly raised against nuclear antigens such as double-stranded DNA (dsDNA) or ribonucleoproteins (RNPs) (2). Once conjugated to autoantigens and complement factors, the formed immune complexes (ICs) can deposit in target organs where they induce inflammation, leading to organ injury and consequent organ dysfunction. ICs also induce Fc receptor-dependent activation of innate immune cells such as plasmacytoid dendritic cells (pDCs), neutrophils, macrophages, and basophils, which all contribute to an amplification loop of autoantibody production and disease activity (1, 3).

We previously reported that basophils accumulate in secondary lymphoid organs (SLOs) during lupus pathogenesis through mechanisms dependent on IgE, IL-4, prostaglandin D2 (PGD2), and CXCR4. There, they promote autoreactive plasma cell accumulation and consequent autoantibody production (4–6). These findings were validated in several human SLE patient cohorts and multiple lupus-like mouse models. Among these models, basophils were shown to contribute to the pristane-induced lupus-like disease (PIL) (7). In mice with established disease, basophil depletion dampened disease activity by reducing short-lived plasma cell number, serum autoantibody titers, IC deposition in glomeruli, and the proinflammatory environment in the kidneys (4, 6, 7), identifying basophils as promising therapeutic targets in SLE. However, whether basophils are involved in the primary development of the disease remains unknown.

Here, we report the generation of a new mouse model called CT-M8 (Mcpt8tm1Ics) that allows the expression of the CRE recombinase (CRE) and the tandem Tomato (tdT) fluorescent protein downstream of the gene of the basophil-specific protease mast cell protease 8 (Mcpt8) (8). This model enabled convenient basophil detection by fluorescent microscopy and flow cytometry as well as basophil-specific floxed gene deletion. Breeding of these CT-M8 mice with the ROSA-DTA mice (expressing a loxP site-flanked stop cassette upstream of the gene encoding diphtheria toxin A under the control of the Rosa26 promoter [B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/J)] (9) allowed the generation of constitutive basophil-deficient mice (Mcpt8CT/+ Rosa26DTA/+). In the PIL model, basophil deficiency prevented the accumulation of short-lived plasma cells in SLOs as well as the detection of anti-RNP autoantibodies and IC deposits in the glomeruli of the mice 8 weeks after pristane injection. Overall, this new model of basophil-deficient mice allowed showing that basophils have a nonredundant role in PIL development and might be mandatory in the SLE-like disease course to reach a pathogenic threshold.



Material and Methods


Generation of Mcpt8tm1Ics or CT-M8 Mice

The C57BL/6 Mcpt8-Cre-tdTomato or Mcpt8tm1Ics or “CT-M8” mice were generated by the Institut Clinique de la Souris (Illkirch, France) from the Phenomin consortium. Briefly, a cassette containing an internal ribosome entry site (IRES), the cDNA encoding the CRE recombinase, a viral Thosea asigna virus 2A (T2A) sequence, and the fluorescent protein tandem Tomato or “tdT” was knocked in together with a Neo resistance (Neor) cassette flanked by two FRT sites after the stop codon of the Mcpt8 gene. Chimeric mice were generated by the injection of mutant ES cells into C57BL/6 blastocysts and cross-bred with Flp deleter C57BL/6N females (10) to obtain Neor-deleted Mcpt8tm1lcs mice (Figure 1A).




Figure 1 | The CT-M8 mice: a new basophil-specific mouse model. (A) Schematic representation of Mcpt8-Cre-tdT knock-in targeting constructs to generate the CT-M8 (Mcpt8tm1Ics) mice (see Methods) where Cre and tandem tomato fluorescent protein are expressed under the control of the basophil-specific Mcpt8 promoter. (B) Fluorescence-activated cell sorter (FACS) gating strategy showing tdTomato expression in spleen basophils from Mcpt8CT/CT and Mcpt8CT/+ mice but not in wild-type animals (Mcpt8+/+). (C) Basophil-specific tdTomato expression (red) imaged by confocal microscopy on splenocytes from Mcpt8+/+ (left) and Mcpt8CT/CT (right) mice, stained with anti-IgE antibody (green) and DNA staining (DAPI, blue). Scale bar, 5 µm. Larger fields are shown in Supplementary Figure S1. (D) Expression of the tdTomato assessed by flow cytometry in the indicated spleen cell types (except for peritoneal mast cells, which are from the peritoneal cavity) defined as described in Table 1 in Mcpt8+/+ (grey lines), Mcpt8CT/+ (blue lines), and Mcpt8CT/CT (red lines). One representative set of data out of 4 per genotype is shown. (E) Mcpt8 mRNA expression levels were assessed by RT-quantitative PCR on mRNA purified from FACS-sorted bone marrow primary basophils from mice of the indicated genotypes (see Methods). Data are expressed as the mean of the 2−ΔCt values of Mcpt8 relative to the β2-microglobulin Ct. Individual values are shown inside bars. Statistical analyses were done by one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001.





Mice

C57BL/6J wild-type mice were purchased from Charles River Laboratories (Ecully, France). The Rosa26-loxP-Stop-loxP-DTA C57BL/6J   mice (9) were purchased from The Jackson Laboratory through Charles River Laboratories. Il4fl/fl C57BL/6J mice were previously described (11). For all experiments, WT, Mcpt8CT/CT, Mcpt8CT/+, Mcpt8CT/+ x Il4fl/fl, Il4fl/fl,  , and   mice were used on a C57BL/6J, C57BL/6N, or C57BL/6JxN mixed background.

For phenotyping experiments, mice from both sexes in equal proportions were used between 8 and 15 weeks of age. For pristane-induced lupus-like (PIL) disease experiments, 8-week-old female mice of the indicated genotype received a single intraperitoneal injection of 500 µl of pristane (Sigma-Aldrich, Burlington, MA, USA) or phosphate-buffered saline (PBS, Gibco) as a control and were sacrificed 8 weeks later. Mice were maintained under specific pathogen-free conditions in our animal facilities. The study was conducted in accordance with the French and European guidelines and approved by the local ethics committee, comité d’éthique Paris Nord N°121 and the Ministère de l’enseignement supérieur, de la recherche et de l’innovation under the authorization number APAFIS#14115.



Mouse Sample Processing

Mice were euthanized in a regulated CO2 chamber. Blood was harvested with a heparinized syringe with a 25-G needle by cardiac puncture. Peritoneal lavages were realized by injecting 5 ml of PBS and 2 ml of air into the peritoneal cavity. After 50 rotations, the peritoneal wall was opened and peritoneal lavage was harvested with a pipette. Cervical, axillary, and inguinal lymph nodes were harvested and pooled. Bone marrow was extracted from both femurs, and the spleen was harvested. The left kidney was embedded in OCT (CellPath, Newton, UK) and snap-frozen in liquid nitrogen and kept at −80°C until immunofluorescence analysis. Single-cell suspensions from blood, bone marrow, peritoneal lavage, spleen, or peripheral lymph nodes (LNs) (pooling inguinal, axillary, and cervical LNs) were prepared by mechanical disruption over a 40-μm cell strainer (Falcon, Corning, Corning, NY, USA) when necessary. Blood was centrifuged at 300×g for 10 min at room temperature, and plasma was harvested for further analysis. The specimens were incubated for 5 min at room temperature in ACK lysing buffer (150 mM of NH4Cl, 12 mM of NaHCO3, 1 mM of EDTA, pH 7.4) and neutralized with twice the volume of PBS, and cells were centrifuged (500×g, 5 min). This step was repeated three times for blood samples. Cell concentrations were determined with a hemacytometer, and 1–5 million cells per point were used for fluorescence-activated cell sorting (FACS) staining (see below).



Flow Cytometry

Unspecific antibody-binding sites were saturated with a blocking buffer containing 10 µg/ml of anti-CD16/CD32 antibody clone 2.4G2 (BioXcell, Lebanon, NH, USA), and 100 µg/ml of polyclonal rat IgG, polyclonal mouse IgG, and polyclonal Armenian Hamster IgG (Innovative Research, Inc., Novi, MI, USA) in FACS buffer (PBS, 1% bovine serum albumin, 1 mM EDTA, and 0.05% sodium azide). Mouse cells were stained in optimized concentration of fluorophore-conjugated monoclonal antibodies (clone) targeting CD45 (30-F11), FcϵRIα (MAR1), CD49b (DX5), IA/IE (M5/114.2), CD200R1 (OX-110), CD200R3 (Ba13), TCRβ (KT3.1.1), CD4 (RM4-4), CD8α (53-6.7), CD11b (M1/70), F4/80 (BM8), CD11c (N418), CD317 (927), Ly6G/Ly6C (Gr1, RB6-8C5), CD19 (6D5), CD117 (2B8), and CD138 (281-2), all from BioLegend, San Diego, CA, USA; and IL-4 (11B11) from BD Biosciences, Franklin Lakes, NJ, USA; IL-6 (MP5-20F3), IL-13 (eBio13A), and CD123 (5B11) from ThermoFisher Scientific, Waltham, MA, USA. Basophils were defined as CD45lo CD3− CD19− CD117− CD200R3+ CD49b+ FcϵRIα+ CD123+ cells among CD45+ viable singlets. Peritoneal mast cells were defined as CD45+ CD3− CD19− F4/80− FcϵRIα+ CD117+. Other cells were defined as indicated in Tables 1, 2. For all flow cytometry experiments, dead cells were stained in PBS with GHOST 510 viability dye (TONBO, San Diego, CA, USA) and excluded from the analysis. For intracellular cytokine staining, cells were fixed for 30 min at 4°C with fixation buffer and staining was realized in intracellular staining permeabilization wash buffer following the manufacturer’s instructions (both buffers from BioLegend, San Diego, CA, USA). Flow cytometry acquisition was realized using a Becton Dickinson 5-laser LSR Fortessa X-20 and data analysis using Flowjo vX (Treestar, BD Biosciences, Franklin Lakes, NJ, USA). For assessment of the CD200R1 expression level, the ratio of the geometric mean fluorescence intensity (gMFI) of CD200R1 to the fluorescence minus one (containing the isotype control) gMFI was calculated and expressed in arbitrary units (A.U.).


Table 1 | Immune cell populations in Mcpt8+/+, Mcpt8CT/+, and Mcpt8CT/CT mice.




Table 2 | Immune cell populations in basophil-deficient mice.





Confocal Microscopy

Mouse splenocytes were harvested as described above and resuspended in PBS containing 2% FCS and 2 mM of EDTA. Splenocytes were then depleted from B, NK, and T cells by magnetic selection through the use of biotinylated anti-CD19 (6D5), anti-NK1.1 (PK136), anti-CD8α (53-6.7), anti-CD4 (RM4-5) (BioLegend) and MagniSort™ streptavidin-negative selection beads, following manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA, USA). This basophil-enriched cell suspension was then stained with a FITC-conjugated anti-IgE antibody (23G3, Southern Biotech, Birmingham, AL, USA) in FACS buffer, washed, incubated on poly-l-lysine-coated coverslips for 20 min at 37°C, washed in PBS, fixed with a fixation buffer (BioLegend), and permeabilized with PZB. The nuclei were stained with 360 nM of 4′,6-diamidino-2-phenylindole (DAPI) in PZB and washed in PBS. Coverslips were then mounted in Shandon Immu-Mount (ThermoFisher Scientific, Waltham, MA, USA) on superfrost slides (VWR,  Radnor, PA, USA) and incubated overnight at 4°C. Image acquisition was realized with a Zeiss, Oberkochen, Germany LSM 780 confocal microscope, and image analysis was done with the Zen 2012 (Blue edition) service pack 2 software.



Ex Vivo Primary Cell Stimulation

Mouse splenocytes were harvested through mechanical disruption over a 40-μm of cell strainer, and red blood cells were lysed as described above. Single-cell suspensions at 2 million cells/ml were cultured in a culture medium (RPMI 1640) with Glutamax and 20 mM of HEPES, 1 mM of Na-pyruvate, and 1× nonessential amino acids (all from Life Technologies); 100 μg/ml of streptomycin and 100 U/ml of penicillin (GE Healthcare, Chicago, IL, USA); and 37.5 μM of β-mercaptoethanol (Sigma-Aldrich, Burlington, MA, USA) supplemented with 20% heat-inactivated fetal calf serum (FCS) (Life Technologies) at 37°C and 5% CO2. For phorbol-myristate-acetate (PMA) and ionomycin-stimulation experiments, whole splenocytes were stimulated or not with 40 nM of PMA and 800 nM of ionomycin for 4 h in the presence of 2 µg/ml of brefeldin A (all from Sigma-Aldrich, Merck). For other stimulations, splenocytes were enriched in basophils by depleting T, B, and NK cells as described in the confocal microscopy section. CD200R1 upregulation was measured after 2 h of stimulation with 500 ng/ml of anti-IgE antibody (clone RME-1, BioLegend). Anti-IgE-induced IL-4 and IL-6 productions by basophils were quantified by flow cytometry after 4 h of stimulation with 500 ng/ml of anti-IgE antibody in the presence of brefeldin A. At the end of these stimulations, cells were harvested and treated as described in the Flow Cytometry section. For IL-3-induced basophil stimulation, cells were stimulated over 24 h with 1 ng/ml of recombinant mouse IL-3 (PeproTech, Rocky Hill, NJ, USA) and IL-4 and IL-6 productions were quantified by ELISA (R&D systems, Minneapolis, MN, USA), normalized to the number of basophils present in each well and expressed in picograms per 1,000 basophils.



Mcpt8 mRNA qPCR Analysis

Single-cell suspensions of bone marrow (BM) cells (in PBS containing 2% FCS and 2 mM of EDTA) were stained with biotin-conjugated anti-Ly6G (1A8) and anti-CD19 (6D5) antibodies (BioLegend, San Diego, CA, USA) before removing positive cells with MagniSort™ streptavidin-negative selection beads following the manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA, USA). After this basophil enrichment, primary BM basophils were selected for CD200R3 expression and sorted using a BD FACSMelody™ cell sorter (BD Biosciences, Franklin Lakes, NJ, USA). RNA extraction was performed by using Trizol reagent as described in the manufacturer’s protocol (Invitrogen). cDNA was synthesized with SuperScript™ III First-Strand Synthesis System (Invitrogen). Quantitative PCR was performed with SsoAdvanced SYBR green reaction mix (Bio-Rad, Hercules, CA, USA) using the M_B2m_1 KiCqStart™ primer pair for mouse β2-microglobulin as housekeeping gene (Sigma-Aldrich, Merck) and the following primers for Mcpt8 quantification: Forward primer: 5′-GTGGGAAATCCCAGTGAGAA-3′ and Reverse primer: 5′-TCCGAATCCAAGGCATAAAG-3′ (12). Quantitative PCR was performed on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA), and, following amplification, Ct values were obtained using the CFX Manager™ software 2.1 (Bio-Rad, Hercules, CA, USA).



TH2 Polarization of Spleen CD4+ T Cells Ex Vivo

F(ab’)2 anti-CD3 (clone145-2C11 at 10 µg/ml) and anti-CD28 (clone PV-1 at 2 µg/ml) antibodies (BioXcell, Lebanon, NH, USA) were coated overnight at 4°C in 96-well plates (Costar) in sterile-filtered 20-mM carbonate buffer (pH 9.6) containing 2 mM of MgCl2 and 0.01% NaN3. Wells were washed in PBS before plating the cells. Total spleen CD4+ T cells were sorted by magnetic negative selection following the manufacturer’s instructions (STEMCELL Technologies, Vancouver, Canada). CD4+ T cells were then resuspended in a culture medium (same as above) at 0.25 million cells/ml. Two hundred microliters of cell suspension were then added to wells and supplemented with 10 ng/ml of IL-2 and 50 ng/mL of IL-4 (both from BioLegend, San Diego, CA, USA). After 2 days in the culture at 37°C and 5% CO2, IL-2 and IL-4 were added again at the same concentrations for 3 more days. TH2-polarized CD4+ T cells were then stimulated for 4 h with 40 nM of PMA and 800 nM of ionomycin in the presence of 2 µg/ml of brefeldin A (Sigma-Aldrich, Merck). Flow cytometry analysis was then performed as described above.



Detection of Anti-RNP Autoantibodies

Maxisorp plates (Thermo Scientific) were coated overnight at 4°C with 10 µg/ml of purified RNP complexes (Immunovision, Springdale, AR, USA) diluted in carbonate buffer (100 mM of NaHCO3 and 30 mM of Na2CO3, pH 9.6). Plates were washed 3 times in 300 µl of PBS containing 0.05% Tween-20 (PBS-T, Bio-Rad Laboratories) and then saturated for 1 h at room temperature with 200 µl of PBS containing 5% FCS (Gibco, Waltham, MA, USA). Plates were then washed 3 times in 300 µl of PBS-T. All plasma samples were diluted 1:100 in PBS-T containing 5% FCS and 100 µl added to the wells and incubated for 2 h at room temperature. After 5 washes in PBS-T, a secondary antibody goat anti-mouse IgG conjugated to horseradish peroxidase (HRP) (Invitrogen) was diluted in PBS-T at 5% FCS at a final concentration of 500 ng/ml, and 100 µl was added to the wells for 1 h at room temperature. The plates were finally washed 5 times in 300 µl of PBS-T. A total of 100 µl of tetramethylbenzidine (TMB) substrate (ThermoFisher Scientific, Waltham, MA, USA) was added to the wells, incubated at room temperature for at least 20 min, and the reaction was stopped by adding 100 µl of 0.2 N of sulfuric acid solution. Optical density at 450 nm was measured by spectrophotometry (Infinite 200 Pro plate reader, Tecan, Männedorf, Germany). On each plate, similar negative and positive controls were run. Optical density (OD) values were first normalized to the negative controls, and then, the presented results were normalized to the mean of the PBS-injected control mice values and expressed in arbitrary units.



Kidney Immunofluorescence Assays

Acetone-fixed 4 µm cryosections of OCT-embedded kidneys were thawed and blocked in 10% fetal calf serum (FCS) (Gibco, Waltham, MA, USA). Slices were stained with FITC-conjugated anti-mouse C3 (Cedarlane,  Burlington, ON, Canada) or Alexa Fluor® 488-conjugated anti-mouse IgG F(ab)’2 (Jackson Immunoresearch, West Grove, PA, USA), or their respective isotype controls, before being mounted in Immunomount (ThermoFisher Scientific, Waltham, MA, USA) and analyzed by fluorescent microscopy (Leica DMR, Leica Microsystems, Wetzlar, Germany). The ratio of specific glomerular fluorescence over tubulointerstitial background was then measured using ImageJ software (NIH), averaging 30 glomeruli per mouse for each sample.



Statistics

Student’s unpaired t-tests were used to compare the differences of one variable between two groups when distributions were Gaussian and Mann–Whitney U tests for nonparametric distributions. When more than two groups were compared, one-way ANOVA coupled with Tukey’s multiple comparisons test was used. Statistics were done using Prism v9 software (Graphpad).




Results


CT-M8: A New Basophil-Specific Mouse Model

We aimed at developing a basophil-specific mouse model in which we could both follow basophil localization by immunofluorescence and flow cytometry and express the CRE recombinase selectively in the basophil compartment. To achieve that goal, we took advantage of the gene encoding for the basophil-specific protease Mcpt8 (8). The strategy described in the Methods section and Figure 1A led to the generation of Mcpt8tm1Ics mice named here “CT-M8” (Mcpt8CT/CT), standing for CRE recombinase and tdTomato expressions (CT) under the control of Mcpt8 gene transcription (M8). CT-M8 mice had normal fertility and did not show any dysregulation of their immune cell distribution in lymphoid organs or blood (Table 1). As expected, the construct allowed straightforward basophil detection by flow cytometry (Figure 1B). Direct tdTomato+ basophil gating on living singlet CD45+ cells was as efficient to detect basophils as a conventional gating strategy for basophils (CD45lo CD49b+ FcϵRIα+ CD123+ CD200R3+) (Figure 1B; Table 1). By confocal microscopy, basophil detection was evident in CT-M8 mice, and tdTomato expression in the spleen was restricted to IgE-bearing cells (Figure 1C; Supplementary Figure S1). Of note, tdTomato expression in Mcpt8CT/+ basophils was half that in Mcpt8CT/CT basophils (Figures 1B, D). Although inserted after the stop codon, the construct inserted into the Mcpt8 locus led to a drastic reduction of Mcpt8 mRNA expression as measured by qPCR in bone marrow (BM) basophils isolated from Mcpt8CT/CT mice. However, Mcpt8 mRNA expression was still significantly retained in Mcpt8CT/+ basophils (Figure 1E).

tdTomato expression was strictly restricted to the basophil population in all tested organs (blood, peritoneal lavage, lymph nodes, bone marrow, and spleen) (Figure 1D; Table 1). Spleen basophils from Mcpt8CT/CT and Mcpt8CT/+ mice produced IL-4 and IL-6 to the same extent as WT (Mcpt8+/+) basophils after phorbol myristate acetate (PMA) and ionomycin stimulation, demonstrating that construct expression did not alter the maximal abilities of the basophils from CT-M8 mice to produce these cytokines (Figures 2A–C). CD200R1 is a recognized mouse basophil activation marker (13, 14). Anti-IgE-mediated basophil activation resulted in similar CD200R1 upregulation on spleen basophils from Mcpt8+/+ and Mcpt8CT/CT mice and to similar IL-4 and IL-6 productions (Figures 2D–J). Furthermore, IL-3-mediated activation was as efficient in Mcpt8+/+ as in Mcpt8CT/CT basophils to induce IL-4 and IL-6 productions (Figures 2K, L).




Figure 2 | CT-M8 mice have fully functional basophils. (A–C) Splenocytes from Mcpt8+/+, Mcpt8CT/+, and Mcpt8CT/CT mice were stimulated over 4 h with PMA and ionomycin (P/I) in the presence of brefeldin A. Proportions of IL-4+ and IL-6+ basophils were assessed by intracellular flow cytometry staining as depicted in (A) and quantified in (B, C) (see Methods). (D–F) Splenocytes (depleted of T, B, and NK cells) from Mcpt8+/+ (blue) and Mcpt8CT/CT (red) mice were left unstimulated (US, dotted line) or were stimulated over 2 h with 0.5 µg/ml of anti-IgE antibody (solid line). tdTomato (D) and activation marker CD200R1 expression levels (E) were assessed in basophils by flow cytometry. Quantification of CD200R1 expression levels on basophils is shown in (F). (G–J) T-, B-, and NK-cell-depleted splenocytes from Mcpt8+/+ (blue) and Mcpt8CT/CT (red) mice were stimulated over 4 h with anti-IgE antibody (anti-IgE) in the presence of brefeldin A (see Methods). As depicted in (G, H), proportions of IL-4+ (I) and IL-6+ (J) basophils were assessed by flow cytometry. (K, L). The same cells as in (G–J) were stimulated (+) or not (−) over 24 h with 1 ng/ml of mouse IL-3 without brefeldin A (see Methods). IL-4 and IL-6 concentrations in the culture supernatant were measured by ELISA and normalized to the number of basophils in each condition. Statistical analyses were done by one-way ANOVA followed by Tukey’s multiple comparison tests between the indicated groups. NS, not significant (p > 0.05). (A–J) Results from at least 3 different mice per group from 3 independent experiments are shown. (K, L) Results from 3 different mice are shown.



Overall, these data demonstrated that the CT-M8 mice (i) allowed convenient and selective basophil detection by microscopy and flow cytometry, (ii) did not show any abnormalities in their immune cell populations, and (iii) had a tdTomato expression restricted to basophils in all the compartments analyzed, and that basophils from these mice, despite an alteration of Mcpt8 expression, exhibited normal distribution and normal function as assessed after IgE-, IL-3-, and PMA-ionomycin-mediated stimulations.



CRE Expression in CT-M8 Mice Is Basophil-Specific and Functional

We next sought to verify that functional CRE recombinase expression occurred only in basophils and allowed induction of basophil-specific floxed gene recombination. To that end, Mcpt8CT/+ mice were bred with Il4fl/fl mice (11). Unlike IL-6 production, which was not altered, PMA-ionomycin-induced IL-4 production by basophils from Mcpt8CT/+ Il4fl/fl mice was completely abrogated as compared to Mcpt8CT/+ Il4+/+ and Mcpt8+/+ Il4fl/fl mice (Figure 3A). Thus, CRE recombinase was functional, and its expression was restricted to the basophil compartment since IL-4 production in in vitro polarized T helper type 2 (TH2) CD4+ T cells was not impaired in Mcpt8CT/+ Il4fl/fl mice as compared to Mcpt8CT/+ Il4+/+ mice (Figure 3B).




Figure 3 | Functional and basophil-specific CRE recombinase expression in CT-M8 mice. (A) Splenocytes from Mcpt8+/+ Il4fl/fl (black lines/dots), Mcpt8CT/+ Il4+/+ (red lines/dots), and Mcpt8CT/+ Il4fl/fl (blue lines/dots) were stimulated for 4 h with PMA and ionomycin in the presence of brefeldin A (see Methods). IL-6 (left) and IL-4 (middle) productions were assessed in basophils by intracellular flow cytometry staining. Productions are also shown together on the right panel as a dot plot. Gray-filled histograms and gray dots represent signals from basophils intracellularly incubated with fluorophore-conjugated isotype controls (fluorescence minus one (FMO)). (B) TH2-polarized CD4+ T cells from mice with the indicated genotypes (see Methods) were stimulated with PMA and ionomycin for 4 h in the presence of brefeldin (A) Productions were assessed by intracellular staining of IL-13 (left) and IL-4 (middle). Productions are also shown together on the right panel as a contour plot. (A, B) Representative data from one mouse per genotype are shown. A minimum of 3 mice per genotype were analyzed, showing similar results.



Next, we bred the CT-M8 mice with the ROSA-DTA mice (9). Mcpt8CT/+ Rosa26DTA/+ mice were constitutively basophil-deficient and did not show any other immune cell population defects in homeostatic conditions as compared to Mcpt8CT/+ Rosa26+/+ and Mcpt8+/+ Rosa26DTA/DTA mice in all analyzed compartments (Table 2; Figures 4A–C).




Figure 4 | Basophils have a nonredundant role in PIL development. (A–H) Eight-week-old Mcpt8CT/CT Rosa26+/+ (basophil sufficient, M8CT/CT  ) and Mcpt8CT/+ Rosa26DTA/+ (basophil deficient, M8CT/+  ) mice were injected ip with PBS or pristane (PIL). Eight weeks later, the mice were euthanized and analyzed. (A–C) Basophil accumulation in the spleen (A) and peripheral lymph nodes (LNs) (cervical, axillary, and inguinal) (B) and blood basophils (C) were quantified by flow cytometry, as shown in Figure 1 and described in the Methods section. Basophils were defined as CD45lo CD3− CD19− CD117− CD49b+ FcϵRIα+ tdTomato+ cells among CD45+ viable singlets. (D, E) CD19+ CD138+ plasma cells were quantified in the spleen (D) and peripheral lymph nodes (E) of the mice described above. (F) Anti-RNP IgG autoantibody titers were quantified by ELISA from plasma samples of indicated mice, as described in the Methods section. The O.D. values at 450 nm were determined, and data were normalized to the mean of PBS-injected Mcpt8CT/CT Rosa26+/+ values. A.U., arbitrary units. (G, H) Four-micrometer cryosections of kidneys were analyzed by immunofluorescence for C3 (G) and IgG (H) staining as shown on images (scale bar, 60 µm) and quantified in adjacent bar graphs as A.U., corresponding to the ratio between fluorescence intensity measured in glomeruli to that in interstitial background. (A–H) Results are from at least three independent experiments and are presented as individual values in bars representing the mean values. Statistical analyses were done by one-way ANOVA followed by Tukey’s multiple comparison tests between the indicated groups. NS, not significant, p > 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Overall, these results confirmed the basophil-restricted expression of a functional CRE recombinase in CT-M8 mice that allowed generating basophil-specific ablation of selected genes and a constitutive basophil-deficient mouse model.



Basophils Have a Nonredundant Role in Lupus-Like Nephritis Amplification

By accumulating in SLOs during lupus pathogenesis, we previously showed that basophils support the survival of autoreactive antibody-secreting cells, leading to the amplification of autoantibody titers both in lupus-like mouse models and in SLE patient cohorts (4, 6, 7). Pristane (TMPD; 2, 6, 10, 14- tetramethylpentadecane) is a mineral oil able to induce the development of a lupus-like phenotype when injected intraperitoneally (ip) into C57BL/6 mice (15). The resulting PIL was associated with peripheral basophilia and an accumulation of basophils in SLOs. When depleting basophils using different approaches over 14 days in C57BL/6 female mice in established PIL (24 weeks after pristane injection), the accumulation of autoantibody-secreting plasma cells and amplification of autoantibody production were dampened (7). However, these approaches did not allow for evaluating the contribution of basophils to the onset of the disease.

We, therefore, took advantage of our new model of constitutive basophil-deficient mice described above to address this question. Basophil-sufficient (Mcpt8CT/CT Rosa26+/+) and basophil-deficient (Mcpt8CT/+ Rosa26DTA/+) female mice were injected ip with pristane at around 8 weeks of age and euthanized for analysis 8 weeks after injection. This time point corresponded to an early stage of PIL since neither proteinuria nor other biological parameters evidencing kidney dysfunction (blood urea nitrogen and creatininemia) were detectable (data not shown). However, 8 weeks after pristane injection in basophil-sufficient animals, basophil and short-lived plasma cell (CD19+CD138+ B cells) accumulation in SLOs (spleen and lymph nodes), peripheral basophilia, and autoantibodies in plasma were detected (Figures 4A–F). This was associated with the detection of complement component C3 and IgG deposits in the kidney glomeruli of pristane-injected mice, unlike the glomeruli of PBS-injected control mice, confirming the early development stages of the pristane-induced lupus-like nephritis (Figures 4G, H).

As expected, no basophil was detected in basophil-deficient mice (Mcpt8CT/+ Rosa26DTA/+) 8 weeks after pristane injection in any of the compartments analyzed (Figures 4A–C). No accumulation of CD19+CD138+ short-lived plasma cells was detected in SLOs of pristane-injected basophil-deficient mice, suggesting that basophil deficiency prevented PIL development (Figures 4D, E). Indeed, no significant increase in antiribonucleoprotein (anti-RNP) antibodies, autoantibodies present in PIL in C57BL/6 mice (6, 7), was measurable in the blood of basophil-deficient mice (Figure 4F). Moreover, no significant C3 and IgG deposits in the glomeruli of basophil-deficient mice were detected 8 weeks after pristane injection (Figures 4G, H).

Overall, these results demonstrate that basophils have a nonredundant role in PIL development as basophil deficiency sufficed to prevent the onset of autoantibody production and lupus-like nephritis induced by pristane injection.




Discussion

Beyond its role in allergic and parasitic diseases, type 2 immunity is now identified as a key player in the pathophysiology of various autoimmune diseases (16, 17). Several studies have demonstrated its relevance to SLE pathogenesis and identified IgE and basophils as promising therapeutic targets due to their role in amplifying both autoantibody production and tissue damage. Most of these studies are based on a translational approach that allowed us to study and decipher in lupus-like mouse models what was observed in human patients (4, 6, 18–20). The use of a novel mouse model allowing basophil-specific short-term depletion (Mcpt8DTR mice (21)) demonstrated that basophil targeting efficiently dampened lupus-like activity in mice with established disease (6). Here, using a new basophil-deficient mouse model, we show that basophils were required to reach a pathogenic threshold in PIL, supporting their nonredundant role in early lupus-like disease development.

Besides specific depletion of basophils, the new CT-M8 mouse model also enables convenient detection of basophils by flow cytometry and confocal microscopy as well as the selective depletion of a floxed gene in the basophil compartment. In particular, our analysis showed that constitutive basophil deficiency in this model did not lead to any identified immunological bias. Likewise, mice rendered IL-4 deficient in the basophil compartment did not impact the ability of TH2-polarized CD4+ T cells from the same mice to produce IL-4. Unexpectedly, Mcpt8 mRNA expression was dramatically dampened by the insertion of the IRES-based construct after the stop codon site of the Mcpt8 gene. If a knock-in approach would be expected to induce Mcpt8 deficiency (22), the reason explaining this alteration of Mcpt8 expression in our model will need further investigation. Fortunately, Mcpt8 expression was still detected in Mcpt8CT/+ heterozygous mice, allowing for the generation of Mcpt8-sufficient mice expressing both tdTomato and CRE recombinase only in the basophil compartment. Of note, Mcpt8-reduced expression is known not to induce any significant alteration in basophil function in mouse models of parasite infection (22) or sepsis (12).

To our knowledge, three other mouse models expressing the CRE recombinase selectively in basophils are currently available. Generated in 2010 by Voehringer and colleagues, the “Mcpt8CRE” mouse is a BAC transgenic mouse strain expressing the Cre recombinase inserted behind the start codon of the Mcpt8 gene. Unfortunately, these mice showed a constitutive 90% basophil deficiency, probably due to CRE overexpression preventing its use for floxed gene deletion selectively in basophils (23). The “Basoph8” mice were developed by Locksley and colleagues, who replaced the Mcpt8 gene at the start site by inserting a reporter cassette containing a sequence encoding the yellow fluorescent protein (YFP), followed by an IRES and a sequence encoding humanized Cre recombinase. This mouse strain is effective at basophil-specific Cre-mediated gene deletion and expresses constitutively the YFP in basophils (22). The third one was recently developed by Karasuyama and colleagues and called Mcpt8iCre/+. This mouse strain expresses the improved Cre (iCre) recombinase inserted to replace the first exon of the Mcpt8 gene and is efficient in basophil-specific Cre-mediated gene deletion but does not express constitutively any fluorescent reporter gene (11).

The advantages of the CT-M8 mice are then similar to the ones of the Basoph8 mouse model (22), but they express another fluorescent protein (tdTomato), allowing distinct breeding strategies for the generation of multiple gene/cell-specific reporter mouse strains. In addition, the CT-M8 mice (in their heterozygous Mcpt8CT/+ strain) retain significant expression of the Mcpt8 gene while allowing fully sufficient functional expression of the CRE recombinase.

Mast cells and basophils share immediate common progenitors, and Mcpt8 gene-controlled CRE or DTR expression may be detected at low levels in other cell types including mast cells, granulocyte-macrophage progenitors, T cells, B cells, NK cells, eosinophils, and dendritic cells (23–25). Therefore, both the construct used to generate CT-M8 mice and DTα expression in Mcpt8-expressing cells could have affected immune cell populations other than basophils. However, analysis of CT-M8 mice showed that tdTomato expression was fully restricted to the basophil compartment (Table 1). As well, Mcpt8-dependent DTα expression in Mcpt8CT/+ R26-Stopfl/WT-DTA mice did not impact any immune cell populations other than basophils (Table 2). The very low Mcpt8 mRNA expression levels in the former cell populations, or their progenitors, as compared to mature basophils, may explain the basophil-selectivity observed in the various Mcpt8 gene-based mouse models.

In the present study, basophil deficiency prevented the development of the pristane-induced lupus-like disease. Indeed, our data suggest that basophils are necessary to reach a pathogenic threshold in early PIL. This is evidenced by the ablation of plasmablast accumulation in SLOs, autoantibody production, and glomerular deposition of circulating immune complexes in basophil-deficient mice.

Further investigations will be required to determine the mechanisms by which basophils contribute to autoimmune evolution in the PIL. In this context, our new basophil-specific mouse model will allow selective depletion in the basophil compartment of candidate genes. For instance, it will allow deciphering of the axis of autoreactive IgE and FcϵRI-mediated basophil activation in the nonredundant role of basophils in lupus-like pathogenesis. Indeed, autoreactive IgE is highly prevalent in SLE patients with active disease (26), and the basophil activation status correlates strongly with disease activity (4, 6). Furthermore, IgE itself is known to exert an immunoregulatory role in various lupus-like mouse models (4, 18). We will now be able to deplete specifically FcϵRI in basophils by breeding CT-M8 mice with FcϵRIγfl/fl mice (C57BL/6J-Fcer1gem1Gfng/J, Jax mice #036592) and demonstrate whether basophil involvement in lupus-like disease amplification depends on FcϵRI-mediated signals. The role of factors produced by basophils during the course of the disease, such as IL-4 or IL-6, could be assessed as well. Although technically challenging, basophil reconstitution of basophil-deficient animals through frequent adoptive transfer of purified basophils during the whole procedure may further help to decipher the non-redundant role of basophils in PIL onset.

The nonredundant role of basophils in lupus-like pathogenesis demonstrated in PIL will need to be validated in other lupus-like mouse models, including spontaneous models. This preclinical development is necessary to determine whether targeting basophils or basophil-activating factors in recently diagnosed SLE patients may be a promising therapeutic strategy to prevent the development of lesions in targeted organs. Several approaches may be envisaged to alter the basophil contribution to lupus nephritis development, including targeting IgE, PTGDRs, or directly basophils through a basophil-specific surface marker that still needs to be identified. Basophils have a deleterious role in various allergic, inflammatory, and autoimmune diseases (16, 27). Identifying therapeutic strategies targeting these cells, their mediators, or the factors involved in their contribution to these diseases may represent a promising area of clinical development.
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Background

Sweat aggravates atopic dermatitis (AD). In patients with AD, type-I hypersensitivity to sweat may be shown by histamine release from patients’ basophils in response to the semi-purified sweat antigen (QR), and the presence of specific immunoglobulin E (IgE) binding to MGL_1304, the component of QR. However, there has been no information on the immunological changes of type-I hypersensitivity to the sweat antigen in patients with well-controlled AD using topical corticosteroids (TCSs) and/or biologics as treatments.



Method

Histamine-releasing tests using patients’ basophils and QR and the detection of serum IgE against MGL_1304 and mite allergen Der f 1 were performed in patients with AD who were well controlled by topical TCS with/without dupilumab for 53–96 weeks.



Results

In total, 14 patients were enrolled. Seven patients received TCS therapy alone (TCS group), and seven patients received TCS with dupilumab therapy (dupilumab group). In all participants, the level of specific IgE against MGL_1304 decreased after treatments, but histamine release from basophils in response to QR did not show a statistically significant reduction; rather, it increased. In the dupilumab group, all changes in histamine release induced by QR (increase), the IgE level against MGL_1304 (decrease), and that against Der f 1 (decrease) were statistically significant, whereas the TCS group showed no significant change in any of them.



Conclusion

The well-controlled condition for 53–96 weeks resulted in no reduction of the hyperreactivity of basophils against in patients with AD, even with the treatment with dupilumab. This study suggests persistent basophil hyperreactivity to sweat antigen over a year or longer.





Keywords: atopic dermatitis, sweat antigen, histamine release, basophil, IgE, Malassezia, MGL_1304, dupilumab



Introduction

Atopic dermatitis (AD) is a common chronic inflammatory skin disease, which is characterized by pruritic, eczematous lesions with the fluctuation of remission and relapse (1). It is often associated with high levels of serum immunoglobulin E (IgE) and a personal/family history of atopic diseases (1). The underlying pathogenesis of AD involves complex interactions among immune dysregulation, pruritus, and skin barrier dysfunction (2). The dysregulated immune system skews to a Th2 cell–mediated immune response, by which Th2 cytokines including interleukin (IL)-4 and 13 are activated in the lesions of AD (3). In addition to conventional treatments such as topical corticosteroids (TCSs), topical calcineurin inhibitors, and moisturizers, a monoclonal antibody against the alpha subunit of the IL-4 receptor, dupilumab, has recently emerged to inhibit both IL-4 and IL-13 signaling (4, 5). Its inhibition of the Th2 pathway improves AD skin lesions and skin barrier dysfunction, as well as IgE overproduction (5–7).

Sweat is one of aggravating factors for patients with AD (8, 9). In some patients with AD, type-I hypersensitivity to sweat is detected by the intradermal injection of autologous sweat and histamine release test (HRT) by using autologous sweat (9–11). The major antigen in sweat has been partially purified as the semi-purified sweat antigen (QR) (12). Recently, MGL_1304, a secreted protein by Malassezia globosa, has been identified as the histamine-releasing component in QR (13). Specific IgE binding to QR and MGL_1304 are detected in more than half of patients with AD (14). Furthermore, QR and MGL_1304 induce histamine release from basophils in 77% and 62% of patients with AD, respectively (12, 13). Although this large portion of patients with AD show basophil reactivity against QR, there is no information on the prognosis of type-I hypersensitivity to the sweat antigen. In this study, we performed an analysis of the change in basophil hyperreactivity and serum IgE titer against the sweat antigen in patients with AD that was well controlled by treatments with/without dupilumab.



Materials and Methods


Study Design

The study protocol is shown in Figure 1A. Retrospective analysis for a total of 14 patients with AD was performed on the data obtained from electronic medical records at Hiroshima University Hospital. Participants were diagnosed as AD according to the Japanese guideline of the management of AD (1). They also had type-I hypersensitivity to sweat proven by HRT using QR (12). The type-I hypersensitivity to sweat was diagnosed in cases where anti-human IgE antibody (positive control) and QR induced the net histamine release of >10% and >5%, respectively (15). Two measurements of histamine release in response to QR, and serum IgE levels against MGL_1304 and mite allergen Der f 1 were performed at the first evaluation (E1) and the second one (E2). During the period from E1 to E2, the patients were treated with TCS or TCS with dupilumab but without any other systemic therapies for AD. The patients who entered the study had an Investigator’s Global Assessment (IGA) score of 2 or lower for 53–96 weeks, except for transient flares of AD within a month (Table 1). The IGA score at E1 was score 4 in five patients, 3 in four patients, 2 in three patients, and 1 in two patients, while the scores at E2 were score 2 in nine patients, 1 in three patients, and 0 in two patients. The change of the IGA score between E1 and E2 was 0 in three patients, −1 in four patients, −2 in six patients, and −3 in one other patient. All patients were advised to cope with sweat by taking a shower or wiping it with towels and to avoid dusty environments during the observation period. No uniform recommendation was given for patients to avoid other allergens during the study period unless the patient had an allergy to a specific antigen. The institutional review board of Hiroshima University Hospital approved the study protocol (approval number: E-2781, E-1716). Informed consent was obtained in the form of opt-out on the website.




Figure 1 | (A) Study design. (B) Histamine release from basophils in response to the semi-purified sweat antigen (QR) and levels of IgE to MGL_1304 and Der f 1 at E1 and E2 in total participants. (C) Correlation of the change of histamine release in response to QR to that of MGL_1304 IgE. Histamine release was expressed as (net % of histamine release induced by QR)/(net % of histamine release induced by anti-human IgE)×100 (%). “delta” means the changes of parameters calculated by the subtraction of values at E1 from those at E2. E1, the 1st evaluation; E2, the 2nd evaluation; HRT, histamine release test; IGA, Investigator’s Global Assessment.




Table 1 | Patients’ characteristics.





HRT Using the Semi-Purified Sweat Antigen, QR

QR was prepared by concanavalin A chromatography, anion-exchange chromatography, and reverse-phase chromatography in reference to histamine release activity from the basophils of patients with AD (12). HRT with basophils obtained from peripheral blood were performed as described previously (11, 16). Briefly, fresh blood was obtained with ethylenediaminetetraacetic acid (EDTA) from each donor by venipuncture. The whole blood was mixed with the same volume of 1% methylcellulose in saline and then allowed to stand at room temperature for 30 min. A supernatant with abundant leukocytes was collected, leaving red blood cells precipitated. After washing with the washing buffer, 136 mM sodium chloride/10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)/0.1% glucose/0.03% human serum albumin, the leukocyte fraction containing basophils was suspended in the reaction buffer, 136 mM sodium chloride/10 mM HEPES/0.1% glucose/0.03% human serum albumin/2 mM CaCl2/1 mM MgCl2. The suspended cells were stimulated with 0.33 μg/ml of goat anti-human IgE antibody (Bethyl Laboratories, Inc., TX, USA) or 10 ng/ml QR at 37°C for 40 min. After incubation, the cells and supernatant were separated by centrifugation and mixed with HClO4 to a final concentration of 2.5% to denature excess proteins. After centrifugation, the amounts of histamine extracted in the supernatant were measured using high-performance liquid chromatography (HPLC). The HPLC system consisted of an LC-20A (Shimadzu, Kyoto, Japan) using a VP-ODS column (Shimadzu, Kyoto, Japan) with an RF-10Axl fluorescence detector (Shimadzu, Kyoto, Japan) operating at an emission wavelength of 440 nm and an excitation wavelength of 360 nm. The percentage of histamine release was calculated using the ratio of the amount of histamine in the supernatant to the total amount of histamine in the supernatant and cells. For analysis, the value of histamine release against the sweat antigen was normalized by the maximum release of histamine induced by anti-IgE, namely, (net % of histamine release induced by QR)/(net % of histamine release induced by anti-human IgE)×100 (%).



Enzyme-Linked Immunosorbent Assay (ELISA) for Specific IgE Against MGL_1304

A 96-well plate was coated with Smith2, a mouse monoclonal antibody against MGL_1304 (13), at 250 ng/well in phosphate-buffered saline (PBS) at 4°C overnight. After blocking, 10 ng/ml of the purified MGL_1304 from cultured M. globosa (13) were added in each well at room temperature for 2 h. After washing, the wells were incubated with several concentrations of a human monoclonal IgE against MGL_1304 (BioPorto Diagnostics A/S, Copenhagen, Denmark) (17), for standard reaction at 100 μl, and with 100 μl of patients’ sera diluted 1:10 with 10% blocking one solution (Nakalai Tesque, Inc., Tokyo, Japan) at room temperature for 2 h. After washing, each well was incubated with horseradish peroxidase (HRP)–conjugated goat anti-human IgE (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, USA). Color development was achieved by TMB substrate solution and stop solution (SeraCare Life science, Inc., MA, USA), and then absorbance at 450 nm was measured using a microplate spectrophotometer. A standard curve was constructed by plotting the concentrations of a series of standard reactions on the x-axis and absorbance on the y-axis. The concentration of MGL_1304 IgE was calculated in reference to the standard curve.



ELISA for Specific IgE Against House Dust Mite Antigen, Der f 1

A 96-well plate was coated with 100 ng/well of Mite Extract-Df (LSL Co., Tokyo, Japan) in PBS at 4°C overnight. After blocking, the wells were incubated with 100 µl of patients’ sera diluted 1:10 with 10% blocking one solution at room temperature for 2 h. For a standard reaction in each experiment, the wells were also incubated with the serial dilution of the standard serum with high titer to Der f 1. The standard serum was obtained from a patient with AD sensitized to Der f 1. The subsequent method was the same as the ELISA for MGL_1304. The concentration of Der f 1 IgE was calculated in reference to the standard curve.



Statistical Analysis

The changes of various parameters between E1 and E2 were calculated by the subtraction of values at E1 from those at E2. The statistical analysis was performed by GraphPad Prism (GraphPad Software, ver. 9.1, San Diego, CA, USA). A p-value of less than 0.05 was considered significant. Groups were compared by using the Wilcoxon matched-pairs signed rank test for paired samples. Correlation was tested with the Spearman’s rank test.




Results


Patients

A total of 14 patients with AD (men:women, 10:4) were recruited. Their clinical characteristics are shown in Table 1. The observation period from E1 to E2 was 73.4 ± 16.1 weeks (mean ± SD) including 69.3 ± 16.3 weeks in the well-controlled condition of IGA ≤2. During the observation period, seven patients received TCS therapy alone (TCS group), and seven patients received TCS with dupilumab therapy (dupilumab group). As for the sensitization to fungus, it has been reported that the sensitization to the sweat antigen, MGL_1304, is not correlated with Candida albicans, which belongs to another fungal genus (13). However, almost all participants were sensitized to more than one species of the Malassezia genus.



Basophil Histamine Release in Response to QR and Serum IgE Binding to MGL_1304

The leukocyte fraction in blood was used to analyze histamine release from basophils in response to the sweat antigen. This fraction contained 0.48%–2.11% basophils, while the magnetic isolation of the basophil population achieved a basophil purity of 83.9%–93.6% by negative selection (n=4) (Supplementary Figure 1A, Supplementary Materials and Methods). The leukocyte fraction showed the same amount of histamine release in response to anti-IgE, QR, and MGL_1304 as the purified basophil fraction in patients with AD and hyperreactivity to QR (Supplementary Figure 1B, Supplementary Material and Methods). Thus, anti-IgE and the sweat antigen directly activate basophils regardless of the presence of other leukocytes in our HRT assay. The following experiments were performed with the leukocyte fraction containing basophils.

In the analysis of all participants, the level of IgE binding to MGL_1304 was significantly decreased at E2 from that at E1, but no significant reduction was observed in histamine release in response to QR and specific IgE binding to Der f 1 (Figure 1B) in the period between E1 and E2. No significant correlation was observed in the change of histamine release in response to QR and that of the level of IgE binding to MGL_1304 (r=-0.23, p=0.45) (Figure 1C). In this study, we calculated histamine release induced by QR with the normalization of maximum histamine release induced by anti-human IgE stimuli (positive control). However, non-normalized data showed the same tendency in the change of histamine release as normalized data (Supplementary Figure 2A). Non-normalized histamine release induced by QR was well correlated with histamine release induced by QR normalized with histamine release by anti-IgE (r=0.74, p<0.0001) at least for histamine release to QR (Supplementary Figure 2B).



Stratified Analysis by Treatments With/Without Dupilumab

Patients in the TCS group showed no significant difference between E1 and E2 in histamine release by QR and in the levels of IgE against MGL_1304 and Der f 1 (Figure 2A). In the dupilumab group, the levels of IgE against MGL_1304 and Der f 1 decreased, but histamine release in response to QR significantly increased at E2 from that at E1 (Figure 2B).




Figure 2 | Histamine release from basophils in response to QR, and levels of IgE against MGL_1304 and Der f 1 at E1 and E2 in patients treated with TCS (TCS group) (A) and those treated with TCS plus dupilumab (dupilumab group) (B). TCS, topical corticosteroid. Histamine release was expressed as (net % of histamine release induced by QR)/(net % of histamine release induced by anti-human IgE)×100 (%). E1, the 1st evaluation; E2, the 2nd evaluation.





Factors Affecting Histamine Release in Response to QR

To explore reasons why the hyperreactivity of basophils against QR showed no reduction in spite of the decrease of IgE against MGL_1304, we analyzed the relationship of histamine release in response to QR to the length of periods under a well-controlled disease (IGA ≤2), net histamine release in response to the anti-human IgE antibody, and total serum IgE level. There was no significant correlation of the change of histamine release in response to QR to the length of periods under a well-controlled disease (r=0.44, p=0.11) (Figure 3A). The change of net histamine release in response to QR and the change of net histamine release in response to anti-human IgE antibody were positively correlated (r=0.63, p=0.018) (Figure 3B). This correlation was significant in the TCS group (r=0.89, p=0.012) but not in the dupilumab group (r=0.50, p=0.27) (Supplementary Figure 3A,B). While most patients enrolled in this study showed an increase of histamine release in response to anti-human IgE and a decrease of total serum IgE at E2 compared to those at E1 (Figure 3C), there was no correlation between the change of histamine release against anti-human IgE and that of total IgE (r=-0.18, p=0.57).




Figure 3 | (A) Correlation of the change of histamine release in response to QR to the length of periods under a well-controlled disease (IGA ≤2). Histamine release was expressed as (net % of histamine release induced by QR)/(net % of histamine release induced by anti-IgE)×100 (%). (B) Correlation between the change of histamine release in response to QR and that of histamine release in response to anti-human IgE. (C) Correlation of the change of histamine release in response to anti-human IgE with the change of serum total IgE. “delta” means the changes of parameters calculated by the subtraction of values at E1 from those at E2. E1, the 1st evaluation; E2, the 2nd evaluation; IGA, Investigator’s Global Assessment.






Discussion

In this study, we performed an investigation of the change of basophil hyperreactivity to sweat in patients who achieved a good control of AD. The histamine release activity of patients’ basophils in response to the semi-purified sweat antigen (QR) was not attenuated in the period of a well-controlled disease with the mean interval of 69 weeks (53–96 weeks) regardless of the use of dupilumab. Patients in the dupilumab group showed a significant reduction of specific IgE against MGL_1304 and Der f 1, whereas those in the TCS group did not. Thus, the suppression of the Th2 pathway by dupilumab reduced both the level of IgE against the sweat antigen and that against the mite antigen but did not result in a decrease of reactivity of basophils in response to the antigen.

The reduction of basophil hyperreactivity has not been observed in sweat allergy in this study but described in a type of food allergy. A previous study on the basophil hyperreactivity to hydrolyzed wheat (Glupearl 19S) sensitized by facial soap revealed a negative conversion of the basophil reactivity over the time of a year or longer by avoiding exposure to the antigen (18), suggesting that basophil hyperreactivity may decrease in food allergy developed by percutaneous sensitization. On the other hand, no significant reduction of histamine release in response to QR in this study implies persistent hyperreactivity of basophils to the sweat antigen in the period of 53–96 weeks. Although sweat allergy has likely developed by percutaneous sensitization, as was the case with Glupearl 19S allergy, the mechanism of sensitization to the sweat antigen in patients with AD may be somewhat different from that of food allergens. The avoidance of contact to food allergens on the skin is easier than that of the sweat antigen. Moreover, food antigens may induce tolerance via gastrointestinal uptake.

Several reasons may explain why the hyperreactivity of basophils against QR showed no reduction even in cases with the decrease of anti-MGL_1304 IgE in this study. First, MGL_1304 IgE levels might not have been sufficiently reduced to decrease the hyperreactivity of basophils. In mast cells, the crosslinking of only a few hundred molecules of the high-affinity IgE receptors are sufficient to induce mediator release (19). Second, the basophil function may have been impaired in the IgE receptor–mediated reaction at E1. It has been reported that severe dermatitis reduces the reactivity of basophils to IgE stimulation in patients with AD (20). In this study, AD lesions became well controlled between E1 and E2 in 9 patients, and the other 5 patients were maintained at a low disease activity (IGA ≤2) over the period. Ten of the total 14 patients showed higher levels of net histamine release from basophils in response to anti-human IgE at E2 compared to E1 (Figure 3B). Moreover, 9 of the 10 patients with increased histamine release in response to anti-human IgE also showed increased histamine release in response to QR (Figure 3B). This suggests that the maintenance of well-controlled disease activity may restore basophil reactivity via the high-affinity IgE receptor, resulting in the increase of histamine release in response to QR. The recovery of impaired basophil function during the time between two evaluations may explain a discrepancy between the change of antigen-specific IgE levels and that of histamine release in response to the sweat antigen. The recovery of basophil function may be partially associated with decrease of total serum IgE because most patients with decreased total IgE showed increased histamine release against anti-human IgE (Figure 3C). Further studies are necessary to confirm such possibilities of the basophil dysfunction using other parameters of basophil reactivity, including membrane activation markers and non-IgE receptor-mediated stimuli, such as complement component 5a (C5a) and  formyl-methionyl-leucyl-phenylalanine (fMLP).

In this study, type-I hypersensitivity to sweat was assessed by HRT using QR but not evaluated by clinical aggravation due to perspiration. The in vitro detection of the hyperreactivity of basophils against the sweat antigen may not always be associated with clinical aggravation by perspiration. Nevertheless, prolonged hyperreactivity of patients’ basophils to the semi-purified sweat antigen shown in this study suggests that the extended management of sweat by showering (21, 22) and so on is necessary even after achieving an improvement of AD. The maintenance therapy to preserve a healthy skin barrier should also be taken to avoid flare due to the penetration of the sweat antigen through the damaged epidermis.

This study has a limitation in that a small number of patients were retrospectively involved in this study, and the observation period was only 53–96 weeks, despite many patients suffering from AD for a much longer period of time. Moreover, basophil reactivity was examined using the semi-purified sweat antigen, QR, but not MGL_1304, while the specific IgE was detected against MGL_1304. However, basophil reactivity in response to QR can be regarded as equivalent to that in response to MGL_1304 because MGL_1304 is considered to be identical to the histamine-releasing component in QR (see the reference 13 and Supplementary Figure 1B). Furthermore, the amount of MGL_1304 on the skin surface of individual patients was not quantified. Therefore, we cannot exclude the possibility that a difference between the amount of MGL_1304 on the skin surface at E1 and that at E2 may affect basophil reactivity to MGL_1304.

Collectively, this observation for 53–96 weeks showed no reduction of hyperreactivity of basophils against the sweat antigen in patients with AD that was clinically well controlled, even in cases treated with the Th2 pathway inhibitor, dupilumab. Further studies with longer observation periods are needed to determine the prognosis of hyperreactivity of basophils to sweat antigen.
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Proteases are stored in very large amounts within abundant cytoplasmic granules of mast cells (MCs), and in lower amounts in basophils. These proteases are stored in their active form in complex with negatively charged proteoglycans, such as heparin and chondroitin sulfate, ready for rapid release upon MC and basophil activation. The absolute majority of these proteases belong to the large family of chymotrypsin related serine proteases. Three such enzymes are found in human MCs, a chymotryptic enzyme, the chymase, a tryptic enzyme, the tryptase and cathepsin G. Cathepsin G has in primates both chymase and tryptase activity. MCs also express a MC specific exopeptidase, carboxypeptidase A3 (CPA3). The targets and thereby the functions of these enzymes have for many years been the major question of the field. However, the fact that some of these enzymes have a relatively broad specificity has made it difficult to obtain reliable information about the biologically most important targets for these enzymes. Under optimal conditions they may cleave a relatively large number of potential targets. Three of these enzymes, the chymase, the tryptase and CPA3, have been shown to inactivate several venoms from snakes, scorpions, bees and Gila monster. The chymase has also been shown to cleave several connective tissue components and thereby to be an important player in connective tissue homeostasis. This enzyme can also generate angiotensin II (Ang II) by cleavage of Ang I and have thereby a role in blood pressure regulation. It also display anticoagulant activity by cleaving fibrinogen and thrombin. A regulatory function on excessive TH2 immunity has also been observed for both the chymase and the tryptase by cleavage of a highly selective set of cytokines and chemokines. The chymase also appear to have a protective role against ectoparasites such as ticks, mosquitos and leeches by the cleavage of their anticoagulant proteins. We here review the data that has accumulated concerning the potential in vivo functions of these enzymes and we discuss how this information sheds new light on the role of MCs and basophils in health and disease.
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Introduction

Mast cells (MCs) are tissue resident cells that are found primarily in regions of the body in contact with the external world, such as the skin, the tongue, the small intestine, the lungs and in connective tissues surrounding different organs (1). They are also often found close to blood vessels and nerves where they act as sentinel cells, sensing the environment, signaling to other immune cells, and opening the tissues for influx of antibodies, complement and inflammatory cells. To perform these tasks they store massive amounts of physiologically acting substances in cytoplasmic granules, ready for rapid release upon activation of the cell. In these granules we find histamine, heparin and several proteases (2–10). The proteases, which are present in very large amounts can account for up to 35% of the total cellular protein of the MC, and they are stored in their active form in tight complex with negatively charged proteoglycans such as heparin and chondroitin sulfate (3, 4, 9, 11, 12). The absolute majority of these proteases belong to the chymotrypsin related serine protease family of endopeptidases (13). MCs primarily express chymases and tryptases with chymotryptic or tryptic primary cleavage specificities, respectively. The chymase is MC specific and the tryptase is expressed in both MC and basophils. MCs also express a carboxypeptidase named CPA3 that is restricted in its expression to MCs and basophils (14–17). This A/B type exopeptidase belongs to the M14 metallo-carboxypeptidase family. Upon activation MCs also produce and secrete potent lipid mediators, primarily leukotriene C4 (LTC4), and prostaglandin D2 (PGD2) (10, 18–20). Leukotriene B4 (LTB4) is also be produced by MC. However the major producer of this leukotriene seems to be neutrophils and monocytes/macrophages (21).

The transcripts for the granule proteases are the most highly expressed transcripts in the mature MC where the expression levels can be in the range of several percent of the total transcriptome (1, 16, 22). In addition to MC tryptase and chymase, serine proteases belonging to the same family of trypsin/chymotrypsin related serine proteases have in mammals also been identified in basophils, neutrophils, cytotoxic T cells and natural killer (NK) cells but not in B cells, macrophages, red blood cells, platelets or dendritic cells and only at relatively low levels in eosinophils. A very broad spectrum of primary cleavage specificities has been observed for these hematopoietic serine proteases, including chymase, tryptase, asp-ase, elastase and met-ase specificities, which highlights the large flexibility in their active site (23). It is the amino acids of active site pocket that determines the primary specificity and it is primarily three residues that are responsible for this specificity, i.e. the residues 189, 216 and 226, according to the numbering in bovine pancreatic chymotrypsinogen (Figure 1) (24).




Figure 1 | Nomenclature of the amino acids surrounding the cleaved peptide bond and the amino acids forming the active site pocket. Panel A shows the amino acids N-terminal from the cleaved bond are termed P1 (where cleavage occurs, depicted by scissors), P2, P3 etc. Amino acids C-terminal of the cleaved bond are termed P1’ (adjacent to P1), P2’, P3’ etc. The corresponding interacting sub-sites in the enzyme are denoted with S. Panel B shows the S1 pocket, which is important in determining the primary specificity of the chymotrypsin family. The important residues are shown, which determine chymotrypsin-, trypsin- or elastase-like specificity. Three residues corresponding to positions 189, 216 and 226 in bovine pancreatic chymotrypsinogen has been found to be the amino acids forming the major part of this pocket and thereby giving the primary specificity of the enzyme (24).



The genes encoding these hematopoietic serine proteases are organized in four different loci, i.e. the MC chymase locus, the MC tryptase locus, the T cell tryptase locus and the met-ase locus (25, 26). In mammals, these loci are often located on four different chromosomes, indicating that some of them may originate from whole genome duplications, so called tetraploidizations. Two such tertraploidizations have most likely occurred during early vertebrate evolution, which indicate that the original locus was present before these evolutionary important events (27). Interestingly, only one of these loci is present in cartilaginous fish, the T cell tryptase locus, which also is named the granzyme A/K locus. Not any of these loci is present in jawless fish, including lamprey and hagfish, indicating that they appear at the base of jawed vertebrates (25).

Two major subtypes of MCs have been identified in mammals, connective tissue MCs (CTMCs) and mucosal MCs (MMCs) (28–30). They have been named primary based on their tissue distribution. In humans and rodents CTMCs are primarily located in connective tissue of the skin, the tongue and in connective tissue surrounding different organs, whereas MMCs are found in the intestinal mucosa of the duodenum and in primates also in the lung (1, 31, 32). These MC subtypes express different sets of the MC specific proteases. In humans the MMCs are also named MCT, because they only express the tryptase, whereas the human CTMCs, also named MCTC express four proteases, the tryptase, the chymase, cathepsin G and CPA3 (30). Interestingly, relatively large differences in the number of these proteases and their tissue specificity have been observed between species. As mentioned above human MCs primarily express four such proteases, the chymase, the tryptase, cathepsin G and CPA3 (33, 34). In marked contrast, mouse and rat have a relatively large number of such proteases. Mouse CTMCs express mMCP-5, the evolutionary counterpart of the human chymase, a second chymase named mMCP-4, two tryptases, named mMCP-6 and -7 and the carboxypeptidase CPA3 (1). The name for the human chymase gene and mMCP-5 in the locus annotation is Cma1. Cma1 is also classified as the α-chymase. In rodents a second subfamily of chymases has been identified, a subfamily named ß-chymases. These ß-chymases most likely originate from a relatively early gene duplication of the α-chymase gene. This initial duplication was then most likely followed by several successive duplications. In the mouse chymase locus there are five active such ß-chymases: mMCP-1, mMCP-2, mMCP-4, mMCP-9 and mMCP-10 (Figure 2). Mouse CTMCs express one of them, the mMCP-4. Mouse MMCs only express chymases, mMCP-1 and mMCP-2, and no tryptase or CPA3. To this should be added that the evolutionary counterpart of human chymase in mice, the mMCP-5, is per definition no longer a chymase since it lacks chymase activity. During evolution, the origin of mMCP-5 has by mutations of the amino acids surrounding the substrate binding pocket changed its primary specificity from being a chymase to now only accepting smaller aliphatic amino acids and thereby becoming an elastase (Figure 1) (35, 36). Interestingly, when the α-chymase mMCP-5, became an elastase, the ß-chymase mMCP-4 seems to have taken over the role of the α-chymase. mMCP-4 has been found to have an extended cleavage specificity almost identical to the human MC chymase (37). A similar expansion of the number of chymases is also seen in the rat (Figure 2). However, here the number of ß-chymases is even higher. Rats have seven ß-chymases: rat (r)MCP-1, rMCP-2, rMCP-3, rMCP-4, rMCP-1-like 1 (also named the vascular chymase (Vch)), rMCP-1 like 2 and rMCP-1 like 3 (Figure 2) (25).




Figure 2 | The chymase locus of three mammalian species. An in-scale figure of the chymase locus in three mammalian species; human, mouse and rat. The genes are color coded. Granzymes are shown in dark blue, α-chymases in light blue and β-chymases as blue with a darker tint. mMCP-8-related genes are in cyan, duodenases in red and cathepsin G in green. The general scale bar of 50 kB is valid for most of the genes. However, the rat locus is much larger in size why we have reduced the size to half. For rat we have therefore introduced a 100 kB size marker.



This massive increase in protease genes in rodent is primarily seen in one of the four loci encoding the hematopoietic serine proteases, i.e. in the chymase locus (Figure 2) (25, 26). This locus encodes in humans only four genes, the MC chymase, cathepsin G and two T cell expressed granzymes, the granzymes B and H. In marked contrast, this locus encodes 15 functional protease genes in mouse and as many as 18 such genes in rat (Figure 2). Why rodents seem to need so many more of these genes compared to primates is still an open but very interesting question.

Basophils also express some of these proteases but store them at lower levels compared to MCs. Human basophils express the tryptase and CPA3, whereas mouse basophils express the basophil specific proteases mMCP-8 and mMCP-11 together with CPA3 (34, 38–41).

A number of very diverse functions have been identified for the different hematopoietic serine proteases, including apoptosis induction, blood pressure regulation, inactivation of insect and snake venoms, killing of bacteria and fungi, mobilization or degradation of cytokines and the degradation of connective tissue components (23, 42–47). These MC proteases may act both locally and systemically. However, in the circulation the presence of large amounts of protease inhibitors results in that the chymase rapidly become inactivated upon entering the circulation. The tryptase tetramers do relatively rapidly form monomers after entering the circulation and the monomers are inactive at physiological pH. The activity of these proteases is therefore primarily confined to the area close to the mast cells within the tissue and in there in macromolecular complex with the proteoglycans, and only to a minor extent in the circulation. The situation for the two tryptases in the mouse, mMCP-6 and mMCP-7, is slightly different. mMCP-6 seems to stay at the site and is not found in the circulation, whereas active tetramers of mMCP-7 are found in relatively high amounts in plasma of mice, but is gone from the circulation 4 hours after MC activation (48). In this review we will try to summarize the evidence that has accumulated on the biological targets for the very abundant MC enzymes and the less abundant basophil proteases and what this new knowledge can tell us about their role in MC and basophil biology. We will first look at the targets for the chymases, where most data have accumulated, followed by the tryptases and CPA3 and finally the basophil specific proteases. By applying an evolutionary approach we aim to identify potential targets that have been conserved among the majority of mammals which would strongly support their evolutionary importance as targets for particular enzymes.



In Vivo Targets for the MC Chymases


Angiotensin I and The Regulation of Blood Pressure

Angiotensin I (Ang I) is one of the first potential targets to be identified for the human MC chymase. Ang I is a 10 amino acid inactive peptide originating from cleavage of an elongated N terminus of angiotensinogen by the aspartyl protease renin (49) (Figure 3). Angiotensinogen is a member of the serpin family of protease inhibitors mainly produced by the liver but mRNA is also found in many other organs (50, 51). However, no inhibitory activity on proteases has been detected for angiotensinogen (49). Cleavage of Ang I by the human chymase at residue Phe8 results in the eight amino acid peptide Ang II. Ang II, but not Ang I, is a ligand for the G-protein coupled angiotensin receptors 1 and 2 (AT1 and AT2) (52). Most of the classical effects by Ang II is mediated by AT1, involving induction of blood vessel contraction, aldosterone release from the adrenal zona glomerulosa, salt retention in the renal proximal tubules and stimulation of the sympathetic nervous system thereby resulting in an increase in blood pressure (52). In some mammals the MC chymase also cleaves after Tyr4 in Ang I and thereby also degrade the peptide (Figure 3) (53, 54). The major Ang II generating enzyme in the blood has classically been considered to be the angiotensin converting enzyme (ACE) (Figure 3) (52). However, Ang I conversion in the tissues may to a larger extent be dependent on other enzymes including the MC chymases (55). Human, macaque and dog MC chymases, and mouse mMCP-4 seem to almost exclusively generate Ang II from Ang I by cleavage at Phe8 (53, 54). However, the major rat CTMC chymase, rMCP-1, seems to efficiently cleave at both Tyr4 and Phe8 and thereby degrade Ang I (Figure 3) (53, 54). A similar situation has been observed for golden hamster, and opossum chymases indicating that not all mammals have MC chymases with Ang I converting function (54). No studies have so far been performed to look for other potential enzymes in these species, which could have this function, except for in the rat (54). In the rat one of the ß-chymases have changed tissue specificity and is now no longer considered to be expressed in MCs, but instead in vascular muscle cells, therefore it has been named rat vascular chymase (Vch) (54, 56, 57). This protease was previously thought to have taken over the role of Ang I converting enzyme from rMCP-1, which also degrades Ang I by cleavage at Tyr4 (53, 56). However, when we recently analyzed the Ang I converting activity of recombinant Vch we found that it was a very poor Ang I converter (54). The question therefore remains if other enzymes in rat, hamster and opossum is responsible for Ang I conversion in these species or if they have alternative strategies to cope with blood pressure drop upon massive MC activation.




Figure 3 | Angiotensin cleavage. Panel A shows the N-terminal end of angiotensinogen including the 10 amino acid and the cleavage sites in angiotensinogen for renin and for the angiotensin converting enzyme (ACE). Panel B shows the Ang I peptide with the cleavage site for the majority of MC chymase at Phe 8 generating Ang II and for a few additional MC chymases from some species where their chymases also degrade Ang II by cleavage at Tyr 4.



To have the MC enzymes involved in blood pressure regulation makes biologically a lot of sense as a massive release of histamine, leukotriene C4 and prostaglandin D2 from MCs upon antigen triggering result in increased blood vessel permeability and outflow of plasma from the vessels leading to a drop in blood pressure (58). In such scenario, the generation of Ang II by MC chymase could be essential for survival to counteract a massive drop in blood pressure that could result in unconsciousness, and severe injuries after fainting.



Matrix Components

The amount of proteolytic enzymes stored in the CTMCs is remarkable. In spite of the fact that the granules already are filled with these enzymes, MCs still seem to constantly synthesize these enzymes. Their mRNA levels are namely exceptionally high even in resting tissue CTMCs (1, 16, 22). It has been proposed that these tissue resident MCs secrete small amounts of these proteases by piece meal degranulation, possibly constantly as a part of normal tissue homeostasis. The human, mouse, macaque, dog and opossum MC chymases have been shown to efficiently cleave fibronectin and at least the human chymase also seems to activate pro-collagenases indicating that they play an active role in connective tissue turnover (43, 44, 47, 59). Findings from mMCP-4 knock out mice support the role of the MC chymase in connective tissue homeostasis where the connective tissue in these mice increase in thickness with increasing age indicating a reduced turnover of the connective tissue components (59). A similar phenomenon has been observed in mice lacking macrophage colony stimulating factor (M-CSF) where these mice lack or have very low numbers of osteoclasts, a type of bone macrophages. These mice develop osteopetrosis with very dense bone that become brittle due to that their bone matrix is not being degraded and resynthesized, which results in small cracks in the bone that are not being sealed (60). So at least two different immune cells may have an important role in general tissue homeostasis, i.e. MCs of connective tissue and macrophages of both bone and connective tissue. Mouse peritoneal macrophages also express high levels of several connective tissue components including fibronectin, proteoglycan 4, syndecan 3 and extracellular matrix protein 1 indicating that they are major players in connective tissue homeostasis (61).



Regulating Intestinal Permeability

During parasite infections MMCs increase in numbers quite dramatically in the intestinal mucosa peaking between one and two weeks after a worm infestation (29, 62). The numbers can increase by 10-50 fold and the majority of these new MCs are located just below the epithelial layer of the intestinal mucosa of the duodenum (29, 62, 63). Injection of the rat MMC-specific protease rMCP-2 has been shown to rapidly affect the permeability of the mucosal layer resulting in outflow of antibodies, complement components and also inflammatory cells, including eosinophils and neutrophils (64, 65). By analyzing the cleavage of a panel of cell adhesion molecules expressed in the intestinal mucosa of rats we found that rMCP-2 effectively cleave several of these components including protocadherin, E-cadherin, cadherin-17 and occludin (66). Interestingly, human MMCs lack chymases, so the question is if primates have alternative strategies to increase intestinal permeability. Injection of rMCP-2 intravenously, not only locally produced, has been shown to result in this increase in intestinal permeability indicating that also chymase originating from CTMC could have this effect. We therefore decided to test the ability of human chymase to cleave the same set of cell adhesion molecules that we used to analyze the activity of rMCP-2. We can here show that the human chymase actually is even more active against these cell adhesion molecules than the MMC-specific rMCP-2. Almost all of the tested targets, including protocadherin, E-cadherin, cadherin-17 and occludin were efficiently cleaved by the human chymase indicating that it may have a similar function as rMCP-2 (Figure 4), despite its absence in normal human MMCs.




Figure 4 | Cleavage of adhesion molecules and thrombin by the human chymase. An SDS-PAGE analysis of a cleavage analysis of a panel of different cell adhesion molecules and of the coagulation factor thrombin by the human MC chymase. C marks the target protein without addition of the chymase, as control, and HC marks the cleavage of the target molecule by the human chymase. As a control for the activity of the human chymase is also a recombinant 2xTrx substrate included, where an optimal cleavage site for this enzyme is inserted between two copies of the E. coli redox protein thioredoxin (43). In panel (A) forty ng of HC was used in each of the cleavage reactions. In panel (B) which is a second cleavage reaction included of thrombin, there we used five times higher amount, or 200 ng, of the human chymase.





MCs in Immunity to Bacteria

The role of MCs in the defense against bacterial infection have been controversial due to the initially relatively poor animal models (67). The early MC deficient mouse models, primarily the W/Wv but also the Wsh/Wsh, that was based on mutations in the stem cell factor receptor, the c-kit, had indicated a clear involvement of MCs in bacterial defense. However, many of these effects and also the role of MCs in autoimmunity could not be confirmed when more stringent MC deficient mouse models became available (67). In these early MC-deficient models there were also reduced numbers and activity of neutrophils and also more general effects on hematopoiesis, which turned out to be the major cause of the reduced efficiency to combat bacterial infections in these mice. However, a clear role of MCs has later been seen with the new and improved MC-deficient animal model, including the CPA3-Cre, mMCP-5-Cre and Mcl-1fl/fl mice (67). These new models are considerably better than the kit dependent model, but also these new models have flaws. They also show reduced numbers of basophils (68).

One important example of the importance of MC in bacterial defense when using these new models is the defense against infection by Escherichia coli in the urinary bladder. In this type of infections the bacterial clearance has been well documented to be dependent on the mouse MC chymase (mMCP-4) (69). Upon infection by E. coli, MCs increase in numbers in the bladder wall and migrate towards the epithelial layer where they release their granules. The granule proteases do in turn cleave adhesion molecules and when mMCP-4 enter the epithelial cells it induces caspase 1 activation and pyroptotic cell death which results in the shedding of the infected epithelial layer of cells lining the bladder inner wall. The bacteria attached to the bladder wall are then flushed out of the bladder resulting in marked reduction in bacterial load and a faster recovery (69). The different MC proteases may have similar functions in the duodenum and the urinary bladder, by cleaving cell adhesion molecules resulting in increased permeability and/or in epithelial shedding. Epithelial shedding seems namely also to be a major defense strategy in the intestinal region during severe bacterial infections, like Salmonella infections (70). During severe Salmonella infections the infected cells of the epithelial layer are shed to remove the bacteria from the epithelial layer and to inhibit them from reaching deeper into the intestinal tissue (70). Although the involvement of MCs in this intestinal shedding seem very likely, this has to our knowledge not yet been documented. Notably, a recent study has demonstrated a role for both MCs and IgE in the clearance of bacterial infection in the ear of mice. The importance of MCs in this study was linked to protection against secondary lung infection by Staphylococcus aureus (71) and there were indications that the MC proteases participated in the defense (71). MC proteases probably also contribute to bacterial clearance by cleavage of many bacterial virulence factors. However, there are so far few documented examples of such potential targets of importance for the bacterial defense.

Many bacteria use adhesion to connective tissue components, primarily fibronectin as one way to attach and avoid being flushed out of a tissue. This attachment is achieved by the production of fibronectin binding proteins by bacteria (72). In at least one study the cleavage of fibronectin by the mouse chymase mMCP-4 have been shown to be of importance for inhibiting bacteria to colonize a tissue and thereby having a beneficial role in bacterial clearance (72).



Regulating coagulation

Granules of rodent CTMCs contain large amounts of heparin and in primates both CTMCs and MMCs contain heparin (73). Heparin is a potent anticoagulant by the activation of anti-thrombin (74). The triggering of MCs results in the release of histamine, leukotrienes, prostaglandins, heparin and proteases. These mediators do in turn trigger the opening of blood vessels, which results in an influx into the tissue of antibodies, complement, inflammatory cells and blood coagulation components (58, 75). When clotting proteins come in contact with the tissue, coagulation is initiated to seal the leakage of the vessel. The potentially negative effect of coagulation is that the flow of immune components is blocked. To counteract this closure, MC heparin may limit activation of thrombin, one of the key enzymes in the clotting cascade. The MC chymase may also help in this inhibition of coagulation by actively inactivating thrombin by proteolytic cleavage. Cleavage of thrombin by human chymase has been shown previously (76). To further analyze the efficiency of this cleavage we have tested the in vitro cleavage of human thrombin with two different concentrations of the chymase (Figure 4). We found that considerably more of the enzyme was needed to cleave thrombin compared to the cell adhesion molecules, but still within the physiological range of the enzyme concentration. Hence, degradation of thrombin by the chymase may contribute to the inhibition of coagulation after opening of the vessels for immune mediators and cells. Chymase also efficiently cleave fibrinogen and this effect has also been evolutionary conserved as we have shown that both human and opossum chymase efficiently degrades fibrinogen (47). MCs can thereby have anticoagulant activity by at least three independent mechanisms, heparin and the inactivation of both thrombin and fibrinogen.



Inactivation of Venoms

MCs are most abundant in tissues in close contact with the external world like the skin, the tongue and the intestinal mucosa. Venoms delivered by snake bites, scorpion stings or bee and wasp stings are generally appearing in the skin. Several elegant studies have shown the potent action of the different MC enzymes on these venoms resulting in their inactivation (42, 77–80). The venoms also act directly on the MCs by inducing degranulation (80).

The human MC chymase has been shown to cleave internally in endothelin and sarafotoxin 6B from the Israeli mole viper (78, 81). Interestingly several of these toxins mimic the action of endogenous activators. Some of these toxins show high sequence homology to endothelin, a potent endogenous regulator of blood pressure. Endothelin has been shown to be cleaved by both the human chymase and by CPA3 (81). Chymase cleaves internally in endothelin whereas CPA3 cleaves of a single amino acid in the C-terminal end of this peptide (77, 81). It is the C-terminal trimming, by the removal of the C-terminal tryptophan, that appears to have the major inhibiting effect on the biological activity of endothelin (81).



Regulating Excessive TH2 Immunity

The default pattern in immune regulation has been considered to be a humoral TH2 immunity, primarily involving B cells and immunoglobulins. This is an immune response not involving the activation of potentially harmful cytotoxic T cells. However, upon infection with intracellular parasites, including viruses and certain bacteria, like Mycobacteria, Chlamydia and Listeria, the immune system needs to activate a more potent response. However, this will also activate more potentially harmful players to locate and remove the infection including killing the infected cells by inducing apoptosis and subsequent phagocytosis of the infected cells. Antibodies are not sufficient to target infectious agents that hide inside our own cells. The important triggers of this cell mediated TH1 response are IL-12 and interferons, primarily IFN-α and IFN-ß. TH1 responses need to be very tightly regulated and very small amounts of IL-12 is apparently sufficient to activate this type of response. Attempts to regulate excessive TH2 immunity, which occur in allergic patients, by tilting immunity more towards TH1 immunity has not been successful, primarily due to the high potency of the IL-12. Strikingly, mice injected with 1 ug of IL-12 per day resulted in 100% death at day six due to the potency of the IL-12 (82). The question is if there also is a tight regulation of TH2 immunity and in that case what cell type would most likely be involved. MCs can produce a large number of cytokines, primarily TH2 cytokines, so they can potentially enhance an ongoing TH2 immunity (83). However, do they also have a role in controlling excessive TH2 immunity? In support of this notion, we found that MC chymase cleaves the TH2-cytokine IL-33 and exhibits a protective role in a mouse model of allergic asthma, as suggested by the augmented sensitization, airway inflammation and IL-33 levels in mice lacking the chymase mMCP-4 (84). To study the human chymase for its selectivity in degrading cytokines and chemokines we analyzed the activity of the human chymase on a panel of 55 cytokines and chemokines. To our surprise we found that this enzyme was exceptionally restrictive in its cleavage. Only three cytokines were efficiently cleaved by the human chymase, namely IL-18, IL-33 and IL-15 (46). Two of these, IL-18 and IL-33, are classical TH2 cytokines and the third, IL-15, has recently been shown to be a potent inducer of allergen sensitization, showing that also this cytokine has a potent TH2 inducing activity (Figure 5) (88, 89). This very high selectivity for a small set of TH2 cytokines, indicated an important role of the chymase in regulating excessive TH2 immunity (46). We later showed that also the tryptase has a very similar activity, which made the finding even more striking (47). These two MC-specific enzymes combined appear to have a very strong dampening effect on TH2 immunity. One major function of these abundant MC enzymes seems therefore to act as a potent negative feed-back loop on TH2 immunity (Figure 5). This should be kept in mind when trying to develop anti-allergy drugs by inhibiting the activity of the MC chymase and/or the tryptase. In contrast to what we observed for the human chymase, which did not cleave TNF-α, the mouse counterpart to the human chymase, mMCP-4, has been shown to be a major player in the inactivation of this cytokine in vivo (45). The targets for these mast cell enzymes can therefore differ significantly between species, a situation that needs to be kept in mind when using animal models to study the in vivo effect of these enzymes.




Figure 5 | A TH2 immune response. A number of cytokines have been shown to be potent inducers of TH2 mediated immunity. The most well characterized are thymic stromal lymphopoietin (TSLP), IL-33, IL-18, IL-25 and IL-4. IL-18 has been shown to be potent inducers of TH2 mediated immunity when present alone and not in combination with IL-12. Interestingly when present together with IL-12, IL-18 acts instead as an enhancer of TH1 mediated immunity (85). IL-4 and IL-13 are the only two cytokines known to induce isotype switching in B cells to IgE (86). IL-5 is important for eosinophil infiltration, activation and proliferation, and IL-31 acts as an inducer of itch in skin of atopic dermatitis patients. IL-9 is, in mice, an inducer of mucosal mast cell differentiation (87). Both IL-15 and IL-21 has been found to have TH2 promoting activity as described in the text. Cleavage of the TH2 initiating early cytokines would most likely result in a dampening effect on TH2 mediated immunity.





Role In The Defense Against Ectoparasites

Basophils have been shown to accumulate at the site of tick infestation. However, this happens only after the second contact with the parasite and this accumulation is dependent on adaptive immunity, IgE and the high affinity IgE receptor (FcεRI) (90, 91). Mouse basophils express a protease that is specific for this cell type, the mMCP-8 (39, 62). To study the potential role of this enzyme in the defense against ticks and other ectoparasites we produced a tick anticoagulant protein (TAP) of Ornithodoros moubata and analyzed its sensitivity for cleavage by the basophil specific protease mMCP-8 and a panel of other hematopoietic serine proteases. In contrast to our expectations, we found that mMCP-8 had no effect on this tick anticoagulants. However, all the connective tissue MC chymases tested, including human-, dog-, rat-, hamster- and opossum chymases did very efficiently degrade this anticoagulant protein, indicating a potent role of the MC chymases in the defense against this ectoparasite (92). We then continued this analysis by analyzing the role of this panel of hematopoietic serine proteases on anticoagulants from two other ectoparasites, leeches and mosquitos. We tested their activity on the thrombin inhibitors hirudin from Hirudum medicinalis and on anophelin from the malaria vector Anopheles gambiae. Almost an identical pattern of cleavage was seen for these two anticoagulants indicating that the connective tissue MC proteases cleave the anticoagulants of a broad array of different ectoparasites (92). Interestingly, the mucosal MC proteases were in general inactive against these anticoagulant proteins indicating a high selectivity of these proteases in their target specificity (92). Connective tissue MCs are primarily located in the skin which is the primary site of infection for these ectoparasites, indicating a functional adaptation of the cleavage specificity to targets of importance for the particular type and tissue location of the MC. Ticks have been found to have the capacity to counteract this effect of chymases by producing protease inhibitors. One example of such an inhibitor has been found in the saliva of the tick Ixodes ricinus, the serpin IRS-2, which is a potent inhibitor of all the MC chymases tested (92, 93).



Other Potential Targets for the MC Chymases

The potential targets for MC proteases as listed above, do most likely not include all the targets of importance for the physiological role of these enzymes. MCs and the different MC proteases have been shown to contribute, positively or negatively, to a number of conditions including arthritis, dermatitis, obesity, atherosclerosis, abdominal aortic aneurysm and cancer (94). This information has been obtained by studies of knock out mice for single and combinations of these proteases or with protease inhibitors. These studies have given a lot of valuable information concerning potential involvements of these proteases in the role of MCs in vivo (94). However, to our knowledge no more solid information concerning the most important in vivo targets for these proteases in the phenotypic changes that are observed in these studies have been reported. These models give primarily information concerning the importance of MCs or of individual MC proteases in a particular disease or organ function, but they seem to be less suitable for specifying the exact target for the proteases. Combinations of in vivo and in vitro studies are therefore essential for the fine mapping of the biological function of these proteases as they may have a very complex physiological role in immunity and tissue homeostasis. Surprisingly, the results from knock out mice and from inhibitor studies are also often contradictory as nicely shown in a recent review on the lessons from knockouts and inhibitors into the in vivo function of the MC chymase (94). Many of the chymase inhibitors are also affecting the activity of the related cathepsin G that is expressed in high levels in human MCs and the fact that most studies are performed in mice while the inhibitor specificity has been determined for the human chymase, is further complicating these analyses (33, 94). More detailed screenings for potential targets of importance for the biological effects observed are therefore needed before the picture of the role of the various proteases in the observed phenotypes can be obtained.

A summary of the potential targets of the MC chymase is found in Figure 6.




Figure 6 | Targets for the human MC-Chymase. A number of potential targets for the human MC chymase is summarized.






In Vivo Targets for the MC Tryptases

The target specificity for the tryptases are more restricted than for the chymases. One reason for this is their tetrameric structure. The active sites of tryptase are located in the center of the tetramer making them less accessible for larger substrates (95). The tryptase may also be active in its monomeric form, but this only at a pH lower than the normal physiological pH (96). During inflammatory conditions the pH may drop to 6.0-6.5 and then can the monomeric tryptases also show activity, and the monomers have then a less restrictive active site, potentially allowing larger substrates to enter that active site. However, due to that the most active form of the tryptase is in its tetrameric form most of the potential targets identified for tryptase has been peptides. However, as discussed above the human tryptase has also been shown to cleave a highly selective set of TH2 cytokines showing that not only peptides can serve as important targets (47). The human tryptase also trims the ends of fibrinogen, most likely resulting in the inability to form a fibrin clot, and that the tryptase may thereby cooperate with the chymase in controlling coagulation (47). The cleavage and activation of the protease activated receptor 2 (PAR-2) by human and mouse mast cell tryptases have been a controversial issue for several years, but seem now to be relatively well documented (95, 97, 98). The human MC tryptase has also been shown to be highly active in detoxifying six different snake venoms (80).


Inactivation of Venoms

Evidence for a prominent role of tryptase in the defense against snake venoms has come from a study of the effect of human skin MC extract and purified human chymase, tryptase and CPA3 on the lethal effect of venom from six different snake species (80). In this study only tryptase, and not chymase or CPA3, had an effect on the survival rate of zebrafish embryos injected with venoms from a number of snake species, indicating that tryptase is the dominant player in the protection against snake venom (80). This study indicates that purified tryptase could be used as a potential treatment for snake bite envenoming. A few of the potential targets of the tryptase in these venoms were identified. One of them was L-amino acid oxidase, an enzyme that act on platelets and induce apoptosis and hemorrhagic effects, but can also induce apoptosis in a number of different cells, the second was a zinc metalloproteinase that induce capillary hemorrhage and myonecrosis (80).



PAR-2 Cleavage

Very recently the role of the mouse mast cell tryptase, mMCP-6, in PAR-2 cleavage and its role in the induction of thymic stromal lymphopoietin (TSLP) expression in mouse skin keratinocytes have been demonstrated (97). In this study, keratinocytes from PAR-2 negative mice did not show this induction of TSLP strongly suggesting that PAR-2 is a target for the mast cell tryptases (97). These findings also suggest that the MC tryptase can be an important trigger of inflammatory cytokines by keratinocytes and possibly also other tissue cells. Interestingly in this study histamine was also found to induce several cytokines and chemokines, although not TSLP but instead several other cytokines and chemokines including IL-6, stem cell factor (SCF) and IL-8 (97).

PAR-2 is also an important component in the blood coagulation system and several coagulation proteases, including FXa and FVIIa, can activate PAR-2 (99).



Histone Modification

The tryptase has been shown to leak out from the granules in small amounts and to enter the nucleus where it can cleave the core histones in their N-terminal tail indicating that the tryptase can have a regulatory role on transcription (100).



Peptide Substrates for the MC Tryptases

A number of peptides have been identified as potential substrates for the MC tryptases including kininogen, vasoactive intestinal peptide (VIP), peptide histidine-methionine (PHM) and calcitonin gene-related peptide (CGRP) indicating that this MC enzyme can have a potent regulatory function in several tissues (95, 101–103). The degradation of several of these mediators of bronchodilation may lead to increased bronchial responsiveness and may at least partly explain the induction of bronchial hyper-reactivity by tryptase (95).



Regulating Excessive TH2 Immunity

Due to the remarkable selectivity in the cleavage of cytokines and chemokines by the human chymase, we decided to continue the screening for potential similar activities of the other major granule serine protease of human MCs, the tryptase. The tryptase was found to be even more selective than the chymase. We detected cleavage of only two cytokines out of a panel of 69 different human cytokines and chemokines (47). The two cytokines cleaved by the human tryptase were two additional key TH2 cytokines, TSLP and IL-21 (Figure 5) (47). TSLP has been named a master regulator of TH2 immunity and IL-21 was recently identified as a potent enhancer of IgE synthesis (104, 105). When we combined the action by both the chymase and the tryptase we found a remarkable selectivity of cytokines cleaved by these two enzymes. All five cytokines cleaved by these two enzymes are key TH2 cytokines, either directly involved in the induction of a TH2 cytokine environment, or in sensitization or IgE production. This coordinated action by the two major human MC proteases is in our mind an exceptionally strong indication for a potent role of these two MC proteases and of the MC in controlling excessive TH2 immunity (Figure 5). We will therefore stress the potential danger with using tryptase and chymase inhibitors in the treatment of TH2 mediated inflammation including asthma, dermatitis and other MC-dependent diseases. The long-term effect may be the increase in TH2 mediated immunity, by increased sensitization to a broader panel of allergens and an exaggerated allergic inflammation. A clear indication for such an effect was observed in mice lacking the major MC chymase in mice, mMCP-4, which were found to develop exaggerated responses in two models of allergic airway inflammation (84, 106). The lack of both the chymase and the tryptase may here be even more pronounced. Analysis of double knock out mice for both mMCP-4 and mMCP-6, the counterpart of the human tryptase, would therefore be very interesting for its effects on allergen sensitization. However, similar to what was observed for the chymase with TNF-α, there are differences in the cytokines and chemokines cleaved by the MC tryptases in mouse and man. The human tryptase cleaves TSLP and IL-21. The corresponding enzyme in mouse, mMCP-6, does not cleave TSLP, but cleaves IL-21 and also IL- 9, IL-13 and IL-33, indicating that care should be taken when comparing data from human and mouse studies as the exact targets may differ (47).

Interestingly, the tryptases can thereby both induce the expression of certain cytokines, such as TSLP, by acting on PAR-2 on keratinocytes and at the same degrade this cytokine, indication a complex pattern of regulation of cytokines and chemokines by these enzymes.

A summary of the potential targets of the MC tryptase is found in Figure 7.




Figure 7 | Targets for the human MC-Tryptase. A number of potential targets for the human MC tryptase is summarized.






In Vivo Targets for the MC and Basophil Expressed CPA3

The potential targets for the MC and basophil specific CPA3 have been even more difficult to determine compared to the tryptases due to that it is an exopeptidase and not an endopeptidase. A minor trimming of a C-terminal end of a protein is much more difficult to spot than an internal cleavage, which markedly change the molecular weight of the target. Removing one or a few amino acids of a large protein is often difficult to detect on a gel. The major difficulties in obtaining recombinant CPA3 is another major factor for the low number of potential in vivo targets identified for this enzyme. The mouse CPA3 apparently needs co-expression with mMCP-5 for the presence in granules indicating a complex transport through endoplasmic reticulum and Golgi for correct processing and storage (107–109). Production of active mouse and human CPA3 has therefore been very difficult and no active mouse or human recombinant CPA3 are presently available for more detailed studies of their potential in vivo targets. We have tried with both mammalian and insect cells without success.

The most well documented substrate for the CPA3 is so far endothelin, a potent vasoconstrictor, and the related snake venom component sarafotoxin (77, 81). Endothelins, which are secreted from vascular endothelium, are the most potent vasoconstrictors known (110). They act through two G-protein couplet receptors, ETA and ETB (110). Removing the C-terminal tryptophan results in the inactivation of the 21 amino acid endothelin peptide (81). A few additional peptide hormones have been identified as potential in vivo substrates for this enzyme including neurotensin, kinetensin, Leu-enkephalin, neuromedin N and Xenopsin (109, 111–114). However, no more direct functional studies of the in vivo effects of these latter targets have been performed as we can see from Pubmed.

Ang I and apolipoprotein B has also been identified as potential targets. CPA3 can remove the C-terminal Leu of Ang I to generate Ang 1-9 (Figure 3) (112). CPA3 can also trim apolipoprotein B, a low density lipoprotein (LDL) involved in cholesterol transport (115). This cleavage can promote LDL fusion and thereby plaque formation.

The collected information concerning the biology of CPA3 is thereby relatively limited why additional studies are needed for a better understanding of the role of CPA3 in MC biology and general physiology. However, the difficulty in obtaining recombinant active enzyme is a major hurdle to overcome before additional in vitro and in vivo studies of this abundant MC and basophil enzyme can be performed. A possible role for CPA3 in regulating TH2 immunity has not been demonstrated although CPA3 expression has been linked to TH2 type of asthma in humans (116, 117). We recently found a dampening effect of a CPA inhibitor in a mouse model of allergic asthma, however, the individual role of CPA3 compared to other types of CPAs in this model has not been determined (118).

A summary of the potential targets of the MC CPA3 is found in Figure 8.




Figure 8 | Targets for the human MC-CPA3. A number of potential targets for the human MC carboxypeptidase A3 (CPA3) is summarized.





In Vivo Targets for the Basophil Specific Proteases mMCP-8 and mMCP-11

Two serine proteases have in mouse been found to be expressed preferentially or almost exclusively in basophils, the proteases mMCP-8 and mMCP-11 (39, 40, 62, 119). Numerous attempts using several methods including phage display, chromogenic and recombinant substrates have failed to obtain information concerning the extended specificity of mMCP-8, why we started to wonder if the protease was inactive. Using whole cell extracts and recombinant mouse proteins have later shown that it is active but highly restrictive in its cleavage pattern. Whole cell extract has led to the identification of tubulin as one potential target (119). However, tubulin is most likely not a biologically important target for this enzyme as tubulin is an intracellular protein and mMCP-8 is most likely only located extracellularly after basophil granule release. Two additional potential targets were recently identified by the screening of a panel of mouse cytokines and chemokines. By using recombinant mMCP-8 on a panel of 52 recombinant mouse cytokines and chemokines we identified mouse PDGF-B and MIP-3a as targets (92). However, a screening in the primary amino acid sequence of these three proteins have not resulted in the identification of a consensus sequence for its cleavage preference (92). The three amino acids that form the substrate binding pocket of mMCP-8 indicate that this protease has a strong preference for negatively charged amino acids in the P1 position (Figure 1). Mouse and human granzymes B, which are strict asp-ases, have triplets AGR and TGR, respectively. The arginine in this triplet is responsible for the preference for negatively charged residues in the binding pocket. mMCP-8 and rat rMCP-8, -9 and -10 (all members of the M8 subfamily) have ARR in this pocked (25). This is twice the number of positive charge indicating an even stronger affinity for negatively charged amino acids in the P1 position of substrates (Figure 1B) (25). However, this preference for negatively charged residues in the cleavable position (P1) has not yet been possible to prove definitely.

Cleavage of PDGF-B may have a functional role in controlling excessive fibrosis during a tick infestation (92). However, the role of MIP-3a cleavage depends on the role this cleavage has on the activity of this chemokine. N or C-terminal cleavage can sometimes increase the activity of a cytokine or chemokine and we still do not know if this N or C-terminal cleavage of mouse MIP-3a results in inactivation or activation of this chemokine.

Interestingly also are other potential effects of mMCP-8 and mMCP-11. Both of them have namely been shown to induce inflammation and influx of inflammatory cells upon injection into the skin of mice indicating a complex role in inflammation (40, 119). The targets for these effects are, however, still not known.

A summary of the potential targets of the basophil specific proteases mMCP-8 and mMCP-11 is found in Figure 9.




Figure 9 | Targets for the mouse basophil proteases mMCP-8 and mMCP-11. A number of potential targets for the mouse basophil proteases mMCP-8 and mMCP-11 is summarized. It is only for mMCP-8 that we so far have any targets identified in mouse PDGF-B, MIP-3a and tubulin. For both mMCP-8 and mMCP-11 we know that they induce inflammation and immune cell infiltration. Human basophils express the MC-tryptase and CPA3. Mouse basophils also express CPA3.





Summary

A number of quite diverse physiological effects have been identified for the very abundant granule proteases of MCs. MCs can act both as inflammatory cells by releasing a number of potent physiologically acting substances such as histamine, prostaglandins, leukotrienes and cytokines, but also act in dampening such reactions by selective cleavage of key TH2 cytokines. MCs have been shown to produce many of these cytokines and seem now also to be able to trigger keratinocytes, by the action of the tryptase on the protease activated receptor 2 (PAR-2), to produce TSLP. In the same study histamine was able to induce another set of cytokines by these keratinocytes, IL-6, IL-8 and SCF indicating potent effect of both proteases and other granule components in the regulation of cytokines and chemokines by other tissue cells, like the keratinocytes (97).

The MC enzymes can most likely also play an important role in facilitating the influx of inflammatory cells by cleavage of connective tissue components to loosening up the compact connective tissue and also to inhibit coagulation when blood vessels open for influx of antibodies, complement and inflammatory cells. To this should be added the potent effects on numerous venoms from snakes, scorpions, Gila monster and bees (78, 79). The effect on venoms seems to be very complex and involves all three major classes of the mast cell proteases, the chymase, the tryptase and the CPA3. A similar effect may also apply to ectoparasites, by cleavage of their anticoagulants, which are essential for a successful blood meal. Here it is primarily the connective tissue MC chymases that seem to have this role (92). However, the saliva of the ectoparasites is very complex with many different proteins with various biological effects (92). Both tryptase and CPA3 may therefore have effects of other components than only the anticoagulant proteins, which are the prime targets of the connective tissue MC chymases. When it comes to the potential role of the MC proteases in blood pressure regulation we have a similar situation as for the cytokines. One of the MC enzymes, the chymase can generate a blood pressure increasing peptide Ang II, from the precursor Ang I. At the same time another of the MC enzymes, the CPA3, has the opposite effect by inactivating endothelin, the most potent vasoconstrictor known. The question is how these two activities are coordinated during an inflammatory response involving MC activation and degranulation?

The role of the MC proteases in bacterial defense and in autoimmunity has also been controversial. Initially a number of articles appeared in the literature showing potent effects of MCs and also their proteases in the defense against bacterial infection. However, most of these effects did disappear when more stringent MC deficient animal models were used (67). The more stringent models have later shown that MCs do have a role in bacterial clearance, at least in the urinary bladder (69). A number of bacterial virulence factors are most likely also targets for these MC proteases and for the related neutrophil proteases, including N-elastase, proteinase 3 and cathepsin G, however, to our knowledge no direct evidence for such a role in vivo for the MC proteases has been documented.

The analysis of the cleavage activity on the anticoagulants from ticks, leeches and mosquitos by a large panel of hematopoietic serine proteases showed a remarkable specificity of these protease. The connective tissue MC proteases efficiently cleaved these anticoagulants whereas the mucosal MC proteases were inactive (92). This despite the fact that they have a relatively similar cleavage specificity indicating that the difference in specificity is highly relevant for their in vivo function (26). The connective tissue proteases sit in the skin where they can encounter the anticoagulant proteins from these ectoparasites whereas the mucosal MC proteases are found at other tissue locations where there is little chance to come in contact with these anticoagulants. Evolution has thereby fine-tuned their specificity to fulfill their function to fit their specific in vivo location. The very similar pattern in the cleavage products of fibronectin after cleavage with human, macaque and dog MC chymase also indicate conserved targets over relatively large evolutionary timelines. For some of the targets we see a conservation over several hundred million years involving almost all mammals whereas for others the pattern is more complex as seen for the generation of the blood pressure regulating Ang II. A broad analysis involving MC enzyme from all three extant mammalian lineages, monotremes, marsupials and placental mammals, for a larger panel of potential substrates will be needed to fully understand the role of these MC enzymes in MC biology and how conserved these functions have been during the past 200 million years of mammalian evolution.
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Mast cells and basophils have long been implicated in the pathogenesis of IgE-mediated hypersensitivity reactions. They express the high-affinity IgE receptor, FcϵRI, on their surface. Antigen-induced crosslinking of IgE antibodies bound to that receptor triggers a signaling cascade that results in activation, leading to the release of an array of preformed vasoactive mediators and rapidly synthesized lipids, as well as the de novo production of inflammatory cytokines. In addition to bearing activating receptors like FcεRI, these effector cells of allergy express inhibitory ones including FcγR2b, an IgG Fc receptor with a cytosolic inhibitory motif that activates protein tyrosine phosphatases that suppress IgE-mediated activation. We and others have shown that food allergen-specific IgG antibodies strongly induced during the course of oral immunotherapy (OIT), signal via FcγR2b to suppress IgE-mediated mast cell and basophil activation triggered by food allergen challenge. However, the potential inhibitory effects of IgA antibodies, which are also produced in response to OIT and are present at high levels at mucosal sites, including the intestine where food allergens are encountered, have not been well studied. Here we uncover an inhibitory function for IgA. We observe that IgA binds mouse bone marrow-derived mast cells (BMMCs) and peritoneal mast cells. Binding to BMMCs is dependent on calcium and sialic acid. We also found that IgA antibodies inhibit IgE-mediated mast cell degranulation in an allergen-specific fashion. Antigen-specific IgA inhibits IgE-mediated mast cell activation early in the signaling cascade, suppressing the phosphorylation of Syk, the proximal protein kinase mediating FcεRI signaling, and suppresses mast cell production of cytokines. Furthermore, using basophils from a peanut allergic donor we found that IgA binds to basophils and that activation by exposure to peanuts is effectively suppressed by IgA. We conclude that IgA serves as a regulator of mast cell and basophil degranulation, suggesting a physiologic role for IgA in the maintenance of immune homeostasis at mucosal sites.
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Introduction

IgE, while present at low concentrations in the serum, is unique in its ability to induce rapid and severe hypersensitivity responses. It is found tightly bound to basophils and mast cells via its high affinity-receptor, FcϵRI. Upon antigen binding, IgE-FcϵRI aggregation triggers a signaling cascade that results in the immediate release of preformed mediators and rapidly synthesized arachidonic acid metabolites followed by the production of pro-inflammatory cytokines. Mast cell mediators rapidly elicit a range of physiological responses including vasodilation and plasma extravasation, leading to tissue edema along with mucus production and smooth muscle constriction, all part of the immediate hypersensitivity response (1, 2). In addition to mediating these rapid physiologic changes, mast cells-via their delayed production of cytokines- serve a second but critical function in allergy as adjuvants for emerging type 2 adaptive immune responses. Mast cell-derived IL-4 drives IgE switching in B cells and promotes the expansion of pro-allergic lymphocytes, including type 2 innate lymphoid cells (ILC2) and Th2 cells, while suppressing the development and function of T regulatory cells (Treg) (3). Thus, the role of mast cells extends beyond driving immediate hypersensitivity reactions to include the induction and regulation of emerging immune responses (4, 5).

To date, a number of regulatory mechanisms that counter IgE-mediated activation of mast cells and basophils in immediate hypersensitivity responses have been described but their individual contributions to controlling allergic reactions in physiologic settings are unclear (6–8). IgE-mediated allergies are typically diagnosed based on skin prick testing or immunoassays. However, positive tests for IgE are not consistently predictive of clinical allergy. Despite being sensitized (e.g. detectable/measurable allergen specific IgE in the blood), some subjects with low to moderate levels of allergen-specific IgE will not experience any symptoms upon allergen exposure. Others will exhibit significant reactions. This is particularly evident in children undergoing testing for food allergies, creating clinical uncertainty that can only be resolved by performing food challenges to reliably establish allergy status (9–11). The absence of symptoms in some allergen IgE-sensitized children constitutes strong evidence for the presence and significant physiologic impact of factors that suppress IgE-mediated activation of mast cells and basophils.

Allergen-specific IgG antibodies have recently received attention as suppressors of allergic reactions to foods in subjects who harbor IgE. It is well established that allergen-specific IgG antibodies can inhibit IgE-mediated mast cell and basophil activation by two distinct mechanisms: 1) steric blockade of antigenic epitopes, or 2) signaling via the inhibitory Fc receptor FcγR2b (12, 13). Signals relayed via FcγR2b oppose activating input from FcϵRI, preventing downstream events that lead to mast cell and basophil degranulation (12, 14). In the setting of allergy, such IgG effects inhibit IgE-mediated immediate hypersensitivity reactions. The suppressive effects of IgG extend beyond immediate hypersensitivity. Studies using mouse models of food allergy have shown that allergen-specific IgG antibodies inhibit cytokine production by activated mast cells and basophils with immunomodulatory consequences for emerging adaptive immune responses including impaired Th2 expansion along with suppression and reprogramming of Tregs (15). Some compelling evidence regarding the relevance of inhibitory functions of IgG in allergy has come from studies showing that the appearance of allergen specific IgG coincides with natural resolution of milk and egg allergies in children (16, 17) and from parallel observations in respiratory allergy where the presence of IgG is inversely correlated with airway symptoms (18). Food-specific IgG antibody titers have recently been found to increase by several logs in patients who have completed oral immunotherapy (OIT). We and others have found that allergen/food specific IgG antibodies efficiently suppress the activation of IgE-sensitized basophils by allergen, which partly explains the food unresponsive state induced by OIT (14, 15, 19).

The most abundant antibody isotype in the intestine, where food allergens are encountered, is IgA. Thus, it would clearly be of interest to understand the effects of allergen specific IgA on IgE-mediated allergic reactions. IgA protects against mucosal pathogens through immune exclusion mechanisms by reducing the motility and adhesive capabilities of enteric pathogens. Strait and colleagues have suggested that IgA interactions might similarly impact the fate of ingested allergens, blocking their uptake and systemic absorption into the bloodstream. Like IgG, food-specific IgA antibodies increase dramatically after OIT (20). Some observations have pointed to correlations between impaired IgA responses and the development of allergic disease. Both high fecal and high salivary IgA have been correlated with a reduced risk of developing IgE associated diseases (21–23). A recent analysis of stool samples from healthy non-allergic individuals revealed a substantial amount of food allergen specific IgA is produced stably over time (24). Given its abundance and protective roles at mucosal surfaces, we hypothesized that IgA, like IgG, might inhibit IgE induced mast cell and basophil activation.

In this study we evaluated this hypothesis by testing the effects of antigen-specific IgA antibodies on IgE-mediated activation of murine mast cells and human basophils. We observed that IgA inhibits IgE-induced activation in an allergen-specific manner, and that IgA binding to murine mast cells was calcium- and sialic acid-dependent. 



Materials and Methods


Mouse Anti-TNP IgA Production and Purification

Frozen TIB-194 hybridoma cells (ATCC, Manassas, VA) were thawed according to manufacturer’s instructions, transferred and diluted with warmed RPMI-1640 (10% FBS, 100U/ml penicillin). Cells were centrifuged at 300 x g for 5 minutes, and the diluted freezing additive was removed and replaced with new media. Cells were propagated by the addition of fresh media approximately every 2-3 days. As cells multiplied, they were transferred into bigger flasks. Culture supernatants were tested by a sandwich ELISA for presence of anti-TNP IgA. Supernatants were collected and run over a protein L column (ThermoFisher Scientific, Waltham, MA). IgA was then concentrated and dialyzed with Amicon Ultra Centrifugal Filter Devices carrying a 100 kDa cut-off (Millipore Sigma, Darmstadt, Germany) and filter-sterilized with 0.2μM syringe filters (Millex, EMD Millipore, Billerica, MA).



Mast Cell Culture

BALB/cJ mouse bone marrow was cultured in RPMI-1640 media supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 10mM HEPES buffer, 100 μg/ml streptomycin, 100U/ml penicillin 10μg/ml gentamicin, 1% Minimum Essential Medium non-essential amino acids, 1 mM sodium pyruvate, and 55μm 2-mercaptoethanol, (all from ThermoFisher Scientific, Waltham, MA) in the presence of both 10-20 ng/ml of IL-3 and SCF (Shenandoah Biotechnology, Warwick, PA) for the differentiation into BMMCs. BMMCs were cultured for 4-6 weeks until cultures reached 90% purity. The purity of BMMCs were assessed by flow cytometry (c-Kit+ FcϵRIα+).

For the lysosomal-associated membrane protein 1 (LAMP-1) assay, mouse BMMCs were incubated overnight with anti-TNP IgE (50 ng/ml, BD Biosciences, Franklin Lakes, NJ), and anti-TNP IgA (100 μg/ml, TIB-194 hybridoma, ATCC, Manassas, VA). Cells are then washed with RPMI to remove unbound antibody, and then stimulated for 10 mins at 37°C with TNP BSA (50 ng/ml, Biosearch Technologies, Teddington, UK) while simultaneously being stained with, BV605 anti-c-Kit (Biolegend, San Diego,CA), fixable viability dye eFluor 780 (eBioscience, San Diego, CA), and PE anti-LAMP-1. For antigen specificity experiments, anti-OVA IgA (gifted by Dr. Duane Wesemann), was used alongside anti-TNP IgA.

For imaging experiments, BMMCs were IgE/IgA sensitized as per the conditions above, and stained with NucBlue Live Cell Stain (Thermofisher Scientific, Carlsbad, CA), and anti-mouse Fc block and FITC anti-IgA (BD Biosciences, Franklin Lakes, NJ), or isotype control. Cells were then cytospun onto a slide. Slides were visualized and imaged using an EVOS M7000 microscope (Thermofisher Scientific, Bothell, WA).

For measurements of phospho-Syk, mouse BMMCs were incubated with anti-TNP IgE, and anti-TNP IgA as above, and stimulated at 37°C for zero, one and two minutes. Cells were fixed and stained using Thermofisher Scientific Protocol C: Two-step Protocol for Fixation/Methanol. Cells were stained with mouse PE anti-phospho-Syk (Cell Signaling Technologies, Danvers, MA), in the presence of mouse Fc block and assessed on an LSR Fortessa.

For phospho-Syk/Syk western blots, 106 BMMCs were sensitized overnight with anti-TNP IgE, and anti-TNP IgA as described in conditions above. After sensitization, cells were stimulated with 100 ng/mL of TNP-OVA for 0–3 minutes. Cold FACS buffer was used to stop stimulation, and cells were pelleted and lysed with radioimmunoprecipitation assay buffer (Sigma-Aldrich) containing a cocktail of protease and phosphatase inhibitors (MilliporeSigma, Burlington, Mass).Lysed cells were then spun down to collect protein supernatant. Twenty microliters of lysate were resolved on a 4-15% MiniProtean TGX precast gel (Biorad, Hercules, Calif) and electrophoretically transferred to a polyvinylidene fluoride (PVDF) membrane (MilliporeSigma). Membranes were blocked with 5% BSA in tris-buffered saline with 0.05% tween 20 (TBST) for 1 hour. Membranes were probed with primary antibodies overnight, washed with TBST, and then probed with appropriate peroxidase-conjugated secondary antibodies for 1 hour. Membranes were developed with Supersignal chemiluminescent substrate reagent and imaged on an iBright Western Blot scanner (Thermo Fisher Scientific, Waltham, Mass).



Cytokine Release Assay

For the cytokine release assay, BMMCs were stimulated for 6 hours. Supernatants were collected and cytokines were measured using the Cytometric Bead Array (CBA) Mouse/Rat Soluble Protein Master Buffer kit, along with the cytokine flex sets for IL-13, IL-6, and TNF-α according to manufacturer’s instructions (BD Biosciences, Franklin Lakes, NJ).



Flow Cytometry and Immunofluorescence IgA Binding Studies on BMMCs, Splenic T Cells and Peritoneal Cells

T cells were purified from a BALB/cJ spleen by MACS sorting using the CD3ε Microbead kit according to manufacturers instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). BMMCs were incubated with 100 μg/ml anti-TNP IgA or anti-TNP OVA in 1X HBSS for 30 minutes at 4°C. Purified T cells were also incubated with 100 μg/ml anti-TNP IgA in 1X HBSS for 30 minutes at 4°C. Mast cells were stained for BV605 anti-c-Kit, PE anti-FcϵRI, fixable viability dye eFluor 780 (eBioscience, San Diego, CA), and FITC anti-IgA (BD Biosciences, Franklin Lakes, NJ) in the presence of anti-mouse Fc block (Biolegend, San Diego, CA), in FACS buffer (1X PBS, 10% FBS) at 4°C for 30 minutes. T cells were stained for PE anti-CD3 (eBioscience, San Diego, CA), BV605 anti-CD4 (Biolegend, San Diego, CA), FITC anti-IgA (BD Biosciences, Franklin Lakes, NJ), and fixable viability dye eFluor 780 (eBioscience, San Diego, CA), in FACS buffer.

Peritoneal lavage was isolated from BALB/cJ by injection of 5 ml of 1X HBSS into the peritoneal cavity to dislodge attached cells. Cells were pelleted and resuspended in 1X HBSS containing 100 μg/ml of anti-TNP IgA – incubated for 30 minutes at 4°C. Cells were then washed in FACS buffer and stained with mouse AF700 anti-CD45 (Biolegend, San Diego, CA), APC anti-CD11b (eBioscience, San Diego, CA), BV605 anti-c-Kit (Biolegend, San Diego, CA), PE anti-FcϵRIα (Biolegend, San Diego, CA), and FITC anti-IgA (BD Biosciences, Franklin Lakes, NJ.



Deglycosylation and Desialylation of IgA

For removal of N-linked glycans, anti-TNP IgA was incubated with PNGase F (New England Bioscience, Ipswich, MA) at 37°C for 72 hours according to manufacturer’s instructions. For desialylation, anti-TNP IgA was digested with neuraminidase from Vibrio cholerae (Sigma, Saint Louis, MO) at 37°C for 24 hours according to manufacturer’s instructions. The reactions (control IgA in glycobuffer, and digested IgA in glycobuffer and neuraminidase) were then incubated at 65°C for 10 min. to deactivate the enzymes. Digestion efficacy was assessed by lectin blot analysis.



Human IgA Purification and Anti-Peanut IgA Quantification From Post OIT Sera

As OIT induces a strong food allergen-specific IgA response, we used sera obtained from patients who had undergone peanut OIT as a source of peanut-specific IgA (25). Post OIT sera were pooled from several patients and IgA was purified using an anti-human IgA CaptureSelect affinity column as per manufacturer’s instructions (ThermoFisher Scientific, Carlsbad, CA). The IgA-enriched eluate from this column was then run through a Protein G column as per manufacturer’s instructions to further deplete it of IgG (ThermoFisher Scientific, Carlsbad, CA). The IgA was concentrated to a volume equivalent to that of the original input serum and dialyzed with Amicon Ultra Centrifugal Filter Devices carrying a 100 kDa cut-off (Millipore Sigma, Darmstadt, Germany) and filter-sterilized with 0.2 μm syringe filters (Millex, EMD Millipore, Billerica, MA). Total IgA and IgG was quantified using the Human IgA and IgG ELISA kits (ThermoFisher Scientific, Carlsbad, CA).



Human Basophil Activation Test

Basophil activation tests (BAT) were performed using the Flow CAST Basophil Activation Test kit (Bühlmann Laboratories, Schönenbuch, Switzerland). 50 μl aliquots of whole blood from peanut allergic patients were pre incubated with 125-1000 μg/ml of purified IgA for 2-4 hours at 37°C in 100 μl of basophil stimulation buffer. Samples were incubated for l5 min at 37°C with 3.6x10-4 μg/ml of crude peanut extract (CPE) and staining antibodies for human PE anti-CCR3 (Biolegend, San Diego, CA) and FITC anti-CD63 (BD Biosciences, Franklin Lakes, NJ). Anti-FcϵRI stimulation was used as a positive control for basophil activation. After red blood cell lysis, cells were washed and assessed for activation by flow cytometry. Basophils were identified as SSClowCCR3+ and activated cells identified based on CD63 expression. Around 200 basophils were evaluated for each sample. Peripheral blood from peanut allergic donors was obtained with informed consent under a protocol approved by the Institutional Review Board of Boston Children’s Hospital.



Fluorescent Labeling of Human IgA and IgA Binding Studies on Human Cell Types

Human IgA purified from post OIT sera was fluorescently labeled using the Pierce FITC antibody labeling kit (Thermofisher Scientific, Rockford, IL) according to the manufacturer’s instructions. For IgA binding experiments, donor whole blood was stained with labeled IgA, along with antibodies to human leukocyte markers PE anti-CCR3, APC anti-FcεR1, AF700 anti-CD3, PE-Cy7 anti-CD16, BV510 anti-CD14 all from (Biolegend, San Diego, CA) for 30 minutes at 37°C.




Results


IgA Antibodies Inhibit IgE-Induced Mouse Mast Cell Degranulation in an Antigen-Specific Manner

In order to evaluate the effects of IgA antibodies on IgE-mediated mast cell activation, we took advantage of the availability of monoclonal hapten-specific IgA antibodies as well as the well-characterized experimental model system of cultured BMMCs in which murine bone marrow cells are incubated with IL-3 and SCF to differentiate to c-Kit+ FcϵRI+ mast cells. Our own investigations as well as others have shown that IgG antibodies can inhibit IgE-mediated BMMC activation in a manner that is antigen specific and FcγR2b -dependent (e.g. the effect is not observed in FcγR2b-/- BMMCs) (14, 15). To test the effects of IgA on IgE-mediated mast cell activation, BMMCs were incubated with IgE ± IgA monoclonal antibodies specific for the hapten, trinitrophenyl (TNP) prior to antigen exposure. Cells were then washed to remove unbound antibody, and then stimulated for 10-minutes with (TNP-BSA). LAMP-1, which is extruded to the plasma membrane surface during granule fusion, was measured by flow cytometry as an indicator of mast cell degranulation.

In the absence of anti-TNP IgE, TNP-BSA induced no detectable BMMC degranulation, with LAMP-1 expression only 0.1% ± 0.02% (Figure 1). Anti-TNP IgE-sensitized BMMCs exposed to TNP-BSA exhibited a robust induction of surface LAMP-1 on the cell surface (16.9% ± 0.5%). Addition of anti-TNP IgA to these cultures resulted in a marked suppression of IgE-induced LAMP-1 expression (3.5% ± 0.2%) (Figure 1). In contrast, incubating anti-TNP IgE sensitized mast cells with IgA directed against an irrelevant antigen, ovalbumin (OVA), did not impair IgE mediated activation (20.5% ± 0.7%), indicating that IgA mediated suppression is antigen specific. While anti-OVA IgA did not suppress TNP-IgE responses, we confirmed that it did still bind to BMMCs in a similar manner to anti-TNP IgA (Figure S1).




Figure 1 | Effects of IgA antibodies on IgE mediated degranulation of bone marrow derived mast cells. Flow cytometry plots from a representative experiment (left) and aggregate data (n=3) bar plots (right) of percent LAMP-1 expression of IgE sensitized BMMCs following antigen exposure. BMMCs were sensitized with anti-TNP IgE (αTNP IgE) (50 ng/ml). Subsequently, some cells were co-incubated with anti-TNP IgA (αTNP IgA) (100 µg/ml) (purified from TIB-194 hybridoma) or anti-OVA IgA [αOVA IgA (100 µg/ml)]. Cells were primed with antibodies overnight, then washed and stimulated with, 50 ng/ml of TNP-BSA for 10 minutes before assessing activation by staining with anti-mouse c-Kit, and LAMP-1. Statistical analysis done by ANOVA. Data shown mean ± SEM of one experiment representative of three independent experiments. ****P < .0001.





IgA Binds to Bone Marrow Derived Mouse Mast Cells and Peritoneal Mouse Mast Cells

The observation that IgA antibodies blocked IgE-induced activation of allergen-exposed BMMCs, led us to consider the possibility that IgA might be physically interacting with these mast cells. Surface expression of IgA on c-Kit+ FcϵRI+ cells was measured by flow cytometry following incubation of BMMCs with anti-TNP IgA for 30 minutes in HBSS. In the presence of IgA, BMMCs uniformly stained with anti-IgA FITC in a dose dependent manner (Figure 2A, upper and lower panel), however no IgA binding was observed with purified splenic T cells. Immunofluorescence imaging of BMMCs, incubated with or without anti-TNP IgA similarly revealed the presence of staining (green) on mast cells incubated with IgA (Figure 2B). In order to evaluate IgA binding to primary mast cells, we examined peritoneal lavage cells. Staining for surface IgA after incubation with anti-TNP IgA, revealed IgA binding to CD11b- c-Kit+ FcϵRI+ mast cells isolated from the peritoneum (Figure 2C).




Figure 2 | Surface IgA staining on bone marrow derived mast cells and peritoneal mast cells (A) Flow-cytometric evaluation of IgA binding to BMMCs. Representative histogram of αTNP IgA binding to BMMCs (top) and purified splenic T cells (middle), and a dose response curve of αTNP IgA binding to BMMCs. Mast cells incubated with or without anti-TNP IgA were stained with antibodies for c-Kit, FcϵRIα, and IgA and analyzed by flow cytometry. Purified splenic T cells incubated with or without anti-TNP IgA were stained with antibodies for CD3, CD4, and IgA and analyzed by flow cytometry. Data shown is one experiment representative of six independent experiments. (B) Immunofluorescence analysis of IgA binding to BMMCs. Representative photomicrographs (40x) of BMMCs incubated with or without 100µg/ml of αTNP IgA in HBSS for 30 minutes at 4°C. BMMCs were stained for nucleus (blue), IgA (green), or isotype control (middle), and merged (right). Scale bars: 75 µm. Images were taken using an EVOS M7000 microscope. Data shown is one experiment representative of two independent experiments. (C) Flow-cytometric evaluation of IgA binding to peritoneal mast cells. Representative flow cytometry plots of IgA staining on peritoneal cavity mast cells, identified by the presence of CD45, c-Kit, FcϵRIα. Data shown is one experiment representative of two independent experiments.





IgA Binding to Mast Cells Is Calcium- and Sialic Acid-Dependent

As mast cells do not express any known IgA receptors, we sought to characterize the physical properties of IgA binding to BMMCs. To test calcium dependence, exogenous calcium was chelated by addition of EGTA to BMMC suspensions prior to incubation with IgA. Calcium removal dramatically impaired IgA binding with a decrease in MFI from 3060 ± 13.4 to 961 ± 79.8 (Figure 3A), but not IgE binding (Figure S2). We similarly observed that BMMCs suspended in calcium-free PBS failed to bind IgA (data not shown).




Figure 3 | Effects of calcium and sialic acid on IgA binding to BMMCs. (A) Effect of calcium chelation on IgA binding. Mean fluorescence intensity (MFI) of BMMCs stained with anti-IgA after incubation with anti-TNP IgA in the absence or presence of EGTA. (B) Retention of TNP-OVA binding by desialylated IgA. Serial dilutions of desialylated or buffer control treated anti-TNP IgA were tested for TNP-OVA binding by ELISA. (C) Analysis of sialic acid requirement for IgA binding. MFI of BMMCs incubated with untreated anti-TNP IgA, desialylated anti-TNP IgA or N-deglycosylated anti-TNP IgA in HBSS for 30 minutes at 4°C. Mast cells incubated with or without anti-TNP IgA were stained with antibodies for c-Kit, FcϵRIα, and IgA and analyzed by flow cytometry. (D) Effects of sialic acid competition on IgA binding to BMMCs. MFI of BMMCs stained with anti-IgA with or without preincubation with sialic acid (E) Consequences of sialic acid removal on the inhibitory effects of IgA. Bar plot of percent degranulation across three replicates of LAMP-1 induction in IgE sensitized BMMCs incubated with or without anti-TNP IgA, or desialylated anti-TNP (desial αTNP) IgA as in Figure 3A. Statistical analysis done by one-way analysis of variance (ANOVA). Data shown mean ± SEM of one experiment representative of three independent experiments. *P < .05, and ****P < .0001.



The abrogated IgA binding after calcium chelation suggested interaction with a calcium dependent receptor. Some such receptors are lectins, leading us to consider that the carbohydrate moieties on IgA might be mediating its interaction with BMMCs. To test this, we treated anti-TNP IgA with either PNGase F to remove all N-linked sugars, or neuraminidase to remove terminal sialic acid residues. Either N-deglycosylation of anti-TNP IgA or the removal of sialic acid rendered the antibody completely unable to bind to BMMCs (Figure 3C) without affecting its ability to bind to TNP-OVA (Figure 3B). To corroborate this sialic acid dependence of IgA binding to BMMCs, we incubated cells with sialic acid for 30 minutes prior to addition of IgA and observed suppression of IgA binding to undetectable levels (Figure 3D). The suppression of this response is dose dependent (data not shown). Using desialylated IgA, we also confirmed a functional requirement for sialic acid in the ability of IgA to suppress IgE-mediated mast cell activation. We observed that while untreated IgA inhibited LAMP-1 induction (of 8.8% ± 0.06% in treated compared to 16.2% ± 1.2% in controls), desialylated anti-TNP IgA was incapable of suppressing IgE-mediated BMMC degranulation (18.3% ± 2.3%) (Figure 3E). We could not similarly establish the effects of calcium depletion on the inhibitory function of IgA antibodies since it is not possible to perform mast cell activation assays in the absence of calcium. These experiments reveal that the binding of IgA to BMMCs is dependent both on ambient calcium concentration and on sialylation of the IgA antibodies and that sialyation is also critical for functional inhibition of mast cell activation by IgA.



IgA Inhibits Syk Phosphorylation and Cytokine Production in IgE-Activated Bone Marrow Derived Mast Cells

IgE-antigen receptor crosslinking on BMMCs results in the phosphorylation of the protein tyrosine kinase (PTK) Syk. Activation of a PTK signaling cascade downstream of Syk drives many of the phenotypes of activated mast cells, including degranulation, synthesis of arachidonate-derived lipid mediators and induction of cytokine transcription. In order to establish if IgA antibodies block this critical signaling pathway, we evaluated their effects on phosphorylated-Syk (p-Syk), the active signaling form of this PTK. BMMCs loaded with anti-TNP IgE and stimulated with TNP-BSA exhibited rapid increases in p-Syk levels, peaking one minute after stimulation (MFI 298 ± 7.6) and then quickly decreasing (Figure 4A). In contrast, allergen-exposed BMMCs sensitized with anti-TNP IgE and also incubated with anti-TNP IgA exhibited attenuated p-Syk induction (176.6 ± 4.7) 1 minute after stimulation. To further validate these results as well as to normalize p-Syk to total Syk, we performed phospho-western blot analysis. This similarly showed Syk phosphorylation detectable as early as 1 minute after stimulation (Figure 4A). Quantification of the ratio of signal intensities of phospho-Syk to total Syk revealed that phosphorylation induced by IgE was less at all time points in BMMCs that were also incubated with IgA.




Figure 4 | Effect of IgA antibodies on IgE-induced phosphorylation of Syk and on cytokine production by activated bone marrow derived mast cells (A) IgA effects on Syk phosphorylation. IgE sensitized BMMCs were incubated with or without anti-TNP IgA and stimulated with antigen for up to two minutes followed by measurement of phosphorylated-Syk (phospho-Syk) using flow cytometry (upper panel). Representative Syk phosphorylation blots and compiled ratios of phospho protein/total protein intensities in anti-TNP IgE-sensitized BMMCs or anti-TNP IgE/IgA treated BMMCs (lower panel). This experiment is representative of three replicates. (B) IgA effects on cytokine production. Cytokine (IL-6, IL-13 and TNF-α) levels in the supernatants of anti-TNP IgE sensitized BMMC incubated with or without anti-TNP IgA and stimulated with TNP-BSA for 6 hours. Statistical analysis done by ANOVA. Data shown mean ± SEM of one experiment representative of three independent experiments. ***P < .001.



Cytokine production is an important property of activated mast cells and is critical for the generation and tissue recruitment of the effector cells of inflammation as well as for the expansion of type 2 adaptive immune responses. We evaluated the effects of antigen-specific IgA on IgE-induced cytokine production by BMMCs. As expected, IgE-sensitized BMMCs exposed to antigen produce IL-13, TNF-α, and IL-6. Addition of IgA to these IgE-sensitized BMMCs prior to antigen stimulation resulted in a complete suppression of the production of these cytokines (Figure 4B). These results indicate that IgA acts early in the FcεRI signaling cascade, inhibiting formation of the most proximal signaling intermediate, p-Syk and that IgA-mediated blockade of mast cell activation extends beyond degranulation to also affect cytokine production.



IgA Antibodies Inhibit the Peanut-Induced Activation of Basophils From Allergic Subjects

Peanut-specific IgG and IgA antibodies are both present in the plasma of subjects with peanut allergy and both of their levels increase after OIT. We have observed that IgE-mediated activation of basophils is potently suppressed by IgG signaling via FcγR2b (14). We took advantage of post OIT sera as a source of PN specific IgA to test whether IgA exerts similar protective effects as PN-IgG in peanut allergic patients. IgA was enriched from these patient sera by affinity chromatography and further purified by IgG depletion using Protein G Sepharose, yielding a preparation containing 2.5 mg/ml IgA and no detectable IgG. Whole blood samples from a peanut allergic donor (with confirmed IgE mediated allergy to peanut) were pre-incubated for two to four hours with varying concentrations of purified IgA (125-1000 μg/ml). The samples were then stimulated with CPE and expression of CD63 was used to as a marker of basophil activation. Basophil activation was markedly suppressed in the presence of IgA (Figure 5A). This inhibitory effect of IgA was dose dependent over a range of IgA amounts from(250-1000 μg/ml) (Figure 5A). While IgA has been found to interact with several human cell types, including neutrophils and eosinophils (26, 27), its interaction with mast cells and basophils is incompletely characterized. At least one report has suggested an activating effect of IgA antibodies on basophils (28). We sought to determine if IgA might bind to basophils. We stained whole blood with fluorescently labeled human IgA along with antibodies defining the key leukocyte subsets. As expected, IgA was bound by neutrophils but not by T cells (Figure 5B). Basophils also exhibited IgA binding with a unimodal fluorescence shift relative to isotype control. These observations indicate that IgA antibodies, like IgG antibodies, bind to and are capable of inhibiting the activation of antigen stimulated basophils from peanut-allergic subjects.




Figure 5 | Effects of peanut-specific IgA on basophils from peanut allergic subjects (A) IgA effects on allergen induced degranulation. Dose response analysis of effects of IgA from peanut allergic subjects on peanut induced activation of basophils from a peanut allergic donor. Data shown from one experiment run in triplicate. Statistical analysis by ANOVA. ***P < .001, ****P < .0001 (B) IgA binding to basophils. Representative flow cytometry plots showing human IgA purified from post-OIT sera labeled with FITC binding to T cells, neutrophils and basophils from whole blood. T cells were identified by the presence of CD3, neutrophils by CD45, CD14, CD16, and basophils by CCR3 and FcεRI.






Discussion

As the most abundant immunoglobulins at mucosal surfaces, IgA antibodies are well-positioned to act as the initial humoral immune sentinels for ingested and inhaled antigens. They have been extensively characterized with respect to their roles in defense in the airway and enteric infection, maintenance of gut microbial homeostasis, and regulation of immune responses (29). Depending on the targeted effector cell and disease model being studied, both pro- and anti-inflammatory properties have been attributed to IgA (26). The physiological functions of IgA in regulating mast cell biology in allergic disease have not been extensively studied.

We took advantage of an array of experimental tools including murine cultured mast cells, primary peritoneal mast cells, human basophils, monoclonal hapten-specific IgA, and polyclonal IgA purified from the sera of peanut allergic subjects to test the hypothesis that antigen-specific IgA antibodies inhibit FcϵRI mediated mast cell and basophil activation. We found that IgA binds to mast cells in a manner dependent on calcium and sialic acid and inhibits IgE-induced mast cell degranulation. IgA exerts its function at a receptor-proximal point in the FcεRI-initiated PTK signaling cascade by decreasing phosphorylation of Syk. In addition to blocking degranulation and PTK signaling pathways, we found that IgA suppresses IgE-induced, cytokine production by mast cells in vivo. The relevance of these findings to humans was demonstrated in our confirmation that IgA has suppressive effects on the allergen-induced activation of basophils from peanut allergic subjects.

Our findings provide new insights into regulatory roles IgA might play in allergic disease, most notably its ability to suppress IgE-induced mast cell activation. Strait and colleagues have previously reported that IgA antibodies can suppress IgE-mediated anaphylaxis in mice (20). They showed that the suppressive effect of IgA is observed even in knockout mice lacking the murine IgA receptor, Fcα/μR and conclude that IgA likely confers protection by steric blockade of TNP epitopes on absorbed food allergens rather than by a receptor-mediated inhibitory mechanism. In contrast, some of the observations in our study suggest that IgA mediated inhibition of mast cell activation may in fact be receptor mediated. Specifically, we demonstrate IgA binding to murine mast cells and neutrophils but not lymphocytes, indicating a cellular restriction of IgA interaction suggestive of receptor-mediated binding. We further observed that IgA association with mast cells is calcium-dependent and that both binding and suppressive function of IgA require the presence of sialic acid. These properties are consistent with a receptor-mediated interaction leading us to consider the possibility that a member of the C-type lectin family of receptors might be exerting the inhibitory effect of IgA. However, in our screening experiments using BMMCs from mice with targeted deletions of some of the members of this family known to be expressed on mast cells (including SIGN-R1, CD33, and Siglec F) IgA mediated inhibition of IgE activation remained intact (data not shown). Based on reports that IgA might signal via FcγR2b, with Galectin-3 as a binding intermediate (30), we additionally tested IgA’s suppressive effects on BMMCs from mice with a targeted deletion of FcγR2b, and found that suppression remained intact (data not shown). Thus, while our results provide some evidence for a receptor-mediated inhibitory effect of antigen-specific IgA on mast cells, further studies will be required to identify the relevant receptor mediating this effect.

Our finding that IgA contained in the serum of subjects with food allergy can suppress peanut-induced activation of basophils from an allergic subject, points to a potential regulatory function of IgA. A role of IgA in food tolerance has previously been suggested by a number of clinical observations. Young children with allergies to cow’s milk typically outgrow these allergies later in childhood. The appearance of IgA antibodies specific for cow’s milk has been noted to trend in parallel with this resolution of allergy (31). Active induction of food unresponsiveness by OIT is also correlated with the induction of IgA responses. We initially found marked increases in allergen-specific IgA in a trial of OIT for peanut an observation that has subsequently been extended by others to cow’s milk and egg OIT (14, 32–35). Murine models have also documented specific IgA responses following food allergen ingestion and OIT (24, 36–38). Despite the consistent observation of association between IgA responses and food tolerance in humans and in murine models of food allergy, neither the direct contributions of IgA to tolerance nor the mechanisms thereof have been established. Immune exclusion, in which IgA antibodies prevent food allergen uptake by intestinal M cells is one proposed mechanism (39). We believe that the findings presented in our current study offer another likely alternative whereby IgA antibodies suppress allergic reactions in a receptor-mediated manner at the effector cell level.

Defining the mechanisms contributing to tolerance of ingested antigens is of critical importance in the field of food allergy. This report provides important new insights in this regard, demonstrating that IgA antibodies, which are known to be physiologically induced after food ingestion and OIT, can block IgE-mediated activation of mast cells and basophils and consequent hypersensitivity reactions. It will be of great interest, going forward to further delineate the mechanisms underlying this effect, and to consider whether the induction of IgA responses or passive administration of allergen-specific IgA might be utilized as therapies.
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Supplementary Figure 1 | Surface anti-OVA IgA staining on bone marrow derived mast cells. Representative histogram of αTNP IgA, and αOVA IgA binding to bone marrow derived mast cells (BMMCs). Mast cells incubated with or without anti-TNP IgA or anti-OVA IgA were stained with antibodies for c-Kit, FcϵRIα, and IgA and analyzed by flow cytometry. Data shown representative of one experiment run twice independently.

Supplementary Figure 2 | Effects of calcium on IgE binding to BMMCs. Mean fluorescence intensity (MFI) of BMMCs stained with anti-IgE after incubation with anti-TNP IgE in the absence or presence of EGTA. Data shown representative of one experiment run twice independently.



References

1. Renz, H, Allen, KJ, Sicherer, SH, Sampson, HA, Lack, G, Beyer, K, et al. Food Allergy. Nat Rev Dis Primers (2018) 4:17098. doi: 10.1038/nrdp.2017.98

2. Oettgen, HC. Fifty Years Later: Emerging Functions of IgE Antibodies in Host Defense, Immune Regulation, and Allergic Diseases. J Allergy Clin Immunol (2016) 137(6):1631–45. doi: 10.1016/j.jaci.2016.04.009

3. El Ansari, YS, Kanagaratham, C, and Oettgen, HC. Mast Cells as Regulators of Adaptive Immune Responses in Food Allergy. Yale J Biol Med (2020) 93(5):711–8.

4. Burton, OT, Noval Rivas, M, Zhou, JS, Logsdon, SL, Darling, AR, Koleoglou, KJ, et al. Immunoglobulin E Signal Inhibition During Allergen Ingestion Leads to Reversal of Established Food Allergy and Induction of Regulatory T Cells. Immunity (2014) 41(1):141–51. doi: 10.1016/j.immuni.2014.05.017

5. Nakae, S, Ho, LH, Yu, M, Monteforte, R, Iikura, M, Suto, H, et al. Mast Cell-Derived TNF Contributes to Airway Hyperreactivity, Inflammation, and TH2 Cytokine Production in an Asthma Model in Mice. J Allergy Clin Immunol (2007) 120(1):48–55. doi: 10.1016/j.jaci.2007.02.046

6. Bulfone-Paus, S, Nilsson, G, Draber, P, Blank, U, and Levi-Schaffer, F. Positive and Negative Signals in Mast Cell Activation. Trends Immunol (2017) 38(9):657–67. doi: 10.1016/j.it.2017.01.008

7. Getahun, A, and Cambier, JC. Of ITIMs, ITAMs, and ITAMis: Revisiting Immunoglobulin Fc Receptor Signaling. Immunol Rev (2015) 268(1):66–73. doi: 10.1111/imr.12336

8. Kanagaratham, C, El Ansari, YS, Lewis, OL, and Oettgen, HC. IgE and IgG Antibodies as Regulators of Mast Cell and Basophil Functions in Food Allergy. Front Immunol (2020) 11:603050. doi: 10.3389/fimmu.2020.603050

9. Caubet, JC, and Sampson, HA. Beyond Skin Testing: State of the Art and New Horizons in Food Allergy Diagnostic Testing. Immunol Allergy Clin North Am (2012) 32(1):97–109. doi: 10.1016/j.iac.2011.11.002

10. Begin, P, and Nadeau, KC. Diagnosis of Food Allergy. Pediatr Ann (2013) 42(6):102–9. doi: 10.3928/00904481-20130522-10

11. Hogan, SP, Wang, YH, Strait, R, and Finkelman, FD. Food-Induced Anaphylaxis: Mast Cells as Modulators of Anaphylactic Severity. Semin Immunopathol (2012) 34(5):643–53. doi: 10.1007/s00281-012-0320-1

12. Daeron, M, Malbec, O, Latour, S, Arock, M, and Fridman, WH. Regulation of High-Affinity IgE Receptor-Mediated Mast Cell Activation by Murine Low-Affinity IgG Receptors. J Clin Invest (1995) 95(2):577–85. doi: 10.1172/JCI117701

13. Tam, SW, Demissie, S, Thomas, D, and Daeron, M. A Bispecific Antibody Against Human IgE and Human FcgammaRII That Inhibits Antigen-Induced Histamine Release by Human Mast Cells and Basophils. Allergy (2004) 59(7):772–80. doi: 10.1111/j.1398-9995.2004.00332.x

14. Burton, OT, Logsdon, SL, Zhou, JS, Medina-Tamayo, J, Abdel-Gadir, A, Noval Rivas, M, et al. Oral Immunotherapy Induces IgG Antibodies That Act Through FcgammaRIIb to Suppress IgE-Mediated Hypersensitivity. J Allergy Clin Immunol (2014) 134(6):1310–7 e6. doi: 10.1016/j.jaci.2014.05.042

15. Burton, OT, Tamayo, JM, Stranks, AJ, Koleoglou, KJ, and Oettgen, HC. Allergen-Specific IgG Antibody Signaling Through FcgammaRIIb Promotes Food Tolerance. J Allergy Clin Immunol (2018) 141(1):189–201 e3. doi: 10.1016/j.jaci.2017.03.045

16. Savilahti, EM, Rantanen, V, Lin, JS, Karinen, S, Saarinen, KM, Goldis, M, et al. Early Recovery From Cow's Milk Allergy Is Associated With Decreasing IgE and Increasing IgG4 Binding to Cow's Milk Epitopes. J Allergy Clin Immunol (2010) 125(6):1315–21 e9. doi: 10.1016/j.jaci.2010.03.025

17. Caubet, JC, Bencharitiwong, R, Moshier, E, Godbold, JH, Sampson, HA, and Nowak-Wegrzyn, A. Significance of Ovomucoid- and Ovalbumin-Specific IgE/IgG(4) Ratios in Egg Allergy. J Allergy Clin Immunol (2012) 129(3):739–47. doi: 10.1016/j.jaci.2011.11.053

18. Holt, PG, Strickland, D, Bosco, A, Belgrave, D, Hales, B, Simpson, A, et al. Distinguishing Benign From Pathologic TH2 Immunity in Atopic Children. J Allergy Clin Immunol (2016) 137(2):379–87. doi: 10.1016/j.jaci.2015.08.044

19. Santos, AF, James, LK, Bahnson, HT, Shamji, MH, Couto-Francisco, NC, Islam, S, et al. IgG4 Inhibits Peanut-Induced Basophil and Mast Cell Activation in Peanut-Tolerant Children Sensitized to Peanut Major Allergens. J Allergy Clin Immunol (2015) 135(5):1249–56. doi: 10.1016/j.jaci.2015.01.012

20. Strait, RT, Mahler, A, Hogan, S, Khodoun, M, Shibuya, A, and Finkelman, FD. Ingested Allergens Must Be Absorbed Systemically to Induce Systemic Anaphylaxis. J Allergy Clin Immunol (2011) 127(4):982–9 e1. doi: 10.1016/j.jaci.2011.01.034

21. Kukkonen, K, Kuitunen, M, Haahtela, T, Korpela, R, Poussa, T, and Savilahti, E. High Intestinal IgA Associates With Reduced Risk of IgE-Associated Allergic Diseases. Pediatr Allergy Immunol (2010) 21(1 Pt 1):67–73. doi: 10.1111/j.1399-3038.2009.00907.x

22. Fageras, M, Tomicic, S, Voor, T, Bjorksten, B, and Jenmalm, MC. Slow Salivary Secretory IgA Maturation may Relate to Low Microbial Pressure and Allergic Symptoms in Sensitized Children. Pediatr Res (2011) 70(6):572–7. doi: 10.1203/PDR.0b013e318232169e

23. Sandin, A, Bjorksten, B, Bottcher, MF, Englund, E, Jenmalm, MC, and Braback, L. High Salivary Secretory IgA Antibody Levels are Associated With Less Late-Onset Wheezing in IgE-Sensitized Infants. Pediatr Allergy Immunol (2011) 22(5):477–81. doi: 10.1111/j.1399-3038.2010.01106.x

24. Zhang, B, Liu, E, Gertie, JA, Joseph, J, Xu, L, Pinker, EY, et al. Divergent T Follicular Helper Cell Requirement for IgA and IgE Production to Peanut During Allergic Sensitization. Sci Immunol (2020) 5(47). doi: 10.1126/sciimmunol.aay2754

25. Schneider, LC, Rachid, R, LeBovidge, J, Blood, E, Mittal, M, and Umetsu, DT. A Pilot Study of Omalizumab to Facilitate Rapid Oral Desensitization in High-Risk Peanut-Allergic Patients. J Allergy Clin Immunol (2013) 132(6):1368–74. doi: 10.1016/j.jaci.2013.09.046

26. Steffen, U, Koeleman, CA, Sokolova, MV, Bang, H, Kleyer, A, Rech, J, et al. IgA Subclasses Have Different Effector Functions Associated With Distinct Glycosylation Profiles. Nat Commun (2020) 11(1):120. doi: 10.1038/s41467-019-13992-8

27. Lamkhioued, B, Gounni, AS, Gruart, V, Pierce, A, Capron, A, and Capron, M. Human Eosinophils Express a Receptor for Secretory Component. Role in Secretory IgA-Dependent Activation. Eur J Immunol (1995) 25(1):117–25. doi: 10.1002/eji.1830250121

28. Iikura, M, Yamaguchi, M, Fujisawa, T, Miyamasu, M, Takaishi, T, Morita, Y, et al. Secretory IgA Induces Degranulation of IL-3-Primed Basophils. J Immunol (1998) 161(3):1510–5.

29. Fagarasan, S, and Honjo, T. Intestinal IgA Synthesis: Regulation of Front-Line Body Defences. Nat Rev Immunol (2003) 3(1):63–72. doi: 10.1038/nri982

30. Reljic, R, Crawford, C, Challacombe, S, and Ivanyi, J. Mouse Monoclonal IgA Binds to the Galectin-3/Mac-2 Lectin From Mouse Macrophage Cell Lines. Immunol Lett (2004) 93(1):51–6. doi: 10.1016/j.imlet.2004.01.015

31. Savilahti, EM, and Savilahti, E. Development of Natural Tolerance and Induced Desensitization in Cow's Milk Allergy. Pediatr Allergy Immunol (2013) 24(2):114–21. doi: 10.1111/pai.12004

32. Savilahti, EM, Kuitunen, M, Savilahti, E, and Makela, MJ. Specific Antibodies in Oral Immunotherapy for Cow's Milk Allergy: Kinetics and Prediction of Clinical Outcome. Int Arch Allergy Immunol (2014) 164(1):32–9. doi: 10.1159/000361023

33. Sugimoto, M, Kamemura, N, Nagao, M, Irahara, M, Kagami, S, Fujisawa, T, et al. Differential Response in Allergen-Specific IgE, IgGs, and IgA Levels for Predicting Outcome of Oral Immunotherapy. Pediatr Allergy Immunol (2016) 27(3):276–82. doi: 10.1111/pai.12535

34. Wright, BL, Kulis, M, Orgel, KA, Burks, AW, Dawson, P, Henning, AK, et al. Component-Resolved Analysis of IgA, IgE, and IgG4 During Egg OIT Identifies Markers Associated With Sustained Unresponsiveness. Allergy (2016) 71(11):1552–60. doi: 10.1111/all.12895

35. Palosuo, K, Karisola, P, Savinko, T, Fyhrquist, N, Alenius, H, and Makela, MJ. A Randomized, Open-Label Trial of Hen's Egg Oral Immunotherapy: Efficacy and Humoral Immune Responses in 50 Children. J Allergy Clin Immunol Pract (2021) 9(5):1892–901 e1. doi: 10.1016/j.jaip.2021.01.020

36. Maeta, A, Katahira, R, Matsushima, M, Onishi, H, Nakamura, Y, and Takahashi, K. Stepwise Oral Immunotherapy for 10 Days in an Egg-White Allergy Mouse Model did Not Ameliorate the Severity of Allergy But Induced the Production of Allergen-Specific IgA. Biosci Biotechnol Biochem (2018) 82(12):2176–9. doi: 10.1080/09168451.2018.1517592

37. Wagenaar, L, Bol-Schoenmakers, M, Giustarini, G, Garssen, J, Smit, JJ, and Pieters, RHH. Mouse Strain Differences in Response to Oral Immunotherapy for Peanut Allergy. Immun Inflammation Dis (2019) 7(1):41–51. doi: 10.1002/iid3.242

38. Frossard, CP, Hauser, C, and Eigenmann, PA. Antigen-Specific Secretory IgA Antibodies in the Gut are Decreased in a Mouse Model of Food Allergy. J Allergy Clin Immunol (2004) 114(2):377–82. doi: 10.1016/j.jaci.2004.03.040

39. Tordesillas, L, and Berin, MC. Mechanisms of Oral Tolerance. Clin Rev Allergy Immunol (2018) 55(2):107–17. doi: 10.1007/s12016-018-8680-5




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 El Ansari, Kanagaratham, Burton, Santos, Hollister, Lewis, Renz and Oettgen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 06 July 2022

doi: 10.3389/fimmu.2022.923495

[image: image2]


Roles of Mast Cells in Cutaneous Diseases


Takafumi Numata 1*, Kazutoshi Harada 1 and Susumu Nakae 2,3*


1 Department of Dermatology, Tokyo Medical University, Tokyo, Japan, 2 Graduate School of Integrated Sciences for Life, Hiroshima University, Hiroshima, Japan, 3 Precursory Research for Embryonic Science and Technology, Japan Science and Technology Agency, Saitama, Japan




Edited by: 

Satoshi Tanaka, Kyoto Pharmaceutical University, Japan

Reviewed by: 

Elba Mónica Vermeulen, Instituto de Biología y Medicina Experimental (CONICET), Argentina

Viktor Bugajev, Institute of Molecular Genetics (ASCR), Czechia

*Correspondence: 

Takafumi Numata
 numata@tokyo-med.ac.jp 

Susumu Nakae
 snakae@hiroshima-u.ac.jp

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 19 April 2022

Accepted: 16 June 2022

Published: 06 July 2022

Citation:
Numata T, Harada K and Nakae S (2022) Roles of Mast Cells in Cutaneous Diseases. Front. Immunol. 13:923495. doi: 10.3389/fimmu.2022.923495



Mast cells are present in all vascularized tissues of the body. They are especially abundant in tissues that are in frequent contact with the surrounding environment and act as potential sources of inflammatory and/or regulatory mediators during development of various infections and diseases. Mature mast cells’ cytoplasm contains numerous granules that store a variety of chemical mediators, cytokines, proteoglycans, and proteases. Mast cells are activated via various cell surface receptors, including FcϵRI, toll-like receptors (TLR), Mas-related G-protein-coupled receptor X2 (MRGPRX2), and cytokine receptors. IgE-mediated mast cell activation results in release of histamine and other contents of their granules into the extracellular environment, contributing to host defense against pathogens. TLRs, play a crucial role in host defense against various types of pathogens by recognizing pathogen-associated molecular patterns. On the other hand, excessive/inappropriate mast cell activation can cause various disorders. Here, we review the published literature regarding the known and potential inflammatory and regulatory roles of mast cells in cutaneous inflammation, including atopic dermatitis, psoriasis, and contact dermatitis GVHD, as well as in host defense against pathogens.
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Introduction

Mast cells are tissue-resident immune cells that are derived from hematopoietic stem cells (1). First, mast cell progenitors (MCPs) differentiate from hematopoietic stem cells in the bone marrow and/or spleen (shown in mice) and circulate via the vascular system (2, 3). The MCPs then infiltrate the local tissues from the blood, where they differentiate into functionally-mature mast cells under the control of the components of the cytokine milieu, such as stem cell factor (SCF), transforming growth factor (TGF)-β, nerve growth factor (NGF), interleukin (IL)-3, IL-4, IL-9, and IL-33 (4–6). Therefore, mast cells are present in all vascularized tissues of the body, and they are especially abundant in tissues that come into frequent contact with the surrounding environment, such as the gastrointestinal tract, skin, and respiratory epithelium (2).

Mature mast cells’ cytoplasm contains numerous granules that store a variety of chemical mediators (e.g., histamine), proteoglycans, and proteases. In both rodents and humans, mast cells have been categorized into two types based on their anatomical distribution and the kinds of proteases stored in their granules. In rodents, one type is the mucosal mast cell (MMC), which are located in the mucosa (mucosal epithelium) and whose granules contain tryptase (2). The second type is the connective tissue-type mast cell (CTMC), which are located in connective tissues such as the skin and submucosa and whose granules contain chymase, carboxypeptidases, and tryptase. In humans, one type is termed the TC mast cell (MCTC), whose granules contain tryptase and chymase, while the second type is termed the T mast cell (MCT), whose granules contain only tryptase (7).

In response to certain stimuli, mast cells release the contents of their granules into the extracellular environment this process is known as degranulation. In one major pathway, degranulation occurs immediately following crosslinking of antigens by antigen-specific immunoglobulin (Ig) E that is bound to FcϵRI on mast cells (8). Mobilization of Ca2+ is a key process that occurs during degranulation of mast cells after antigen/IgE/FcϵRI-crosslinking (9, 10). With or without degranulation, mast cells can also release de novo-synthesized inflammatory mediators. In addition, degranulated mast cells are able to replenish their granules, allowing them to undergo repeated degranulation in tissues (11).

Mast cells are able to mount a rapid immunological response by releasing prestored inflammatory mediators, and, owing to their location in the skin and mucosa, they are a part of the front line of defense against pathogens invading the body (12). The released inflammatory mediators bring about increased vascular permeability and fluid accumulation, as well as recruitment and activation of immune cells, including dendritic cells, macrophages, T cells, and B cells (2, 13). However, excessive mast cell activation can rapidly cause death via anaphylactic shock. Moreover, inappropriate mast cell activation can cause various diseases such as allergic and autoimmune diseases (14). On the other hand, mast cells play a suppressive role in certain diseases. Thus, they can act not only as pathogenic effector cells but also as suppressor cells in an immune response. Here, we review the published literature regarding the known and potential inflammatory and regulatory roles of mast cells in cutaneous inflammation as well as in host defense.



Mast Cells in Skin Inflammation During Infection

Toll-like receptors (TLRs), which are pattern-recognition receptors (PRRs), play a crucial role in host defense against various types of pathogens by recognizing pathogen-associated molecular patterns (15). Peptidoglycan (a TLR2 agonist) and lipopolysaccharide (LPS; a TLR4 agonist) are, respectively, components in the cell walls of gram-positive bacteria and mycobacteria, and of gram-negative bacteria. Poly (I:C) (a TLR3 agonist) is a mimic of viral dsRNA. These molecules have been shown to be able to induce cytokine and/or chemokine production by murine and/or human mast cells. In addition, various other peptidoglycans can induce degranulation of murine and/or human mast cells (16–18). Thus, mast cells are important for host defense against viruses and bacteria through PRRs such as TLRs. On the other hand, pathogen-derived antigens/components can promote excessive mast cell activation, resulting in exacerbation of inflammation (Figure 1).




Figure 1 | Mast cells in skin inflammation during infection. Mast cells (MCs) are important for host defense against various pathogens. On the other hand, inappropriate MC activation during infection results in aggravation of such skin diseases as AD and acne vulgaris. Blue arrows: appropriate MC activation; red arrows: excessive MC activation.



Staphylococcus (S.) aureus is a gram-positive bacterium that causes impetigo and staphylococcal scalded skin syndrome (SSSS), primarily in young children (19, 20). Impetigo is a superficial bacterial skin infection that occurs in bullous or non-bullous form. The exfoliative toxin of S. aureus cleaves desmoglein 1 and causes bullous impetigo (19). Hematogenous dissemination of exotoxins from the initial site of S. aureus infection leads to separation of epidermal keratinocytes and detachment of the superficial epidermis in SSSS (20). S. aureus invades and survives in human cord blood-derived mast cells (CBMCs) after internalization (21). S. aureus and S. aureus-derived peptidoglycan induce degranulation and cytokine production by human CBMCs and mouse bone marrow-derived cultured mast cells (BMCMCs) (16, 17, 21). Mast cells degranulate in response to S. aureus-derived δ-toxin, contributing to increased vascular permeability in mice (22). In addition, mast cells are responsible for development of S. aureus-mediated skin inflammation accompanied by spongiosis, parakeratosis, and neutrophil infiltration, suggesting that S. aureus-stimulated mast cells exacerbate dermatitis such as atopic dermatitis (AD) (22).

Acne vulgaris is a common cutaneous disorder characterized by chronic and recurrent development of multiple inflammatory papules, pustules and nodules, mainly on the face but also on the neck, chest and back. Hyperkeratotic plugs composed of corneocytes in the lower portion of the follicular infundibulum create a new environment that impacts the microbiota and fosters proliferation of a gram-positive bacillus, Cutibacterium acnes. IL-17A-producing mast cells were detected in the perifollicular area of acne vulgaris lesions (23). Activated memory/effector CD4+ T cells induced IL-17A production by human mast cells, implying a contribution of mast cells to development of acne vulgaris (23). However, their precise role remains unclear.

A fungus, Candida, is part of the normal flora of the gastrointestinal tract, oral/nasal cavity, and skin of humans, but it can cause disease when host immunity is compromised or there is an imbalance in the ecological niche. Mast cells reside in various tissues that can be colonized or infected by Candida spp., including Candida (C.) albicans (24). A human mast cell line (HMC-1) degranulated and produced IL-8 in response to C. albicans, contributing to enhanced migration of neutrophils (25). Rodent mast cells can phagocytose C. albicans and produce nitric oxide, a reactive oxygen species, cytokines and chemokines via Dectin-1 and/or TLR2 (26–29). These results suggest that mast cells play a critical role in host defense against C. albicans infection, but their precise role in the setting needs to be elucidated.

Dermatophytes are filamentous fungi of the genera Trichophyton, Microsporum, and Epidermophyton that infect the skin, hair, and nails. The yeast and mycelial forms of Malassezia are found in the skin scales of patients with pityriasis versicolor (30). MGL_1304, derived from Malassezia (M.) globosa, was identified in human sweat by mass-spectrometric analysis based on the histamine-releasing activity in basophils of patients with AD (31). Serum specific IgE against MGL_1304 was higher in patients with AD and cholinergic urticaria, which is a subtype of chronic urticaria whose symptoms are evoked by sweating, than in normal controls (32). To the best of our knowledge, there are no reports of other types of urticarias that involve MGL_1304. The level of degranulation of a human mast cell line, LAD2, sensitized with sera from patients with AD was greater than with healthy control sera after stimulation with MGL_1304 (32), suggesting that MGL_1304 is a major allergen involved in the exacerbation of AD and cholinergic urticaria via induction of mast cell degranulation.

Herpes simplex virus (HSV) is a double-stranded DNA virus and the cause of a common viral infection of epidermal cells that is typically transmitted via physical contact (33, 34). HSV can be transmitted even if the source is asymptomatic, but transmission is more likely if the source is symptomatic because the viral titer is much greater when lesions are present (33). Infections by HSV types 1 and 2 are characterized by recurrent, vesicular lesions that are accompanied by pain, tingling, pruritus, and/or burning. Lesions can develop anywhere on the body but occur mainly on the lips (HSV-1) and in the genital area (HSV-2) (33). HSV infections are associated with onset of eczema herpeticum (Kaposi’s varicelliform eruption) in patients with AD (35) or erythema multiforme (36). Mast-cell-deficient KitW/KitW-v mice were susceptible to HSV-2 compared with Kit+/+ mice (37). HSV-2 induces IL-33 production by keratinocytes, followed by activation of mast cells to produce IL-6 and tumor necrosis factor (TNF) (38), which are crucial for host defense against HSV-2 (37, 38).



Mast Cells in Contact Hypersensitivity

Allergic contact dermatitis/contact hypersensitivity (ACD/CHS) develops in response to repeated skin exposure to an allergen. Haptens are generally non-immunogenic, low-molecular-weight chemicals. When haptens are applied to the skin surface, they penetrate the stratum corneum barrier and form chemically-modified, immunogenic neo-antigens by binding with self-proteins (39). Haptens such as 2,4,6-trinitrochlorobenzene (TNCB), oxazalone, 1-fluoro-2,4-dinitrobenzene (DNFB), and fluorescein isothiocyanate (FITC) have long been used experimentally to study CHS in murine models (40). As noted in other reviews (1, 8, 41), the roles of mast cells in the development of acute and chronic CHS have differed with the experimental protocol. In some studies of acute CHS models using mast-cell-deficient and -depleted mice, mast cells (especially mast-cell-derived TNF) were responsible for development of CHS (1, 8, 41–43) (Figure 2). In addition, mast-cell-derived IL-25 promoted IL-1β production by dermal dendritic cells, which led to exacerbation of Th17-cell-mediated skin inflammation (44). On the other hand, mast cells were not essential for development of acute CHS in certain settings using mast-cell-deficient mice (1, 8, 41). Mast cells can also play a suppressive role in induction of acute CHS in some settings. For example, mast-cell-derived IL-5 was important for expansion of IL-10-producing regulatory B cells, which resulted in suppression of acute CHS (45). Similarly, mast-cell-derived IL-13 inhibited Th1-cell activation by suppressing IL-12 production by skin dendritic cells, which resulted in attenuation of acute CHS (46). Group III secreted phospholipase A2 (sPLA2-III; encoded by Pla2g3) released from immature mast cells is important for prostaglandin D2 (PGD2) production by fibroblasts (47). In turn, fibroblast-derived PGD2 causes immature mast cells to differentiate into mature mast cells (47). Mast-cell-derived sPLA2-III plays a suppressive role in development of acute CHS, but a promotive role in development of irritant-induced contact dermatitis (48).




Figure 2 | Mast cells in acute contact hypersensitivity. Mast cell (MC)-derived TNF enhances skin dendritic cell (DC) migration to draining LNs, leading to induction of hapten-specific Th-cell expansion in the sensitization phase of contact hypersensitivity (CHS). MC-derived IL-25 induces IL-1β production by dermal DCs, followed by promotion of IL-17 production by Th17 cells in the elicitation phase of CHS. Histamine has dual roles, i.e., inflammatory and anti-inflammatory, in the elicitation phase of CHS. Haptens stimulate keratinocytes (KCs) to produce PAMP9-20, a ligand for Mrgprb2. PAMP9-20 induces itch during CHS.



Mast cells are a major producer of histamine, which binds to H1R, H2R, H3R, and H4R. H1R and H4R play important roles in allergic diseases, such as urticaria and asthma; H2R stimulates gastric acid secretion; and H3R plays a crucial role in the control of sleep–wake behavior (49). H1R antagonists are widely used to treat pruritic skin inflammation, including urticaria and AD. Mice treated with H1R antagonists (chlorpheniramine, oxatomide, ketotifen, mequitazine, emedastine, terfenadine and azelastine) showed attenuated acute CHS (50), whereas mice treated with H1R antagonists (diphenhydramine, homochlorcyclizine, cyproheptadine and cetirizine) showed normal development of acute CHS (50, 51). Mice treated with an H2R antagonist (cimetidine) showed augmentation of acute CHS (52). In addition, mice deficient in histidine decarboxylase, which is an enzyme involved in histamine synthesis, showed exacerbation of acute CHS (53).

Mas-related G-protein-coupled receptor X2 (MRGPRX2) mRNA is most abundant in human skin, adipose tissue, the bladder, and the colon (54). MRGPRX2 is expressed on human mast cells, and its murine ortholog, Mrgprb2, is specifically expressed on murine CTMCs (55). A new technique based on near-infrared photoimmunotherapy was recently developed for ablation of cancer cells. In that technique, photosensitizer-conjugated monoclonal antibodies specific for a cell surface marker on cancer cells are delivered to the tumor, followed by activation of cytotoxicity (thermotoxicity) by illumination (56). As an extension of that technology, photosensitizer-conjugated monoclonal antibodies specific for MRGPRX2, a cell surface marker on mast cells, were employed to reduce the number of mast cells in the skin (56). MRGPRX2/Mrgprb2 is a promiscuous receptor for cationic ligands, including substance P, compound 48/80, and pro-adrenomedullin peptide 9–20 (PAMP9–20). These ligands induce degranulation of mast cells via MRGPRX2/Mrgprb2 (57, 58). PAMP9–20 expression is increased in the inflamed skin lesions of patients with ACD (58). Skin thickness was similarly increased in Mrgprb2-/- mice and wild-type mice during acute CHS (58), whereas scratching behavior and the number of inflammatory cells in the skin were significantly reduced in Mrgprb2-/- mice (58). Thus, Mrgprb2-mediated mast-cell-activation is somehow involved in induction of itch during acute CHS.

Meanwhile, chronic CHS was induced in rodents by repeated cutaneous exposure to haptens (59–63). Mast cell-deficient/depleted mice showed increased development of chronic CHS (Figure 3). In one setting, hapten/hapten-specific IgG1 complexes induced IL-10 production by mast cells by binding to FcγR on the cells, resulting in IL-10-mediated suppression of chronic CHS (59, 63). In another setting, hapten/hapten-specific IgE/FcϵR1 crosslinking induced IL-2 production by mast cells (61). Mast cell-derived IL-2 enhanced regulatory T cell (Treg) expansion, followed by suppression of inflammation during chronic CHS by Tregs (61). Therefore, mast cells have dual roles as both effector cells and regulatory cells in the development of acute and/or chronic CHS induced by certain haptens.




Figure 3 | Mast cells in chronic contact hypersensitivity. In one chronic contact hypersensitivity (CHS) setting, crosslinked hapten/hapten-specific IgG complexes stimulate skin mast cells (MCs) to produce IL-10, which leads to suppression of the inflammation. In another chronic CHS setting, crosslinking of hapten/hapten-specific IgE/FcϵR1 results in production of IL-2 by splenic MCs, which leads to expansion of Tregs in the spleen. The Tregs migrate from the spleen to local skin lesions, where they suppress the inflammation.





Mast Cells in Urticaria

Mast cell degranulation was observed in the dermis immediately below wheals in various types of inducible urticaria (64). Histamine, which is released by mast cells during IgE-mediated degranulation, is known to be crucial for the pathogenesis of urticaria (65). Increased blood levels of histamine were noted following provocation of inducible urticaria (64). In patients with chronic spontaneous urticaria, more than 200 IgEs, which recognize autoantigens including IL-24, were detected in sera (66). In addition to H1R antagonists, an anti-human IgE monoclonal antibody (omalizumab) was reported to provide clinical benefit for chronic spontaneous urticaria (67). Moreover, it is known that there is IgE-independent pathogenesis of chronic urticaria (64). The number and proportion of MRGPRX2-positive skin mast cells are increased in the inflamed skin lesions of patients with chronic urticaria compared with the skin of healthy control subjects (68). Intradermal administration of substance P induced greater wheal reactions in patients with chronic spontaneous urticaria than in healthy subjects (69), suggesting that substance P/MRGPRX2-mediated mast cell degranulation is an alternative pathway for induction of chronic spontaneous urticaria. In addition, increased expression of IL-25 and IL-33 on mast cells was observed in lesional skin of patients with chronic spontaneous urticaria (70). IL-25 and IL-33 can modulate many aspects of mast cell function, including proliferation and production of a variety of Th2 cytokines in chronic spontaneous urticaria (64).



Mast Cells in Atopic Dermatitis

AD is a chronic, pruritic and inflammatory skin disease that occurs in 15–30% of children and approximately 5% of adults in industrialized nations (71). AD is characterized by barrier disruption, immunological dysfunction and elevated serum IgE. The symptoms of AD, such as recurrent dry, scaly and erythematous lesions and intense pruritus, can place an enormous burden on patients. A significant association was observed between the number of mast cells in AD skin lesions and the disease severity (assessed by the Eczema Area and Severity Index (EASI) score), although the number of mast cells was not changed by short-term treatment with topical tacrolimus (72).

Filaggrin, a filament-associated protein, is crucial for maintenance of the skin barrier (73). Mutations in the filaggrin gene are associated with increased prevalence of ichthyosis vulgaris and AD (73, 74). Mice with mutations in the filaggrin gene (Flgft mice; also called flaky tail mice) spontaneously develop dermatitis that is accompanied by increases in the serum IgE and number of dermal mast cells, thus resembling AD (75).

Topical application of a low-calcemic vitamin-D3-analog MC903 (calcipotriol), which is widely used in the treatment of psoriasis, resulted in development of AD-like dermatitis in mice. MC903-induced dermatitis was dependent on thymic stromal lymphopoietin (TSLP), IL-25 and IL-33 in BALB/c mice (76), and on TSLP, but not IL-25 or IL-33, in C57BL/6 mice (77). Mast cells were involved in TSLP production and induction of skin inflammation in MC903-induced dermatitis (78).

Nc/Nga mice developed AD-like skin inflammation after topical application of an ointment containing Dermatophagoides farinae (Dfb) (79). The number of mast cells and histamine level were increased in the inflamed skin of Dfb-treated Nc/Nga mice (79). Although the frequency of scratching was decreased by application of an H4R antagonist (JNJ 7777120) to the skin of wild-type mice after intradermal histamine injection, that same antagonist was ineffective against itching and skin inflammation in Dfb-induced AD-like skin inflammation in NC/Nga mice (80).. Meanwhile, the EASI score was lower for inflammatory AD skin lesions in patients who were treated with an H4R antagonist (ZPL-3893787) than in those treated with a placebo (81).

Mast cells produce IL-4 and IL-13 (8). Treatment of AD patients with an anti-human IL-4Rα antibody (dupilumab) that inhibits binding of IL-4 and IL-13 to IL-4Rα improved the signs and symptoms of AD (including pruritus), anxiety and depression, as well as the quality of life, compared to placebo controls (82). However, to date, neither meta-analyses and systematic reviews of existing case series nor randomized controlled trials (RCTs) have generated concrete evidence of overall effectiveness of omalizumab for AD (83).



Mast Cells in Psoriasis

Psoriasis is a common chronic skin disease involving systemic inflammation that leads to formation of scaly patches on the skin. The number of mast cells in pruritic lesions was greater than in non-pruritic lesions in psoriasis (84). Activated mast cells were more abundant in psoriatic lesions than in non-lesional psoriatic skin and in healthy subjects, whereas resting mast cells were almost entirely absent in psoriatic skin lesions (85). Importantly, the proportion of resting mast cells gradually normalized in lesional psoriatic skin during etanercept (a TNF inhibitor) therapy (85). These results suggest that mast cells may be involved in the pathogenesis of psoriasis.

Topical application of imiquimod — a TLR7 agonist that is widely used to treat genital warts and actinic keratosis — resulted in development of psoriasis-like dermatitis in mice (86). However, it should be noted that the dermatitis induced in humans by topical imiquimod resembled contact dermatitis rather than psoriasis (87). Expression of Tlr7 mRNA was constitutively observed and increased in mouse BMCMCs in response to imiquimod, and TLR7 on mast cells was responsible for development of imiquimod-induced dermatitis in mice (88). In those same mice, mast cell activation by imiquimod via TLR7 led to TNF production, which in turn promoted skin dendritic cell migration (88) (Figure 4). Imiquimod can induce degranulation of mast cells in humans and mice dependent on human MRGPRX2 and mouse Mrgprb2 (89), although it remains unclear whether imiquimod can bind to MRGPRX2/Mrgprb2. Mrgprb2-dependent mast cell degranulation is crucial for development of imiquimod-induced dermatitis in mice (89).




Figure 4 | Mast cells in psoriasis. Mast cells (MCs) produce TNF in response to imiquimod via TLR7, and TNF then promotes dendritic cell (DC) migration from the skin to draining LNs. The migrated DCs induce CD8+ T-cell expansion in the peripheral blood.





Mast Cells in Collagen Synthesis (Wound Healing and Fibrosis)

Mast cells activated by tissue injury regulated various phases of skin repair (90). In mice 0.5~1 hour after wounding, the number of degranulated mast cells and the level of vascular permeability were most prominently increased in areas directly adjacent to the wounded skin (91). Moreover, mast cells were involved in neutrophil influx and wound healing in the wounded skin of mice at 12 hours and two to six days after wounding, respectively (91). Thus, mast cells appear to be important for induction of inflammation by increasing vascular permeability and recruiting inflammatory cells to wound sites. Scar width was significantly smaller in mast-cell-deficient KitW/W-v mice than in Kit+/+ mice at seven and 10 days after wounding (92). In addition, activated mast cells promoted fibroblast expansion (93). These data suggest that mast cells are involved in collagen deposition by activating fibroblasts during remodeling (Figure 5).




Figure 5 | Mast cells in collagen synthesis (wound healing and fibrosis). When the skin is wounded, mast cells (MCs) degranulate and release various mediators that enhance vascular permeability and recruitment of inflammatory cells to injured sites in the early stage (inflammatory phase). In addition, MC-derived histamine, tryptase and chymase induce fibroblasts to produce collagen, which is involved in tissue remodeling and development of scleroderma in the late stage (proliferative phase).



Systemic sclerosis (scleroderma) is a systemic autoimmune connective tissue disorder characterized by vascular dysfunction and progressive fibrosis of the skin and internal organs, such as the lung and kidney. Mast cell density (mast cells/mm2) in the papillary and reticular dermis was significantly greater in patients with early progressive systemic sclerosis than in control subjects (94). Histamine and tryptase each enhanced proliferation and collagen synthesis in human skin fibroblasts (95). In aged tight-skin mice, which develop an inherited fibrotic disease resembling scleroderma, mast cells and chymase were responsible for augmentation of fibrosis (96, 97).

Mast cells were detected in lichen planopilaris (LPP), a type of scarring hair loss (cicatricial alopecia) characterized by lymphocytic infiltration in the upper portion of hair follicles (98). The number of IL-17A-positive mast cells was increased in LPP lesions compared with the normal scalp (98). IL-17R is expressed exclusively in follicular epithelial cells in LPP lesions. These observations suggest that mast-cell-derived IL-17A might somehow be involved in the pathogenesis of LPP via IL-17R on follicular epithelial cells.



Mast Cells in Skin Allografts and Graft-Versus-Host Disease (GVHD)

Long-term acceptance of skin allografts was enabled in mice by injection of anti-CD154 blocking antibody together with allogeneic cells (a process known as donor-specific transfusion; DST) (99). Tregs were important for tolerance to alloantigens in mice (100), and mast cells were increased in the skin allografts of DST-treated mice (99). In addition, in that DST model, Treg-derived IL-9 induced mast cell accumulation and activation in skin allografts, and the accumulated cells suppressed CD8+ T cell-mediated allograft rejection (99).

A major side effect of allogeneic hematopoietic stem cell transplantation is graft-versus-host disease (GVHD), in which donor lymphocytes attack the recipient’s body as non-self tissues. The number of mast cells was increased in the skin of patients with more severe acute GVHD (101). In GVHD induced by transplantation of CD8+ T cells and T cell-depleted bone marrow cells from C3H.SW mice, the survival rate was significantly higher for irradiated WBB6F1-KitW/W-v mice than for irradiated WBB6F1-Kit+/+ mice (102). The density of dyskeratotic cells was significantly lower in WBB6F1-KitW/W-v mice than in WBB6F1-Kit+/+ mice at 14, 21, and 28 days after transplantation, suggesting that mast cells act as effector cells in the development of acute GVHD (102) (Figure 6).




Figure 6 | Mast cells in skin allografts. Regulatory T-cell (Treg-)derived IL-9 induces mast cell (MC) accumulation and activation in skin allografts. The Tregs and MCs then suppress CD8+ T-cell-mediated allograft rejection.



On the other hand, development of acute GVHD induced by intravenous injection of either T cell-depleted bone marrow from C57BL/6 mice or CD4+ and CD8+ T cells from FVB mice was significantly greater in irradiated C57BL/6-KitW-sh/W-sh mice than in irradiated C57BL/6 wild-type mice (103). These GVHD reactions were resolved in C57BL/6-KitW-sh/W-sh mice engrafted with wild-type BMCMCs, but not Il10-/- BMCMCs (103). These results indicate that mast-cell-derived IL-10 plays an important role in the inhibition of acute GVHD caused by MHC antigen mismatch.



Conclusion

Mast cells act as potential sources of inflammatory and/or regulatory mediators during development of various cutaneous infections and diseases (Figure 7). Considerable progress has been made in our understanding of these immune cells in recent years. Further elucidation of the complex interactions of mast cells will potentially lead to novel clinical approaches for various pathological conditions.




Figure 7 | Summary of roles of mast cells in cutaneous diseases. Mast cells are potential sources of inflammatory and/or regulatory mediators during development of various cutaneous infections and diseases.
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Background

The pathogenesis of chronic spontaneous urticaria (CSU) has not been clarified entirely. Type IIb autoimmune chronic spontaneous urticaria (CSUaiTIIb) is a distinct subtype of CSU that is often difficult to treat and is connected to low levels of total IgE. Previous findings indicate that an enhanced signal transducer and activator of transcription 3 (STAT3) may be responsible for reduced IgE serum levels.



Objective

Our aim was to investigate a possible underlying gain-of-function mutation or activating polymorphism in STAT3 that could be responsible for the low levels of IgE in patients with CSUaiTIIb.



Methods

We included 10 patients with CSUaiTIIb and low levels of IgE and sequenced selected single nucleotide polymorphisms (SNP) in STAT3 associated with common autoimmune diseases. Exon sequencing was performed for the most relevant exons of STAT3. To test for a gain-of-function of STAT3, we performed a phospho-specific flow cytometry analysis of STAT3 in peripheral blood mononuclear cells before and after stimulation with interleukin-6.



Results

No differences were found in the prevalence of the tested SNPs between our patients and a control population. Moreover, we could not find any mutations or variants on the tested exons of STAT3. The function of STAT3 was also not altered in our patients.



Conclusion

In total, we could not find any evidence for our hypothesis that low IgE in patients with CSUaiTIIb is linked to mutations in STAT3 or altered activity of STAT3. Thus, it remains to be discovered what causes the low serum levels of IgE in patients with CSUaiTIIb.
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Introduction

Chronic spontaneous urticaria (CSU) is a common mast cell-driven skin disease, characterized by the occurrence of itchy wheals, recurrent angioedema, or both (1). In CSU, total immunoglobulin E (IgE) levels have been found to be elevated in a large proportion of patients (2, 3) and it is thought to play an important role in the pathogenesis of CSU. Despite this, there are some patients who present with low or very low levels of total IgE (4, 5). These patients are especially difficult to treat and are more often non-responders to treatment with Omalizumab, a therapeutic anti-IgE antibody, than those with normal or elevated total IgE (6–9). Moreover, patients with clearly defined type IIb autoimmune CSU (CSUaiTIIb), a subtype of CSU in which IgG autoantibodies against IgE or its high affinity receptor FcϵRI are present, express significantly lower levels of total IgE and a higher rate of other autoimmune parameters than those without it (10). It is, as of yet, unclear why this population of CSU patients exhibit such low levels of IgE and others do not.

Several findings from previous studies and observations suggest that enhanced signal transducer and activator of transcription 3 (STAT3) signaling may be responsible for the observed effects in the above-described patients. For example, a loss-of-function mutation in STAT3 is responsible for the development of the hyper-IgE-syndrome, a condition characterized by extremely high levels of IgE and the development of recurrent infections of the skin, sinusoids and lungs (11). Interestingly, and despite the massively increased IgE levels, mast cell activation and degranulation are reduced in these patients. In contrast, gain-of-function mutations in STAT3 are not only associated with greatly reduced IgE levels (12) but also with much higher rates of other autoimmune disorders (13–15). Moreover, Luo et al. investigated the JAK-STAT3 signaling pathway in CSU and found that in patients with CSUaiTIIb, there is a stronger expression of genes of the JAK-STAT3 signaling pathway, including STAT3 in the skin, compared to healthy subjects (16). Single nucleotide polymorphisms (SNP) in STAT3 have been found to be of relevance in autoimmune diseases (Table 1). Especially the incidence of thyroid autoimmune diseases is higher in patients with CSU, in particular CSUaiTIIb (29).


Table 1 | Selected single nucleotide polymorphisms in STAT3 associated with common autoimmune diseases.



Taking all this together, we hypothesized that gain-of-function mutations or activating polymorphisms in the STAT3 gene may be present in patients with CSUaiTIIb and low levels of total IgE.



Methods


Characterization of the patients

We included 10 patients with CSUaiTIIb who had been treated at the Urticaria Reference and Excellence Center (UCARE) (30) at Chariteí - Universitätsmedizin Berlin. All patients provided oral and written informed consent that included the publication of their pseudonymized data. The study was approved by the Ethics Committee of Chariteí - Universitätsmedizin Berlin, Germany.

We selected patients with low total IgE levels and CSUaiTIIb. Less than 40 kU/l was chosen as a cut-off for low IgE levels, as this had previously been reported to be of significance in patients with CSUaiTIIb (10, 31).

As a marker for CSUaiTIIb we chose the basophil activation test (BAT), which is one of three obligatory criteria for defining CSUaiTIIb, as proposed by the European Academy of Allergy and Clinical Immunology (32). The BAT is positive if healthy donor basophils degranulate due to autoantibodies present in the patients’ serum. The BAT was performed as previously described (4). Briefly, the patient’s serum was thawed and incubated with fresh basophils taken from a healthy donor. Following washing and centrifugation, cells were stained with CD3, CD193 and the basophil activation markers CD63 and CD203c for measurement in flow cytometry. The BAT was considered positive, if more than 7.77% of the total basophils were both CD63 and CD203c positive. Only patients with a high proportion of double positive basophils were included in the study.

The disease activity of the patients was measured using the 7-day once-daily urticaria activity score (UAS7) (1). Additionally, patients were screened for concomitant recurrent angioedema and presence of autoimmune diseases. Among others, anti-neutrophil cytoplasmic antibodies (ANCA; considered elevated if cANCA ≥10 U/ml, pANCA ≥5 U/ml) and anti-nuclear antibodies (ANA; considered elevated if ≥1:160) were measured in patients’ serum.



Single nucleotide polymorphism (SNP) analyses of STAT3

Peripheral venous blood was collected from the subjects in an EDTA tube and different SNPs in STAT3 that were found to be of relevance in other autoimmune diseases (rs1053005, rs3816769, rs6503695, rs9891119, rs744166 and rs1026916; Table 1) were analyzed. Cells were lysed and genomic DNA was isolates using Gentra Puregene kit (Cat#158422, QIAGEN, Hilden, Germany) as specified by the manufacturer. PCR products were generated using the HotStarTaq Master Mix kit (Cat#20344, QIAGEN, Hilden, Germany) according to manufacturer’s instructions with the primers shown in the Supplementary Table 1. The thermocycler protocol was the following: 95°C for 15 min, then 35 cycles of 95°C for 30 s, 63°C for 30 s, 72°C for 30 s. Genotyping of selected SNPs was performed by Sanger sequencing (PlateSeq Service, 96w including sample clean-up, Eurofins Genomics, Ebersberg, Germany) using forward primers (Supplementary Table 1). A European (non-Finnish) healthy population taken from the Genome Aggregation Database (gnomAD) v2.1.1 (n=60.146) served as control group (33).



Exon sequencing of STAT3

We decided to perform exon sequencing of specific exons of STAT3 only (exons 10, 11, 13, 14, 21, 22 and 23), as most of the autoimmune-associated gain-of-function variants reported were found here (15). For the exon sequencing, blood was also taken from ten healthy volunteers as controls and to verify the quality of the samples. Genomic DNA was extracted by DNEasy Blood & Tissue Kit (Cat#69506, QIAGEN, Hilden, Germany) as specified by the manufacturer and relevant exons were amplified by PCR using Taq PCR Core Kit (Cat#201225, QIAGEN, Hilden, Germany) according to manufacturer’s instructions and using the primers listed in Supplementary Table 2. The thermocycler protocol was 5 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 54 – 58°C (depending on primer pair), 30 s at 72°C, followed by 5 min at 72°C final elongation. Genotyping was performed by Sanger sequencing (PlateSeq Service, 96w including sample clean-up, Eurofins Genomics, Ebersberg, Germany) using forward primers (Supplementary Table 2).



Analyses of functional gain-of-function of STAT3

To test functional relevance of possible gain-of-function variants of STAT3, we performed a phospho-specific analysis of STAT3 by flow cytometry before and after stimulation with interleukin-6 (IL-6). The test was performed on peripheral blood mononuclear cells (PBMC) isolated from heparinized blood of four of the patients and of four healthy controls. The PBMCs were stimulated with 20 ng/ml human IL-6 (Cat#200-06-20, PeproTech, Hamburg, Germany) for 15 min at 37°C and stored after fixation and permeabilization with formaldehyde (2%) and addition of 90% ice cold methanol. Before analysis with flow cytometry (MACS Quant, Miltenyi Biotec, Bergisch Gladbach, Germany), the cells were stained with phosphorylated STAT3 (pSTAT3) antibody (Cat#612569, Biolegend, San Diego, CA) in PBS with 1% bovine serum albumin for 30 min at room temperature. The analysis was performed using FlowJo (v.10.6.1, BD Biosciences, Franklin Lakes, NJ) and the Statistical Package for the Social Science (IBM SPSS version 27; IBM Corp, New York, NY).




Results

Ten patients were included in the study, all of them being female with a median age of 51 years and a median disease duration of one year (Table 2). Median total IgE levels were 8.50 kU/l and all patients had a positive BAT, with a median of 54.1% for CD63/CD203c double positive cells. Eight out of ten patients had concomitant recurrent angioedema and six had either a diagnosed autoimmune disease or elevated levels of ANA or ANCA. The disease activity of the patients differed a lot, ranging from an UAS7 score of 3 up to 35.


Table 2 | Patient characteristics.



The allele frequencies found for the six different SNPs in the STAT3 gene that we analyzed showed no major differences between the patients and the control group (Table 3).


Table 3 | Allele frequencies of six single nucleotide polymorphisms in STAT3 in ten patients with CSUaiTIIb compared to controls.



Exon sequencing was performed for STAT3 exons 10, 11, 13, 14, 21, 22 and 23. No pathogenic variants or polymorphisms were found in the ten patients. Sequencing performed on controls showed good quality in all of the probes and no differences as compared to the patients’ samples.

To test for an enhanced activation of STAT3, we assessed the rate of pSTAT3 after stimulation with IL-6 using phospho-specific flow cytometry. The mean fluorescent intensity (MFI) of pSTAT3 of patients and controls before and after stimulation with IL-6 is depicted in Figure 1A. For this, no significant differences between the groups could be found (Mann-Whitney-U, p=0.89 and p=0.49). Figure 1B shows the MFI for each patient and control individually and indicates the individual ratios. The mean ratio of the MFI of pSTAT3 before and after stimulation with IL-6 was 1.65 (range 1.44-1.97) in the patient group as compared to 1.40 in the control group (range 0.89-1.88) and the ratios also did not differ significantly between the two groups (Mann-Whitney-U, p=0.69).




Figure 1 | Phospho-specific flow cytometry analysis of STAT3 in peripheral blood mononuclear cells of four patients with CSUaiTIIb and four healthy controls. (A) shows values of mean fluorescent intensity (MFI) of phosphorylated STAT3 (pSTAT3) for patients compared to healthy controls in unstimulated cells (us) and after stimulation with interleukin-6 (IL-6). For statistical comparison a Mann-Whitney-U test was performed. (B) shows the amount of pSTAT3 before (blue) and after (red) stimulation with IL-6 for each individual in a histogram. The ratio of the MFI of pSTAT3 before and after stimulation is indicated.





Discussion

In this study, we examined ten patients with CSUaiTIIb and very low total levels of IgE. We hypothesized that a gain-of-function mutation or activating polymorphism in STAT3 may be responsible for the very low levels of IgE observed in patients with CSUaiTIIb. However, we could not find any known pathogenic variants at the most common sites of STAT3. Moreover, we analyzed the most frequent SNPs in STAT3 and found that these are not expressed exceptionally more or less compared to the control cohort. Additionally, no substantial increase of STAT3 function as analyzed by phospho-specific flow cytometry was detected. In total, we could not find enough evidence supporting our initial hypothesis.

The study has some limitations that prevent us from drawing definitive conclusions about the role of STAT3 in CSU. First, the number of patients included in the study was quite small. Especially SNP analysis should ideally be done on large patient samples in order to make a statement about the role of the different variants. Furthermore, for future experiments, it would be of interest to also include CSU patients with normal and/or elevated IgE levels and to compare for instance the amount of STAT3 expressed between distinct subtypes of CSU patients.

In addition, we sequenced only the exons of STAT3 in which most mutations were described. Thus, although we looked at many different aspects of the STAT3 gene and its function, including phospho-specific flow cytometry of pSTAT3, we cannot rule out that there might be other, possibly not yet discovered, mutations in some of the other exons or even the introns of this gene.

It therefore remains to be determined what the causes of the low IgE levels in CSUaiTIIb patients are. Potential alternative explanations include effects on T and B cells. For example, increased frequencies of Th2 and Th17 cells have been found in lesional skin of patients with CSU (34). Th1 and Th17 mediated immune pathways, such as IFN-γ and IL-21 have been shown to decrease IgE levels (35). Thus, it can be speculated that the activity of Th17 cells in CSU is responsible for low levels of IgE in CSU. It might therefore be interesting to compare the number of Th17 cells between CSU patients with and without low IgE levels.

Another explanation for low levels of IgE in patients with CSUaiTIIb could be a B-cell defect in these patients, leading to an impaired antibody class switch with imbalanced immunoglobulin production. Recent findings show that CSU patients with low IgE levels often also express lower IgA and IgG levels and higher IgM levels, which supports this hypothesis (4).

A better understanding of the diverse pathogenesis of CSU should be the aim of future studies. Especially in CSUaiTIIb, current treatment options are limited and knowledge about the underlying pathogenesis may help to identify appropriate and optimal therapies for each patient and to decrease the disease burden in patients with CSU.
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Oral allergy syndrome (OAS) is an IgE-mediated immediate food allergy that is localized to the oral mucosa. Pollen food allergy syndrome (PFAS), a pollinosis-associated OAS, is caused by cross-reactivity between food and pollen allergens. However, we need to more precisely understand the underlying pathogenesis of OAS/PFAS. In the present study, we developed a method to comprehensively identify cross-reactive allergens by using murine model of OAS and protein microarray technology. We focused on lip angioedema, which is one of the most common symptoms of OAS, and confirmed that mast cells reside in the tissues inside the lower lip of the mice. Interestingly, when the food allergen ovalbumin (OVA) was injected inside the lower lip of mice with high levels of OVA-specific IgE followed by an intravenous injection of the Evans blue dye, we found immediate dye extravasation in the skin of the neck in a mast cell-dependent manner. In addition, the degree of mast cell degranulation in the oral cavity, reflecting the severity of oral allergic responses, can be estimated by measuring the amount of extravasated dye in the skin. Therefore, we used this model of OAS to examine IgE cross-reactive allergens in vivo. Protein microarray analysis showed that serum IgE from mice intraperitoneally sensitized with ragweed pollen, one of the major pollens causing pollinosis, bound highly to protein extracts from several edible plants including black peppercorn and fennel. We confirmed that the levels of black pepper-specific IgE and fennel-specific IgE were significantly higher in the serum from ragweed pollen-sensitized mice than in the serum from non-sensitized control mice. Importantly, analysis of murine model of OAS showed that the injection of black pepper or fennel extract induced apparent oral allergic responses in ragweed pollen-sensitized mice. These results indicate IgE cross-reactivity of ragweed pollen with black pepper and fennel. In conclusion, we developed mouse model of OAS to identify IgE cross-reactive pollen and food allergens, which will help understand the pathogenesis of OAS/PFAS.
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Introduction

Food allergy is defined as a phenomenon in which adverse reactions are caused by allergen-specific immunological mechanisms following exposure to a given food (1–5). Oral allergy syndrome (OAS) involves the rapid onset of symptoms induced by food allergens in the oral and pharyngeal mucosa, including itching and/or angioedema of the lip, tongue, palate, and throat. In many cases, OAS is an IgE-mediated food allergy that can be induced by any allergen in animal foods such as eggs and milk or plant foods such as fresh fruits and vegetables (6–9). Pollinosis-associated OAS is called pollen food allergy syndrome (PFAS), in which certain fruits and vegetables show cross-reactivity with pollen such as birch pollen (10–13). Food allergens are classified into class I and class II types. Class I food allergens (e.g., milk) are oral allergens that cause sensitization through the gastrointestinal tract, whereas class II food allergens are highly homologous to aeroallergens that cause sensitization through the respiratory tract. Class II food allergens (e.g., vegetables and fruits) are generally heat-labile and easy-to-digest proteins that are structurally similar to pollen homologs. Profilins and Bet v 1-like proteins are class II food allergens that are responsible for OAS. After sensitization with specific pollen, ingestion of certain fruits or vegetables that cross-react with pollen induces IgE-mediated mast cell degranulation in the oral cavity of patients with PFAS (14–18). It has been reported that birch pollen cross-reacts with Rosaceae (e.g., apple, pear, and peach) (19–21), mugwort pollen cross-reacts with Apiaceae (e.g., celery) (22, 23) or with spice, and ragweed pollen cross-reacts with Cucurbitaceae (e.g., melon) (24–27) or with Musaceae (e.g., banana) (28, 29) to induce PFAS (30–33).

The spectrum of PFAS symptoms ranges from oropharyngeal symptoms to anaphylactic shock. The reported prevalence of PFAS varies between 2% and 70% according to geographical location. PFAS is generally diagnosed by taking a history from the relevant patients, performing a skin prick test, and measuring serum levels of allergen-specific IgE antibodies (6–17). However, the molecular mechanisms by which aeroallergens show cross-reactivity with food allergens are elusive. In this study, we used murine model of sensitization to ragweed pollen and protein microarray technology (34) to develop methods for the comprehensive identification of foods that may cross-react with ragweed pollen. We identified black pepper and fennel as foods that may cross-react with ragweed pollen using this method and demonstrated IgE cross-reactivity of ragweed pollen with black pepper or fennel using murine model of OAS. Although further examination is required to clarify the clinical significance and molecular mechanisms underlying the cross-reactivity between them, analyses using this newly developed method may clarify the pathogenesis of unexplained cases of OAS/PFAS.



Material and methods


Mice

All procedures were approved by the Institutional Review Committee of Juntendo University (approval numbers 2020128 and 2020136). Wild-type (WT) and KitW-sh/W-sh (mast cell-deficient) mice with a BALB/c background (aged 8‐12 weeks) were used as murine models for OAS (35, 36).



Antibodies and other reagents

The following antibodies were used and were purchased from BioLegend (San Diego, CA): allophycocyanin (APC)/cyanine 7 (Cy7)-conjugated anti-mouse CD45, phycoerythrin/Cy7-conjugated anti-mouse FcεRIα (MAR-1), and APC-conjugated anti-mouse c-Kit. Ragweed pollen was purchased from PolyScience (Niles, IL). 4’,6-Diamidino-2-phenylindole Dihydrochloride (DAPI) was purchased from Dojindo (Kumamoto, Japan). OVA (grade V) was purchased from Sigma-Aldrich (St Louis, MO). Alum was purchased from Thermo Fisher Scientific Inc. (Waltham, MA). Compound 48/80 was purchased from Sigma-Aldrich (St Louis, MO). To prepare fennel extracts, commercially available fennel from Japan (Fruits and vegetables of Otsuru, Fukuoka, Japan) mixed with phosphate-buffered saline (PBS) was ground using a food processor. To prepare the black pepper extracts, commercially available black pepper from Malaysia (S&B Foods Inc., Tokyo, Japan) was ground in a mortar and mixed with PBS. The mixtures were then filtrated into the tube before centrifugation at 20,000g for 10 min. The supernatants were collected and subjected to BCA protein assay (Fujifilm, Tokyo, Japan) to measure protein concentration.



Allergenic protein microarray

Serum from Balb/c mice intraperitoneally injected with 100 μg ragweed pollen plus 2 mg alum or with 2 mg alum alone as a control six times at 1-week intervals was incubated on microarray plates coated with crude allergenic protein extracts from various plants, animals, processed foods, and microorganisms (total 1178 types), including vegetables, fruits, fishes, shellfishes, meats, eggs, cheeses, yogurts, insects, ticks, parasites, bacteria, and fungi (Fukushima Translational Research Project, Fukushima, Japan). After Alexa Fluor 647-conjugated anti-mouse IgE antibody was added to the wells, microarray plates were scanned with a GenePix 4000 B scanner (Molecular Devices, San Jose, CA) and fluorescence intensity was measured. Allergenic protein microarray analysis was performed (Fukushima Translational Research Project, Fukushima, Japan) (34). The relative binding intensity of serum IgE to the respective protein extracts was estimated by subtracting the IgE-binding intensity of serum from mice injected with alum alone from IgE-binding intensity of serum from mice injected with ragweed pollen plus alum.



Measurements for total IgE, ragweed, Fennel, or black pepper-specific IgE, or cytokines using enzyme-linked immunosorbent assay

ELISA kits for total IgE (eBioscience, San Diego, CA), and interleukin-4 (IL-4) and IL-13 (R&D Systems, Minneapolis, MN) were used. Ragweed, fennel, or black pepper-specific IgE was determined using luminescence ELISA as previously described (35, 36). Briefly, ragweed pollen, fennel, or black pepper extract-coated ELISA plates were blocked before adding serial dilutions of serum samples before washing the wells. After biotinylated anti-IgE Ab (R35-118) (BD Pharmingen, San Diego, CA) was added, the plates were incubated and washed. Streptavidin-horseradish peroxidase was added, the plates were incubated and washed. Then, 3,3’,5,5’-tetramethylbenzidine substrate solution and stop solution were added (BD Biosciences, San Jose, CA), before measuring the absorbance at a wavelength of 450 nm wavelength using a microplate reader.



Murine model of OAS

The mice were injected with 500 ng compound 48/80 or PBS as a control inside the lower lip just immediately before the intravenous injection of the Evans blue dye. Alternatively, 14 days after intraperitoneal injection of 100 μg OVA plus 2 mg alum twice with a 2-week interval, the mice were given an injection of 2 μg OVA or PBS as a control inside the lower lip right before the intravenous injection of the Evans blue dye. Seven days after intraperitoneal injection of 100 μg ragweed pollen plus 2 mg alum six times with a 1-week interval, the mice were given an injection of 4 μg black pepper extract, 4 μg fennel extract, or PBS as a control inside the lower lip immediately before the intravenous injection of the Evans blue dye. Three days after intranasal injection of 1 mg ragweed pollen for five consecutive days in the first and second week following intraperitoneal injection of 100 μg ragweed pollen plus 2 mg alum three times with a 1-week interval (37–40), the mice were administered an injection of 4 μg fennel extract or PBS as a control inside the lower lip right before the intravenous injection of 0. 2 mL of 0.1% Evans blue dye. The skin of the neck removed 30 min after dye injection was cut into small pieces that were put into 0.3 mL of 1N KOH and left overnight at 37°C with shaking. On the next day, 0.15 mL of 1N phosphoric acid and 0.39 mL of acetone was added to the solution before mixing by inverting. After centrifugation at 700g for 15 min, 0.2 mL of the supernatant was added into each well of 96-well microplate. The amount of extravasated dye was evaluated by measuring the absorbance at a wavelength of 620 nm on 96-well microplate luminometer, as previously described (36, 41–44).



Histological analyses

Histological analyses were performed as previously described (35, 36). Sections of the tissue in the inside of the lower lip of Balb/c mice were stained with both toluidine blue or chloroacetate esterase.



Flow cytometry

Suspension cells were prepared after mincing and digesting the tissue in the inside of the lower tip with 2 mg/ml collagenase type I (FUJIFILM, Tokyo, Japan) and 0.1 mg/ml DNase I (Roche Diagnostic, Mannheim, Germany) for 1 h at 37 °C. Stained cells were analyzed on a FACSVerse flow cytometer (BD Biosciences, San Jose, CA) and data were analyzed using FlowJo software (Tree Star), as previously described (35, 36).



In vitro analysis of the Th2 response

Single-cell suspensions of cervical lymph node (LN) cells (2 × 106) from mice sensitized intraperitoneally and intranasally with ragweed pollen or from non-sensitized mice were cultured in the presence of 20 μg/mL ragweed pollen, black pepper, or fennel extract or PBS as a control for 4 days to measure the levels of cytokines IL-4 or IL-13 in culture supernatants (35).



Statistical analyses

Data are expressed as mean ± standard deviation (SD). Brown-Forsythe and Welch analysis of variance (ANOVA) with Dunnett T3 multiple comparisons was used in Figures 1F, 2B–D, 3B, C, 4E, 5E, 6F, H, and 7E. Welch’s t-test was used in Figures 4B, C, F, 5B, C, 6B–D, 7B-D. Spearman’s correlation test was used in Figures 4D, 5D, and 6E. *p < 0.05 or **p < 0.01 was considered statistically significant.




Figure 1 | Development of murine model of pseudo-allergic reaction in the oral cavity. (A, B) Chloroacetate esterase staining or toluidine blue staining of serial tissue sections in the inside of the lower lip from Balb/c mice (n = 3) under steady conditions. (A) Chloroacetate esterase-stained (left panel) or toluidine blue-stained (right panel) mast cells are seen. (B) The percentage of both chloroacetate esterase- and toluidine blue-stained mast cells among chloroacetate esterase-stained mast cells. The total count was 59, 33, or 45 mast cells in serial tissue sections from three mice. Data are representative of two independent experiments. (C) Surface expression levels of FcεRIα and c-Kit among CD45+ hematopoietic cells in the inside tissue of the lower lip from Balb/c mice under steady conditions. FcεRIα+c-Kit+ mast cell populations (1.17%) among CD45+ cells (100%) were seen. Data are representative of three independent experiments. (D) A schematic representation of murine models of compound 48/80-induced pseudo-allergic reaction in oral cavities. (E) Injection of compound 48/80 inside the lower lip caused dye extravasation in the skin from WT mice but not from KitW-sh/W-sh mice. Representative pictures of the neck skin from WT mice injected with compound 48/80 (left/lower) or PBS (left/upper) and from KitW-sh/W-sh mice injected with compound 48/80 (right/lower) or PBS (right/upper) (F) Quantification of the Evans blue dye that extravasated into the neck skin from WT or KitW-sh/W-sh mice injected with compound 48/80 or PBS. n =4 per group; data are presented as mean ± SD. Data are representative of two independent experiments. Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. **P < 0.01.






Figure 2 | Development of murine model of IgE- and mast cell-mediated allergic reaction in oral cavities. (A) A schematic representation of murine models of OVA-induced, IgE- and mast cell-dependent allergic reaction in oral cavities. (B, C) Serum levels of total IgE (B) and OVA-specific IgE (C) from WT mice (n = 8) or KitW-sh/W-sh mice (n = 10) intraperitoneally injected with OVA plus alum twice at a 2-week interval or from non-sensitized WT mice (n = 8) or KitW-sh/W-sh mice (n = 8). (D) Quantification of the Evans blue dye that extravasated into the neck skin from OVA-sensitized WT mice stimulated by OVA (n = 4) or PBS (n = 4) or KitW-sh/W-sh mice stimulated by OVA (n = 6) or PBS (n = 4). Data are presented as mean ± SD. Data are representative of two independent experiments. Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. *P < 0.05.






Figure 3 | Identification of foods that may cross-react with ragweed pollen by using murine model of sensitization with ragweed pollen and allergenic protein microarray technology. (A) Allergenic protein microarray analysis was performed using serum from mice given intraperitoneal administration of ragweed pollen plus alum or PBS plus alum as a control, before analysis of murine model of OAS. (B, C) Balb/c mice (n = 5) were intraperitoneally injected with ragweed pollen plus alum six times at a 1- week interval. Serum levels of total IgE (B) and ragweed-specific IgE (C) from Balb/c mice after two, four or six times of intraperitoneal injection of ragweed pollen plus alum. Data are presented as mean ± SD. Data are representative of two independent experiments. Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. *P < 0.05; **P < 0.01.






Figure 4 | Ragweed pollen cross-reacts with black pepper in murine model of OAS. (A) A schematic representation of murine model of OAS. WT mice intraperitoneally sensitized with ragweed pollen before stimulation with black pepper or PBS as a control. (B-D) Serum levels of ragweed-specific (B) and black pepper-specific IgE (C) from ragweed-sensitized mice at day 42 (n = 12) or non-sensitized control mice (n = 8). (B and C) A positivity threshold (mean + 2SD in non-sensitized mice) is shown as a dotted line. Data are presented as mean ± SD. Data are representative of two independent experiments. Welch’s t-test. **P < 0.01. (D) No correlation between serum levels of ragweed-specific IgE and black pepper-specific IgE from ragweed-sensitized mice (n =12). Spearman’s correlation test. (E) Quantification of the Evans blue dye that extravasated into the neck skin from ragweed-sensitized mice stimulated by black pepper extract (n = 9) or PBS (n = 3) or from non-sensitized control mice stimulated by black pepper extract (n = 4) or PBS (n = 4). Data are presented as mean ± standard deviation. Data are representative of two independent experiments. Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. *P < 0.05. (F) Representative images of images of chloroacetate esterase-stained mast cells in tissue sections in the inside of the lower lip from ragweed-sensitized mice stimulated by black pepper extract (left/lower panel) or PBS (left/upper panel). Percentages of degranulated mast cells were shown (right). n = 3 per each group. Data are presented as mean ± SD. Data are representative of two independent experiments. Welch’s t-test. **P < 0.01.






Figure 5 | Stimulation with fennel extracts did not significantly induce OAS in mice intraperitoneally sensitized with ragweed pollen in murine model. (A) A schematic representation of murine model of OAS. WT mice intraperitoneally sensitized with ragweed pollen before stimulation with fennel or PBS as a control. (B-D) Serum levels of ragweed-specific IgE (B) and fennel-specific IgE (C) from mice intraperitoneally sensitized with ragweed pollen at day 42 (n = 14) or non-sensitized control mice (n = 8). (B, C) A positivity threshold (mean + 2SD in non-sensitized mice) is shown as a dotted line. Data are expressed as mean ± SD. Data are representative of two independent experiments. Welch’s t-test. **P < 0.01. (D) No correlation between serum levels of ragweed-specific IgE and fennel-specific IgE from ragweed-sensitized mice (n = 14). Spearman’s correlation test. (E) Quantification of the Evans blue dye that extravasated into the neck skin from ragweed-sensitized WT mice stimulated by fennel extract (n = 6) or PBS (n = 5) or from non-sensitized control mice stimulated by fennel extract (n = 4) or PBS (n = 3). Data are expressed as mean ± SD. Data are representative of two independent experiments. Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. ns, not significant.






Figure 6 | Stimulation with fennel extracts induced mast cell-dependent OAS in mice intraperitoneally and intranasally sensitized with ragweed pollen. (A) A schematic representation of murine model of OAS. WT mice intraperitoneally and intranasally sensitized with ragweed pollen before stimulation with fennel or PBS as a control. (B-D) Serum levels of total IgE (B) and ragweed-specific IgE (C) from ragweed-sensitized mice (n = 13) at day 21 and at day 32. (D) Serum levels of fennel-specific IgE from ragweed-sensitized mice (n = 13) at day 32 or from non-sensitized control mice (n = 3). A positivity threshold (mean + 2SD in non-sensitized mice) is shown as a dotted line. Data are expressed as mean ± SD. Data are representative of two independent experiments. Welch’s t-test. *P < 0.05; **P < 0.01. (E) A weak positive correlation between serum levels of ragweed-specific IgE and fennel-specific IgE from ragweed-sensitized mice (n = 13). Spearman’s correlation test. (F) Quantification of the Evans blue dye that extravasated into the neck skin from ragweed-sensitized mice stimulated by fennel extract (n = 7) or PBS (n = 6) or from non-sensitized control mice stimulated by fennel extract (n = 5) or PBS (n = 3). Data are expressed as mean ± SD. Data are representative of two independent experiments. Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. **P < 0.01. (G) Representative pictures of the neck skin from ragweed-sensitized mice stimulated by fennel extracts (lower panel) or PBS (upper panel). Data are representative of two independent experiments. (H) Levels of IL-4 (left) and IL-13 (right) in the culture supernatants from cervical LN cells from ragweed-sensitized mice (n = 7) or non-sensitized control mice (n = 4) in response to ragweed pollen, fennel, or black pepper extract. Data are expressed as mean ± SD. Data are representative of two independent experiments. Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. *P < 0.05; **P < 0.01.






Figure 7 | Stimulation with fennel extracts induced mast cell-dependent OAS in mice intraperitoneally and intranasally sensitized with ragweed pollen. (A) A schematic representation of murine model of OAS. WT or KitW-sh/W-sh mice intraperitoneally and intranasally sensitized with ragweed pollen before stimulation with fennel or PBS as a control. (B-D) Serum levels of total IgE (B), ragweed-specific IgE (C), or fennel-specific IgE (D) from WT (n = 10) or KitW-sh/W-sh (n = 8) mice at day 35. (E) Quantification of the Evans blue dye that extravasated into the neck skin from ragweed-sensitized WT mice stimulated by fennel extracts (n = 7) or PBS (n = 4) or from KitW-sh/W-sh mice stimulated by fennel extracts (n = 5) or PBS (n = 3). Data are expressed as mean ± SD. Data are representative of two independent experiments. (B-D) Welch’s t-test. (E) Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons. **P < 0.01.






Results


Development of murine model of pseudo-allergic reaction in oral cavities

We focused on lip angioedema, one of the most common symptoms of OAS, in the development of murine models of OAS. Histological analysis showed that chloroacetate esterase-stained mast cells were distributed in tissues from inside the lower lip of Balb/c mice (Figure 1A) and approximately 70% of the total mast cells were both toluidine blue- and chloroacetate esterase-stained mast cells, corresponding to connective tissue mast cells (Figures 1A, B) (5, 18, 35, 36, 45). Flow cytometric analysis showed that FcεRI+c-Kit+ mast cells resided in the tissues of the lower lip (Figure 1C). Because compound 48/80 is known to degranulate connective tissue mast cells through Mas-related G protein-coupled receptor b2 in mice (41, 46), we investigated whether stimulation with compound 48/80 leads to mast cell degranulation in murine oral cavities. To this end, the mice were intravenously injected with the Evans blue dye immediately after the injection of compound 48/80 or PBS as a control inside the lower lip (Figure 1D). The results showed that injection with compound 48/80, but not with PBS, induced apparent dye extravasation in the skin of the neck (Figure 1E). In sharp contrast, dye extravasation was not observed in mast cell-deficient KitW-sh/W-sh mice treated with compound 48/80 (Figure 1E). Consistent with this, measuring the amount of extravasated dye in the skin showed that an injection of compound 48/80 caused higher amounts of dye extravasation in WT mice as compared to that following PBS injection (Figure 1F). Comparably low amounts of dye extravasation were observed in compound 48/80- and PBS-stimulated KitW-sh/W-sh mice (Figure 1F). Therefore, we developed murine model to evaluate oral pseudo-allergic reactions presumably due to mast cell degranulation.



Development of murine models of IgE- and mast cell-mediated allergic reaction in oral cavities

Next, we developed murine model of IgE- and mast cell-mediated allergic reactions in the oral cavity. WT and KitW-sh/W-sh mice were intraperitoneally injected with OVA plus alum adjuvant twice at 2-week intervals (Figure 2A). We found elevated levels of total IgE and OVA-specific IgE in the serum from immunized mice 2 weeks after the last injection of OVA plus alum. We confirmed that mast cell deficiency did not significantly influence the serum levels of OVA-specific IgE (Figures 2B, C). The mice were intravenously injected with the Evans blue dye immediately after injection of OVA or PBS as a control inside the lower lip (Figure 2A). Notably, the OVA injection induced apparent dye extravasation in the skin of OVA-sensitized WT mice, but not of OVA-sensitized KitW-sh/W-sh mice, whereas PBS injection failed to do so in either mice groups. Consistently, the OVA-challenged WT mice exhibited higher amounts of extravasated dye in the skin than the OVA-challenged KitW-sh/W-sh mice or PBS-challenged WT mice (Figure 2D). Thus, we developed murine model to evaluate oral allergic reactions, which appear to depend on IgE-driven mast cell degranulation.



Identification of foods that may cross-react with ragweed pollen

To identify foods that may cross-react with ragweed pollen, we used murine model of sensitization with ragweed pollen in BALB/c mice as well as protein microarray technology (34). First, the mice were intraperitoneally injected with ragweed pollen plus alum at 1-week intervals (Figure 3A). We observed a gradual increase in the serum levels of total IgE and ragweed-specific IgE after repeated injections (Figures 3B, C). Serum levels of ragweed-specific IgE on day 42 after the sixth injection were significantly higher than those on day 28 after the fourth injection (Figure 3C). We then performed allergenic protein microarray analyses using serum from the mice after the sixth injection with ragweed plus alum or alum alone as a control. A total of 1178 types of crude protein extracts from a variety of plants, animals, processed foods, and microorganisms, including vegetables, fruits, fish, shellfish, meats, eggs, cheeses, yogurts, insects, ticks, parasites, bacteria, and fungi were examined to calculate the relative binding affinity to respective protein extracts of serum IgE from ragweed pollen-sensitized mice versus control mice. All top 22 protein extracts, which were highly bound by serum IgE from the ragweed pollen-sensitized mice, were derived from plants (Table 1). Among them, nine protein extracts, including those ranked first, were derived from ragweed, including Ambrosia artemisiifoli (common ragweed), Ambrosia trifida (giant ragweed), and Ambrosia bidentata (lanceleaf ragweed), a member of the Asteraceae family, demonstrating the reliability of this assay. The second- and third-ranked were derived from Sambucus nigra, a member of the Adoxaceae family, whereas those raked fourth and fourteenth were from fennel, a member of the Apiaceae family. Piper nigrum (Black peppercorn), Salvia officinalis (common sage), Plantaho asiatica, Orthosiphon aristatus (cumisctin), Prunus campanulate, Ficus pumila, Capsicum annuum (paprika), Sambucus nigra, and Foeniculum vulgare (fennel) were edible (Table 1). In any case, some of the above-described plants may include allergenic proteins that cross-react with ragweed pollen allergens.


Table 1 | Relative binding intensity of serum IgE to the respective protein extracts.





Ragweed pollen cross-reacts with black pepper in murine model of OAS

Based on the results of the protein microarray analyses, we investigated whether ragweed pollen cross-reacts with black pepper, which is frequently used as a cooking spice. WT mice, that had been intraperitoneally injected with ragweed pollen plus alum six times weekly, exhibited high levels of ragweed-specific IgE in the serum (Figures 4A, B). Intriguingly, significantly higher levels of black pepper-specific IgE in the serum were also observed in the same ragweed-sensitized mice than in the non-sensitized control mice (Figure 4C). There was no correlation between the serum levels of ragweed-specific IgE and black pepper-specific IgE (Figure 4D). The mice were intravenously injected with the Evans blue dye immediately after the injection of black pepper extract or PBS as a control inside the lower lip. The results showed that significantly higher amounts of dye extravasation were evident in ragweed-sensitized mice injected with black pepper extract but not with PBS (Figure 4E). In accordance with this, histological analyses of the inside of the lower lip revealed frequent distribution of degranulated mast cells in the former mice, but not in the latter mice (Figure 4F). It should be noted that the injection of black pepper extract or PBS did not induce apparent dye extravasation in the non-sensitized control mice (Figure 4E). Collectively, these results indicate that black pepper allergen crosslinked ragweed-specific IgE-bound FcεRI on mast cells, leading to mast cell degranulation inside the lower lip. Thus, we were able to provide evidence of IgE cross-reactivity between ragweed pollen and black pepper in murine model.



Stimulation with fennel extracts did not significantly induce OAS in mice intraperitoneally sensitized with ragweed pollen in murine model

We then examined whether ragweed pollen cross-reacts with fennel, which is frequently used as a cooking spice. Similarly, we used WT mice that received intraperitoneal injections of ragweed pollen plus alum six times weekly (Figure 5A). The results showed that the serum levels of fennel-specific IgE as well as ragweed-specific IgE in ragweed pollen-sensitized mice were higher than those in non-sensitized control mice (Figures 5B, C). There was no correlation between the serum levels of ragweed-specific IgE and fennel-specific IgE (Figure 5D). Although intravenous injection of the Evans blue dye immediately after an injection of fennel extract inside the lower lip did not cause dye extravasation in non-sensitized control mice, similar injections of fennel extracts, but not of PBS, tended to increase the amount of dye extravasation in ragweed pollen-sensitized mice (Figure 5E).



Stimulation with fennel extracts significantly induced OAS in mice intraperitoneally and intranasally sensitized with ragweed pollen in murine model

Since we did not find definite evidence for IgE cross-reactivity between ragweed pollen and fennel in vivo, we attempted to use a ragweed pollen-induced allergic rhinitis model (37–40). The mice were administered an intranasal injection of ragweed pollen for five consecutive days in the first and second weeks after intraperitoneal injection of ragweed pollen three times weekly (Figure 6A). The results showed that intranasal administration of ragweed pollen strongly elevated the serum levels of total IgE and ragweed-specific IgE in mice intraperitoneally injected with ragweed pollen (Figures 6B, C). In addition, serum levels of fennel-specific IgE were higher in mice intraperitoneally and intranasally injected with ragweed pollen on day 35 than in non-sensitized control mice. (Figure 6D). There was a weak positive correlation between the serum levels of ragweed-specific IgE and fennel-specific IgE (Figure 6E). Importantly, the intravenous injection of the Evans blue dye immediately after injection of fennel extract, but not of PBS, inside the lower lip induced significant amounts of dye extravasation in mice intraperitoneally and intranasally injected with ragweed pollen on day 35 (Figures 6F, G). When cervical LN cells from these ragweed pollen-administered mice were ex vivo stimulated with ragweed pollen, fennel, or black pepper extracts, we found a significant increase in IL-4 and IL13 levels in the culture supernatants of cervical LN cells in response to ragweed pollen, but not to black pepper or fennel extract (Figure 6H) (35).



Stimulation with fennel extracts induced mast cell-dependent OAS in mice intraperitoneally and intranasally sensitized with ragweed pollen

We then used the same model in WT and KitW-sh/W-sh mice to examine the role of mast cells in these responses (Figure 7A). The results showed that mast cell deficiency did not significantly influence serum levels of total IgE, ragweed-specific IgE, or fennel-specific IgE (Figures 7B-D). However, mast cell deficiency dampened dye extravasation following an injection of fennel extract inside the lower lip in mice intraperitoneally and intranasally injected with ragweed pollen, suggesting that these responses in the oral cavities were induced in an IgE- and mast cell-dependent manner (Figure 7D). Taken together, we were able to provide evidence of IgE cross-reactivity between ragweed pollen and fennel in murine model.




Discussion

OAS/PFAS are frequently caused by IgE cross-reactivity between food and pollen allergens. Indeed, some combinations of cross-reactive pollen and food are well-known by allergologists. Although cross-reactive allergens have been identified by taking a history of patients with suspected OAS/PFAS, detecting allergen-specific IgE in the serum, or performing a skin prick test, unknown combinations of allergens with cross-reactivity may cause unexplained OAS/PFAS (6–17). In the present study, we developed a method to comprehensively identify potential cross-reactive allergens. Analysis of allergenic protein microarray identified several edible plants to which serum IgE from ragweed pollen-sensitized mice can strongly bind. The reliability of this assay was supported by the finding that nine out of 11 extracts derived from ragweed were included in the top 22 extracts that were highly bound by serum IgE from ragweed pollen-sensitized mice. In addition, we developed methods to evaluate the degree of IgE-mediated mast cell degranulation in oral cavities, reflecting the severity of OAS in murine model: immediately after an injection of OVA inside the lower lip in mice with high levels of serum OVA-specific IgE, an intravenous injection of the Evans blue dye induced apparent dye extravasation in the neck skin, of which amounts could be quantitated. Although oral rubbing after an oral challenge was reported to be a symptom of PFAS in murine model (47), the quantitation of extravasated dye seemed to be suitable for evaluating IgE cross-reactivity of allergens of interest in vivo. In addition, such murine model will be necessary for definite identification of IgE cross-reactive allergens inducing OAS/PFAS, because it is clinically known that IgE cross-reactive allergens do not necessarily cause OAS/PFAS even though IgE cross-reactivity is shown by serological tests (6–17). Accordingly, we were able to test whether an edible plant that potentially cross-reacts with ragweed pollen induces OAS in our murine model. Indeed, an injection of fennel or black pepper extract caused high amounts of dye extravasation in the neck skin of ragweed-sensitized mice but not of non-sensitized control mice. If such an injection induced apparent dye extravasation in control mice, the reaction would presumably be caused by IgE-independent increase in vascular permeability. In the case of an injection of fennel extract, mice intraperitoneally and intranasally injected with ragweed pollen, experiencing allergic rhinitis, exhibited stronger allergic responses in the oral cavity than mice intraperitoneally injected with ragweed pollen, suggesting that the former sensitization method is more appropriate for analyzing IgE cross-reactivity in murine model of OAS. In either case, mice were intraperitoneally administered ragweed pollen plus alum to strongly induce ragweed-specific IgE production. In addition, mice were challenged by injection of fennel or black pepper extract inside the lower lip to strongly induce mast cell degranulation in the oral cavity, where exaggerated allergic responses might have been caused. Therefore, our murine model seems useful to identify IgE cross-reactive allergens. However, these sensitization and challenge routes seem not suitable for analyzing the pathophysiology of OAS/PFAS. For this end, we should use a different murine model in which mice are orally challenged with food extract after intranasal sensitization with pollen. In any case, we provided evidence of IgE cross-reactivity of ragweed pollen with black pepper or fennel.

Intriguingly, we found Th2 cytokine production in LN cells from ragweed pollen-sensitized mice only in response to ragweed pollen extract, and not in response to fennel or black pepper extract, suggesting that T cell reactivity is not the same with ragweed pollen and fennel or black pepper (1, 16). However, it should be noted that the crude extracts of food or pollen contain various allergens with different quantities and stabilities, which may depend on their processing. Accordingly, the analysis of ex vivo Th2 responses of LN cells using recombinant allergenic protein available as well as crude extracts of food or pollen in murine model will be useful for understanding the pathogenesis of OAS/PFAS.

Considering that celery-mugwort-spice syndrome is known as PFAS, it may be reasonable to assume that ragweed pollen would cross-react with black pepper, a member of the Piperaceae family, and fennel, a member of the Apiaceae family (11, 17, 19–22, 48, 49). Our results are also supported by those of a previous report that fennel possibly cross-reacts with mugwort, paprika, ragweed, or black pepper in a case with occupational rhinitis and asthma (50, 51). Nevertheless, our experimental results regarding IgE cross-reactivity will be informative for clinical allergologists and patients with OAS/PFAS. Profilin Amb a 8 or lipid transfer protein Amb a 6, which is known as a ragweed pollen allergen, might be involved in the ragweed-fennel-black pepper association (11, 26, 27, 29, 33). Otherwise, biochemical techniques will be required to identify a specific allergen included in ragweed pollen and clarify how ragweed pollen cross-reacts with fennel or black pepper (6–17). One limitation of this study is that the allergens in ragweed, fennel, or black pepper extracts used were not molecularly defined.

In this allergenic protein microarray analysis, crude protein extracts from various foods, including edible plants, were coated on microarray plates; however, allergens contained in such foods can be quantitatively or qualitatively influenced by cultivar, climates, or chemical treatments. The stability of each allergen can be affected to varying degrees by protein extraction procedures (52). This may explain why melon and banana were not identified as food extract that highly cross-react with serum IgE from ragweed pollen-sensitized mice, notwithstanding that the ragweed-melon-banana association was previously reported as PFAS (24–26, 28). Alternatively, the difference of immune responses between humans and mice may be taken into consideration. In any case, microarray analysis using each recombinant allergenic molecule will lead to more comprehensive and direct identification of IgE cross-reactive molecules (1, 52). Importantly, our analysis using protein microarray technology and murine model of OAS will complement the traditional analysis of serum from patients with OAS/PFAS patients to clarify the molecular mechanisms of the syndrome caused by IgE cross-reactivity. The allergen

In conclusion, we have developed a method to identify cross-reactive allergens using murine model of sensitization to specific allergens and OAS as well as protein microarray technology, which will help understand the pathogenesis of OAS/PFAS.
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Background

Recently, the expression of the mast cell (MC) receptor Mas-related G protein–coupled receptor X2 (MRGPRX2) has been detected in lesional skin of adult patients with cutaneous mastocytosis. As of yet, little is known about the clinical relevance of MRGPRX2 and its agonists in patients with mastocytosis, including indolent systemic mastocytosis (ISM).



Methods

MRGPRX2 and MRGPRX2 agonists, cortistatin (CST), and major basic protein (MBP) were analyzed in lesional and non-lesional skin of patients with ISM and skin of healthy controls by immunohistochemistry. Co-localization of MRGPRX2 and MRGPRX2-mRNA with the MC marker tryptase was assessed by immunofluorescence microscopy and in situ hybridization, respectively. We assessed clinical, demographic, and laboratory data, including mastocytosis activity score (MAS), serum tryptase, and KIT D816V allele burden.



Results

The number of MRGPRX2-expressing (MRGPRX2+) cells, MRGPRX2-mRNA+ MCs, and CST-expressing (CST+) and MBP-expressing (MBP+) cells was significantly higher in lesional skin as compared to non-lesional skin and/or skin of healthy controls (all p < 0.05). Increased numbers of MRGPRX2+ cells, MRGPRX2-mRNA+ MCs, and CST+ and MBP+ cells were not associated with clinical and laboratory features of ISM, including disease burden, symptom severity, evidence of anaphylaxis, and tryptase levels.



Conclusions

Skin lesions of patients with ISM showed high numbers of MRGPRX2+ cells, although they were not linked to symptom severity. Clinical relevance of the MRGPRX2-mediated pathway of MC activation in ISM remains unclear and should be investigated in further studies.





Keywords: MRGPRX2, cortistatin, mastocytosis, mast cell, mRNA, major basic protein (MBP), skin, symptoms



Introduction

Systemic mastocytosis (SM) is a rare disease characterized by infiltration of clonally derived mast cells (MCs) in bone marrow, skin, the gastrointestinal tract, and other organs. The prevalence of SM in the general population varies from 10 to 17 cases per 100,000 people (1–3). Indolent systemic mastocytosis (ISM) is the most common form of SM found in up to 91% of adult patients and is associated with a favorable prognosis (2, 4, 5). ISM is diagnosed when spleen and liver impairment is absent and no more than one B-finding is present, i.e., >30% MC infiltration in the bone marrow and serum tryptase level >200 ng/ml—signs of dysmyelopoiesis without substantial cytopenias and/or organomegaly (5). Skin involvement has been reported in about 95% of ISM patients, often associated with symptoms including itching, whealing, and flushing (6, 7). Severe anaphylaxis triggered by hymenoptera venom, food, or drug components is observed in half of ISM patients (2).

ISM symptoms can induce a significant impairment of patients’ quality of life (4, 8). Avoidance of known symptom triggers and antimediator therapies are not always effective in ISM patients, whereas cytoreductive therapies and non-selective tyrosine kinase inhibitors can be associated with severe adverse effects (9). Although there are some novel drugs in development for ISM, no curative treatment for the disease exists (10). Thus, there is a high unmet need to identify markers associated with disease severity and poor response to treatment and investigate new MC-associated targets for development of effective and safe therapies.

MCs, primary effector cells in mastocytosis, express a wide range of receptors and release a variety of mediators upon activation (10). The best explored pathway of MC activation is linked to allergen-induced IgE crosslinking of the high-affinity FcϵRI receptor, which drives IgE-mediated anaphylactic reactions associated with mastocytosis (11). Also, IgE-independent MC activation could lead to clinically relevant reactions, particularly associated with drug intolerance, via the Mas-related G protein–coupled receptor X2 (MRGPRX2) on MCs (12). Increased MRGPRX2 expression on skin MCs has been recently reported in patients with maculopapular cutaneous mastocytosis and suggested as a possible driver of mastocytosis pathogenesis (13).

MRGPRX2 is a multiligand receptor expressed by MCs (14), which responds to a broad variety of exogenous and endogenous stimuli, e.g., insect venom, drugs, neuropeptides such as cortistatin (CST) and substance P (SP), eosinophil granule proteins including major basic protein (MBP) and eosinophil cationic protein (ECP), and infections (15–19). Insect venom and quinolone antibiotics are known triggers of anaphylaxis in ISM patients. Mastoparan, an insect venom constituent, and quinolones are also MRGPRX2 agonists that might point toward a contribution of MRGPRX2-mediated MC activation to anaphylaxis development in some ISM patients (14, 20). For example, the MRGPRX2-mediated pathway was hypothesized in a patient with ISM who developed anaphylaxis to ciprofloxacin (21). On the other hand, FcϵRI but not MRGPRX2 was overexpressed on bone marrow MCs in patients with clonal MC disorders, mostly ISM, and wasp venom anaphylaxis, compared to those without anaphylaxis (22). Therefore, the role and relevance of MRGPRX2-mediated MC activation and MRGPRX2 agonists in ISM are still unclear and require further investigation.

Here, we assessed whether MRGPRX2 and its agonists, namely, CST and MBP, are expressed in the skin of ISM patients and whether their expression in skin is linked to clinical features and laboratory markers of ISM.



Materials and methods


Study Population

Skin samples (lesional n = 22, non-lesional n = 21) from 22 adult patients with ISM, who participated in a clinical trial (ClinicalTrials.gov identifier: NCT02808793) were included in a post hoc analysis to assess expression of MRGPRX2 and MRGPRX2 agonists. All patients were diagnosed in accordance with the 2016 WHO criteria (5). Skin samples of 10 healthy controls (HCs) were included from the biobank of Charité – Universitätsmedizin Berlin (ethics approval EA1/407/16) and further analyzed for CST (n = 10) and MRGPRX2 (n = 8) expression in the skin. All participants signed an informed consent.

Baseline serum tryptase levels (ImmunoCAP) and KIT D816V allele burden in blood (allele-specific quantitative polymerase chain reaction/ASO-qPCR) were assessed on a regular basis in Labor Berlin-Charité/Vivantes. Symptoms, i.e., itching, whealing, flushing, diarrhea, abdominal pain, musculoskeletal pain, fatigue, headache, and difficulty concentrating, as well as total disease activity were assessed using the Mastocytosis Activity Score (MAS) (6). The Questionnaire was completed daily by the patients for at least 1 week. Afterward, total scores and domain scores were calculated. MAS total score ranges <19, 19–34, and >34 were counted as mild, moderate, and severe disease severity, respectively, as described before (6).

The extent of skin involvement was analyzed independently by two experienced physicians. The mastocytosis in the skin (MIS) scoring system was developed. Patients were divided into five groups, due to the number and color intensity of lesions in the most involved region, where 0 is no skin lesions and 5 is very severe skin involvement (Supplementary Figure 1). The evidence of anaphylaxis and osteopenia/osteoporosis was retrospectively extracted from the medical files. Patients were under standard dosed H1-antihistamine therapy, but no topical treatment or ultraviolet irradiation was applied.



Immunohistochemistry and Immunofluorescence

CST and MRGPRX2 staining was performed, as described earlier (23). Briefly, after embedding in paraffin via standard protocol, 5-μm sections were baked at 60°C for 1 h in an incubator. Deparaffinization and rehydration were performed using regular procedures. Heat-induced antigen retrieval citrate buffer was applied for the staining with anti-CST (sc-393108, A-7; Santa Cruz Biotechnology, Dallas, TX, USA). Enzymatic pretreatment was used for anti-MRGPRX2 (ab167125, Abcam, Cambridge, MA, USA) staining. Further procedures were performed according to the manufacturer’s instructions (Dako EnVision+, Peroxidase). Washing steps in between were performed. Finally, slides were stained with Mayer’s hematoxylin (ab128990, Abcam). Lack of the primary antibody was used as a negative control.

MBP expression was assessed in skin of ISM patients only. For MBP staining, enzymatically pretreated paraffin sections were incubated with anti-MBP (Bio-Rad, Hercules, CA, USA, MCA5751) at 4°C overnight. Alkaline phosphatase IgG polymer (MP-5402, Vector, Burlingame, CA, USA), detected with Vector Red Substrate Kit (VEC-SK-5100, Biozol, Eching, Germany), was used as a secondary antibody. Other steps were performed as described above. MCs were identified with the use of anti-tryptase (M7052; Dako, Glostrup, Denmark) according to the manufacturer’s instructions.

Co-localization of MRGPRX2 with the MC marker tryptase was assessed by immunofluorescence. The sections were prepared, as described above with the use of heat-induced antigen retrieval and incubated with a mixture of anti-MRGPRX2 (LS-A6644; LSBio, Seattle, WA, USA) and anti-tryptase (M7052; Dako) at 4°C overnight. The next day, slides were incubated in a mixture of two fluorescent conjugated secondary antibodies, Alexa Flour 488-conjugated goat anti-mouse and Rhodamine (TRITC)-conjugated goat anti-rabbit, diluted in TBS containing 2% goat normal serum, for 30 min in the dark at room temperature. In between slides were washed three times in TBS. Mounting with preserve reagent including DAPI (00-4959-52; Invitrogen) was applied afterward.



In Situ Hybridization

In situ hybridization (ISH) of MRGPRX2-mRNA was conducted in line with RNAscope Single-Plex Red Chromogen V2.5 protocol and the recommended HybEZ oven and in combination with materials for immunohistochemistry (IHC)/immunofluorescence (IF). ISH was completed prior to any IHC/IF protocol. All tissue was prepared in line with RNAscope FFPE protocol with antigen retrieval being performed for skin at 65°C for 20.5 h up to 21 h maximum in an oven. The remainder of the RNAscope protocol was followed as per the ACDBio manuals (Documents 322452 and 322360-USM). RNAscope negative and positive controls were used to ensure the quality of yield in this approach. IHC/IF tryptase co-staining was conducted after ISH red chromogen development at the step for protein block. Red chromogen was visible using a fluorescence microscope (BZ-X800; Keyence, Itasca, USA), and positive and negative controls were used to calibrate fluorescence excitation to represent the chromogen stain. After adjusting the settings, they were then used for imaging of the entire assay.



Quantitative Histomorphometry

All sections were blinded and assessed independently by two investigators. The number of positive cells was manually counted in at least five horizontally adjacent high-power microscopic fields (HPF) in the upper papillary dermis. Mean values “per HPF” were calculated and further converted to “per mm2” (CST+ cells ×200, 0.6 mm2, MRGPRX2+ cells ×200, 0.42 mm2, MCs ×400, 0.2 mm2, and MRGPRX2-mRNA+ MCs ×400, 0.1 mm2).



Statistical Analysis

We used the Statistical Package for the Social Science (IBM SPSS version 25.0; IBM Corp, New York, NY), R (R Foundation for Statistical Computing), and GraphPad Prism 8 (GraphPad Software, La Jolla, CA). Demographic characteristics of patients with ISM were reported using descriptive statistics. Data distribution was analyzed with the Kolmogorov–Smirnov test. Normally and not normally distributed data were presented as mean ± SD and median (interquartile range), respectively. The Spearman correlation coefficient was applied to assess correlations. Statistically significant differences between groups were calculated using t-test for normally distributed data and the Mann–Whitney U test for non-normally distributed data. Differences between lesional and non-lesional parameters were analyzed with the paired t-test (normally distributed data) or the Wilcoxon signed-rank test (not normally distributed data). For all tests, P < 0.05 was considered as statistically significant.




Results


Demographic, Clinical, and Laboratory Characteristics

We studied 22 patients with ISM (72.7% women) and 10 HCs (40.0% women) with mean age of 50.6 ± 9.3 and 51.6 ± 14.2 years, respectively. Skin lesions, i.e., MIS, were present in all ISM patients. Osteopenia/osteoporosis and anaphylaxis were common signs associated with mastocytosis, present in 70.0% and 42.9% of patients, respectively (Table 1). The median baseline serum tryptase level (bST) and KIT D816V allele burden were 31.0 (IQR: 21.0–109.5) ng/ml and 1.0 (0.3–2.6)% in the blood of ISM patients, respectively. Disease activity was mild (27.3%, n = 6), moderate (31.8%, n = 7), and severe (40.9%, n = 9), based on the MAS total values. Detailed demographic and clinical characteristics of ISM patients and HCs are presented in Supplementary Tables 1, 2.


Table 1 | Demographic, clinical, and laboratory characteristics of ISM patients and healthy controls.





The Number of MRGPRX2-, CST-, and MBP-expressing Cells is Increased in Lesional Skin of Patients With Indolent Systemic Mastocytosis

The numbers of MRGPRX2+, CST+, and MBP+ cells were assessed in lesional and non-lesional skin of ISM patients and skin of healthy controls by immunohistochemistry.

The number of MRGPRX2-expressing (MRGPRX2+) cells was significantly higher in lesional skin (median [IQR]: 22.3 [2.5–64.8] cells/mm2) as compared to non-lesional skin (5.2 [1.5–9.0] cells/mm2, p = 0.001) and skin of HCs (2.9 [1.2–5.2] cells/mm2, p = 0.03, Table 2, Figures 1A, B; Supplementary Figure 2A). Most cells showed intracellular and/or paranuclear expression. The membrane expression of MRGPRX2 was rarely detected and more frequently observed in patients with ISM compared to HCs.


Table 2 | MRGPRX2 and its agonists in the skin of ISM patients and healthy controls.






Figure 1 | The number of MRGPRX2+, CST+, and MBP+ cells is increased in the lesions of patients with indolent systemic mastocytosis. Immunohistochemical staining of (A) MRGPRX2, (C) CST, and (E) MBP in the lesional and non-lesional skin of patients with ISM #6, #10, and #13, respectively. ×200 magnification of upper picture; ×400 magnification of all other pictures (expressing cells are shown by arrows). Bar = 50 µm. Number of (B) MRGPRX2+ cells, (D) CST+ cells, and (F) MBP+ cells in lesional and non-lesional skin of patients with ISM and skin of healthy controls. p < 0.05 was considered significant. The number of patients and controls as well as means/medians are summarized in the Table 2. CST, cortistatin; ISM, indolent systemic mastocytosis; MBP, major basic protein; NS, non-significant.



The mean number of CST-expressing (CST+) cells was significantly higher in lesional skin than non-lesional skin (mean ± SD: 13.8 ± 8.1 vs. 6.7 ± 4.8 cells/mm2, p = 0.0005). CST+ cells were also more prominent in lesional skin than in skin of HCs (10.7 ± 3.0 cells/mm2); however, statistical significance was not reached (Figures 1C, D; Supplementary Figure 2B).

The number of MBP-expressing (MBP+) cells was significantly higher in lesional skin as compared to non-lesional skin (median [IQR]: 0.7 [0.0–3.6] vs. 0.0 [0.0–0.0] cells/mm2, p = 0.002) (Figures 1E, F).

Mean/median, IQR, and range values are summarized in Table 2.



The Number of Mast Cells and MRGPRX2-mRNA+ Mast Cells Is Increased in the Skin of Patients With Indolent Systemic Mastocytosis

Next, we performed IF staining and in situ hybridization in combination with IF to identify if and how many MCs are MRGPRX2+ and MRGPRX2-mRNA+. Moreover, we compared the percentage of MRGPRX2-mRNA+ MCs in lesional and non-lesional skin.

The number of MRGPRX2+ cells strongly correlated with the number of MCs and CST+ and MPB+ cells (Figures 2A–C). Double staining for MRGPRX2 and MC tryptase strongly suggests for a colocalization of MRGPRX2 and MCs (Figure 2D).




Figure 2 | Mast cells express MRGPRX2, and their numbers correlate with numbers of MRGPRX2+ cells in ISM patients. In lesional skin, the number of MRGPRX2+ cells correlates with the number of (A) MCs, (B) CST+, and (C) MBP+ cells. The Spearman correlation coefficient was applied to assess correlations. (D) Immunofluorescence staining of lesional skin of a patient with ISM #12 with anti-tryptase (green), anti-MRGPRX2 (red), and DAPI (blue). White arrows indicate some of tryptase-MRGPRX2 double-positive cells. ×400 magnification. Bar = 50 µm. CST, cortistatin; DAPI, 49-6-diamidino-2-phenylindole dihydrochloride; MBP, major basic protein; MC, mast cell.



The number of MRGPRX2-mRNA+ MCs in ISM patients was markedly higher in lesional than non-lesional skin (median [IQR]: 12.4 [3.6–21.5] vs. 4.3 [0.3–9.8] cells/mm2, p = 0.017) (Figures 3A, B), whereas the overall median percentage of MRGPRX2-mRNA+ MCs in all of MCs was rather low (<16%) and did not differ between lesional and non-lesional skin (Table 2; Figure 3C). The mean percentage of MRGPRX2-mRNA+ MCs in all of MRGPRX2-mRNA+ cells in ISM patients was significantly higher in lesional skin as compared to non-lesional skin, i.e., 32.0 ± 23.8% and 19.2 ± 22.5%, respectively (p = 0.05) (Table 2; Figure 3D).




Figure 3 | The number of MRGPRX2-mRNA-expressing mast cells is increased in lesional skin of patients with indolent systemic mastocytosis. (A) Number of MRGPRX2-mRNA+ MCs in lesional and non-lesional skin of ISM patients. (B) In situ hybridization (MRGPRX2-mRNA) (red) and immunofluorescence (tryptase) (green) double staining in lesional skin of a patient with ISM #12 (MRGPRX2-mRNA+MCs are shown by white arrows). ×400 magnification. Bar = 50 µm. (C) The percentage of MRGPRX2-mRNA+ MCs in all MCs in lesional and non-lesional skin of ISM patients. (D) The percentage of MRGPRX2-mRNA+ MCs in all MRGPRX-mRNA+ cells in lesional and non-lesional skin of ISM patients. ISM, indolent systemic mastocytosis; MC, mast cell.





Increased Numbers of MRGPRX2+ Cells, MRGPRX2-mRNA+ MCs, and CST+ and MBP+ Cells are Not Associated With Clinical and Laboratory Features of ISM

Finally, we aimed to assess the association of MRGPRX2+ cells, MRGPRX2-mRNA+ MCs, and CST+ and MBP+ cells in the skin with clinical and laboratory characteristics of ISM patients.

There was no link between the numbers of MRGPRX2+ cells, MRGPRX2-mRNA+ MCs, and CST+ and MBP+ cells in lesional skin of ISM patients and disease clinical characteristics, i.e., evidence of anaphylaxis and/or osteopenia/osteoporosis, severity of mastocytosis in the skin (MIS score), and symptom burden as assessed by MAS (Figure 4; Supplementary Figure 3). Neither the number of MRGPRX2+ cells nor the number or percentage of MRGPRX2-mRNA+ MCs in the skin of ISM patients correlated with any laboratory parameter, including bST, KIT D816V allele burden, and alkaline phosphatase levels (Figure 4).




Figure 4 | Correlation of MRGPRX2 and its agonists in the skin with the clinical and laboratory parameters in patients with ISM.The color shades represent the value of the Spearman correlation coefficient (r) and the relationship (red and blue are negative and positive r values, respectively). Only statistically significant correlations are shown (p < 0.05). CST, cortistatin; MAS, mastocytosis activity score; MC, mast cell.






Discussion

In this study, we intended to identify whether the presence of MRGPRX2 or its agonists in the skin is associated with certain symptoms, particularly itch and flushing, in patient with ISM. We found that skin lesions of ISM patient hosts markedly increased numbers of MRGPRX2+, CST+, and MPB+ cells and MRGPRX2-mRNA+ MCs, although this increase was not associated with severity of signs and symptoms in ISM patients.

MCs are known to express MRGPRX2, and MC accumulation is a typical finding in mastocytosis in the skin (7). Indeed, overexpression of MRGPRX2 and/or increased numbers of MRGPRX2+ MCs have been described in the lesions of patients with MC-driven disorders, e.g., cutaneous mastocytosis (13), chronic spontaneous urticaria (CSU) (15), and chronic prurigo (23), and correlated with disease severity in the latter. In line with this, the number of MRGPRX2+ cells was increased in our study and correlated with MC numbers as well as numbers of MBP+ cells. MBP, stored in eosinophil granules, has been described to activate human skin MCs via MRGPRX2 (15). Eosinophils, via cross talk with MCs, are known to contribute to various inflammatory and neoplastic disorders (24). They were identified in lesional skin of most patients with mastocytosis, varying from minimal to severe eosinophil infiltration, with the latter being present after initiation of a wheal-and-flare reaction (Darier’s sign) (25). A study by Wedi et al. showed that blood eosinophils express MRGPRX2 but to a lesser extent than MCs (26). We observed elevated numbers of MBP+ cells in lesional skin of ISM patients, although the overall number in the skin was rather low. However, MBP levels exhibited no correlation with signs in ISM patients and were not linked to symptom severity. Whether other cells, e.g., eosinophils or neurons, express MRGPRX2 in the skin of ISM patients should be investigated in further studies. In our study, the number of CST+ cells was also higher in lesional skin of patients with ISM and correlated with the extent of MC accumulation. CST is one of the most potent MRGRPX2 agonists and has been reported to be expressed and released by MCs upon activation (16, 23). This neuropeptide is thought to have both pro- and anti-inflammatory activities (27) and was shown to be upregulated in the skin of patients with chronic prurigo (23), but downregulated in psoriasis (28). In chronic prurigo, proinflammatory properties of CST might be related to autocrine activation of MCs via MRGPRX2 (23). In our study, increased numbers of CST+ cells were not associated with ISM symptom severity, including skin symptoms. However, the exact role of CST in the pathophysiology of ISM and its clinical relevance should be assessed in further studies.

Despite increased numbers of MRGPRX2+ cells, there was no association of any MRGPRX2-related parameter with clinical or laboratory features of ISM in our cohort of patients. There was no difference in MRGPRX2+ MC burden in the skin in patients with and without anaphylaxis, which is in line with recently published data (22). Whether anaphylaxis in ISM patients is linked to IgE-dependent or MRGPRX2-dependent MC activation or both mechanisms needs to be investigated in further studies. FcεRI- and MRGPRX2-evoked MC degranulation has been recently shown to be fully additive (29).

Finally, we assessed whether MRGPRX2 expression differs between wild-type MCs and MCs with KIT D816V mutation using a recently developed human-induced pluripotent stem cell-derived mast cell model (hiPSC-MCs) (30). The surface expression of MRGPRX2 on hiPSC-MCs carrying the KIT D816V mutation (hiPSC-MCsKIT D816V) as assessed by flow cytometry was comparable to the respective wild-type (hiPSC-MCsWT) (data not shown). Thus, we can speculate that the KIT D816V mutation does not affect the level of MRGPRX2 surface expression on MCs.

Our study is limited by inclusion of only symptomatic patients and a single-center retrospective design. In most cases, a functional mechanism for the elicitation of symptoms by MRGPRX2 agonists could not be evaluated in detail. The role and relevance of MRGPRX2 and its agonists for the elicitation of anaphylaxis and intolerance reactions to different triggers, e.g., drugs, in ISM should be addressed in future studies.

In conclusion, skin lesions of patients with ISM showed high numbers of MRGPRX2-expressing cells, although the KIT D816V mutation, at least in vitro, seems not to affect MRGPRX2 expression by MCs. The expression of MRGPRX2 and its agonists in the skin exhibits no association with signs and symptoms of ISM. Whether other factors, such as a combination of different MRGPRX2 agonists, synergy with the FcεRI-dependent pathway, or MRGPRX2 genetic alterations, are being involved in MC activation in patients with ISM is yet unknown. To answer these questions, further studies should be performed, e.g., functional assays and in vivo tests with MRPGRX2 agonists.
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Background

Chronic inducible urticaria (CIndU) constitutes a group of nine different CIndUs in which pruritic wheals and/or angioedema occur after exposure to specific and definite triggers. Histamine released from activated and degranulating skin mast cells is held to play a key role in the pathogenesis of CIndU, but evidence to support this has, as of yet, not been reviewed systematically or in detail. We aim to characterize the role and relevance of histamine in CIndU.



Methods

We systematically searched 3 electronic databases (PubMed, Scopus, and Embase) for studies that reported increased serum or skin histamine concentration (direct evidence) or in vitro or ex vivo histamine release (indirect evidence) following trigger exposure.



Results

An initial total of 3,882 articles was narrowed down to 107 relevant studies of which 52 were in cold urticaria, 19 in cholinergic urticaria, 14 in heat urticaria, 10 in contact urticaria, 7 each in solar urticaria and vibratory angioedema, 4 each in symptomatic dermographism and aquagenic urticaria, and 3 in delayed pressure urticaria. The results of our review support that histamine has a key pathogenic role in the pathogenesis of all CIndUs, but it is not the sole mediator as evidenced by the often poor relationship between the level of histamine and severity of symptoms and the variable clinical efficacy of H1-antihistamines.



Conclusions

Histamine released from skin mast cells is a key driver of the development of signs and symptoms and a promising therapeutic target in CIndU.





Keywords: antihistamines, chronic inducible urticaria, histamine, mast cell, wheal



Introduction

Chronic inducible urticaria (CIndU) is a subgroup of chronic urticaria in which recurrent pruritic wheals and/or angioedema occur after exposure to specific and definite triggers (1). There are nine different CIndUs, with a wide spectrum of physical and chemical triggers. Examples of the former are exposure to cold and pressure in cold urticaria (ColdU) and delayed pressure urticaria (DPU), respectively. Examples of the latter are water in aquagenic urticaria (AquaU) and sweat in cholinergic urticaria (CholU). How these triggers cause the occurrence of wheals, angioedema, or both, in patients with CIndUs, is largely unclear (2, 3).

Histamine, released from activated and degranulating skin mast cells, is held to play a key role in the pathogenesis of CIndU. This is supported by several independent lines of evidence. First, the wheals that occur in patients with CIndU share many features of those induced by histamine skin prick testing or intracutaneous injection (4–6). Both occur within minutes of exposure, and they are, in most cases, pruritic and short lived, with resolution after minutes to a few hours (4, 5). Second, immunoglobulin E (IgE) autoantibodies appear to be involved, in some CIndUs, in the activation of skin mast cells (1, 7–10). IgE-mediated activation is a well characterized mechanism of mast cell histamine release and relevant in allergies and chronic spontaneous urticaria (9). Third, H1-antihistamines (AH1) protect many, but not all, patients with CIndU from the occurrence of signs and symptoms (11–15). In addition, there is also direct evidence, from in vivo studies, as well as indirect evidence, from in vitro studies, for histamine release from skin mast cells in CIndU, but this evidence has, as of yet, not been reviewed systematically or in detail.

Here, we review both in vivo and in vitro evidence for histamine release as a pathogenic driver in CIndU. Our aim is to better characterize the role and relevance of histamine, and, by proxy, those of its receptors and its only relevant source in human skin, mast cells, as mechanisms of the development of signs and symptoms and relevant treatment targets in CIndU.



Materials and methods

Preferred Reporting Items for Systematic Reviews and Meta-Analysis were used in this study (16). We systematically searched 3 electronic databases (PubMed, Scopus, and Embase) for studies that reported direct and/or indirect evidence of histamine release in CIndU and were published before April 2021 (inclusion criteria). Increased serum or skin histamine concentration in patients with CIndU after provocation testing was defined as direct evidence (17), whereas other evidence for histamine release was classified as indirect (18). The advanced search option was used with the Mesh terms “histamine” AND each type of CIndU, for example, “cold urticaria” or “symptomatic dermographism”. All articles identified were screened by at least two independent reviewers, and their reference lists were searched for additional reports of relevance. Case reports, case series, randomized controlled trials (RCTs), cohort, case-control, and cross-sectional studies that reported evidence of histamine release in CIndU were included. Owing to the relatively limited number of studies of histamine release in CIndU, case reports and case series were included, aiming to collect data from available published evidence as much as possible.

From each report included in our review, we extracted the number of studied patients, how histamine release was assessed and what the outcome was, as well as the author information and year of publication. Our search identified 3,882 potentially relevant articles (429 from PubMed, 622 from Embase, and 2,831 from Scopus). After the exclusion of 976 duplicates, 2,906 studies were reviewed by title and abstract. Of these, 2617 articles were excluded because they did not fulfill our inclusion criteria. A total of 289 articles underwent full-text review. In the end, 107 studies, consisting of 1 RCT, 10 cohort studies, 9 case-control studies, 35 cross-sectional studies, 6 case series and 46 case reports, were included in our systematic review (Figure 1). Of these 107 studies, 52 were in ColdU, 19 in CholU, 14 in heat urticaria (HeatU), 10 in contact urticaria (ConU), 7 each in solar urticaria (SolU) and vibratory angioedema (VA), 4 each in symptomatic dermographism (SD) and AquaU, and 3 in DPU. Some articles reported multiple types of CIndU. All articles were in English. The quality and risk of bias assessment of included articles in systematic review was determined (Supplementary Table 1).




Figure 1 | Flow diagram of the literature review in this systematic review. One hundred and seven articles met the inclusion criteria and were included in this systematic review (1 randomized controlled trial, 10 cohort studies, 9 case-control studies, 35 cross-sectional studies, 6 case series, and 46 case reports). There were 4 articles with SD, 52 articles with ColdU, 3 articles with DPU, 7 articles with SolU, 19 articles with CholU, 14 articles with HeatU, 7 articles with VA, 4 articles with AquaU, and 10 articles with ConU. Some of articles reported multiple chronic inducible urticaria cases. AquaU, aquagenic urticaria; CholU, cholinergic urticaria; ColdU, cold urticaria; ConU, contact urticaria; DPU, delayed pressure urticaria; HeatU, heat urticaria; SD, symptomatic dermographism; SolU, solar urticaria; VA, vibratory angioedema.



The rating system developed by de Croon et al. (19) was applied to categorized the levels of evidence for ‘association’ and ‘no association’ The Levels of evidence for “association” were categorized as strong: 3 studies available that find an association in the same direction or ≥ 4 studies available, of which > 66% find a significant association in the same direction and no more than 25% find an opposite association, weak: 2 studies available that find a significant association in the same direction or 3 studies available, of which two find a significant association in the same direction and the third study finds no significant association, no evidence: ≤ 1 study available, inconsistent: remaining cases. The levels of evidence for “no association” were defined as strong: > 4 studies are available, of which >85% find no significant association, weak: > four studies are available, of which >75% find no significant association.



Results


Symptomatic dermographism 

Two studies provided direct evidence of an increase in blood histamine levels following provocation testing in symptomatic dermographism (SD). In the first, post-provocation blood histamine levels were increased in five of ten patients of whom two had markedly higher levels (20)  (Supplementary Table 2). In the second, a patient with severe SD showed a marked increase in venous histamine from 18 ng/ml before scratching to a peak of 62 ng/ml two minutes after provocation. Blood histamine levels returned to baseline within 4 minutes (21).

In 1970, Greaves and Sondegaard reported direct evidence for histamine release in SD obtained by the use of fine bore needles to sample the skin in the provocation area of 8 patients and 16 controls (17). Histamine was detected in the basal perfusate of all 8 patients, probably due to whealing in response to needle insertion. None of the controls showed detectable basal histamine. In six of the 8 patients, stroking the skin produced further whealing accompanied by a further rise in skin histamine levels.

As for indirect evidence of histamine release in SD, a systematic review of RCTs and non-RCTs of treatment of SD revealed that first-generation H1-antihistamines (fgAH1) had variable efficacy and significant side effects, whereas second-generation H1-antihistamines (sgAH1), in all studies, were effective with a good safety profile and should be the first-line treatment (22).



Cold urticaria 

That histamine is released in symptomatic patients with cold urticaria (ColdU) was first suggested by Bram Rose in 1941 who detected elevated blood histamine levels in these patients after cold challenge (20, 23) (Supplementary Table 3). This finding was confirmed by several subsequent studies, including the ones by Dunér et al. (24, 25), who found that blood histamine levels can also be elevated in healthy subjects after cold challenge, Spuzic et al. (26), who found plasma histamine to be elevated in 3 of 7 ColdU patients washed with cold water, and others (27–30).

Perhaps the most definitive experiments were performed by Kaplan et al. (18, 31), who showed, in six ColdU patients, that immersion of one hand in cold water caused a rise in plasma histamine of 10-36 ng/ml, peaking at 4 minutes. The results of these reports on blood histamine levels are supported by studies in which histamine skin levels were found to be increased in cold-induced wheals (3). Using skin microdialysis, Andersson et al. (32) showed ice cube-induced increases in skin histamine levels varying from 91 to 550 nM in three patients. Nuutinen et al. (33) reported that of six patients, two had high dialysate histamine levels (621 and 1,269 nM) while the others had lower levels (21 – 100 nM). Kring Tannert et al. (10) also detected, by skin microdialysis, histamine release following cold challenge, which was much reduced after tolerance induction.

In a study with the sgAH1 bilastine, post-provocation skin microdialysis was performed in 20 ColdU patients on three occasions, following treatment for one week each with placebo, bilastine 20, and bilastine 80 mg (12). While only group mean data were reported in the published paper, results for individual patients are presented here.

The results of microdialysis for each patient for the three occasions were remarkably consistent for each showing that the antihistamine, while significantly reducing the critical temperature threshold (CTT), had no effect on histamine release. Several conclusions may be made from the results shown in Figure 2. First, the increases in histamine release at the temperature at which wheals occurred were very variable, from 3 – 222 nM. Second, there is a significant (P = 0.003) relationship between dialysate histamine concentrations and CTTs suggesting that histamine is a major mediator. Third, the regression line intercepts the CTT line at 13°C indicating strongly that there is participation of another mediator in addition to histamine in producing the symptoms. Fourth, the patients with the highest histamine levels are in general less sensitive to 80 mg bilastine, the antihistamine used in this study.




Figure 2 | Regression plot of critical threshold temperatures against dialysate histamine concentrations. Patients are colour coded as to their responsiveness to 80 mg bilastine, green > 80% inhibition (responders), yellow 30–80% inhibition (partial responders) and red < 30% (nonresponders). The regression line is statistically significant (P = 0.003) and intercepts the critical threshold temperature axis at 13°C.



Studies that provided indirect evidence for histamine release in ColdU include those of Juhlin et al. (34), who reported that mast cells in biopsies of ColdU patients show signs of degranulation, and of Kaplan et al. (35), who demonstrated histamine release by ex vivo cooling and rewarming of skin biopsies from ColdU patients. One interesting feature of these studies is the wide variability of histamine release, ranging from 14 to 128 ng/ml (3).

Sigler et al. (36) showed that the fgAH1 cyproheptadine can prevent cold-induced hives, and a recent systematic review by Dressler et al. showed that sgAH1 were more effective than placebo in the treatment of patients with ColdU. Standard and high dose treatment were more effective than placebo in terms of the rates of patients who became “symptom free” (37).



Delayed pressure Urticaria 

Direct evidence of histamine release in DPU comes from 3 studies. Two of them measured histamine release in skin lesions of DPU patients. Kaplan et al. (3) assessed suction blister fluid obtained at 2-hour intervals from skin sites exposed to pressure and found histamine levels to be increased between 4-10 hours, with peak levels of approximately 30 ng/ml at 6-8 hours (Supplementary Table 4). Czarnetzki et al. (38) reported that mean histamine levels were elevated in wheals induced by pressure. They also reported indirect evidence that peripheral blood leukocytes had significantly increased intracellular histamine levels and increased histamine releasability.

Mijailović et al. (39) reported that pressure challenge on a patient’s forearm caused increased histamine levels in blood collected from the draining cubital vein 14 hours later as compared with the contralateral cubital vein and to baseline. Of note, 18 hours after challenge the patient developed systemic anaphylaxis and received adrenaline.

For indirect evidence, a systematic review of treatment of DPU showed that sgAH1 were effective in 3 RCTs. Combining a sgAH1 with montelukast (2 RCTs) or theophylline (1 non-RCT) was more effective than the sgAH1 alone. There are no studies on sgAH1 updosing in DPU (40).



Solar urticaria  

Direct evidence for histamine release in solar urticaria (SolU) comes mostly from blood histamine assessment: Two patients with confirmed SolU were challenged and histamine was measured by Soter et al. (41) (Supplementary Table 5) Serum histamine rose from baseline of <0.1 ng/ml to peak levels of 7.0 and 37 ng/ml at 5 minutes. Levels returned to baseline by 20 minutes.

Hawk et al. studied histamine release in four SolU patients provoked by UVB (42). The results showed that two patients had increased histamine levels of 20 ng/ml and 8.5 ng/ml at 2 and 5 minutes after irradiation, respectively while the other two showed smaller increases. Additionally, electron microscopy of skin specimens taken after challenge showed numerous mast cells undergoing exocytotic changes, characteristically seen during histamine release, whereas in some cells no signs of degranulation were found.

Keahey et al. (6) measured venous blood histamine levels in three patients before and after UVA irradiation with various intervals up to 30 min compared with after induction of tolerance by repeated exposure to UVA. The results showed small and variable histamine release, which was reduced by tolerance induction. Watanabe et al. (43) reported increase in venous histamine in two SolU patients when wheals developed approximated 30 minutes after UV irradiation.

There is only one study, of Kaplan et al. (3), that performed histamine measurements in the skin. SolU was induced in one patient by ultraviolet (UV) light filtered through window glass for 30 seconds. Histamine levels in suction blisters induced over urticarial lesions and the contralateral non-urticarial skin were 127 ng/ml and 24 ng/ml, respectively.

As for indirect evidence, Baart de Faille et al. (44) reported that histological evaluation revealed higher numbers of mast cells in irradiated specimens, as well as appearance of degranulation 24 hours after irradiation, implying histamine release. Also, AH1 treatment is of benefit in 35-75% of SolU patients (45–47).



Heat-induced urticaria  

Histamine release in heat-induced urticaria (HeatU) was demonstrated by 14 studies, all of which have adopted an in vivo approach and showed a homogeneous picture with histamine rising to peak levels in venous blood draining the exposed site within minutes of exposure (14, 20, 48–57) (Supplementary Table 6). Most studies chose exposure temperatures of 40°C, going up to 45°C, with one exception of 56°C due to the high individual threshold of the examined patient (49). These results from venous blood are also supported by a study in which suction blister histamine peaked at 30 minutes after heat challenge, whereas it did not rise in healthy controls (15). Most of the blood studies did not have healthy controls who underwent the same procedures, but those who did showed no rise of histamine levels upon exposure to heat (50). Two studies reported that after successful treatment of HeatU patients with a desensitization protocol, patients remained symptom free and the previously seen rise of histamine could no longer be detected upon exposure to heat (50, 56).

As for indirect evidence, one study examined skin biopsies after heat provocation using electron microscopy, revealing features of mast cell degranulation (58). Also, approximately 60% of patients with HeatU respond to sgAH1, although only few patients achieve complete control (59).



Vibratory angioedema 

Vibratory angioedema (VA) is divided into 2 subgroups, hereditary vibratory angioedema (HVA) and acquired vibratory angioedema (AVA), with histamine release being purported to be relevant for both subgroups.

Direct evidence of histamine release in HVA is reported in 3 studies. Metzger et al. (60) and Kaplan et al. (31) studied the same patient whose forearm was applied on a vortex mixer for 4 minutes on different occasions Supplementary Table 7). Venous histamine levels peaked at 22 and 53 ng/ml at 1-3 minutes and declined to baseline at 4-13 minutes. A similar study was reported by Boyden et al. (61), with serum histamine levels peaking at 90 and 130 nmol/l within 5 minutes after challenge in two patients.

Four in vivo investigations of histamine release provide direct evidence in AVA, using blood obtained before and after vibratory stimulation for 1-5 min at various intervals. Ting et al. (62) reported peak venous blood histamine of 24 ng/ml at 1 minute. Wener et al. (63) detected peak histamine of 18 ng/ml at 5 minutes. Keahey et al. (5) reported 2 patients having peak levels of serum histamine of 1,224 to 9,000 pg/ml at 5 minutes and a secondary rise at 3-4 hours. Zhao et al. (64) reported mean peak serum histamine levels of 9 ng/ml in 3 patients at 30 minutes after stimulation.

As for indirect evidence, three studies demonstrated mast cells in various stages of degranulation at provocation sites, as assessed by immunohistochemistry or electron microscopy (5, 61, 62). Also, VA patients can benefit from AH1 treatment (65).



Cholinergic urticaria 

The first report of direct evidence of histamine release in three patients with cholinergic urticaria (CholU) was by Kaplan et al. in 1975 (18) (Supplementary Table 8). Baseline venous blood histamine levels were ≤1 ng/ml. The first patient had mild symptoms and a peak histamine level of 3 ng/ml during exercise, which returned to baseline within 20 minutes. The second patient had more severe symptoms and a peak histamine level of 25 ng/ml during exercise, which was still elevated (4 ng/ml) at 35 minutes. The third patient had no itch accompanying the skin lesions and showed no detectable histamine release after exercise challenge. Variable elevations of venous blood histamine with exercise were reported in other studies (11, 14, 29, 31, 66–70).

Indirect evidence of histamine release was demonstrated in five recent in vitro studies including 84 patients using basophil histamine release tests (71–76). Although sgAH1 are used as first-line treatment for patients with CholU, many patients report only mild to moderate improvement. The addition of AH2 was effective in some patients with refractory cases of CholU (77). A systematic review by Dressler et al. showed that fgAH1 and sgAH1 are more effective than placebo, with increased doses resulting in higher efficacy compared with placebo (37).



Contact urticaria

Contact urticaria (ConU) may be divided into immunologic and non-immunologic ConU. Among 11 studies reporting direct evidence of histamine release in immunologic ConU, 20 cases were provoked by latex (78–80), and 1 each by limonium tataricum (81), cereal flour extract (82), rice (83), polyvinylpyrrolidone (84), and chlorhexidine (85) Supplementary Table 9). These urticariogenic substances all released histamine from patient leucocytes in vitro (78–83).

For in vivo results, serum histamine levels were assessed in 2 cases. The histamine levels of the patient with chlorhexidine allergy were measured before and after skin prick test and patch test. The results showed an increase of more than 3-fold and 2-fold after skin prick test and patch test, respectively (85).

In an in vivo study of nettle induced non-immunologic contact urticaria, histamine levels rose to 35 ± 240 nM at 15 minutes after challenge and declined rapidly (86).

For indirect evidence of ConU, sgAH1 are effective in controlling both the number and the duration of wheals in most patients with ConU had a good response and relieved the symptoms. In uncontrolled cases, updosing of antihistamines can be helpful (87).



Aquagenic urticaria 

In vivo histamine release in AquaU was demonstrated in two studies (67, 88) (Supplementary Table 10). Following skin provocation testing, increased plasma histamine levels were reported in 2 patients. Davis et al. reported peak plasma histamine of 2 ng/ml at 60 minutes after challenge, which returned to baseline within 2 hours (67). Sibbald et al. reported plasma histamine increase of up to 11 ng/ml after challenge (88). Acetone enhanced the plasma histamine increase in response to subsequent challenge, but it did not evoke wheals by itself (88).

As for indirect evidence, two studies demonstrated mast cell degranulation at sites of provocation in one patient each (88, 89). Also, an in vitro study of basophils from patients with AquaU, showed histamine release in response to challenge with all of 4 dilutions of human callus extract (90). FgAH1 and sgAH1 lead to benefit in most patients (91–93), and up-dosing can improve the response (94, 95).




Discussion

Our systematic review demonstrates direct and indirect evidence of histamine release in all types of CIndUs and confirms the role of histamine in their pathogenesis. (Supplementary Tables 11, 12).

Comparisons of blood histamine levels before and after challenge was the most common in vivo approach and demonstrate the extent and kinetics of skin histamine release. The histamine detection methods used in these studies were various and varied over time. In earlier studies, use of guinea-pig ileum in a superfusion cascade system was frequently used (96, 97). In later studies more sensitive chemical methods were employed, including radioenzyme techniques (98–100) and competitive enzyme immunoassay (57, 101). Skin microdialysis was another in vivo method commonly used. Its advantages include that it does not require repeated blood sampling to assess the release of histamine in human skin (102).

Regarding in vitro methods, basophil tests were commonly performed to detect histamine release, e.g. by fluorometric assay (103–105), radioenzyme technique (98), enzymatic double-isotopic assay (106), enzyme-linked immunosorbent assay (107), and HPLC (72). Furthermore, demonstration of mast cell degranulation in skin biopsy by some studies provided indirect evidence that histamine might be involved in the development of signs and symptoms of CIndU. Because different studies used different methods with different sensitivity, the levels of histamine released are difficult to compare.

Although the exact pathogenesis of CIndU is still largely unclear (1), mast cell activation and degranulation with subsequent release of proinflammatory mediators are held to be critical and histamine is a main mediator. Other mediators and cytokines with pathogenic relevance in CIndU include tumor necrotic factor-α (108, 109), prostaglandin D2 (110–112), leukotriene (113), acetylcholine (114), platelet activating factor and interleukins (109, 115). However, the role of mediators other than histamine in each CIndU subtype remains ill defined, and their relevance should be explored in future studies. Treatment with AH1 in each CIndU can lead to various clinical responses ranging from non-response to complete response (12, 116). (Supplementary Table 11) Thus, it is likely that histamine is not of the same relevance in all CIndUs or in all patients with the same CIndU. Importantly, non-response to an AH1 does not rule out that histamine is a major CIndU driver, as histamine can also induce skin inflammation and itch via H4 receptors. H4 receptor antagonists should be assessed for their efficacy in the treatment of patients with CIndU (117). Also, further studies should explore and better define the spectrum and roles of mast cell mediators other than histamine that are involved in the induction of signs and symptoms of each CIndU. Finally, novel targeted therapies are needed and should be developed to improve the management of CIndUs (Supplementary Table 13).



Conclusions

This review supports a key pathogenic role of histamine in all types of CIndUs. However, some points are still unclear, for example, the trigger pathway for histamine release and the relationship between the level of histamine and severity of symptoms.

Our systematic review identified direct and indirect evidence of histamine release by in vivo and/or in vitro analyses in all types of CIndUs. This should prompt further studies on the role of histamine receptors other than H1R, especially H4R in the pathogenesis of CIndUs.
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Mast cells occupy a unique niche within tissues as long lived perpetrators of IgE mediated hypersensitivity and anaphylaxis, as well as other immune responses. However, mast cells are not identical in different tissues and the impact of this tissue heterogeneity on the interaction with other immune cells and on defined immune responses is still unclear. In this review, we synthesize the characteristics of mast cell heterogeneity in the gut and the skin. Furthermore, we attempt to connect mast cell heterogeneity with functional diversity by exploring differences in mast cell-induced immune cell recruitment in these two model organs. The differential expression of certain receptors on mast cells of different tissues, notably tissue-specific expression patterns of integrins, complement receptors and MRGPRX2, could indicate that tissue environment-dependent factors skew mast cell-immune cell interactions, for example by regulating the expression of these receptors.
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Introduction

Beyond their classical role in IgE-mediated hypersensitivity reactions, mast cells (MCs) are now recognised to have diverse immunological functions (1). Their longevity as tissue-resident cells, particularly at barrier sites in the skin, intestine, lung and around blood vessels makes them uniquely situated to initiate, shape and resolve responses to insults, injury and infections (2). Additionally, we now appreciate MCs exhibit remarkable plasticity and specialisation such that, not only are their phenotype and responses shaped by their specific tissue environment in a steady-state, but also, the particular repertoire of preformed and synthesised mediators they release is context and stimulus-dependent (3). Here, we highlight current understanding of the differing nature of MC-induced immune cells recruitment, drawing on the examples of skin and intestinal MCs as archetypes of the traditional distinction between connective tissue and mucosal MCs.



Mast cell mediator release

MCs of differing type and species produce a vast array of biologically active molecules including proteases, biogenic amines, cytokines, chemokines, growth factors and eicosanoids (4). While some of these products are stored in secretory granules, for near immediate release upon activation, others are newly synthesised and secreted within hours. Secretory granules consist of a dense gel matrix core formed of negatively charged proteoglycans such as heparin and chondroitin sulphate and amines such are histamine and serotonin as well as proteases, which typically, but variably include tryptases, chymases, carboxypeptidase A3, beta-hexosaminidase and cathepsins among others (5). Some cytokines including most notably TNFα, but also IL-4, IL-5, IL-13, IL-16, TGFβ, SCF, and growth factors, VEGF and NGF have been reported to be stored in MC granules in some circumstances (6–10). The release of granules, or their contents is tightly regulated and is an active process requiring calcium signalling, nucleoside catabolism and actin reorganisation (6).

Little is known about the cellular mechanisms of preformed mediator-storage in MCs apart from that of TNFα, which differs even between mice and human MCs, but involves transient exocytosis and re-endocytosis in humans (11). However, multiple different secretory vesicles and degranulation pathways exist suggesting a great deal of complexity in the control of secretion (12, 13). Apart from multigranular exocytosis, MCs also release smaller amounts of granule contents through piecemeal degranulation, kiss-and-run exocytosis, extracellular vesicle release and immune synapse formation. The release of de novo synthesised chemokines/cytokines likely differs from secretory granule mechanisms (6).

Whilst MC degranulation induced by FcϵR1α crosslinking, C3a, or substance P, results in immediate release, and later de-novo synthesis of chemokines/cytokines (14–16), activation of other receptors [reviewed elsewhere (1)] leads to more finely-tuned responses. For example IgE binding, in the absence of antigen-crosslinking, induces the release of IL-6 (17) and increases MCP-1 and CXCL8 release from IL-4-conditioned MCs (18). Weak, low receptor occupancy, FcϵR1α-crosslinking favours the production of chemokines, CCL2, CCL3 and CCL4 over cytokine production (19). Toll-Like Receptor (TLR) engagement results in the release of cytokines (eg IL-6) and chemokines in the absence of degranulation (1). MC responses are individualised to specific bacteria, where pathogenic L.monocytogenes induces degranulation and high levels of CXCL8 and MCP-1 release, while gut commensal E.coli induces lower levels of CXCL8 and MCP-1 without degranulation. Skin commensal S.aureus on the other hand does not induce CXCL8 or MCP-1 release and induces PGD2 at much lower levels (3). MC responses to viral infection include TNFα, type I interferon (20, 21), IL-4, IL-13, and chemokine production (22, 23). Purinergic receptor activation of MCs also releases cytokines (IL-6, TNFα, IL-33), leukotrienes, and chemokines (CCL2, CCL7, CXCL2) (24, 25).

The full plethora or MC mediators, cytokines, chemokines and their various roles are extensively reviewed elsewhere (1, 26). Those that induce immune cell recruitment and their cellular targets are listed in Table 1. MC-mediated activities that recruit leukocytes across tissues involves increasing vascular permeability (tryptase, histamine, VEGF, IL-6, CXCL8, LTC4, PGD2) (65, 66), upregulating adhesion molecule expression (TNFα) (26), recruitment of neutrophils (TNFα, IL-6, CXCL8, CXCL2) (51) monocyte/macrophages (TNFα, IL-6, CCL2) (67), ILCs (PGD2) (25), DCs (TNFα, GM-CSF, IL-1β) (68, 69), and CD8+ T-cells, (CCL5, LTB4) (4, 70). For example TNFα is stored and released by MCs from both skin and gut (71, 72), CCL2 is widely secreted and belongs to the core MC-transcriptional signature (44, 73, 74), and MCs have been shown to be essential for cell recruitment in many murine models (50, 51, 75). Mediator release is influenced by the inflammatory environment, for instance by IL-4, IL-5, IL-9, IL-33 and IFNγ (4, 76–79) which further regulate the expression of MC IL-2, IL-13, IL-9 and IL-25 (25, 29, 80–82). However there are tissue-specific aspects such as intestinal MCs lacking IFNγ (27) and skin MCs not producing LTC4 (57), which are yet to be fully elucidated.


Table 1 | Key mediators and chemoattractants released by mast cells.





Mast cell heterogeneity between and within tissues

The traditional categorisation of MCs based on histological findings into connective tissue (CTMC) and mucosal MCs (MMCs) in mice, and the human correlates of tryptase+ (MCT), tryptase+ and chymase+ (MCTC) and chymase+ (MCC) is well established (83–86). However, at transcriptional level, protease content exhibits greater tissue-specific heterogeneity both between and within tissues (73, 87). Additionally, while evolutionarily conserved, there are also differences between human and mouse mast cells (88).

One source of tissue heterogeneity is the MC embryonic origin. In both humans and mice, tissue MCs are seeded from MC progenitors originating from both embryonic yolk sac and adult bone marrow (89–91). During embryogenesis in mice, three waves of MCs are seeded successively from early erythromyeloid progenitors (EMPs), late EMPs and foetal hematopoietic stem cells. At birth, early EMPs-derived MCs constitute over 15% of MCs in pleural cavity, adipose tissue and skin, but less than 3% in gut and spleen. In contrast HSC-derived MCs were much higher in gut (>30%) than in skin (~8%) (89). In adult mice early EMP-derived MCs are maintained in the adipose tissue, a likely stem cell niche for MCs (92), but give way to other MC progenitors in skin (89, 90). Although sharing a core MC signature, these cells are transcriptionally distinct. Both embryonic and bone marrow-derived MCs, complete their maturation in peripheral tissues (89, 92). They are therefore subject to tissue-specific cues during that maturation process making them, to some degree, site specific. Additionally, in mice skin MCs are known to undergo in situ self-renewal by clonal expansion in the steady-state (93), whereas mucosal MCs are dependent on recruitment of MCp from the circulation (94–96). Nevertheless, both MMCs and CTMCs can be augmented by recruitment of MCp from the circulation during inflammation (93, 97, 98). Given the longevity of MCs this implies that environmental interactions during a lifespan can alter MC set points in the tissue which adds further complexity to MC heterogeneity.

A growing body of transcriptomic work demonstrates that MCs are distinct and highly variable between and within tissues. Indeed, MCs form a distinct transcriptional cluster differing greatly from other granulocytes. Furthermore, comparing between different types of connective tissue MCs, nearly 1000 genes can be differentially expressed (73).

Mouse MCs also display a marked tissue heterogeneity in their receptor profile (87). In both humans and mice TLR4 expression is low in skin, peritoneal and duodenal MCs but higher in colon and lung (99). Similarly, in mice the ATP receptor P2X7 is expressed more greatly in MCs from colon or lung rather than skin (24). C5aR1 expression also differs in some circumstances, in humans (100, 101). MRGPR receptor gene expression is a core component of murine foetal derived MCs (89) and tissue-resident MCs (73). However, intriguingly MRGPRX2, a receptor with wide agonist range and a key driver of pseudo-allergic reactions, shows large variation between tissues in humans (102). It is expressed at a high level in human skin, fat and synovial MCs, i.e. CTMCs. It is only expressed at low levels in lung and colonic MCs, which are refractory to substance P stimulation (57). Thus, this would suggest a distinct MRGPRX2-mediated response between mucosal and connective tissue.

Single cell RNA sequencing (scRNA-seq) across disease states in eosinophilic oesophagitis revealed a predominant tryptase and amphiregulin positive population of MCTC in the lamina propria during homeostasis with the development of persistent epithelial localised chymase and cathepsin G high expressing MCs, and transient CD117high, ST2high population during active disease. In remission the transient locally proliferative population disappears, while the chymase population remains in the epithelium and the resident lamina propria MCs become CSF1high. These changes exemplify the plastic nature of human MCs which show both acute and chronic phenotypic alterations in response to tissue environment and spatial compartmentalisation. For example, MCs may switch from homeostatic to an inflammatory IL-33-responsive, and end with an IL-13-producing, macrophages supportive phenotype (103). Similar results have been obtained from scRNAseq studies in chronic rhinosinusitis in MCT cells (CD117low, FcϵR1αlow), and MCTC (CD117high, chymase+, cathepsin G+) from the epithelial and sub-epithelial compartments respectively. MCTC expressed ST2, CSF1 and IL-13 in addition to CCL2, CCL3 and CCL4, whereas MCT expressed TRAIL, FGL2 and IL-17RB. In this tissue, the authors discovered polarised states of a core set of MC genes that distinguished them from proliferative and unpolarised MCs and concluded that the polarised cells are primed to respond either according to a pro-inflammatory (MCTC) or a Th2-skewed pattern (MCT). Although similarities existed between MCTC in this study and skin MCTC, the authors showed key differences in C5aR1 and MRGPRX2 expression, not only between the two populations but also within the lung (104). The continuous, rather than discrete, nature of human MC heterogeneity in the respiratory tract is supported by evidence from a large number of expressed cell surface proteins which show a continuous distribution in their expression (105).

Despite the marked transcriptomic heterogeneity observed by several authors, proteomic comparisons between two types of human connective tissue MCs, skin and fat, showed remarkably low levels of differentially expressed markers, at least in a quiescent state (102). There was also a remarkable interspecies correlation between mouse and human CTMCs and a common mast cell protein signature (102). Additionally, although mouse peritoneal MCs are reported to express the transcript for TLR4 (89), it was not found among 4620 MC expressed proteins during proteomic analysis (102).

In summary, discussions about the role of MCs in a given tissue drawn from general aspects of MC biology obtained across multiple tissues, cell lines or models are worthwhile and useful commentaries. However, one should challenge those views in light of the well-established tissue-specific heterogeneity of MCs and undertake a bigger effort in investigating MC-driven tissue-specific aspects of immunity.



Mast cell-mediated immune cell recruitment in the gut

Situated throughout the gastro-intestinal tract, MCs are regarded as key in controlling organ homeostasis (106). Contributing to the maintenance of the epithelial barrier, the initiation and modulation of both innate and adaptive immune responses to pathogens, and the cross-talk with the enteric nervous system, MCs regulate tissue homeostasis and disease (107).

Intestine constitutive homing of MCp in mice, via transendothelial migration, is controlled by MC α4β7 integrin binding to adhesion molecules MAdCAM-1 and VCAM-1 (96) while chemoattraction is dependent on MC CXCR2 (108). Since germ-free mice have fewer intestinal MCs and express lower levels of CXCR2 ligands, this process is thought to be driven by commensal bacterial interactions with intestinal epithelial cells (109). In humans, intestinal MCs express mainly α2β1 integrin, which is not expressed in other mucosal or connective tissue MCs (110).

MCs play a key role in the acute inflammatory response of the gut (see Figure 1). MC-derived TNFα recruits neutrophils, eosinophils and macrophages (94). Furthermore, human intestinal MCs produce an array of chemokines de novo when primed with SCF or IL-4 and activated by FcεRI-receptor crosslinking. These include CCL1, CCL2, CCL3, CCL4, CCL5, CCL18, CCL20, CXCL2, CXCL3, CXCL8 and XCL1 (44). Interestingly, CCL2, but not CXCL8, release by intestinal MCs in response to FcϵRIα activation exhibits a diurnal pattern indicating a role for MCs in intestine circadian biology (111). Moreover, in a gut injury mouse model, MC activation and Mcpt5, Mcpt6 and CPA3 protease release, is associated with neutrophil influx and alterations in epithelial barrier integrity. MC stabiliser cromolyn sodium results in preservation of barrier integrity, reduced neutrophil influx associated with significant reductions in TNFα, CCL2, CCL5, IL-1β and CXCL1 (112).




Figure 1 | Heterogeneity in immune cell recrutiment. Exemplary differences between mucosal gut mast cells and connective tissue skin mast cells are shown. Differences in receptor expression include TLR4, P2X7, L1CAM, C5aR1, MRGPRX2 as well as integrin expression. Different mast cell mediators have been shown to be released with altered down stream consequences for immune cell recruitment in infection or inflammation.



Direct evidence of MC involvement in anti-parasitic immunity of the gut is provided by a number of rodent models. Trichinella spiralis infection induces an influx of MC to the gut which transiently alters their protease expression. This is associated with a strong Th2 immune response, eosinophilia and marked increase in barrier permeability. The MC influx and the transiently-expressed MC-derived Mcpt1 is critical to control worm burden (113). Additionally, Mcpt6 is required for eosinophil recruitment (114). Mice lacking the proteoglycan serglycin, important in granule storage, also exhibit a deficit in worm clearance with lower circulating TNFα, IL-1β, IL-10, IL-13 compared to wild type infected controls (115). Human skin MCs also express these cytokines, and IL-13 downregulates Th1 responses in mice (116, 117), which raises the prospect that intestinal MCs could be a critical source of these cytokines in anti-parasitic immunity. Additionally Th2/Th9 cytokine IL-9, released early during parasitic infections and important for murine worm expulsion (118, 119) is also secreted by MC activated synergistically with LPS (120, 121), although the importance of MC-derived IL-9 in the intestine has not been proven definitively. In this regard, MCs in human gut are also immunoreactive for IL-5 and IL-16 both of which enhance T-cell recruitment and activation (26, 99, 122).

MCs have also been described to limit human colorectal cancers. In murine models MC-derived LTB4 was found to be critical for CD8+ T-cell recruitment and anti-tumor immunity (123).



Mast cell-mediated immune cell recruitment in the skin

Like the gut, the skin is a barrier exposed to a wide array of environmental insults on a nearly continual basis. However, the skin is generally a less permeable barrier than the gut and as such MCs localise to the upper dermis around eccrine glands and blood vessels and not to the epidermis (124). Therefore, they regularly encounter fewer pathogens unless barrier integrity is disturbed through mechanical (e.g. wound or bite) or inflammatory means. This is thought to be a reason why TLR and P2X7 expression in skin MCs appears low, and maintains the cells in an unresponsive state (99). Low TLR4 expression might imply a diminished role for skin MCs in human skin Th9 biology (125). To our knowledge IL-9 has not been demonstrated in skin MCs. Nevertheless, skin MCs do respond to lipoteichoic acid, a TLR2 agonist component of commensal gram-positive bacterial cell walls, leading to enhanced responses to pox causing vaccinia virus in mice (126). Similar to recruitment in the gut, the skin microbiome is responsible for MC maturation. In this case through TLR2-dependent SCF production from keratinocytes (127) rather than direct interaction. In humans their adhesion is probably dependent on a different integrin αvβ3 (128). Large amounts of retinoic acid can also overcome the P2X7 down regulation in mouse skin MCs (129), emphasising the plasticity of tissue-resident cells.

Like other MCs, skin MCs have been identified to store and release TNFα in response to SP, FcϵRI, UVB and calcium ionohpore activation (130–132). There is good evidence from the murine passive cutaneous anaphylaxis model and delayed hypersensitivity reactions in skin, that leukocyte recruitment is dependent on MC-derived TNFα (51, 133), and that CD8+ dendritic cell migration to draining lymph nodes of the skin also relies on MC TNFα (68, 134) (Figure 1). Skin MCs can also exocytose TNFα containing granules which can be transported to the draining lymph nodes to enhance antigen presentation and antigen specific responses (135). This isn’t a phenomenon so far identified in other tissues.

MCs have recently been shown to have antiviral immune activities to dengue virus, a mosquito borne pathogen via activation of innate response pathway RIG-I/MDA5 resulting in TNFα, IFNα, CCL5, CXCL12 and CX3CL1 production. These MC-derived cytokines appear to be critical to limiting viral spread to lymph nodes through recruitment of NK and NKT-cells to the infected skin in a mouse model (53). Additionally, MCs form an immune synapse in infected skin with γδT-cells which induced activation through the T-cell receptor (136). There is also evidence that MCs are important in limiting other intradermal viral infections through DC activation (137). MC-derived TNFα and IL-6 have also been shown to be important for protection from cutaneous herpes simplex virus infection (138). In contrast, intestinal MCs are thought to have deficiencies in IFNγ production, and whilst RIG-I might be present in lung mucosal MCs it has not yet been identified in gut MCs (139).

The recently identified MC receptor for substance P MRGPRX2 and its murine homologue mrgprb2 (140, 141) has revealed a surprising dependence of a large degree of skin inflammation and pain on MCs. Green et al. (142) observed that Mrgprb2-/- mice had significantly reduced hypersensitivity to inflammatory pain with not only ablated MC recruitment, but also reduced neutrophil and monocyte recruitment to the affected skin with a reduction in both CCL2 and CCL3 in response to injury or SP treatment of skin tissue. There has been much speculation about the involvement of gut MCs in painful symptoms of disease, however such compelling evidence is still lacking in other tissues and mucosal MCs have low MRGPRX2 expression.

In different murine models and human tissue samples, it has been demonstrated that skin MCs are sources of other cytokines with a likely impact on inflammation and immune activation. These include; IL-1β, which drives inflammasome activation and neutrophil recruitment in the skin (143, 144), an association also present in the gut (112); IL-2, not yet identified in gut MCs, which supresses inflammation in contact-hypersensivity through MC-dependent T-regulatory cell recruitment (30); IL-4 which drives type 2 inflammation in atopic dermatitis (32); IL-10 which as one of the first products of MCs, limit contact hypersensitivity reactions (37, 145) and also has a role in MC intestinal IBD pathology (146).



Conclusions

Despite their heterogeneous origins, functionally, MCs from diverse tissues share a common set of responses including not least to IgE/allergen but also the release of key cytokines and chemokines involved in the initiation of inflammation i.e. TNFα, IL-1β, CCL2. MC plasticity then allows further functional differentiation based on the tissue context and lifetime environmental interactions such as pathogen or allergen exposure, or type I/type II inflammation. This plasticity will be shaped by existing heterogeneity in receptor expression such as C5aR1, MRGPRX2 and P2X7 which will limit the form of response that the cells can mount to a particular stimulus. For instance skin MCs might be better equipped to release IFNγ than intestinal MCs (27) whereas skin MCs will be more susceptible to neurogenic inflammation (57). Ultimately the application of new multi-omics, single cell and imaging mass cytometry technologies to isolated cells and tissues will reveal an as yet unforeseen level of detail about tissue-specific heterogeneity.
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Background

The mast cell-specific metalloprotease CPA3 has been given important roles in lung tissue homeostasis and disease pathogenesis. However, the dynamics and spatial distribution of mast cell CPA3 expression in lung diseases remain unknown.



Methods

Using a histology-based approach for quantitative spatial decoding of mRNA and protein single cell, this study investigates the dynamics of CPA3 expression across mast cells residing in lungs from control subjects and patients with severe chronic obstructive pulmonary disease (COPD) or idiopathic lung fibrosis (IPF).



Results

Mast cells in COPD lungs had an anatomically widespread increase of CPA3 mRNA (bronchioles p < 0.001, pulmonary vessels p < 0.01, and alveolar parenchyma p < 0.01) compared to controls, while granule-stored CPA3 protein was unaltered. IPF lungs had a significant upregulation of both mast cell density, CPA3 mRNA (p < 0.001) and protein (p < 0.05), in the fibrotic alveolar tissue. Spatial expression maps revealed altered mast cell mRNA/protein quotients in lung areas subjected to disease-relevant histopathological alterations. Elevated CPA3 mRNA also correlated to lung tissue eosinophils, CD3 T cells, and declined lung function. Single-cell RNA sequencing of bronchial mast cells confirmed CPA3 as a top expressed gene with potential links to both inflammatory and protective markers.



Conclusion

This study shows that lung tissue mast cell populations in COPD and IPF lungs have spatially complex and markedly upregulated CPA3 expression profiles that correlate with immunopathological alterations and lung function. Given the proposed roles of CPA3 in tissue homeostasis, remodeling, and inflammation, these alterations are likely to have clinical consequences.
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Introduction

Human adult lungs are densely populated with mast cells at healthy baseline conditions (1, 2).  These tissue-inherent mast cells are strategically located throughout all lung compartments where they are thought to have important roles for tissue homeostasis and orchestrating tissue inflammation (3–5). Mast cells have also been implicated in major airway diseases like asthma, chronic obstructive pulmonary disease (COPD), and idiopathic pulmonary fibrosis (IPF) (2, 6–9). In disease, mast cells may act in a pro-inflammatory manner by releasing histamine, leukotrienes, prostaglandins, and cytokines. Another important mechanism by which mast cells influence their tissue surroundings is through their specific proteases. Indeed, the large granules in mast cells serve as storage sites for pre-synthesized effector molecules, with the major content being proteases (10, 11). Among these, tryptase and chymase have been the most studied (10–13) and are also used for the classical division of mast cells into “connective tissue-like” mast cells (MCTC cells; containing tryptase and chymase) and “mucosal- like” mast cells (MCT; lacking chymase) (3–5). Less explored is the mast cell-specific zinc-containing metalloprotease carboxypeptidase A3 (CPA3). Still, this protease is equally abundant as tryptase and chymase and has protease activities regulating both local homeostasis and inflammation (14, 15). Among targets for CPA3-mediated cleavage are neurotensin, kinetensin, endothelin-1, apolipoprotein B, and angiotensin I (16–21). It has also been proposed that CPA3 promotes the formation of the fibrous component of the extracellular matrix during tissue remodeling. It thus seems like CPA3 may have both important protective roles and pathogenic pro-remodeling properties.

As support for involvement in disease, increased CPA3 levels have been reported in cancer and cardiovascular diseases (22), diseases of the gastrointestinal tract (23, 24), and the respiratory system (25–27). Altered expression levels of CPA3 have also been proposed as a diagnostic and prognostic marker in asthma and COPD (25–29). Another recent biomarker example is the proposal to use serum CPA3 to monitor severe COVID-19 (30). Although the link between altered CPA3 expression and many clinical manifestations seems clear, very little is known about what effector functions of CPA3 are operating in respective disease.

To gain further insight into the complex roles of CPA3 in health and disease, it is critical to understand the spatial distribution pattern of the mast cell CPA3 expression, as it occurs inside relevant healthy and diseased tissues. Interestingly, recent data suggest that the content of granule-stored CPA3 protein and CPA3 mRNA expression may already under healthy baseline conditions display distinct patterns across human tissues (31). For example, in a recent study (31), a CPA3 proteinhigh, mRNAlow profile in the skin was contrasted by a reversed CPA3 proteinlow, mRNAhigh profile in human lungs. This was most dramatic in the alveolar region of normal lungs where the normal chymase-negative alveolar MCT cells commonly lacked CPA3 protein but had a high constitutive CPA3 mRNA expression (31). Based on this observation, and new understanding of fine-tuned gradual mast cell protease secretion mechanisms (14), it has recently been proposed that mast cells may already at healthy baseline conditions exert important homeostatic functions via a basal “pacemaker-like” degranulation through microvesicles (14, 31). To what extent this type of basal CPA3 mRNA expression can be further increased in chronic lung diseases emerges as an important question. Since mast cell phenotypes are strongly influenced by the local microenvironments, another critical issue is how the CPA3 mRNA and protein balance is altered in the key anatomical compartments of diseased lungs.

The present study uses a histological approach that yields spatially resolved quantitative data on mRNA and protein within single cells to study how spatially dictated mast cell CPA3 patterns are altered in patients with severe COPD and IPF. The rationale to study COPD and IPF is that, in contrast to the previous important CPA3 studies in asthma (8, 26, 27), little is known about CPA3 in COPD and IPF. Furthermore, from these diseases, as well as controls, it is possible to obtain large enough tissue samples as part of clinical lung surgery and lung transplantation procedures. After exploring such surgical resections, we reveal here novel intriguing observations on altered mast cell CPA3 expression patterns in patients with COPD and IPF.



Materials and methods


Human lung tissue acquisition and sample processing for histology

Human lung tissue: Human control lung tissue was obtained from nine non-atopic patients undergoing lobectomy due to suspected lung cancer but otherwise lacking any history of respiratory disease. Only patients with solid well-delineated tumors were included and central and distal lung tissue samples were collected as far as possible from the tumor site. Although most of the subjects are former smokers, this procedure has commonly been used to collect non-diseased control lung tissue samples for histological research (32, 33). Corresponding lung tissues were collected from diseased lungs that we excised as part of a lung transplantation (n = 15; nine patients with diagnosed COPD and six confirmed IPF cases). Hence, both the COPD and IPF patients were in the severe category of their respective disease. All COPD patients were in the GOLD 4 severe category and all IPF patients had confirmed progressing lung fibrosis. Basic demographics of the patients are presented in Table 1. All 24 subjects gave their written informed consent, which was approved by the ethical committee in Lund, Sweden (Dnr. LU- 2015/891).


 Table 1. Patient demographics.



To avoid technical bias inflicted by the variation in fixation times, which commonly occurs in routine clinical pathology laboratories, the excised tissues were prepared at our own research laboratory and histology platform. All tissues were immediately subjected to standardized fixation in buffered 4% formaldehyde (#02176; Histolab, Askim, Sweden) for 24 h ± 4 h at room temperature before being dehydrated in an automated dehydration machine (SAKURA-Tissue-Tek VIP® 6 AI; Sakura Finetek USA, Inc., Torrance, CA, USA) and embedded into paraffin blocks (SAKURA EC350; Sakura Finetek, Inc.). Large multiple cm2-sized 4-µm paraffin sections were generated, dehydrated, and used for the present high-end quantitative MC protease analysis.



Combined in situ hybridization and immunohistochemistry (ISH-IHC) for simultaneous detection of CPA3 mRNA, CPA3, tryptase, and chymase protein across mast cells in human lung sections

Initial visualization of CPA3 mRNA was performed through in situ hybridization (ISH) using the RNAscope® Multiplex fluorescence kit V2 assay kit (#323100; Advanced Cell Diagnostics, Hayward, CA, USA) for fluorescent ISH (FISH) and using the RNAscope® 2.5 HD Detection Reagents-RED (#322360, Advanced Cell Diagnostics) for chromogenic ISH (CISH), according to the manufacturer’s instructions. Briefly, 4-µm lung tissue sections were baked at 60°C for 1 h and then deparaffinized through a series of alcohol and xylene baths. Afterwards, the slides were incubated with hydrogen peroxide for 10 min at RT and then with mRNA retrieval solution for 15 min at 99°C before dehydration with 99.5% EtOH for 3 min at RT and then evaporation at 60°C for 5 min. After creating a hydrophobic border around each tissue specimen, they were incubated at 40°C for 30 min together with RNAscope Protease Plus and then at the same temperature for 2 h with the CPA3 mRNA probe (#486731). Additional control probes were run in parallel: negative control (DapB, #310043) and positive control probes (PPIB, #486081; Advanced Cell Diagnostics). For fluorescent read-out, tyramide (TSA) amplification was performed with Cyanine 3 (Cy3, NEL744E001KT, Perkin Elmer, Waltham, MA, USA). The slides with fluorescent read-out were then blocked with an HRP blocker and placed in PBS awaiting immunofluorescence staining.

After the FISH of CPA3 mRNA in the Cy3/555 nm channel, slides were subjected to subsequent immunofluorescence immunohistochemical staining for mast cell protein targets such as tryptase (TPSAB1/AB1tryptase and TPSB2/B2 tryptase combined in Cy7/750 nm fluorescence channel) and CPA3 (Cy5/640 nm channel). For tryptases (TPSAB1 and TPSB2) and CPA3 immunostaining, sections were incubated (for 1 h) with a cocktail of a mouse anti-human AB1 tryptase/TPSAB1 (#MAB1222A; 0.1 g/0.1 ml, dilution 1:350; Millipore, Solna, Sweden), mouse anti Human B2 tryptase/TPSB2 (#MAB37961; 1 μg/1 μl, dilution 1:500, R&D Abingdon, UK), and a rabbit anti-human CPA3 primary antibody (#HPA0526634, 0.4 mg/ml, dilution 1:500, Atlas antibodies, Bromma, Sweden).

After a washing step, these primary antibodies were detected by a secondary antibody cocktail (incubated for 1 h) with an AlexaFluor 647 Goat anti-Rabbit secondary antibody (#A27040; 2 mg/ml, 1:200; Thermo Fisher Scientific, Göteborg, Sweden) and an Alexa Fluor Cy7 Goat anti-Mouse secondary antibody (#A21037; 2 mg/ml, 1:200; Thermo Fisher Scientific, Göteborg, Sweden). All the primary and secondary antibodies were diluted in antibody diluent (#S0809, Dako). After completion of combined ISH and IF-IHC staining, the slides were incubated with Bisbenzimide-33342 (#A0741; Applichem, Darmstadt, Germany) for DAPI nucleus counterstaining (358 nm) and mounted with Vectashield (#H1400; Vector Laboratories, Inc.) and No. 1 coverslips (ECN 631-1574; VWR, Radnor, PA, USA).

The present antibody against CPA3 and the other primary and secondary antibodies have been validated and used in multiple previous studies (31, 34, 35). Detailed tests also confirmed the specificity of the staining results, i.e., that there was no artifactual cross-reactions and unwanted streptavidin binding, and that the low autofluorescence within mast cells had no or negligible impact on the analyses.



Masson Trichrome staining

The serial lung sections (4 μm thickness) from the different study groups (control, COPD, and IPF) were stained with Masson’s trichome (#HT15, Trichrome Stain Kit, MilliporeSigma, Missouri, USA) for evaluation of gross anatomical changes and degree of fibrosis.



Slide digitalization and IF image quantification

The Olympus VS-200 (Shinjuku, Tokyo, Japan) fluorescence virtual microscopy slide scanning platform was used for digitalization of fluorescence-stained tissue sections. The fluorophores corresponding to DAPI (nuclei), Cy3 (CPA3 mRNA), Cy5 (CPA3 protein), and Cy7 (combined AB1 and B2 tryptase) channels were recorded with “locked” exposure time for each channel across all the samples within an experiment. Separate test experiments confirmed minimal bleeding between the fluorescence filter settings. To measure CPA3 protein and mRNA content at the single-cell level, a tryptase-based mast cell mask was created for mast cells using Qupath Software (version 0.3.0). First, the mask for mast cell regions of interest (ROI) was segmented by applying standard intensity threshold for the tryptase channel (Cy7). Secondly, the generated masks for mast cells from the tryptase channel were digitally superimposed to the raw data images in Cy3 and y5 channels to measure CPA3 the mRNA and protein content, respectively. Finally, after ROI size filtration, the intensity values were corrected by subtracting the tissue background fluorescence value.

To compare protease profiles within defined anatomical compartments, the following structures were manually delineated by cursor tracing: large and small airway compartments (i.e., bronchioles), epithelium and subepithelial tissue, large pulmonary vessels, and alveolar parenchymal regions. The ROIs for all compartments were applied to other channels of the same image to extract the single-cell data, as described above. For spatial visualization of mast cell distribution in lung tissue sections, x and y coordinates were extracted during the quantification and superimposed on the original image together with color-coded CPA3 intensity levels. x,y-coordinate-based topographic contour maps and statistical differences in mast cell CPA3 profiles across spatially defined tissue regions were performed using the JMP Software, Version 16, SAS Institute Inc, NC, USA.



Correlations between mast CPA3 parameters and crude immune cell profiles

To get a crude insight into the type of cellular inflammation associated with the present elevated CPA3, comparisons were made to lung tissue content of key immune cells like eosinophils, basophils, T lymphocytes and B lymphocytes. These immune cells were analyzed by pairwise double immunohistochemistry (eosinophils–basophils and T–B lymphocytes) using the following primary cell identification markers: T cells (a mouse anti-human CD3- #M7254; 138 mg/L; dilution 1:50; Clone F7.2.38, DAKO, Glostrup, Denmark), B cells (a mouse anti-human CD20- #M0755; 126 mg/L; dilution 1:200; Clone L26; DAKO, Glostrup, Denmark), basophils (a mouse anti-human proMBP1 #J175 704, 0.5 mg/ml; dilution 1:150; BioLegend, Täby, Sweden), and eosinophils (a mouse anti-human ECP/clone EG2 #mAB593, 1 mg/ml; dilution 1:700; Diagnostic Development, Uppsala, Sweden). As part of the antigen retrieval process, slides were baked at 60°C for 45 min and pre-treated with low pH heat-induced epitope retrieval (HIER) by a pH6 target retrieval solution (#DM829; Dako, Glostrup, Denmark) in a DAKO PT Link HIER machine (PTlink 200; Dako, Glostrup, Denmark). The immunohistochemical staining was performed in an automated immunohistochemistry robot (Dako Cytomation, Glostrup, Denmark) with Dako wash buffer (#DM831; Dako, Glostrup, Denmark). Briefly, slides were blocked with peroxidase blocking reagent (DAKO-DM821) for 10 min before being incubated with the primary antibody for 1 h, washed, and incubated with a polymer-HRP-labeled secondary ab (#DM822, Envision Flex, Dako, Glostrup, Denmark) for 30 min and brown chromogen development with 3,3′-Diaminobenzidine (# DM827 DAB-Dako, Glostrup, Denmark). Next, the slides were treated with denaturing solution for 5 min (#DNS001L, Biocare, CA, USA) to remove any remaining antibodies for the first target. After the antibody denaturation step, slides were treated with the secondary primary ab for 1 h and polymer-based secondary antibody as above [but with visualization using the green chromogen Vina Green (#BRR807BC, BioCare, CA, USA) for 10 min]. Finally, the slides were counterstained with Mayer’s hematoxylin (#01820; Histolab, Askim, Sweden), mounted with pertex (#00840; Histolab), and digitized using a ScanScope Slide Scanning Robot (Aperio Technologies, Vista, CA, USA). The generated 20X high-resolution images were used for computerized quantitative analysis of chromogens (i.e., immunoreactivity). The amount of immunoreactivity for each cell marker was normalized to the total analyzed tissue area and quantified using the Visiomorph software (Visiopharm, Hørsholm, Denmark).



RNA sequencing and single-cell analysis

Cell preparations from bronchial biopsies were subjected to single-cell RNA sequencing using the 10x based Chromium system (10x Genomics, USA). Single-cell RNA sequencing libraries were sequenced on Nextseq500 or Novaseq 6000. Raw data were further analyzed using the bustools kallisto pipeline (36). We used the following parameters to filter out low-quality cells: gene and unique molecular identifier (UMI) minimum 1,000/maximum 75,000; percentage mitochondria, minimum 0% maximum 20%; average number of reads/cells, 25,000. All analyses, including log normalization, scaling, clustering of cells, and identifying cluster marker genes, were performed using python packages. We performed principal component analysis dimensionality reduction with scanpy highly variable genes as input. Unsupervised clustering was performed using the scanpy.tl.umap function, the heatmap was generated using the scanpy.pl.heatmap function. Mast cells were identified by the expression pattern of mast cell marker genes. Two outlying cells not shown in the representative UMAP for space purposes but were included for all relevant analyses.



Data visualization and statistics

All results are presented as median with interquartile range and ranks were compared among samples using the non-parametric Mann–Whitney test. To compare more than two groups of samples, ANOVA test, Kruskal–Wallis test and Dunn’s multiple comparisons test was used. Symbols used for indicating statistical significance: ns, not significant, p > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Calculations and graphs were performed using Prism version 6.01 (GraphPad, San Diego, CA, USA). JMP pro 16 (JMP, Cary, NC, USA) statistical software was used for scatterplots and spatially linked contour maps.




Results


Differential alteration of lung CPA3 patterns in COPD

Our approach for histology-based quantitative analysis of CPA3 expression patterns in individual tissue cells revealed that mast cells in COPD lungs had significant increased CPA3 mRNA expression across the distal lung compartments compared to non-diseased control lungs (Figure 1A). The highest numerical and relative increase was seen in small airways and pulmonary vessels where mean patient CPA3 mRNA expression levels increased threefold and twofold, respectively.




Figure 1 | Increased mast cell CPA3 mRNA expression across major lung compartments in COPD lungs. (A–C) Mean patient values for individual mast cell expression of CPA3 mRNA (A), CPA3 protein (B), and the mean mRNA/protein quotient (C) in control subjects and COPD category GOLD 4 patients. In total, >18,000 individual mast cells were analyzed in the control group and >41,000 mast cells were analyzed in the COPD group. Dots denote mean patient values of >1,500 individual mast cells per control tissue and >2,500 mast cells per COPD patient. Statistical significance levels are marked as ns = non-significant, *p < 0.05, **p < 0.01, and ***p < 0.001.



Contrasting the mRNA picture, levels of mast cell granule-stored CPA3 protein was not increased in any of the analyzed compartments compared to controls. On the contrary, there was a trend towards reduced CPA3 protein content in pulmonary vessels (Figure 1B).

Our simultaneous analysis of CPA3 mRNA and protein allowed for single-cell assessment of the mRNA/protein quotient in all individual mast cells. The mean patient values for this quotient were significantly increased in COPD lungs, particularly in small airways (p < 0.05) and pulmonary vessels (p < 0.05). A trend towards reduction was also seen in the alveolar parenchyma (Figure 1C).

A head-to-head comparison between anatomical sites demonstrated that in COPD, small airway MCs had the highest CPA3 mRNA expression (Figure 2A), whereas small airways and pulmonary vessels were equal at the protein level (Figure 2B). The discrepancy between CPA3 protein and mRNA content within individual mast cells was also examined within small airway compartments in COPD. Here, intraepithelial mast cells had a striking mRNAhigh, proteinlow profile compared to the reversed pattern in subepithelial cells (Figure 2C). The distinct expression pattern among epithelial and subepithelial MCs is also illustrated in Figures 2D, E.




Figure 2 | Anatomically differentiated mast cell CPA3 expression responses in COPD lungs. (A, B) Mean patient values for individual mast cell expression of CPA3 mRNA (A) and CPA3 protein (B) across anatomical lung compartments in non-diseased controls and COPD lungs. Statistical significance levels are marked as ns = non-significant, *p < 0.05, **p < 0.01, and ****p < 0.0001. (C) Raincloud plots illustrating the difference in CPA3 mRNA and protein expression profiles between small airway intraepithelial and sub-epithelial small airway mast cells. (D) Zoomed-in region with a small airway where size-filtered mast cell coordinates have been color-coded for CPA3 level (high = red; low = turquoise). Note the foremost red CPA3high profile in the epithelial region. (E) Raw fluorescence images of MC markers exemplifying a CPA3 mRNA+protein double-positive mast cell (label 1), CPA3 mRNA and protein double-negative cell (2), and a CPA3 mRNA-positive and protein-negative cell (3) at an epithelial–subepithelial interface. Scale bars: D = 150 μm, E = 40 μm.





Both CPA3 mRNA and protein increase in IPF lungs

Compared to control lungs, mast cells in IPF lung parenchyma had a more than threefold significant increase in mast cell CPA3 mRNA expression (Figure 3A). Significantly increased levels were also seen in the small airways (Figure 3A). Contrasting the situation in COPD, the increased CPA3 mRNA in the IPF lung parenchyma was also accompanied with elevated CPA3 protein levels (Figure 3B). A weak trend towards increased mast cell CPA3 protein was observed for small airways (Figure 3B). Due to the parallel increased mRNA and protein expression, the mRNA/protein quotient was not increased in IPF compared to controls (Figure 3C). Interestingly, although CPA3 mRNA and protein had a parallel increase in IPF, their spatial distribution pattern seemed differentially regulated at a microenvironmental level. One example of this type of dynamic expression heterogeneity is shown in Figures 3D, E. The spatial heterogeneity and marked variations in relative proportion of mast cell CPA3 mRNA and protein across tissue microenvironments was confirmed statistically by comparing mean mRNA/protein quotients between spatially distinct lung regions within lung sections/patients (Figure 4).




Figure 3 | The expanded mast cell population in distal IPF lungs has a robust upregulation of both CPA3 mRNA and protein. (A–C) Mean patient values for individual mast cell expression of CPA3 mRNA (A), CPA3 protein (B), and the mean mRNA/protein quotient (C) across control subjects and COPD patients. A total of >81,000 individual mast cells were analyzed in the IPF disease group, and each dot denotes mean patient values of >12,000 mast cells per IPF patient. Statistical significance levels are indicated as ns = non-significant, *p < 0.05, and ***p < 0.001. (D, E) Low-power micrograph of a representative IPF lung section where a gray-scale background tissue is overlayed with color-coded density maps (high–low is shown as red–turquoise) displaying combined mast cell density and expression levels of CPA3 mRNA (D) or CPA3 protein (E). Note that although both the level of protein and mRNA is high, the relative proportion varies across tissue microenvironments, as illustrated by a CPA3 mRNAhigh, proteinmoderate profile in region 2 and a CPA3 mRNAmoderate, proteinhigh signature in region 3. Scale bars = 1.8 mm.






Figure 4 | The relative proportion of mast cell CPA3 mRNA and stored protein vary significantly between lung tissue microenvironments. (A) Quantitative data and violin plots comparing individual mast cell CPA3 mRNA/protein quotients in pre-determined spatial lung section regions of interest (ROIs). Regions with relatively low (ROI type 1) or high (ROIs 2) quotients were selected from computer-generated topographic contour maps visualizing the heterogeneous spatial distribution of mRNA/protein quotients (exemplified for one IPF section in (B) and (C); red denotes spatial regions with a high quotient; coordinates for individual mast cells are shown as white-gray dots). Scale bars: B, C = 3.5 mm. Black bars in A show mean values and statistical analysis was performed by a Mann–Whitney U test and where **** denotes a significance level of p < 0.0001.





Head-to-head comparisons reveal disease-relevant distinctions in combined mast cell density and spatial mast cell CPA3 expression patterns

The lungs from IPF, COPD, and control groups were subjected to a normalized MC density assessment and in-depth head-to-head MC CPA3 comparisons to gain further insight into the characteristic features of CPA3 expression in the respective disease.

Looking at two-dimensional scattergrams visualizing CPA3 mRNA and protein patterns across pooled MCs (>50,000 cells/group), IPF parenchymal MCs stood out by having a unique combined protein and mRNA high signature (Figures 5A–C). Interestingly, at this pooled data level, small airway and pulmonary vessel MCs displayed elevated protein compared to controls and COPD (Figures 5A–C), although this was not significantly different at a mean patient level (Figure 3B). The 2D plots also confirmed the elevated mRNA in COPD, albeit visually less clearly than for the mean patient data in Figure 1).




Figure 5 | Disease-specific small airway and alveolar CPA3 responses in COPD and IPF. (A–C) 2D scattergrams showing CPA3 mRNA and protein relationships across pooled mast cells from control lungs (A; n = 18,504 pooled MCs), COPD (B; n = 41,313), and IPF cases (C; n = 81 806). (D, E) Mean patient percentage of lung mast cells with a high CPA3-mRNA profile (D) or CPA3 protein (E) within anatomical regions and disease categories (as defined by a pre-determined locked threshold values). (F) Low-power graph exemplifying the very high density of mast cells in distal IPF lung. To visualize individual mast cells, their x,y coordinates have been replaced with pseudo-colored green circles (left). The right quartet set of images shows the original fluorescence-based staining in a zoomed-in region. (G) Mean patient lung mast cell density levels. Statistical significance levels are marked as ns = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. (H) Zoomed-in ICH and IHC fluorescence images exemplifying a CPA3mRNA-, protein+ MC (arrowhead) and a CPA3mRNA+, protein+ MC (* uppermost right corner). Scale bars: H = 25 μm, F-left = 1.8 mm, F-right =200 μm.



Filtering out only mast cells with a high CPA3 mRNA-high signature demonstrated that in IPF these constituted almost 40% of the total MC pool (contrasting the <5% in non-diseased controls; Figure 5F). In the small airways and pulmonary vessels both COPD and IPF had enriched proportions of CPA3 mRNA-high cells compared to controls, although statistical significance was only reached for COPD (Figures 5D, E).

Apart from CPA3 expression in individual mast cells, the impact of CPA3 in diseased lungs also depends on the total cell mast cell density. Among the present study groups, COPD lungs had no increase in MC density compared to significant baseline mast cell content in controls (Figure 5G). IPF lungs, on the other hand, displayed a striking sevenfold statistical increase (Figure 5G). Representative illustrations of this very high MC density and examples of corresponding CPA3 expressions are presented in Figures 5H, I.

We also performed direct comparisons between color-coded mast cell CPA3 expression maps (providing combined information of MC density and CPA3 expression) and trichrome-stained serial sections (visualizing the structural features and any classical histological features of the lung) (Figures 6A–F). This approach confirmed the various degrees of microscopic emphysema and patchy fibrotic foci in COPD lungs and that patchy distal lung regions had elevated CPA3 expression in association with small airways (examples are shown in Figures 6C, D). As expected, our IPF sections were characterized by classical IPF histopathological features like parenchymal fibrosis, accumulation of distal lung myofibroblasts and honeycombing (Figure 6F) and that these changes were accompanied with a combined striking increase in both MC density and CPA3 expression (Figure 6).




Figure 6 | Comparisons of density-weighted and spatial CPA3 variations and lung structure in non-diseased control tissue, COPD lungs, and IPF. (A, C, E) Low-power section overviews with gray-scale tissue background in control lung (A), COPD (C), and IPF (D) where x,y coordinates for individual mast cells have been replaced with enlarged dots color and size coded for CPA3mRNA expression levels. (B, D, E) Corresponding serial section stained with routine trichrome staining to visualize cells (red) and collagen-rich extracellular matrix (blue) and overall lung structure. SA = small airways; PV = pulmonary vessels; Alv = alveolar parenchyma. The COPD section in (C, D) show microscopic emphysema whereas the IPF in E and F displays archetype histopathological IPF features like honeycombing, myofibroblast accumulation, and distal parenchymal fibrosis. Scale bars: A–F = 1.8 mm, insets in B, D, F = 200 μm.





Mast cell CPA3 mRNA correlates to distal lung CD3+ T-lymphocytes and eosinophils

Comparisons were made between mast cell CPA3 parameters and lung tissue compartment infiltration of eosinophils, basophils, CD3+ T lymphocytes, and CD20+ B lymphocytes. Pooled patient data revealed that for mean CPA3mRNA intensity, there was a statistical positive correlation to alveolar parenchymal eosinophils and CD3+T cells (Figures 7C, F). The mean intensity of CPA3 mRNA also correlated to T cells in pulmonary vessel (Figure 7E). No statistical correlation was seen in the other compartments (Figures 7A, B, D), or between any of the immune cells and CPA3 protein.




Figure 7 | Correlation between mean mast cell CPA3 mRNA and eosinophils and CD3+ T lymphocytes. (A–F) Scattergrams with pooled mean patient data (green circles = healthy controls, yellow = COD, and red = IPF). Correlation analysis was performed with the non-parametric Spearman´s pairwise correlation test. r = correlation coefficient, the p-values and significance levels are shown as **p < 0.01 and ****p < 0.0001. (G) Bright-field micrographs exemplifying CD3+ T lymphocyte and CD20-positive B lymphocyte double staining (left) and basophil and eosinophil double staining (right) with brown (DAB chromogen) and green (Vina green chromogen). Scale bars = 100 μm. ns, non-significant.





Mast cell CPA3 parameters correlate to several lung spirometry parameters

With the limited number of patients, correlation analysis between the mast cell CPA3 parameters and lung function was made on pooled patient group data (presented in Table 2). In summary, the strongest correlations to lung mast cell CPA3 were fond for FEV1, FEV1% predicted and FEV1/VC. Across the lung compartments, the most anatomically widespread correlation was found for pulmonary vessel CPA3 (Table 2). Apart from the pooled data, statistically secured correlations between alveolar CPA3 protein/mRNA quotients and FEV1 and FEV1% were also found within the COPD cohort (r = −0.84, p = 0.004 and r = −0.69, p = 0.04, respectively).


 Table 2. Correlations between mast cell CPA3 and lung function parameters.





Single-cell RNA Seq data

Using single-cell RNA Seq on primary cells isolated from healthy bronchial airways, 148 mast cells were identified based on mast cell-specific gene signatures (Figure 8A). Division of the mast cells into CPA3high and CPA3low expressing cells showed a tendency for increased expression of the tryptase genes TPSAB1 and TPSB2 among the CPA3 high MCs (Figure 8B). In addition, statistical analysis further suggested that CPA3high profile MCs could be associated with high expression for the leukotriene-producing enzyme LTC4-S, the granule storage-regulating proteoglycan serglycin, and the MC activity regulatory protein annexin-1 (p < 0.002).




Figure 8 | Single-cell RNA sequencing identifies a mast cell population with CPA3 high and low gene expression. (A) UMAP of the subset of mast cells determined by the expression of commonly known last cell markers (TPSB2, TPSAB1, MS4A2, and CPA3). CPA3 expression is shown. (B) Gene expression heatmap showing cells with “high” and “low” CPA3. Cells were considered “high” when CPA3 expression was above 1.5 and “low” when CPA3 expression was below or equal to 1.5. The genes on the y-axis are the top 48 upregulated genes within the mast cell population.






Discussion

Carboxypeptidase A3 is one of the most abundant mast cell proteases. It is frequently highlighted in gene expression studies across many diseases. Yet, surprisingly little is known about how the CPA3 mRNA and protein expression patterns are manifested inside diseased patient tissues. Although the present study only involves limited numbers of patients, it offers several new insights into this issue.

Any discussion about disease-modifying functions of mast cells must also consider the mast cell density in the affected organ. In this study, MC density did not increase in the COPD lungs. We have recently shown that in COPD mast cell density in distal lung compartments may not be higher than healthy lungs since an increase in the MCTC population is counteracted by reduced MCT cells (37). The present observation of increased MC numbers in IPF confirms previous observations of elevated mast cell numbers in fibrotic lungs (38–40) and shows that this increase is mainly confined to the fibrotic alveolar parenchyma, a compartment that, in this study, also displayed the most striking alteration in CPA3 expression.

Despite that mast cells have been implicated in most fibrotic diseases, including IPF (2, 9, 41, 42), little is known about their specific role in disease pathogenesis. From the known properties of MC proteases, these roles may be both protective and destructive. An interesting observation in this regard is the report of higher MC density in biopsies from IPF patients being correlated with a slower decline in lung function (40). On the other hand, a more recent study showed that plasma tryptase is elevated in IPF patients and correlates negatively with lung function (FVC), suggesting a pro-pathogenic role (41).

The present findings suggest that the structural pathologies in both COPD and IPF lungs are associated with an elevated local CPA3 mRNA expression. Importantly, the fact that the MC numbers are significantly elevated in fibrotic regions in IPF further increases the local tissue capacity to generate CPA3. Indeed, the present >300% increase in average MC CPA3 mRNA expression and sevenfold increase in MC density create a situation where the total distal lung capacity of CPA3 release is theoretically >20 times ()! higher compared to the already robust CPA mRNA expression at lung healthy baseline.

A similar theoretical exercise may also be done for COPD lungs, although in contrast to IPF, MC numbers are more modest, and the highest relative CPA increase was found in small airways rather than the alveolar parenchyma. Furthermore, COPD patients differed from IPF since they did not have elevated CPA3 protein.

Interestingly, in another COPD study, increased sputum CPA3 was particularly high in female patients with HRCT-defined emphysema (43). Unfortunately, the limited patient numbers in this study prevented us from exploring how the present CPA3 alterations in COPD relate to degree of emphysema.

It is, however, noteworthy that, as for asthma (34, 44), CPA3 levels in COPD and IPF may be particularly elevated in the subcategory of patients that have a type 2 immunity and eosinophil signature (29, 45). Indeed, the present correlation between pooled patient mast cell CPA3 mRNA and eosinophils supports this possibility. Interestingly, CD3+ T cells also correlated with CPA3 mRNA but not protein. Although larger follow-up studies are needed, from other studied linking luminal CPA3 to steroid sensitivity in asthma, it is tempting to speculate that local tissue content of elevated mast cell CPA3 mRNA may be a general marker of both type 2 immunity and steroid responsiveness.

Taken together, our study agrees with previous data on increased sputum CPA3 in COPD (29, 43, 45) and elevated CPA3 in IPF (39). It is likely that the strikingly increased and strategically localized MC CPA3 mRNA expression revealed in this study will impact pathophysiological and immunopathological processes in COPD and IPF lungs. Interestingly, despite the limited patient numbers, we did observe some correlations between elevated CPA3 parameters and worsening of lung function. What is more difficult to speculate on is whether the net effect of CPA3 release is harmful or protective.

Of potential importance for both IPF and COPD is the capacity of CPA3 to regulate smooth muscle constriction, blood vessel tonus, and vascular flow through proteolytic modification of, e.g., endothelin-1, angiotensin I, apolipoprotein B, and neurotensin (46, 47). The capacity of CPA3 to counteract these mediators would likely be beneficial in lung disease, like the protective actions of CPA3 demonstrated in animal models (14, 47, 48). As further support for a potential protective role in relation to the cardiovascular aspects associated with severe COPD and IPF is the observation that decreased serum CPA3 is associated with risk factors of blood vessel disease and cardiovascular damage (49).

Even with the suggested role of CPA3 in protection and homeostasis, the upregulated CPA3 mRNA may also have pro-inflammatory or pathogenic actions. One example of potential relevance for the fibrotic processes in IPF and the small airway remodeling in COPD is the proposed importance of CPA3 for biogenesis of the fibrous component of the extracellular matrix (14, 50). Currently, there are no CPA3 inhibitors in clinical use. Hence, given the multifaceted biological actions of CPA3 protease activity, it thus remains an open question whether pharmaceutical neutralization of CPA3 would have therapeutic benefits or would interfere with homeostatic mechanism for limiting harmful effects of internal pro-inflammatory mediators. More research is needed to identify the tentative good and bad effects of CPA3.

Similar to our recent study on non-diseased lungs (31), the present study shows that also in advanced lung disease, mast cells may have high mRNA expression while displaying a seemingly surprising paucity of granule-stored CPA3 protein. In our study, this phenomenon was most evident in COPD where the mRNA/protein quotient was higher than for controls and IPF patients. The most extreme imbalance was observed in the small airways where intraepithelial and subepithelial mast cells displayed reversed mRNA/protein patterns. Interestingly, a specifically high CPA3 signature in epithelial mast cells have also been reported in type 2 asthma (34).

The discrepancy of CPA3 protein and CPA3 mRNA levels call for cautiousness when predicting biological roles based on only measuring one of these parameters. In this context, the present calculation of mRNA/protein quotients for CPA3 may be a more useful indication of CPA3 turnover in disease than merely study protein or mRNA alone. Especially predicting CPA3 roles based on only CPA3 protein in tissues seems risky, since higher CPA3 levels may merely reflect increased numbers of resting MCTC cells, the subset of mast cells with a high content of co-stored CPA3 and chymase in resting states.

The present observation of striking increases in mRNA/protein quotients in severe disease raises an important question, namely, to what extent is the elevated CPA3 mRNA translated into protein? Furthermore, what is the evidence that CPA3 can be released from mast cells with low content of granule-stored CPA3 but high mRNA expression? Interestingly, recent observations may shed some light into this issue. Firstly, a high mRNA gene expression is coupled to translation and subsequent protein synthesis. Tentatively, a high CPA3 mRNA expression in MCs lacking granule CPA3 may be expected in cells during the refilling phase after degranulation. This could be a possibility in an active disease since we have previously demonstrated that mast cells in COPD, but not in controls, may undergo piecemeal degranulation (37). Classical degranulation, of course, cannot explain the enigmatic high expression of CPA3 and tryptase mRNA already at healthy baseline levels. Here, from new information on the many non-IgE-mediated alternative pathways for degranulation (51, 52), it may be proposed that, as part of a healthy baseline homeostatic regulation, mast cells may constitutively release tryptase and CPA3 directly via small secretory vesicles rather than through classical large granules (14, 31). Speculatively, a similar but heightened mode of release may also explain the increased CPA3 mRNA in the present study.

The methodological basis in our study was a histology-based approach using combined ROI masks (in this case, digital mast cell contours) to measure the CPA3 mRNA and protein at a single-cell level directly in routine formalin-fixed paraffin-embedded (FFPE) samples. The high MC numbers in the present large surgical sections, typically 5–12,000 mast cells, provide a robust statistical evaluation for this type of analysis. Naturally, for our approach to be valid, the combined tryptase-chymase ROI masks used for the CPA3 analysis must be mast cell specific. Theoretically, basophils could have affected the measurements since they are known to express tryptase (53, 54). However, both basophil tryptase expression (53, 54) and numbers of basophils (55) are much lower than for mast cells and we have in a recent study showed that they will not be picked up by the staining intensity threshold used for the present computerized tryptase and chymase-based MC segmentation (31).

Another methodological aspect worth noting is that, in contrast to other single-cell staining intensity methods like flow cytometry and high-end single-cell RNA sequencing, the present histology approach analyzes “2-dimensional” cell profiles rather than whole cells. Accordingly, variations in granule and nucleus areas among cell profiles generate some fluctuations of the staining intensity levels. Even so, considering the statistical power of the vast numbers of analyzed mast cells, it seems clear that this phenomenon, which occurs similarly among the sections and study groups, has no relevant impact on the main study conclusions. Another technical perspective is the potential bias of differences in tissue processing. To minimize any such bias, all lung sample tissues in this study were processed at our research laboratory in a consistent fashion, rather than at the routine clinical pathology unit where fixation time, etc. may vary considerably due to logistical issues. Furthermore, the ISH-IHC staining procedures were performed simultaneously for all tissue sections and study groups, resulting in identical processing conditions.

For practical reasons, the patient number was limited in this study. Despite this, given the clear statistical differences between the study groups, it can be argued that the study material is well justified to allow for robust conclusions around the major observations.

Since we used explanted lungs from lung transplantation cases, the COPD and IPF patients were all within the very severe spectrum of their respective disease. Future studies are now needed to explore to what extent the present CPA3 alterations occur earlier during disease progression. That said, in very severe cases, there is patchwork of microenvironments representing different stages of histopathological alterations. Because of their severe stage, both the COPD and IPF patients were subjected to significant steroid treatment, and it cannot be excluded that this have influenced the results.

The major histology-based exploration was in this study complemented with a single-cell RNAseq analysis. The rationale was to get an exploratory first insight into how a more holistic gene expression profile differs between CPA3high and CPA3low mRNA expressing mast cells. In alignment with recent studies (31, 56), and despite the fact that CPA3 is strongly linked to chymase at a protein level (31), CPA3 mRNA expression seemed to be more linked to the tryptase genes TPSAB1 and TPSB2. However, at a single-cell level, the tryptase gene expression seemed more universal across the analyzed MC pool. Although our study material for single-cell sequencing was limited and only involved mast cells from non-diseased human bronchi, it is interesting that high CPA3 expression seems to correlate with heightened gene expression for LTC4S, an enzyme involved in synthesis of proinflammatory leukotrienes. On the other hand, there was a weak trend among the CPA3 high mast cells to have higher expression of Annexin-1, a phospholipid-binding protein with potent anti-inflammatory properties that in mast cells negatively regulates pro-inflammatory actions (57, 58). While these observations serve as good example of the complex and multifaceted pro- and anti-inflammatory roles of mast cells, further studies are needed to explore how these results compare to broader mast cell pools, including MCs from diseased lungs.

In summary, this study has demonstrated that lung tissue mast cell populations in COPD and IPF-affected lungs have spatially complex and markedly upregulated CPA3 expression profiles that correlate with sites of structural pathologies. Given the assumed roles of CPA3 in regulating tissue homeostasis, remodeling, and inflammation, finding out what impact elevated lung CPA3 has on clinical outcomes emerges as an important field for future research.
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Mast cells (MCs) are inflammatory cells involved in allergic reactions. Crosslinking of the high-affinity receptor for IgE (FcϵRI) with multivalent antigens (Ags) induces secretory responses to release various inflammatory mediators. These responses are largely mediated by soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs). Vesicle-associated membrane protein 3 (VAMP3) is a vesicular-SNARE that interacts with targeted SNARE counterparts, driving the fusion of MC secretory granules with the membrane and affecting subsequent assembly of the plasma membrane. However, the role of VAMP3 in FcϵRI-mediated MC function remains unclear. In this study, we comprehensively examined the role of VAMP3 and the molecular mechanisms underlying VAMP3-mediated MC function upon FcϵRI activation. VAMP3 shRNA transduction considerably decreased VAMP3 expression compared with non-target shRNA-transduced (NT) cells. VAMP3 knockdown (KD) cells were sensitized with an anti-DNP IgE antibody and subsequently stimulated with Ag. The VAMP3 KD cells showed decreased degranulation response upon Ag stimulation. Next, we observed intracellular granule formation using CD63-GFP fluorescence. The VAMP3 KD cells were considerably impaired in their capacity to increase the size of granules when compared to NT cells, suggesting that VAMP3 mediates granule fusion and therefore promotes granule exocytosis in MCs. Analysis of FcϵRI-mediated activation of signaling events (FcϵRI, Lyn, Syk, and intracellular Ca2+ response) revealed that signaling molecule activation was enhanced in VAMP3 KD cells. We also found that FcϵRI expression on the cell surface decreased considerably in VAMP3 KD cells, although the amount of total protein did not vary. VAMP3 KD cells also showed dysregulation of plasma membrane homeostasis, such as endocytosis and lipid raft formation. The difference in the plasma membrane environment in VAMP3 KD cells might affect FcϵRI membrane dynamics and the subsequent signalosome formation. Furthermore, IgE/Ag-mediated secretion of TNF-α and IL-6 is oppositely regulated in the absence of VAMP3, which appears to be attributed to both the activation of FcϵRI and defects in VAMP3-mediated membrane fusion. Taken together, these results suggest that enhanced FcϵRI-mediated signal transduction in VAMP3 KD cells occurs due to the disruption of plasma membrane homeostasis. Hence, a multifunctional regulation of VAMP3 is involved in complex secretory responses in MCs.
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Introduction

Mast cells (MCs) possess specialized secretory granules, which fuse with the plasma membrane upon immunoglobulin E-receptor (IgE-FcϵRI) stimulation with multivalent antigens (Ags), thereby releasing inflammatory mediators (1). During the exocytotic process (e.g., degranulation), secretory granules fuse with each other prior to contact with the plasma membrane. A family of membrane fusion proteins called soluble N-ethyl-maleimide-sensitive factor attachment protein receptors (SNAREs), which are present on both the granule and the plasma membrane, can drive granule secretion by mediating either granule-to-plasma membrane fusion or granule-to-granule fusion (2). This also affects subsequent membrane assembly and remodeling processes. Thus, MC degranulation and retrieval are largely mediated by SNARE proteins (3, 4).

Vesicle-associated membrane protein 3 (VAMP3) is a ubiquitously expressed vesicular-SNARE that interacts with its targeted SNARE counterparts, such as syntaxin homologs 4 or 13 and soluble N-ethylmaleimide-sensitive fusion protein 23 (SNAP23), leading to vesicle fusion and exocytosis (5, 6). In human synovial sarcoma cells, which are synoviocyte models for extensive studies of rheumatoid arthritis and produce inflammatory cytokines (7), VAMP3 and SNAP23 contribute to the IL-1β-induced Ca2+-dependent secretion of inflammatory cytokines (8). Boddul et al. have demonstrated that VAMP3 and SNAP23, but not syntaxin homologs 2, 3, or 4, are involved in the exocytosis of cytokines in inflamed synoviocytes, highlighting the functional importance of VAMP3 and SNAP23 in the exocytosis pathway of inflammatory cytokines (8). In addition, VAMP3, which is present in professional phagocytes such as macrophages, is also associated with the membrane trafficking pathway linking cytokine secretion and phagocytosis of pathogens (9). This association may economize membrane transport and augment the immune response through the delivery of cytokine from the Golgi to the recycling endosome, where VAMP3 is described as a reliable marker of recycling endosomes (9, 10), which would be further discussed in the discussion section. Therefore, VAMP3 and its partner SNAREs are involved in both exocytosis and endosomal recycling. However, these effects are likely to be observed mainly in inflamed tissue models and phagocytes in macrophages (11, 12). Whether it also operates in MCs, particularly the mechanism by which VAMP3 functions in Ag-bound IgE and FcϵRI-mediated activation, which is a typical allergic response triggered by MCs, has not been fully elucidated.

Secretory granules in a wide range of hematopoietic cells, including MCs, contain a variety of biologically active inflammatory mediators, such as histamine, proteases, cytokines, and leukotrienes. These mediators are recognized to be differentially packed in different types of secretory granules, and SNAREs are strongly associated with the secretion of distinct granules (1, 13). For example, in the context of the mobilization of human neutrophil granules, which is critical for the innate immune response, Mollinedo et al. reported that specific and tertiary granules that are readily exocytosed upon cell activation contained VAMP1, VAMP2, and SNAP23, whereas azurophilic granules that are mainly mobilized to the phagosome were enriched in VAMP1 and VAMP7. Syntaxin4 in the plasma membrane was indicated to mediate the secretion of both specific/tertiary and azurophilic granules. They performed ultrastructural, co-immunoprecipitation, and functional assays and suggested that at least two SNARE complexes, made up of syntaxin4/SNAP23/VAMP1 and syntaxin4/SNAP23/VAMP2, are involved in the exocytosis of specific and tertiary granules, whereas interactions between syntaxin4 and VAMP1/VAMP7 are involved in the exocytosis of azurophilic granules (14). Furthermore, Puri et al. found that deletion of VAMP8 in MCs profoundly inhibited FcϵRI-mediated exocytosis of serotonin and cathepsin D, but had no effect on either histamine or TNF-α release (1). Therefore, although it has been suggested that functionally distinct secretory granule subsets whose function is regulated by different SNARE proteins exist in MCs, considerable uncertainty remains regarding the precise characterization and fusion of each distinct granule subtype and SNARE involvement (1, 15).

Elucidating the characteristic features of SNAREs, including VAMP3, may contribute to understanding the molecular mechanisms underlying MC activation and mediator secretion in response to Ag. Herein, we comprehensively studied the role of VAMP3 in MCs using the VAMP3 knockdown approach in RBL-2H3 cells, a model for MC IgE-mediated responses.



Materials and methods


Cell culture

RBL-2H3 cells were cultured in RPMI 1640 (Nacalai Tesque, Tokyo, Japan) supplemented with 10% FBS, 2 mM L-glutamine, penicillin (100 IU/ml), and streptomycin (100 IU/ml) at 37°C in a humidified 5% CO2 atmosphere. Cells were sensitized with anti-DNP IgE (1 μg/ml) and stimulated with DNP-HSA (50 ng/ml; Sigma-Aldrich, St Louis, MO, USA). The β-hexosaminidase release assay was performed according to an established method (16). Briefly, the collected supernatant was incubated with p-nitrophenyl-N-acetyl-β-D-glucosaminide (2 mM) dissolved in 0.1 M citrate buffer (pH 4.5) for 1 h at 37°C. 0.1 M carbonate buffer (pH 10) was then added to the reaction wells to stop the reaction and develop color. Colorimetric measurements were performed at a wavelength of 405 nm using the Tecan Infinite F50 microplate reader (Tecan, Mannedorf, Switzerland).



Lentivirus infection

Clones of RBL-2H3 cells with stable knockdown of VAMP3 expression were generated using a commercial lentiviral system for the introduction of short hairpin RNAs (shRNAs; Sigma, St. Louis, MO, USA). Sigma Mission non-target shRNA (SHC002) was used to generate the control cell line, and shRNA TRCN0000110516 was used to knockdown VAMP3 expression. Lentiviral particles were added to RBL-2H3 cells for 1 week, and the cells were subsequently cultured in medium containing 1.5 μg/ml puromycin. CD63-GFP and RFP-VAMP3 were transiently transfected by electroporation (CUY21EditII, BEX, Tokyo, Japan) using the pTagGFP2-N and pTagRFP-C vectors. Fluorescent images were obtained using a confocal laser-scanning microscope (LSM710, Carl Zeiss, Oberkochen, Germany). The primer sets used for the construction of GFP-tagged CD63 and RFP-tagged VAMP3 are listed in Supplementary Table 1. Details of the plasmid construction are described in the Supplementary Experimental Procedures.



Immunoblotting

Cells were harvested and lysed in lysis buffer containing protease inhibitors and centrifuged at 14,000 × g for 10 min. The supernatants were mixed with SDS loading buffer followed by heating at 95°C for 5 min and subjected to SDS-PAGE. Membranes were blocked with blocking buffer (BlockPRO Protein-Free Blocking Buffer, Visual Protein Biotechnology Corporation, Taipei, Taiwan) and Western blotting was performed using anti-phospho-FcϵRIγ (Y47, clone: γ-pY47) which was produced as previously described (17) and provided as a kind gift from Dr. Juan Rivera from the US National Institutes of Health, anti-phospho Lyn (Y396), anti-phospho Syk (Y519 and Y520), anti-phospho LAT (Y191), anti-phospho Akt (T308), anti-phospho Erk1/2 (T202 and Y204), anti-phospho p38 (T180 and Y182), anti-VAMP3 (clone: N-12, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-FcϵRβ (clone: JRK), which was a kind gift from Dr. Juan Rivera from the US National Institutes of Health (18), and anti-β-actin (MBL, Nagoya, Japan), followed by staining with the appropriate secondary antibodies. For the immunoprecipitation of FcϵRI, supernatants were incubated with goat anti-mouse IgE (Southern Biotech, Birmingham, AL, USA) for 1 h at 4°C followed by incubation with protein A-Sepharose beads (GE Healthcare, Chicago, IL, USA) for 1 h at 4°C. Beads were washed two times with lysis buffer and boiled in SDS sample buffer at a non-reducing condition for 5 min. Images were scanned using Odyssey (LiCOR Biosciences, Lincoln, NE, USA). Band intensity was measured using ImageJ software (NIH Image, Bethesda, MD, USA). Each band intensity was normalized to that of the internal control, and the data are presented as a relative fold change. None of the images shown were modified using nonlinear adjustments.



Immunostaining

Anti-VAMP3 (Proteintech, Chicago, IL) followed by appropriate secondary antibodies, FITC-labeled anti-TNFα (BioLegend, San Diego, CA), and APC-labeled anti-IL-6 (BioLegend, San Diego, CA) were used for immunocytochemistry. The cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 prior to staining. Fluorescent images were obtained by confocal laser scanning microscopy (CLSM; LSM 710 Carl Zeiss, Oberkochen, Germany). Anti-FcϵRIα (Merck Millipore, Temecula, CA, USA) followed by the appropriate secondary antibody and FITC-labeled anti-IgE (BD Biosciences, San Jose, CA) were used for fixed and unpermeabilized cells. Flow cytometry was performed on a FACSVerse flow cytometer (BD Biosciences, San Jose, CA). The fluorescence intensity was analyzed using ImageJ software (NIH Image) and MIPAV software (NIH Image). None of the images shown were modified using nonlinear adjustments.



Flow cytometry

The stimulated cells were fixed with 4% paraformaldehyde. Anti-IgE-fluorescein isothiocyanate (FITC, BD Biosciences) was used for labeling the fixed/non-permeabilized cells. Flow cytometry was then performed on a FACSVerse flow cytometer (BD Biosciences).



Intracellular Ca2+ measurements

IgE-loaded cells were incubated with 2 μM Fluo-4 acetoxymethyl ester (AM, Dojindo Laboratories, Kumamoto, Japan) and 10 μM Fura Red AM (Invitrogen, Carlsbad, CA, USA) for 30 min. The cells were then washed and resuspended in Tyrode’s buffer (1.8 mM CaCl2). An LSM710 CLSM was used for ratiometric measurements with 488 nm wavelength light from an Ar laser. The fluorescence of Fluo-4 and Fura Red was detected using a bandpass filter (505–530 nm) and a longpass filter (>560 nm), respectively. Calcium responses were calculated as the ratio of Fluo-4 to Fura Red, normalized as a fold increase relative to the signal in unstimulated cells. Fluorescence images were collected every 5 s, and fluorescence intensity was quantified using LSM 710 software.



Quantitative RT-PCR

The cells were lysed using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized using an RT Reagent Kit (Toyobo, Osaka, Japan). Real-time RT-PCR was performed using SYBR Green Master Mix (Luna Universal qPCR master mix, New England BioLabs, Ipswich, MA, USA) and analyzed using the MX3005P qPCR System (Stratagene, La Jolla, CA, USA). Gene expression was normalized to the internal control GAPDH gene, and the results were expressed as fold stimulation over control. Primer sequences used are listed in Supplemental Table 2.



Enzyme-linked immunosorbent assay (ELISA)

The cell supernatants were collected after 3 h (TNF-α) and 9 h (IL-6) of stimulation with DNP-HSA. The release of TNF-α and IL-6 was determined using an ELISA kit (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions. Briefly, supernatants of the samples were placed into 96-well plates coated with anti-rat TNF-α or anti-rat IL-6 antibodies after blocking the Assay Diluent buffer. The plates were washed five times and biotinylated detection antibodies and streptavidin-HRP were added. This was followed by recording the absorbance (optical density (OD)) using a microplate reader.



Statistical analysis

Statistical significance was assessed using GraphPad Prism, version 7.0d (GraphPad Software, San Diego, CA, USA). Statistical differences were determined using Student’s t-test (between two groups), one-way analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s multiple-comparison test as appropriate (for comparing multiple groups or time-dependent changes), or two-way ANOVA (for curves). Statistical significance was set at p < 0.05.




Results


VAMP3 is involved in the granule-to-granule membrane fusion in IgE/Ag-activated MC

To explore the role of VAMP3 in MCs, MC functions were analyzed in VAMP3 knockdown (KD) cells in response to Ag stimulation. VAMP3 knockdown (KD) in MCs was performed using shRNA transfection. The VAMP3 KD cells showed a significant decrease in VAMP3 expression at both the mRNA and protein levels (Figures 1A, B). Additionally, we analyzed the off-target effects in VAMP3 KD cells; the expression levels of VAMP7, which is a SNARE family member and has an important function in MC secretory response (19), were not altered in VAMP3 KD cells when compared to that in NT cells (Supplementary Figure 1). The MC degranulation response following Ag stimulation was analyzed by measuring the granule enzyme β-hexosaminidase, which is commonly used as a biomarker of MC degranulation. A time-dependent increase for the β-hexosaminidase secretion, which peaked at 30–60 min following Ag stimulation has previously been reported; therefore, the secretion of preformed mediator is generally assessed within 30–60 min of Ag stimulation (20). Herein, the degranulation response was significantly attenuated in VAMP3 KD cells compared to that in non-targeted shRNA (NT) transduced cells at 30 min after Ag stimulation (Figure 1C). However, when we observed the degranulation response 180 min after Ag stimulation, there were no significant differences between NT and VAMP3 KD cells (Figure 1C). There was a gradual increase in the Ag-induced β-hexosaminidase release in VAMP3 KD cells compared to that in NT cells, which represented a rapid sigmoidal increase. These findings indicate that while VAMP3 indeed contributes to the Ag induced rapid secretion of β-hexosaminidase, certain compensatory or redundant mechanisms appear to be operating at the later time point of the secretion in MC, consistent with previous reports (4, 21). The β-hexosaminidase release in the VAMP3-rescued VAMP3 KD cells was not restored, since the transient expression of VAMP3 in VAMP3 KD cells is limited to a certain population by its low transfection efficiency. Although whole cell population analysis for the β-hexosaminidase release assay was insufficient to estimate the restoration of VAMP3 in our experimental setting, microscopic observation or FACS analysis at single cell levels enabled the analysis of the VAMP3 KD phenotype rescue. To further explore the role of VAMP3 in MC degranulation, we explored granule fusion in VAMP3 KD cells by monitoring the secretory granule marker CD63, which demonstrated that VAMP3 deficiency did not increase granule size, even after Ag stimulation, and this was rescued by the ectopic expression of RFP-VAMP3 positive granules (Figure 2A). In the gain of function experiments, FcϵRI surface expression was restored in VAMP3-rescued VAMP3 KD cells (Supplementary Figure 2). Furthermore, we assessed the size of secretory granules expressing VAMP3 in wild-type RBL-2H3 cells by immunostaining with an anti-VAMP3 antibody. As shown in Figure 2B, the size of the VAMP3 positive compartment showed a significant increase 30 min after Ag stimulation, indicating that VAMP3-mediated granule-to-granule fusion occurred during MC degranulation. This increase in size was no longer observed 180 min after Ag stimulation, and the granule size returned to the prestimulation level (Figure 2B). These observations indicate that VAMP3 mediates Ag-induced granule-to-granule fusion during degranulation, thereby contributing to robust degranulation responses in MCs.




Figure 1 | VAMP 3 knockdown attenuates β-hexosaminidase release in response to Ag VAMP3-stable KD RBL-2H3 cells were stimulated with IgE/Ag (50 ng/ml). (A) VAMP3 expression was analyzed using RT-PCR. (B) Expression of VAMP3 protein was confirmed using western blotting. The bar graph shows band density normalized to the loading control and compared to that of NT cells. (C) Released β-hexosaminidase was measured in the supernatant and represented as a percentage of total β-hexosaminidase in the cells. NT: control knockdown with a non-targeting shRNA plasmid. Ag: antigen. Data are presented as the mean ± standard error. n = 3 independent experiments (A–C). *p<0.05, ***p<0.001; ns, not significant.






Figure 2 | VAMP3 mediates granule-to-granule fusions during granule exocytosis VAMP3-mediated granule-to-granule fusion was analyzed using confocal laser scanning microscopy. (A) Cultured cells were transfected with GFP-tagged CD63 and/or RFP-tagged VAMP3 and stimulated with Ag (50 ng/ml) for 30 min. Bar graphs show size distribution of the CD63 positive granule; representative images are shown from three independent experiments (magnification ×63, scale bar = 20 μm). Dot plot represents the average size of granules in all analyzed events (granules) counted from 47–236 granules from 3–5 cells/sample from 3 independent experiments. (B) IgE/Ag stimulated RBL-2H3 cells were stained for VAMP3. Green indicates Alexa 488-stained VAMP3. Bar graphs represent size distribution of the VAMP3 positive granule analyzed; representative images are shown from three independent experiments (magnification ×63, scale bar = 10 μm). Dot plot represents the average size of granules in all analyzed events (granules) counted from 101–235 granules from 3–5 cells/sample from three independent experiments. NT: control knockdown with a non-targeting shRNA plasmid. Ag: antigen. ***p<0.001.





VAMP3-deficiency enhances IgE/Ag-induced MC signaling

SNAREs are responsible not only for the exocytotic granule-to-plasma membrane and granule-to-granule fusion, but also contribute to endocytic membrane recycling (12, 22). Thus, VAMP3 KD cells have been hypothesized to be related to the deficiency of plasma membrane assembly. The Lucifer Yellow uptake experiment, which measures endocytosis of Lucifer Yellow dye, clearly demonstrated a dysfunction in endocytosis in VAMP3 KD cells (Supplementary Figure 3). This loss of plasma membrane homeostasis is thought to be reflected by altered FcϵRI receptor function in response to exogenous Ag. FcϵRI receptor consists of heterotetramer αβγ2-chains, and in response to Ag, Lyn kinase phosphorylates the ITAMs of FcϵRIβ (βITAM) and FcϵRIγ (γITAM), which initiates a complex signaling cascade involving a series of membrane-associated and cytoplasmic signaling molecules (23, 24). As shown in Figure 3A, FcϵRI in MCs was precipitated with an anti-IgE antibody and subjected to immunoblot analysis. Tyrosine phosphorylation of ITAM in the FcϵRIβ- and γ-signaling subunits was detected with the anti-phosphotyrosine antibody (clone 4G10), as represented in the left panel in Figure 3A; the phosphorylated Y47 site of ITAM within FcϵRIγ is represented in the right panel. The antibody γ-pY47 allows the detection of the phosphorylated γ-chain ITAM Y47. The amount of FcϵRI β chain used as loading control was detected using anti-FcϵRIβ antibody (clone JRK). Tyrosine phosphorylation in both βITAM and γITAM was significantly enhanced in VAMP3 KD cells (Figure 3A). Consistently, subsequent FcϵRI signaling molecules including Lyn, Syk, LAT, and ERK1/2 were also significantly activated in the VAMP3 KD cells compared to that in NT cells (Figure 3B). The average Akt and p38 phosphorylation band densities were higher in VAMP3 KD cells compared to that observed in NT cells at the peak time point of phosphorylation. Furthermore, intracellular signaling with Ca2+ as a second messenger is important for MC activation, and we observed an upregulation in cellular Ca2+ signal propagation following Ag stimulation. VAMP3 KD cells showed a significant and sustained upregulation of Ca2+ signaling throughout the observation period (Figure 3C).




Figure 3 | FcϵRI phosphorylation is upregulated following Ag stimulation FcϵRI signaling following Ag stimulation (50 ng/ml) was analyzed, which resulted in enhanced VAMP3 KD. (A) FcϵRI was precipitated and analyzed by immunoblotting with antibodies specific for tyrosine-phosphorylated proteins (4G10, left panel) and phosphorylated ITAMs of FcϵRIγ (right panel). Expression of β-chain was measured as an internal loading control by re-blotting the membranes with anti-β chain antibody JRK. (B) A series of protein phosphorylation events triggered by FcϵRI crosslinking with the Ag was analyzed. (C) Calcium response. Each line represents the mean ± standard error of 51-69 single cells/group from 4 independent experiments. One representative blot of three independent experiments is shown. The band density normalized to that of unstimulated cells is shown below each band (A, B). The P values refer to the differences between two groups that were analyzed using the two-tailed Student’s t-test. NT: control knockdown with a non-targeting shRNA plasmid. Ag: antigen. *p<0.05, ***p<0.001.





VAMP3 regulates surface expression of FcϵRI and membrane homeostasis

The mechanism by which plasma membrane dysfunction caused by VAMP3 elimination led to enhanced FcϵRI activation remained unclear. To address this issue, we examined whether a quantitative and/or locational difference existed in FcϵRI between NT and VAMP3 KD cells. The total cellular expression of FcϵRI α, β, and γ chains did not differ between NT cells and VAMP3 KD cells at both the mRNA and protein levels (Figures 4A, B). Unexpectedly, the cell surface expression of FcϵRI showed a significant decrease in VAMP3 KD cells (Figure 4C), despite the cells displaying augmented FcϵRI signaling (Figure 3). In addition, FcϵRI clustering and subsequent internalization in response to IgE/Ag were observed (Figure 4D). The surface IgE-FcϵRI complex was monitored using FACS, which showed a slow rate of internalization of FcϵRI in VAMP3 KD cells for up to 5 min (Figure 4D). The slow rate of FcϵRI internalization in VAMP3 KD cells existed despite demonstrating augmented Ag-induced FcϵRI signaling (Figure 3). Given these contradicting results, we explored the total number of cellular lipid rafts in MCs. Using confocal laser scanning microscopy, a lipid raft marker ganglioside GM1 was detected with the cholera toxin subunit B. Results revealed an enhanced amount of the ganglioside GM1 in VAMP3 KD cells indicating a significant increase in the number of lipid rafts upon VAMP3 elimination (Supplementary Figure 4). Lipid raft enrichment in VAMP3 KD cells might be associated with the enhancement of FcϵRI phosphorylation following Ag stimulation as increase in GM1 ganglioside in the plasma membrane is responsible for regulating the activities of several membrane receptors (25, 26). Furthermore, lipid raft microdomains might contribute to FcϵRI clustering and its association with signaling molecules in the plasma membrane (27, 28). Based on these observations, we suggest that the enhanced activation of FcϵRI in VAMP3 KD cells might occur due to FcϵRI cluster formation in the lipid raft-modified membrane. Although further examination is required, these findings suggest a bifunctional role of VAMP3 in plasma membrane homeostasis and the subsequent activation of MCs.




Figure 4 | No FcϵRI upregulation was observed in cell surface expression or internalization The expression of each subunit of FcϵRI in VAMP3 KD cells was determined. (A) Gene expression was analyzed using quantitative RT-PCR. (B) Protein expression was analyzed using western blot analysis. (C) Cell surface expression levels of FcϵRIα that binds to the IgE Fc region were analyzed using flow cytometry in the cells at steady state. (D) Ag-induced time-dependent reduction in cell surface FcϵRI-bound IgE was analyzed using flow cytometry. A representative blot is shown for three independent experiments, and the band density normalized to that of unstimulated cells is shown below each band (B). Data are presented from three independent experiments. Three biological repeats were quantified in a single run of PCR in the qPCR analysis. NT: control knockdown with a non-targeting shRNA plasmid. Ag: antigen. gMFI: geometric mean fluorescence intensity. *p<0.05, ***p<0.001; ns, not significant.





VAMP3 differentially regulates secretory responses of heterogeneity granules

As discussed above, VAMP3 plays multifunctional roles in membrane homeostasis and signaling events in MCs. To further examine the consequences of VAMP3-mediated regulation of MC signaling, we assessed IgE/Ag-induced cytokine expression and secretion in MCs. IgE/Ag-induced degranulation, which is monitored by β-hexosaminidase release, was significantly attenuated at 30 min in VAMP3 KD cells. This might have occurred due to the granule-to-granule fusion in the degranulation responses. However, a series of FcϵRI signaling events following IgE/Ag stimulation was augmented in VAMP3 KD cells. To address the complex regulation of MC functions, we analyzed the mRNA expression of several inflammatory mediators and secretory responses in VAMP3 KD cells. The tested inflammatory cytokines appeared to be differentially regulated in the context of VAMP3 involvement. RT-PCR analysis of the Ag-stimulated cells revealed that the transcription levels of IL-6 were significantly upregulated in VAMP3 KD cells 3 h after Ag stimulation, whereas TNF-α did not show a marked difference (Figure 5A). In addition, IL-2 and IL-13, but not CCL2 and IL-4, were significantly upregulated in VAMP3 KD cells at the peak time point of the expression (Supplementary Figure 5). We further explored time-dependent changes of protein secretion levels of TNF-α and IL-6 following Ag stimulation. The cytokine secretion has been generally observed not only in case of preformed mediator secretion (granule stored), but also in case of the de novo synthesized mediators. As shown in Figure 5B, there was a considerably high and sustained secretion of IL-6 up to 9 h following Ag stimulation in VAMP3 KD cells. In contrast, no significant increases were observed in TNF-α in VAMP3 KD cells. VAMP3 elimination attenuated Ag-induced TNF-α secretion from MCs, which is consistent with the results of the β-hexosaminidase release assay (Figure 1C), whereas IL-6 secretion was significantly enhanced in the VAMP3 KD cells (Figure 5B). To investigate the cause of differences in secretory response, we evaluated the distribution of TNF-α and IL-6 in MC granules and found that they exhibited differential distribution (Figure 5C). These data suggest that each granule contains a specific cytokine. The upregulated transcription and extracellular secretion of IL-6 in VAMP3 KD cells appear to be attributed to the enhancement of FcϵRI signal transduction as shown in Figure 3, whereas the deficiency of membrane fusion in certain granules and the plasma membrane contributed to the attenuation of robust secretory responses (i.e., β-hexosaminidase, TNF-α). Collectively, these data suggest that a multifunctional regulation of VAMP3 is involved in the complex secretory responses of MCs.




Figure 5 | Ag-induced release of cytokines are differentially regulated by VAMP3 Ag stimulation (50 ng/ml)-induced cytokine expression and extracellular secretion were analyzed in the cells. (A) Time-dependent expression of TNF-α and IL-6 following Ag stimulation were compared to NT cells and VAMP3 KD cells. (B) Time-dependent secretion of TNF-α and IL-6 following Ag stimulation were analyzed. The supernatant of each cell type was subjected to ELISA. The qPCR data are presented from three to five independent experiments; three to five independent runs of PCR were performed. (C) Intracellular localization of TNF-α and IL-6 were analyzed using confocal microscopy. The large panels show transmitted light image (DIC) and merge image of TNF-α (green) and IL-6 (red) signals. The small panels (a, b) are magnified images of the area within the white square in the large panels. Representative images (magnification ×63, scale bar = 10 μm) and line profiles of fluorescence intensity were obtained from three independent experiments. Time-dependent differences were statistically validated using one-way ANOVA followed by multi-group comparisons. Differences between two groups were analyzed using the two-tailed Student’s t-test. NT: control knockdown with a non-targeting shRNA plasmid. Ag: antigen. *p<0.05, **p<0.01, ***p<0.001; ns, not significant.






Discussion

We demonstrated that VAMP3 is involved in both IgE/Ag-triggered granule exocytotic process and plasma membrane endocytic mechanism in MCs. VAMP3-mediated granule-to-granule fusion appears to be limited to a distinct granule population, which indicates that VAMP3 could contribute to the heterogeneity of secretory responses in MCs.

VAMP3 KD cells showed a markedly decreased in degranulation responses at 30 min, but not at 180 min, as assessed by β-hexosaminidase release. β-hexosaminidase is a glycolytic enzyme that is commonly recognized as a major component of MC granules, and its secretion is widely used as a marker for MC degranulation triggered by IgE/Ag. For β-hexosaminidase secretion, a time- dependent increase has been reported, which peaked at 30–60 min following Ag stimulation (20); therefore, the secretion of preformed mediator is generally assessed within this time frame. Indeed, we found similar results, wherein VAMP3-mediated regulation of secretory responses was observed 30 min post Ag stimulation (Figure 1). Previous studies have demonstrated that a membrane receptor (an opioid receptor) was recycled within 90 min in an agonist-induced endocytosis in HEK293 cells (29). In MCs, the endocytic recycling under degranulation might be occurring in newly formed secretory granules within 180 min. In addition, Ag-induced enlargement of VAMP3 positive granules were restored to normal levels at 180 min post stimulation, which might be caused by the recycled and/or newly formed secretory granules. Therefore, VAMP3 appears to contribute to the degranulation responses in MCs by mediating granule-to-plasma membrane fusion as well as intracellular granule-to-granule fusion, as indicated in Figure 2. The rescue of VAMP3 KD phenotype expectedly restored the Ag-induced granule fusions; however, whether the Ag-induced β-hexosaminidase release was rescued by VAMP3 remains to be determined. This transient rescue established using shRNA may possibly be achievable in whole cell population.

The endogenous and exogenous VAMP3 could be downregulated by stably expressing the siRNA. Indeed, FACS analysis in Supplementary Figure 2 demonstrated lower GFP-VAMP3 expression efficacy in VAMP3 KD cells [VAMP3 KD (+VAMP3 GFP)] compared with GFP-transfected VAMP3 KD cells [VAMP3 KD (+GFP)]. In this study, we could exclude the possibility for off-target effects of VAMP7 and MC signaling molecules. Development of RNAi-resistant version of VAMP3 would further validate this. For the roles of VAMP3 on the MC signal transduction, the VAMP3 KD cells displayed enhanced susceptibility to exogenous Ag exposure by which the FcϵRI signal events including activation of Src family kinases Lyn, and other critical molecules and messengers (i.e., Syk, LAT1, Akt, MAPKs, Ca2+) were significantly upregulated. Crosslinking of FcϵRI with multivalent Ag initiates a series of cellular biochemical events leading to activation, which comprises the rapid release of granule-stored mediators and delays the secretion of de novo-synthesized mediators. These processes are coordinated by a complex cascade of signaling events involving the activation and recruitment of signaling molecules and scaffolding proteins in each step (30). Thus, an increase in FcϵRI signaling is a relevant feature of the MC allergic response to Ag stimulation. In VAMP3 KD cells, however, the enhanced FcϵRI signals did not reflect the major degranulation response monitored by β-hexosaminidase release. This complicated observation, illustrated in Figures 1–3, prompted us to identify the multifunctional roles of VAMP3 in MC activation and secretion. Indeed, VAMP3 has several distinct roles in secretory proteins, exocytic/endocytic pathways, trafficking, and processing of membranes, as described above (8–10). Specifically, the functions of VAMP3 have been well investigated in macrophage phagocytes. VAMP3 mediates TNF-α secretion in macrophages in which VAMP3 delivers cytokine-positive granules to the cell surface at the site of phagocytic cup formation (9). Granular fusion in forming of the phagocytic cup simultaneously allows the rapid release of TNF-α and expands the membrane for phagocytosis (9). Likewise, VAMP3 function has been known to be required for the efficient phagocytosis of yeast (31, 32). These important SNARE complexes in macrophages also have been found to facilitate cell adhesion, spreading, and persistent cell migration on fibronectin through the delivery of VAMP3-positive membrane with its cargo, to expand the plasma membrane and participate in organizing a specialized adhesive structure called podosome, which plays an important role in macrophage migration (33, 34). Therefore, the role of VAMP3 in MCs is thought to be associated with both membrane endosome process and exocytotic granule release.

In this study, the cellular uptake of Lucifer Yellow dye, which is used to monitor endocytosis, demonstrated significant reduction in the level of endocytosis in VAMP3 KD cells compared to that in NT cells. This observation appears to be consistent with previous studies reporting the involvement of VAMP7 in mediating vesicular transport within the endosomal pathway. VAMP7 plays a role in early endosome to lysosome vesicular trafficking (35). A study using immunoelectron microscopy analysis showed that VAMP7 is primarily concentrated in the trans-Golgi network region of the cells, as well as in late endosomes and transport vesicles that do not contain the mannose-6 phosphate receptor, which is responsible in mediating the transport of newly synthesized lysosomal enzymes to endosomes (35). More recently, Tang BL reported that in autophagy, sytaxin16 and VAMP7 could be involved in the regulation of autophagosome formation and subsequent lysosomal fusion (36). Moreover, syntaxin17 phosphorylation regulates the initiation of autophagy (36, 37). Given these observations and our findings in the present study, further investigations of cell surface FcϵRI receptor expression and its functions in the context of internalization were conducted, revealing a significant reduction in MC surface FcϵRI in VAMP3 KD cells. Remarkably, in NT cells, FcϵRI internalization occurred immediately after Ag stimulation; however, in VAMP3 KD cells, FcϵRI internalization showed a significantly slower rate. Ag binding to IgE-bound FcϵRI causes cross-linking of IgE–FcϵRI complexes. FcϵRI dynamics on the plasma membrane determine FcϵRI-mediated signal transduction (38). FcϵRI behavior in the plasma membrane of MCs has been suggested to correlate with FcϵRI signal initiation (39, 40). According to these observations, the slower rate of IgE-FcϵRI internalization observed in VAMP3 KD cells suggest that the IgE-FcϵRI complex remained on the cell surface in VAMP3 KD cells longer compared to that in NT cells and/or altered its aggregation behavior to a certain degree in VAMP3 KD cells, and this was associated with the enhanced phosphorylation of FcϵRI in response to Ag.

To further examine the mechanism underlying the induction of FcϵRI activation and subsequent signaling upon VAMP3 elimination, we analyzed lipid raft formation in MCs and observed a considerable increase in the lipid raft domain in VAMP3 KD cells. Lipid rafts are ordered regions of the plasma membrane that are enriched in cholesterol and glycosphingolipids, which play important roles in receptor-mediated signaling (41, 42). Thus, the integrity of lipid rafts significantly impacts cell surface receptor stabilization and is associated with signaling molecules in the membrane. Indeed, in MCs, lipid rafts are crucial for FcϵRI function and actin cytoskeleton reorganization (43, 44). Furthermore, lipid raft stability is known to be capable of enhancing FcϵRI signaling, possibly by suppressing phosphatase activity, where the lipid raft submembrane location is critical to phosphatase-mediated regulation of Lyn kinase activity that supports activation of FcϵRI (28). A more recent study showed that lipid rafts form transient proteins that are protected while in a raft and are subject to dephosphorylation when the raft breaks up; such proteins are found in the non-raft region of the membrane (27, 45). Based on these observations, our findings suggest that the enhancement of lipid rafts in VAMP3 KD cells is likely to be associated with an increase in FcϵRI phosphorylation. Even with the significant decrease in surface expression of FcϵRI in VAMP3 KD cells, the modified plasma membrane potential in relation to raft integrity is thought to affect FcϵRI signal transduction under Ag stimulation, resulting in enhanced distal gene transcription. Although further studies on the coalesced lipid raft domain and the efficacy of FcϵRI signal transduction are required, the enhanced FcϵRI signaling observed in VAMP3 KD cells could be attributed to the modulated plasma membrane caused by the absence of VAMP3.

MCs contain a variety of inflammatory mediators (e.g., histamine, cytokines, and chemokines) that can be released via exocytosis (e.g., degranulation) after activation. Inflammatory cytokines such as TNF-α and IL-6 are considered important contributors to MCs. Trafficking granules in MCs also intersect with endocytic routes to form specialized cytoplasmic granules called secretory lysosomes (46). Some mediators, such as histamine, reach granules via specific vesicular monoamine transporters directly from the cytoplasm [reviewed in (46)]. The comprehensive review summarizes the available data on granule biogenesis and signaling events that coordinate the complex steps leading to the release of inflammatory mediators from various vesicular carriers in MCs (46). The endocytic recycling under degranulation (i.e., β-hexosaminidase secretion) might be occurring in newly formed secretory granules within 180 min. For cytokine secretion, this has been generally observed not only in case of preformed mediator secretion (granule stored), but also in case of de novo synthesized mediators (47). In this study, detailed analysis of cytokine production and release up to 9 h following stimulation with Ag was performed. Results for the transcription and secretion levels of each cytokine for the selected differential time-courses indicated significantly slower transcriptional regulation of IL-6 compared to that of TNF-α (Figure 5). Furthermore, it has been suggested that inflammatory cytokines are differentially packaged in distinct secretory granules in macrophages (10). Manderson et al. showed that in macrophages, newly synthesized IL-6 accumulates in the Golgi complex and exits through the tubulovesicular carriers that deliver cargo proteins to the plasma membrane either as the sole labeled cargo or together with TNF-α, utilizing specific SNAREs to fuse with the recycling endosomes. Manderson et al. also demonstrated that there is compartmentalization of the cargo proteins within the recycling endosomes, wherein IL-6 is dynamically segregated from TNF-α and surface recycling transferrin (10). Thereafter, these cytokines are independently secreted, with TNF-α being delivered to phagocytic cups, but not IL-6. Therefore, they concluded that the recycling endosome plays a central role in orchestrating the differential secretion of cytokines during inflammation (10, 46). In MCs, however, precise mechanisms regarding the differential regulation of secretory responses have not been fully elucidated, especially in the context of SNARE involvement. A previous report on the function of VAMPs in MCs demonstrated that VAMP3 colocalizes with TNF-α (48). In our observations, microscopic images showed that IL-6 and TNF-α were distributed in distinct granules in MCs. Therefore, combined with the previous report and our findings, there are distinct granules packaging TNF-α and IL-6. VAMP3 mediated granule to granule fusion appears to be involved in Ag-induced secretion of TNF-α, but not IL-6, as shown in Figure 5. In addition, our RT-PCR analysis of several inflammatory cytokines also indicated differential regulation depending on VAMP3 expression; therefore, there might be a more complicated secretory regulation of cytokines in MCs in the context of SNARE distribution.

While this study indicated the multifunctional regulation of VAMP3 in MCs, there seem to be important limitations in the FcϵRI behavior (e.g., formation of FcϵRI clusters, interaction with lipid rafts) in Ag-stimulated MCs, which may explain the enhancement of FcϵRI signaling in VAMP3 KD cells. In addition, whether VAMP3 is involved in FcϵRI transport to the plasma membrane and the FcϵRI recycling pathway remains to be seen. Further investigation into this problem may facilitate a deeper understanding of the role of VAMP3 in allergic responses to MC. Additionally, compensation mechanisms involving SNAREs are also involved in SNARE-mediated secretion of inflammatory mediators in MCs, which might lead to complex secretory responses. This study also showed that the marked knockdown of VAMP3 did not result in the complete inhibition of β-hexosaminidase release (Figure 1). A study using VAMP8-deficient mice indicated that VAMP3-containing SNARE complexes were increased in MCs from VAMP8-deficient cells. In VAMP8-deficient MCs, constitutive vesicular trafficking is perturbed by increased SNARE complex formation between VAMP3 and SNAP23 (49). Thus, the orchestrated mechanisms of SNAREs may be responsible for FcϵRI-mediated secretory responses in MCs.

In conclusion, our study demonstrates the multifaceted role of VAMP3, which appear to be involved in the heterogeneity of MC secretory responses. The results of this study may provide a foundation for identifying novel therapeutic targets in the treatment of allergic reactions to MCs.
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Introduction

In mycosis fungoides (MF), the most common cutaneous T-cell lymphoma, itch is a frequent clinical symptom. Whether mast cells (MCs), eosinophils (Eos) or their mediators play a role in MF-associated itch or disease severity is controversially discussed. Here, we explored the role of MC and Eo numbers in the skin as well as blood levels of their mediators in disease severity and itch.



Methods

In 10 patients with MF and 10 matched control subjects we assessed disease severity, itch, and quality of life impairment using dedicated tools such as the mSWAT, ItchyQoL and DLQI. We analyzed skin biopsies and measured serum levels of tryptase, a mast cell mediator, as well as of the eosinophil products eosinophil cationic protein (ECP) and major basic protein (MBP).



Results

The presence of chronic itch, in four of 10 patients, was associated with significantly higher disease severity (mSwat), larger body surface area affected, and stronger QoL impairment (Itchy-Qol, DLQI). Serum levels of tryptase, but not ECP and MBP, were linked with patient-reported disease severity, body surface area affected, and the presence of itch. Three of the four patients with chronic itch, but none of the six patients without, had tryptase levels above >6µg/l. Numbers of MCs in the papillary dermis were higher in MF skin lesions then in non-lesional skin of MF patients and skin of healthy controls.



Discussion

The MC-mediator tryptase, in MF, is linked to disease activity and impact, most prominently to itch. Our findings call for larger studies that explore the role of MCs, tryptase and other MC mediators as drivers of itch and their role in MF pathogenesis.
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Introduction

Mycosis fungoides (MF) is the most common form of cutaneous T-cell lymphoma (CTCL). MF is caused by the uncontrolled growth of atypical T-cells, usually CD4+ T-lymphocytes, and associated inflammation in the epidermis. MF most commonly occurs between 50–70 years of age (1), but can affect people of any age. Neoplastic cells in MF typically express CLA and CCR4, exhibiting the phenotype of skin-homing CD4+ T cells (2). The disease can progress through several stages and is characterized by a skin rash, eczematous lesions and often pruritus (1, 3, 4). In the later stages, intradermal tumors can develop, which may spread into the peripheral blood, lymph nodes and other organs (4). In this stage of the disease, the prognosis is poor with a median survival of less than three years. Monitoring of the disease is crucial in the disease management of these patients. However, no readily assessable biomarkers for disease characterization and monitoring have been identified to date (5).

Itch can be a bothersome symptom and affects more than half of the patients with MF. Itch, in MF, is one of the main drivers of quality of life impairment in these patients (6–8). The exact mechanisms of itch induction in MF lesions are not understood. The degranulation of skin mast cells (MC) and subsequent release of histamine could account for pruritus via histamine 1 or 4 receptors. Both receptors are found on sensory skin nerves (9). H1 antihistamines are used for the treatment of pruritus in MF, but this treatment has limited effect (10). In a more recent publication, a role of eosinophils for the itch component in MF was proposed (11), but eosinophils have not been described as common infiltrating cells in early disease stages (12).

Mast cells in the skin, the gastrointestinal tract, and the airways (13, 14) are commonly recognized for their role in IgE-dependent and independent immune responses. MC numbers have been reported to be increased in several hematological and solid cancers (15, 16). Depending on the type of malignancy, MCs have been suggested to have pro-tumorigenic functions, protective effects, or serve as bystanders (17). For example, MCs have been linked to prostate, skin and pancreatic cancer progression (18–20), but have been reported to have protective, anti-tumorigenic effects in breast and lung cancer (21, 22). As for MF, earlier reports have shown that MC numbers are increased in skin lesions and linked to tumor stage and level of invasiveness, suggesting that MCs have a pro-tumorigenic role in MF (10, 15, 16). In support of this notion, MC-deficient mice showed markedly decreased tumor growth in experimental cutaneous lymphoma (4).

The role and relevance of MCs in MF are ill characterized. Human skin MCs produce and release a comprehensive range of biologically active mediators (23). In addition, their activation can drive the recruitment of other proinflammatory cells including basophils, neutrophils and eosinophils (Eos). Changes in Eos numbers in the blood and skin have been linked to MF progression (12, 24, 25). The detection of MC and Eos activation in human skin is challenging, and serological markers have been established as surrogate markers for their activation. Tryptase is only produced by MCs and the most abundant secretory serine protease in MC granules. It is released constantly as well as upon MC activation and is used as a marker for MC numbers as well as MC activation (26). For Eos, blood levels of eosinophilic cationic protein (ECP) and major basic protein (MBP) are used as surrogate markers for cell numbers as well as activation.

Taken together, MC and Eos as well as their mediators appear to be linked to pathogenetic features and the course of MF. To address the gap of knowledge regarding their role on itch and disease severity, we explored the link of MCs, Eos and their activation products with MF disease severity, itch severity and quality of life impairment.



Materials and methods


Study participants

In this case-control study, patients with MF were recruited from the Department of Dermatology and Allergy, Charité - Universitätsmedizin Berlin between July 2017 and April 2018. We diagnosed CTCL according to the WHO-EORTC classification for cutaneous lymphomas (27). Patients were required to stop taking local or systemic steroids therapy for the previous two weeks before we performed the tests. We recorded a detailed medical history, took blood samples and biopsies from lesional and non-lesional skin. Supplementary Figure 1 shows a representative patient photo with characteristic skin lesions. We also recruited ten healthy subjects as a control group who underwent identical procedures (except lesional skin biopsy). Demographic and clinical characteristics of the MF patients and healthy controls are shown in Table 1. All 20 participants were skin type II or III according to the classification of Fitzpatrick (28).


Table 1 | Clinical characteristics of study participants.



The Ethics Committee of the Charité - Universitätsmedizin Berlin approved this study (EA4/124/10). The study is registered in the German Clinical Trials Registry (DRKS-ID: DRKS00004277). Presented data are from subcohorts of the trial “ROBERTIS”. Other subcohorts will be presented elsewhere.



Assessment of clinical parameters

We assessed patients’ global assessment of disease severity via a visual analogue scale (VAS) and a Likert scale (0–3). Physicians also assessed disease severity using a Likert scale (0–3). We evaluated the affected body surface area (BSA) using the patient’s palm as a rough reference point for 1%. We determined the skin tumor burden in patients with MF using the modified severity-weighted assessment tool (mSWAT) (29). The mSWAT score is calculated as the sum of affected BSA per body region multiplied by a lesion type-specific weighting factor, with higher values indicating more active disease (30).

Patient-reported outcome measures were applied: All patients assessed itch severity in the last 24 hours, the previous week, and the last month via a VAS, as well as itch-related quality of life (QoL) impairment with the help of the ItchyQol questionnaire (31, 32). Patients assessed their skin-related QoL impairment by using the Dermatological Life Quality Index (DLQI) (33).



Serological analyses

At a central laboratory (Labor Berlin GmbH, Berlin, Germany) the following blood parameters were assessed: differential blood count, total IgE serum levels, tryptase.

Eosinophil-related proteins were analyzed using the following ELISAs: Eosinophilic cationic protein (ECP; MyBioSource MBS700481, San Diego, California, USA) and major basic protein (MBP; MyBioSource MBS9308460). Determinations were performed according to the manufacturer’s instructions.



Histological analyses

For histological analyses, we took two skin-punch biopsies of 6 mm diameter in the study group (lesional and non-lesional) and one biopsy in the control group (only non-lesional). The non-lesional biopsy was taken approx. 6 cm away from the biopsy of the lesional skin. The proximity of both biopsies assures comparability of MC counts as MC numbers have been shown to vary in different parts of the body (34). After collection, tissue biopsies were immediately fixed in 5% buffered formalin overnight and subsequently embedded in paraffin wax as per routine protocol (Department of Pathology, Charité – Universitätsmedizin Berlin). The wax blocks were cut into 5‐μm sections and stained with Giemsa (Merck KG, Darmstadt, Germany) for histology. Supplementary Figure 2 shows exemplary stainings.

MCs and Eos were counted by two independent and blinded trained investigators in five or more horizontally adjacent high-power fields (× 400, 0.15 mm2) per skin layer, and mean cell numbers per horizontal layer were calculated. At least three and up to six skin layers were counted per skin sample.



Statistical Analyses

Datasets were small and hence tests for normal distribution (visually via QQ plot, computationally via Shapiro-Wilk test) missed normal distribution for most values. For descriptive statistics continuous variables were summarized using median and interquartile range as well as mean and standard deviation. Categorical variables are given as number and percentage. Continuous variables were compared using Wilcoxon rank test and categorical variables using Chi2 test. For sets of matched samples, the Wilcoxon signed rank test and for correlations the Spearman correlation was used. Any missing data was excluded for the respective statistical analysis. A p-value below 0.05 was considered statistically significant. All statistics were performed using RStudio Version 3.6.3 and stored in an encrypted Excel sheet on an internal Charité university hospital server. All analyses were exploratory in nature.




Results


Itch is more prevalent in patients with severe MF and drives quality of life impairment

In our analyzed patient cohort, four of 10 MF patients reported regular itching of their lesional skin. MF patients who presented with itch were more severely affected, with significantly higher disease severity scores in the mSwat (p=0.042) and a larger affected body surface area (BSA, p=0.014) compared to patients without itch (Table 2A).


Table 2A | Clinical characteristics of MF patients with and without itch.



In MF patients with itch, itch-related quality of life was significantly more impaired (Itchy-Qol), but also their overall quality of life impairment as assessed by general patient assessment (VAS, Likert) and DLQI (Table 2A), indicating a substantial higher disease burden in MF patients with concomitant itch.



MF is linked to higher numbers of skin mast cells, but not eosinophils

Mast cell (MC) counts in the papillary dermis of MF skin lesions and non-lesional skin were higher than in the skin of healthy controls (Figure 1), albeit not statistically significantly. Of note, two MF patients showed a 3-4 fold increase in MC numbers in lesional skin. No differences were seen in MC numbers in the lower parts of the dermis of lesional, non-lesional and healthy skin. Eosinophil numbers were very low in virtually all of skin samples, of MF patients and healthy controls (below 1 cell/HPF); only one MF patient displayed higher eosinophil numbers, i.e. cells/mm² (Supplementary Figure 2).




Figure 1 | Mast cell counts in the papillary dermis of healthy patients and patients with MF. MF, Mycosis fungoides.



MC and eosinophil numbers did not show significant correlations with any of the assessed clinical markers, like disease severity scores or quality of life scores (see Supplementary Table 1A). Of note, the two patients with highly increased MC numbers in lesional skin had lower total skin involvement (BSA of 1-2%) as compared to the other patients. The MF patient with the lowest MC count in lesional skin was among the patients with the highest BSA score (11%), resulting in a trend towards lower MC numbers as a marker for higher skin involvement in MF (but not disease stage).

When looking at the two subgroups of patients with and without itch, we saw comparable MC and eosinophil numbers in both groups (see Table 2B).


Table 2B | Histological and serological differences of MF patients with and without itch.





In MF, blood levels of tryptase, but not eosinophil mediators, are linked to disease activity, quality of life impairment, and itch

Overall, blood tryptase levels did not differ between MF patients and healthy controls. Also, MBP and ECP serum levels were comparable (see Supplementary Table 2).

Blood tryptase was to some extent positively correlated with patient-reported disease severity as assessed by VAS (rS=0.53, p=0.1; Figure 2). Patients with more severe disease based on patient or physician global assessment had the highest tryptase levels (Figure 2). Tryptase also correlated with affected body surface area (rS=0.63, p=0.05; Figure 2). Serum ECP and MBP levels did not correlate with any of the assessed disease severity markers (see Supplementary Table 1B).




Figure 2 | Blood tryptase counts correlate with disease severity and affected body surface area. (A) Serum Tryptase levels plottet against severity evaluated by patients using VAS (including depiction of linear correlation). (B) Tryptase versus disease severity evaluated by patients using rating scale (values given as mean and SD). (C) Tryptase versus disease severity evaluated by physicians using rating scale (values given as mean and SD). (D) Serum Tryptase levels plotted against affected body surface area (including depiction of linear correlation).



Serum tryptase levels were numerically higher in MF patients with itch (Table 2B). Three of the four patients with chronic itch, but none of the six patients without, had tryptase levels above >6µg/l. ECP and MBP levels were not linked to itch (Table 2B; Figure 3).




Figure 3 | Differences of blood tryptase, MBP and ECP levels in MF patients with itch (itch) and without itch (no itch).






Discussion

Here, for the first time, we aimed to investigate the possible role of MCs, Eos and their mediators in MF by analyzing both skin and blood samples of patients.

Of our ten MF patients, four had chronic pruritus, which is in line with previous reports that itch in MF is frequent, with up to two thirds of patients affected in some studies (35–37). Our findings also confirm that pruritus, in patients with MF, is linked to poor quality of life. Previous MF studies had shown that itch can significantly affect many aspects of quality of life, including sleep (38) and mental wellbeing (39). In line with these reports, we also saw a significantly stronger quality of life impairment in MF patients with pruritus compared to patients without itch in our study. Interestingly, we found a strong and significant difference regarding higher disease severity assessed by BSA and mSWAT in MF patients with itch, irrespective of their disease stage (see Table 2). To our knowledge, this has not been reported before, as published reports have shown association with advanced disease stages, but not clinical severity (37, 40).

The underlying pathomechanisms of pruritus in MF and other cutaneous lymphomas remain unknown. MCs have been suspected to play an important role, since elevated numbers had been reported, especially in patients with more advanced stages and pruritus (4, 41). We also reinforce the evidence that MCs are increased in the skin of patients with MF, in our cohort particularly in lesional skin. Of note, the two patients with markedly elevated levels of MCs in the papillary dermis of lesional skin had low BSA involvement (up to 2%) and a lower mSWAT compared to the other patients. This would rather suggest a protective role of MCs in disease control and would be in contrast to prior publications that have shown that increased MC numbers were linked to tumor stage and advanced level of invasiveness, suggesting that MCs have a pro-tumorigenic role in MF (10, 15, 16). These conflicting data should encourage studies that further investigate the role of MCs in MF, since their presence in MF could not only be seen as a pro-tumorigenic, but also as a mechanism of the innate immune system attempting to control the tumor cells. However, since our cohort was very small, no clear conclusion can be drawn for the role on MCs in MF.

A recent study from Japan showed that the number of eosinophils, but not MCs, in the skin of patients with MF were increased in patients with intense itch (11). In our study, neither the number of eosinophils in the skin of MF patients, nor eosinophil-related mediators were elevated or correlated with disease severity, itch, or BSA. Further studies, ideally in larger and more diverse and multicenter patient populations are needed to better characterize the role of eosinophils and eosinophil-related markers in MF.

Previous reports suggest that MCs may be drivers of itch in MF (41), but that histamine is not the key player (3), suggesting that other inflammatory MC mediators such as cytokines, prostaglandin D2, or proteases including tryptase may importantly contribute to itch in MF (42). Tryptase levels in biological fluids have previously been used as an indicator of MC numbers and activation status (43) and increase with age (44) The recently published data from a large population-based cohort hints at lower reference ranges in adults in comparison with the currently applied upper reference limit (44). Tryptase, in our MF patients, was linked to higher disease severity (reported by both patients and physicians). More importantly, serum tryptase levels were higher in the slightly younger MF patients with itch, and three of the four patients with itch had tryptase levels above >6µg/l, which is higher than the average serum tryptase of healthy individuals (45). Indeed, MC tryptase could not only be a surrogate for MC activation, it has been shown to also directly elicit itching in mice through activation of the proteinase-activated receptor-2 (PAR-2), and that the PAR-2 antagonist FSLLRY, inhibits scratching induced by tryptase (46). We, therefore, propose that tryptase could be a significant pruritogen in MF, and further studies should be conducted to investigate this.

Taken together, our results indicate that itch is an important clinical marker in MF which can be easily assessed using simple questionnaires (7, 32) and could be even explored as a tool for disease severity monitoring. Furthermore, our report suggests that MC and their mediator tryptase play a role in itch in MF.

Due to the lack of efficacy of antihistamines (3), alternative treatments for itch in MF should be explored. Currently, patients with severe itch are treated off-label with substances like aprepitant, naloxone, naltrexone, butorphanol, mirtazapine, gabapentin or thalidomide (47), with limited success and often marked side effects. Newer directed therapies (48, 49) aimed at the inhibition or depletion of skin MCs may help treat pruritus, alongside direct lymphoma targeted therapies (47).

The main limitation of our study is the small patient number of only 10, but these patients were thoroughly investigated clinically, serologically, and histologically. Small numbers limit the meaningfulness of statistical tests, and the low patient numbers is likely to be the main reason for some of our comparisons to not show statistical significance. Also, patients were not followed over time to see whether clinical changes were reflected in changes of the assessed histological or serological markers. Also, healthy controls were somewhat younger, but comparable in the assessed cellular and serological marker. However, they should be better matched in regard to sex, age and localization of the biopsies in future studies which should also include patients with more severe and extensive disease.

Nevertheless, our data encourage further exploration of a possible role of MC and their mediators in driving itch and disease severity in MF.

In conclusion, we demonstrated that itch is an important, easily assessable marker in MF and that MCs and the MC mediator tryptase could play an important pathogenic and pruritogenic role. Of course, further analysis, ideally prospective studies in larger cohorts, need to be undertaken to analyze the pathophysiological roles of MCs and tryptase in MF. The investigation of their role as potential therapeutic targets or as markers for disease severity could improve MF patient management.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Charité. The patients/participants provided their written informed consent to participate in this study.



Author contributions

DT-M has collected patient data, was involved in statistical analysis and drafted the manuscript. KL and VP have collected patient data and performed laboratory analyses. KG performed statistical analysis and drafted the manuscript. MMe, MH, and MMa were involved in study planning and proof-reading of the manuscript. SA has planned the study, coordinated the study, collected patient data, performed statistical analysis and drafted the manuscript. All authors were involved in proof-reading of the manuscript and provided input. All authors contributed to the aricle and approved the submitted version.



Conflict of interest

DT-M has received research funds and was advisor for Celldex, Novartis, Sanofi and Moxie. MMe is or recently was a speaker and/or advisor for AbbVie, Amgen, ArgenX, AstraZeneca, Bayer, Celldex, Celgene, Escient, Galderma, Grünenthal, GSK, Menlo, Novartis, Pfizer, Pharvaris, Roche, Sanofi-Aventis, Third Harmonic Bio. MMa is or recently was a speaker and/or advisor for and/or has received research funding from Allakos, Aralez, Genentech, GSK, Menarini, Merckle Recordati, Moxie, Novartis, Sanofi, MSD, and Uriach. SA has conducted studies for received research funds/was advisor for Allakos, ALK, AstraZeneca, CSL Behring, LeoPharma, Moxie, Novartis, Sanofi, Takeda, Thermofisher. Published results are part of the study ROBERTIS, funded by AstraZeneca.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.930979/full#supplementary-material

Supplementary Figure 1 | Representative photos of a patient with mycosis fungoides. (A) An overview of a patient with MF and (B) A close-up of the arm, from which both skin biopsies of lesional and non-lesional skin were taken.

Supplementary Figure 2 | Mast cell numbers are increased in lesional skin of MF patients. Histological pictures of MC in Giemsa stainings are depicted of healthy control skin (A, B), lesional skin (C, D) and non-lesional skin (E, F) of a representative MF patient. Pictures (A, C, E) are shown as 20 fold magnification, pictures (B, D, F) in 40 fold magnification of marked area. Arrows point towards MCs.

Supplementary Figure 3 | Postulated mechanism of pruritus induction in MF patients (1).Higher number of mast cells in the papillary dermis (2). Increased levels of tryptase in the skin (3). Tryptase-induced, PAR-2-mediated pruritus

Supplementary Table 1 | Correlation of MC numbers in skin with clinical markers of MF. MF, Mycosis fungoides; mSWAT, Modified Severity-Weighted Assessment Tool; BSA, Body surface area; PGA, Patient Global Assessment; QoL, Quality of Life; DLQI, Dermatology Life Quality Index; N, Number; R, Spearman’s R; for correlations the Spearman correlation was used

Supplementary Table 1 | Correlation of serological markers with clinical markers of MF. MF, Mycosis fungoides; MBP, Major Basic Protein; ECP, Eosinophil Cationic Protein; mSWAT, Modified Severity-Weighted Assessment Tool; BSA, Body surface area; PGA, Patient Global Assessment; QoL, Quality of Life; DLQI, Dermatology Life Quality Index; N, Number; R, Spearman’s R; for correlations the Spearman correlation was used.

Supplementary Table 2 | Comparison of serological and histological markers of MF patients and healthy controls. MF, Mycosis fungoides; MC, Mast cell; Eos, Eosinophils; MBP, Major Basic Protein; ECP, Eosinophil Cationic Protein; N, Number; IQR, Interquartile range; SD, Standard deviation; Continuous variables were compared using Wilcoxon rank test.; Number of patients: Serological markers N=10 and Histological parameters N=9.
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Mast cells (MCs) are immune cells widely distributed in the body, accompanied by diverse phenotypes and functions. Committed mast cell precursors (MCPs) leave the bone marrow and enter the blood circulation, homing to peripheral sites under the control of various molecules from different microenvironments, where they eventually differentiate and mature. Partly attributable to the unique maturation mechanism, MCs display high functional heterogeneity and potentially plastic phenotypes. High plasticity also means that MCs can exhibit different subtypes to cope with different microenvironments, which we call “the peripheral immune education system”. Under the peripheral immune education system, MCs showed a new character from previous cognition in some cases, namely regulation of allergy and inflammation. In this review, we focus on the mucosal tissues, such as the gastrointestinal tract, to gain insights into the mechanism underlying the migration of MCs to the gut or other organs and their heterogeneity, which is driven by different microenvironments. In particular, the immunosuppressive properties of MCs let us consider that positively utilizing MCs may be a new way to overcome inflammatory and allergic disorders.
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Introduction

MCs predate the emergence of acquired immunity, since they were first named in 1878, a broad understanding of MCs biology has been published (1). Recently, an investigation of the hematopoietic origin of connective tissue MCs using fate-mapping systems has revealed the dual developmental origin of MCs (2). It was found that most connective tissue MCs (CTMCs) are derived from late erythro-myeloid progenitors (EMPs) produced in the yolk sac at E8.5 (the second transient definitive wave of fetal hematopoiesis), while mucosal MCs (MMCs) seem to come from hematopoietic stem cells (HSCs) in the bone marrow in mice (3). Committed progenitor cells enter the bloodstream, where they are found as lineage-negative Lin− c-Kit (CD117)hi FcϵRI+ β7-integrinhi ST2+ CD16/32hi or FcϵRI− cells (4). In human beings, Lin− c-Kitint/hi FcϵRI+ β7-integrin+ CD34hi blood cells are considered the immediate precursor of MCs (5). These MCPs travel in the blood circulation and eventually arrive at the peripheral tissues [e.g., skin, respiratory tract, urogenital tract, gastrointestinal tract, etc. (1)] under the stimulation and induction of various factors such as chemokine receptors and adhesion molecules. For example, in the context of microbiota-influence, MCs migrate to the intestinal tract and mature under the regulation of various pathways [e.g., α4β7-MAdCAM-1/VCAM-1 (6, 7), CXC chemokine receptor 2 (CXCR2) (7) sphingosine 1-phosphate (S1P) (8)].

In the process of migration and maturation, MCs of different origins showed distinct preferences in tissue localization (6). For instance, only the adipose and pleural cavity MCs were derived from early EMPs, most of which were replaced by late EMPs during adulthood in mice (3). Late EMPs generate most of the MCs that home to connective tissues, while mucosal MCs mainly derive from fetal hematopoietic stem cells HSCs (3). Diverse tissue preferences also shape remarkable phenotypical and functional heterogeneity, suggesting that MCs may perform various functions in response to different physiological and pathological states (9).

Besides the developmental origin, differences in the tissue microenvironment are also important causes of MC heterogeneity (10). It is clear that MCs in different organs have noticeable differences (11). However, even in the same organ, the microenvironment under different pathological or physiological conditions can produce utterly distinct MC subtypes. Take some examples, in the lung, only MCs of the proximal lung express MRGPRX2, but not of the distal or medial lung (12); in the gut, both CTMCs and MMCs are present and can be transformed into each other in some cases, such as food allergy (13). All this evidence supports the remarkable microenvironment-dependent heterogeneity in MCs.

Different cellular phenotypes bring different functions—one of the representative features of the heterogeneity of MC is regulatory-like properties against inflammation and allergy. In some occasions, MCs have been shown to release cytokines to inhibit and terminate inflammatory and allergic responses (e.g., IL-2 (14) IL-10 (14–16), and TGF-β1 (17), etc.). In addition, MCs interact with regulatory T cells (Tregs) (14, 18–21) and alternatively activated macrophages (AAMΦs) (22) to inhibit inflammatory and allergic responses.

In addition, various MC-derived cytokines [e.g., IL-4, IL-8, IL-13, IL-22, TNF-α, TGF-β1, vascular endothelial growth factor (VEGF), nerve growth factor (NGF), fibroblast growth factor-2 (FGF-2), and platelet-derived growth factor (PDGF)], proteases (tryptase and chymase/chymotrypsin), histamines, lipid mediators [PGD2 and leukotrienes (LTs), etc.] participate in the process of wound healing [e.g., vascular permeability and immune cells recruitment (monocytes and neutrophils), epithelial proliferation and migration, granular formation and remodeling, and scar formation, etc.] (11, 23).

Collectively, MCs play a diverse role in various physiological and pathological processes due to their highly complex heterogeneity. A full understanding of the phenotypic characteristics and functional heterogeneity of MCs in specific diseases will help us create efficient individualized therapy.



Aggregation of mast cells at intestinal mucosal sites

MCs exists in virtually all organs of vertebrates but different widely in their number, phenotype, and function (1). The high heterogeneity is partly attributed to their unique and complex maturation process. Although controversial (11), MCs are believed to have two main origins, bone marrow and yolk sac (2). After leaving the hematopoietic tissue, committed progenitor cells enter the blood, migrate, and colonize the target tissue [e.g., skin, respiratory tract, genitourinary tract, gastrointestinal tract, etc. (1)]. Notably, the exact ontogeny of mice adult MCs has been suggested in recent studies; early EMPs, late EMPs, and fetal HSCs are successively involved in the maturation of fetal MCs (2, 3). Using the inducible runt-related transcription factor1 (Runx1-icre) and colony stimulatory factor 1 receptor (Csf1r-icre) fate-mapping systems, Zhiqing Li et al. separately traced three waves of hematopoiesis (3). They confirmed that late EMP-derived MCs, as long-lived cells, gradually replace early EMPs and become the main contributors to the adult CTMC pool. Early EMP-derived MCs show a short lifespan in connective tissue, only appearing in adipose tissue and the pleural cavity. Fetal HSC-derived MCs, another possible type of short-lived cells, are mainly located in mucosal tissues and constantly renewed by the bone marrow (3). Therefore, there are at least two ways that MCs mature in mice. However, whether these pathways apply to other mammals, including humans, is not fully understood.

After arriving in the peripheral tissues, MCPs finally differentiate into mature MCs with the stimulation of local cytokines and growth factors in humans (e.g., IL-4 (24), IL-9 (25), IL-33 (26, 27), and TGF-β1 (28), etc.) and mice (e.g., IL-3 (29), IL-4 (28), TGF-β1 (28), and NGF (30), etc.). However, unlike other granulocytic leukocytes (e.g., neutrophils, eosinophils, and basophils), MCs mature in peripheral sites rather than bone marrow. Consequently, there are very few MCPs or mature MCs in bone marrow and blood, so it is relatively difficult to evaluate human MCs. Moreover, the molecular expression necessary for MC migration varies not only during maturation, but also according to cellular charcteristics, such CMMCs or MMCs (31, 32). All of these make it relatively difficult to study human MCs in vitro. So far, MCs are studied mainly in rodents (e.g., genetically modified mice) or some malignant MCs cell lines (33, 34). We herein describe some mechanisms by which MCs migrate to the intestinal tract and mature in combination with current findings (Figure 1).




Figure 1 | Assembly of MCs in the gut. The MCPs leave the hematopoietic tissue, enter the blood stream, migrate and colonize the target tissue. With c-kit, CXCR2, and integrin α4β7 on the cell surface, MCPs bind to MAdCAM-1 and VCAM1 on the vascular endothelial cells, thereby crossing the vascular endothelium and colonizing the intestinal mucosa and submucosa, where they mature. In addition, transcription factor (dendritic cell-derived T-bet), Lipid mediator (sphingosine 1-phosphate), and some intestinal microbiota affect the homing of MCs to the gut.



The intestinal mucosa, which is exposed to various foreign components (including microbiota and food components), is one of the primary destinations for MCs and the pool for MCPs (35). MCs have been reported to account for approximately 2% of the cells in the lamina propria of the gastrointestinal tract (36). There is no doubt that integrin α4β7 plays a critical role in the migration of MCs to the intestinal mucosa. MCPs is utterly absent in the small intestine of α4β7-deficient mice (6). Evidence suggests that integrin α4β7 interacts with vascular endothelial molecules, including mucosal addressing protein cell adhesion molecule-1 (MAdCAM-1) and vascular cell adhesion molecule-1 (VCAM1), to facilitate directional migration of MCPs across endothelial cells to the small intestine (6, 7).

Like all blood-borne leukocytes, adhesion interactions are not the only requirement for MCPs recruitment to peripheral tissues, but also the migration to target tissues. Stem cell factor (SCF) has chemotactic effects on both mouse (37) and human (38) MCs in vitro. In vivo, SCF activates the c-kit expressed by MCs (or MCPs) through PI3K, then mediates migration, survival, proliferation, and activation with the help of α4 integrin (39–42). No intestinal MCPs was detected in SCF-deficient mice (6).

CXCR2 also contributes to the migration of MCs. It was experimentally demonstrated that MCs lacking CXCR2 are less able to migrate to the small intestine (7). Although the research of MC migration by CXCR2 is not detailed, the role of CXCR2 has been extensively studied in other cells. For example, in rat cardiogenic endothelial cells, the binding of CXCR2 and its ligand CXCL5 leads to downstream PI3K activation and further cytokine production (43). Another study in which human CXCR2 was stably transfected into lymphoblastic JY cell lines showed that the activation of IL-8 (CXCR2 ligand) induced transient adhesion of α4β7 dependent on VCAM-1 (44). Consequently, it is reasonable to speculate that in the circulatory system, c-kit and CXCR2 expressed by MCPs can interact with their respective ligands to upregulate the affinity of α4β7 integrin with MAdCAM-1 and VCAM-1, and also enhance the expression of VCAM-1 on epithelial cells via PI3K pathway (45), which further promotes the migration of MCs (7).

Previous studies have indicated that gut microbiota can mediate the constitutive migration of MCs into the intestine (46). Germ-free (GF) mice showed a lower intestinal MC density and higher blood MCs density compared to SPF (specific pathogen free) mice, followed by an impaired intestinal MCs function and maturity (reduced edema was observed after injecting the degranulation-provoking compound 48/80) (47). In detail, the expression of CXCR2 ligands, e.g., CXCL2, CXCL2, and CXCL5, were significantly reduced in the intestinal epithelial cells of GF mice and MyD88-/- mice compared to the control group (46). Results revealed that the expression of CXCR2 ligands in intestinal epithelial cells induced by intestinal microbiota was at least partially dependent on the Toll-like receptor (TLR) -MyD88 pathway, which promotes MC migration to the intestine. It remains to be seen whether intestinal bacteria directly or indirectly affect MC recruitment via their components and metabolites.

Interestingly, intestinal migration of MCs appears to be induced by a combination of gut bacteria, rather than a single bacterial strain. A study based on the Gram-positive Lactobacillus plantarum provided partial evidence that a single strain did not seem to mediate MC migration (47). Martin Schwarzer et al. found GF mice showed lower levels of CXCL1 and CXCL2 in the jejunal with fewer and less mature intestinal MCs in comparison to conventional mice after the induction of food allergy. In detail, the susceptibility to allergy symptoms in GF mice was fully restored after they were cohoused with conventional mice. However, similar results were not observed in mice mono-colonized with L. plantarum (47). L. plantarum was previously shown to aggravate allergic reactions associated with degranulation of MCs (48). Thus, it remains to be determined whether other single strains (e.g., Gram-negative bacteria) or specific bacterial products affect MC migration and maturation.

In addition, T-bet, a Th1-specific T-box transcription factor expressed by leukocytes [e.g., natural killer (NK) cells, dendritic cells (DCs), and CD8+ T cells], seems to mediate the migration of MCPs to the intestinal tract indirectly. Pilar Alcaide et al. found that T-bet-/- mice showed lower number of MCPs homing to the small intestine or lungs (49). It is worth mentioning that T-bet expressing DCs somehow contribute to the migration of MCs since MC itself does not seem to express T-bet during development (49).

Moreover, our previous studies showed that S1P mediates the migration of MCs to the large intestine  (8). S1P is a sphingolipid metabolite from platelets and MCs, which is thought to play a role in mediating the migration of lymphocytes from secondary lymphoid organs and the thymus (50). It has been know that MCs express various types of S1P receptors, including type I S1P receptor (S1P1) (8), associated with Gi protein and small GTPases (e.g., Rho and Rac) (51, 52). By administration of FTY720 to mice, a blocker of S1P1-mediated signaling, we found that FTY720 can directly inhibit the migration of MCs, demonstrating the requirement of S1P-S1P1 signaling for MC migration (8).



Heterogeneity of mast cells and the peripheral education system according to the microenvironment

The unique maturation mechanism of MCs also contributes to their astonishing plasticity and heterogeneity, which fully reflects the complex interaction between MCs and microenvironmental signals transmitted by different tissues (10). Traditionally, MCs are classified according to the production of serine proteases, such as trypsin and chymase (11, 53). In mice, MCs are divided into MMCs and CTMCs (11, 53). MMCs, as the name implies, mainly exist in the mucosa (e.g., the intestinal mucosa) and express chymase mMCP-1 and mMCP-2. MMCs are the dominant phenotype in the mucous layer, such as the gut (53). CTMCs can be found in connective tissue (e.g., intestinal submucosa, peritoneum, and skin) (1, 11, 54). CTMCs express chymase mMCP-4, trypsin (mMCP-6 and mMCP7), elastase (mMCP-5), and carboxypeptidase A3, etc. (1, 11, 54). Besides, the cytoplasm of CTMCs contains higher concentrations of heparin proteoglycan, histamine, and prostaglandin D2, while MMCs granules contain almost no heparin proteoglycan and lower levels of histamine (53, 55). Aside from the differences between the anatomic location and protease composition, MMCs and CTMCs vary in the requirement of T cells-derived cytokines, IL-3, and IL-4 (56) (Figure 2). Similar to mouse MCs, human MCs can be divided into two types: one subtype secretes both tryptase, chymase and carboxypeptidase A3 (MCTC); the other secretes tryptase alone (MCT) (1). The former is similar to mouse CTMCs, while the latter is equivalent to MMCs. MCTC is mainly distributed in the skin and small intestinal submucosa, and participates in pathological processes, such as urticaria (57). MCT is mostly expressed in the lung and small intestinal mucosa and is related to asthma and food allergy (1). In the intestine, it is reported that MCT accounts for approximately 98% of the total MC population in the mucous layer but only 13% of the total MC population in the intestinal submucosa (58), while MCTC accounts for approximately 77% of the MC population in the submucosa (59). Another phenotype, MCC, has also been mentioned in the intestinal mucosa (60). MCC seems rich in chymase but deficient in tryptase (60). MCC accounts for about 7% of the MCs in the intestinal mucosa and 17% in the intestinal submucosa (60); however, MCC does not seem to be a unique population, given the small number of reports.




Figure 2 | Heterogeneity of MCs. MCs mature uniquely, developing them more susceptible to the tissue homeostasis of the peripheral tissue microenvironment, and thus exhibit different subtypes and secrete different mediators to achieve different functions.



With the progression of research, it is currently considered that the existing MC classification system cannot distinguish the highly microenvironment-dependent MC heterogeneity (10, 54). For example, it has been revealed that CTMCs can express different protease phenotypes in different microenvironments within tissue locations in mice. CTMCs in trachea are mMCP-1+, -2+, -4 to 7+, and CPA3+, while those in skin and gut are only mMCP-4 to 7+, and CPA3+ (61). The ImmGen-project-derived microarray data also indicated that CTMCs subpopulations present more or less tissue-specific genetic programming differences in distinct anatomical locations, such as the skin, tongue, esophagus, trachea, and peritoneal cavity in mice (9). It has been reported that only 110 genes differentially expressed in tongue relative to trachea MCs and 122 in tongue relative to esophagus MCs. However, the difference in gene expression transcripts in peritoneal MCs relative tongue and skin MCs was 612 and 957, respectively (9). As a result, there is a growing call for a new classification method.

The plasticity of MCs in different environments has been well described. The most obvious evidence is that human MCs cultured from progenitor cells that obtained from different sites (e.g., peripheral blood, bone marrow, and cord blood) show significantly different in the expressions of receptors and granular components, and also differ in the response to the cytokines (33, 62, 63). In addition, according to the culture conditions by incubation with IL-1β, IL-4, IL-6, TGF-β1, and lipopolysaccharide in SCF-containing medium, human MCs change the protease expressions from trypsin to chymase (64, 65). In mouse MCs, co-culture with fibroblasts and stimulation with SCF induces the ability to synthesize and store heparin (66). Our previous study found that MCs co-cultured with intestinal-derived fibroblasts produce more heparin and MCPT1 and MCPT2 (10). Skin-derived fibroblasts, on the other hand, had quite different results (i.e., the increased expression of chondroitin sulfate and MCPT4 in MCs) (10, 67). According to our previous studies, there are significant differences between MCs in different organs or tissues. For example, intestinal MCs expressed high levels of the extracellular ATP receptor P2X7, which mediates the activation of MCs and worsens intestinal inflammation. In contrast, skin MCs expressed lower levels of P2X7; importantly, once the expression of P2X7 is highly induced in skin MCs, chronic inflammation occurs (10, 68). With engaging, different tissue microenvironments can produce distinct MC subtypes, which seem to be required to maintain tissue homeostasis (11). Thus, it is worth mentioning that these series of terminal maturation of MCs may receive the effect of a “peripheral immune education system” dependent on the tissue microenvironment.

The gut serves as a vast repository of agranular Lin− c-Kit+ FcϵRIα− α4β7+ IL-33Rα+ FcγRIII/II+ MCPs (69, 70). The gut has almost 10 times more MCPs than the bone narrow in mice (71). With the constantly-changing microenvironment, the intestinal tract is likely to create a range of diverse MC phenotypes. For example, MCs differentiate in different pathological environments and obtain a more tissue- and disease- specific phenotype relative to health conditions, which shows their extreme plasticity. Nematodes, as one of the main drivers of intestinal MCs, not only mediate the migration and expansion of MCs (71), but also induce the change of MC phenotypes. Several studies based on the Trichinella spiralis helminth infection model have revealed that MCs have different phenotypes at different stages of the immune response. During nematode infection, MCs in the jejunum move from the submucosa to the epithelium and sequentially expressed mMCP-2, transiently expressed mMCP-9, stopped expressing mMCP-5 to -7, and finally expressed mMCP-1 (72–74). However, in the convalescent stage of infection, MCs returned to their original site and stopped expressing mMCP-1, mMCP-2, and mMCP-5 successively, accompanied by different expression combinations of mMCP-6, -7, and -9 (72–74). The parasite repelling effect of mMCP-1 has been proven (75). In conclusion, the plasticity of MCs has been fully demonstrated by their ability to migrate at different depths in intestinal tissue for the important host defense system.

In addition to parasitic infections, increased MCs in the intestinal mucosa have also been detected in IBD (15, 76), IBS (77, 78), and food allergy (13, 79, 80). In food allergy, inoculation of food antigens leads to a dramatic increase in MMCs (due partly to infiltrating MCPs and CTMCs). Induced by TGF-β1 (81) and the Notch signaling (13) in the inflamed intestine, precursor cells mature and even undergo a reciprocal transformation of CTMCs in the submucosa and/or MMCs in the mucosa, further demonstrating the environment-dependent heterogeneity of MCs (82). Additionally, Chen et al. identified a specific group of MMCs in food allergy named MMC9 (80). MMC9 cells are a group of MMCs of Lin− c-Kit+ FcϵRIα+ β7-Integrinlow ST2+, which can secrete large amounts of IL-9 and IL-13. This population of cells develops from MCPs that migrate to the intestinal mucosa with the help of IL-4. Under the action of IL-3 and SCF, MMC9 has the potential to rapidly develops into granular MCs and drive IgE-mediated food allergy (80, 83).

Crosstalk between MCs and surrounding cells has been widely discussed, which significantly increased the complexity of the terminal differentiation of MCs. For example, studies showed intestinal neurons could be activated by the increased histamine and trypsin secreted from MCs enriched in IBS (77) and IBD gut (76). Correspondingly, intestinal neurons mediated MCs activation by secreting neuronal factors (e.g., substance P, somatostatin, ATP, neuropeptide corticotropin-releasing factor, etc.) that stimulate MC surface receptors (e.g., MRGPRX2, P2X7, etc.) (78). The activation of MCs and their pro-inflammatory and pro-allergic mechanisms were described in more detail elsewhere (11). In addition to intestinal neurons, MCs also crosstalk with other cell types such as Tregs and intestinal epithelial cells to show the identity transformation from pathogenic or allergenic to regulatory, which plays a pivotal role in the fight against allergic responses (14) and inflammation (84). The transformation of MCs from pathogenic to regulatory roles will be discussed in more detail in the next section.

Notably, with the continuous development of technology, more comprehensive methods have been used to detect the phenotypes of different MC populations, such as single-cell RNA sequencing (scRNA-seq). In mice, a study on hematopoietic stem and progenitor cells (HSPCs) in mouse bone marrow showed that E-cadherin could be expressed by early precursors of basophils and MCs, representing the commitment to the lineages (85). Notably, scRNA-seq based on the peritoneal cavity of mice may establish an entirely new developmental trajectory for MCs, given that a discrete group of cells called P1 was found under suitable in vitro culture conditions, which have the potential to differentiate into MCs and basophils (86). In human, a study based on scRNA-seq revealed MCs are existed in the human yolk sac. In these human yolk sac-derived MCs, hairy and enhancer of split 1 (HES1), nuclear receptor subfamily 4 group A member 2 (NR4A2), and Kruppel-like factor 1 (KLF1) were detected, which may have non-redundant effects on the differentiation and activation of MCs (87). Another origin of human MCs was also confirmed by scRNA-seq. The analysis of human cord blood identified a group of basophil/eosinophil/MCs progenitors, revealing a close link between MCs and erythroid commitment cells downstream from HSCs (88). In addition, an analysis of nasal polyps in the patients of chronic rhinosinusitis with nasal polyposis detected an intermediate CD38highCD117high MC phenotype distinct from circulating MCPs (12). The same study also confirmed that MRGPRX2 was expressed only in MCs of the proximal lung, but not in the distal or medial lung (12). A high ratio of tumor-suppressive TNF+/vascular endothelial growth factor A (VEGFA)+ MC phenotype is found in nasopharyngeal cancer in the patients. It seems associated with a better prognosis (89), while another ground glass nodule adenocarcinoma analysis detected pro-inflammatory MCs (90). These results clearly indicated the origin- and microenvironment-dependent heterogeneity of MCs.

Deeper analysis of innovative techniques provide sufficient resolution to fully reveal the heterogeneity of MCs and show the differentiation trajectory and transcriptional heterogeneity of specific cell types in different tissues or disease settings, which helps identify novel putative immune cell subtypes (91).



Mast cells act as the terminator of allergies and inflammation

In pathological reactions, such as allergy and inflammation, MCs and their precursors can recruit and expand in the disease site. For example, Lin− c-Kitint/hi FcϵRI+ CD34hi MCPs are recruited to peripheral tissues mediated by molecules [e.g., α4β7 integrins, VCAM-1 (92, 93)] and cells [e.g., CD11c+ cells (94), CD4+ cells (95)] in acute allergy. IgE (96) and its immune complexes (97) seem to be involved in the survival of MCs and the recruitment of MCPs. Consequently, MCs are closely involved in most allergy and inflammation processes.

Despite having outstanding achievements in innate and adaptive immunity, MCs have a well-deserved reputation as promoters of pathological actions, such as inflammation and allergy. However, as discussed previously, MCs’ distinctive migration and maturation patterns contribute to their remarkable plasticity and tissue-microenvironment-dependent heterogeneity. On this basis, we have reason to assume that MCs, as one of the most critical and primary immune cells in damaged tissues, may have positive regulatory functions in inflammation, allergy, tissue regeneration, and tissue repair. It is gratifying to note that there is now accumulating evidence to support the immunoregulatory part of MCs (Table 1).


Table 1 | The immunoregulatory effect of MCs.



In the early years, MCs were demonstrated to have immunosuppressive effects. For instance, Hart et al. found that in mice, dermal MCs play an indispensable role in inhibiting systemic contact hypersensitivity (CHS) response to ultraviolet radiation [wavelength 280-320 nm: (UVB)], and that histamine derived by MCs may be a critical factor for the suppression of inflammation (109). Both dermal MC-derived and exogenous histamines inhibited the immune response of UVB-exposed mice (109), through the production of PGE2. PGE2 inhibits the production of IL-12, an inducer of pathogenic Th1 immune responses (110).

In IBD, IL-33 is one of the earliest cytokines released from the necrotic cells of injured tissues (84). IL-33 has been shown to polarize AAMΦs in vivo, which requires the participation of MCs (22). AAMΦs have been demonstrated to have the potential to suppress inflammation and promote wound healing (111). Arginase-1 expressed by AAMΦs depletes the extracellular arginine necessary for T cell activation (112). Braune et al. and Fernando et al. found that IL-33 can induce IL-6 and IL-13 secretion by MCs through ST2, which plays a crucial role in AAMΦ polarization (111, 113). Consequently, IL-33 exerts immunosuppressive and anti-inflammatory effects by indirectly promoting AAMΦ polarization, thereby inhibiting the production of IL-17 and IFN-γ by T cells. Moreover, upon IL-33 stimulation, MCs secrete IL-10 and histamine to suppress LPS-mediated monocyte activation, which might be helpful against rheumatoid arthritis (114). Hence, it is plausible to believe that the IL-33/ST2-MC axis plays a positive role in limiting inflammation (115).

CD4+CD25+Foxp3+ Treg plays an essential role in immune tolerance. Several studies have shown intricate reciprocal crosstalk between MCs and Tregs. Experiments demonstrated that OX40 on the Treg surface could bind to OX40L expressed on the surface of MCs, subsequently inhibiting IgE-mediated MC degranulation (18). Moreover, TGF-β1 and IL-10 secreted by Tregs were thought to inhibit the expression of FcϵRI on the MC surface, which also inhibit the MC degranulation (17, 78, 116). Notably, TGF-β1 reduced the expression of FcϵRI subunit proteins α, β, and γ, while IL-10 inhibited only β proteins. TGF-β1 has also been reported to induce the apoptosis of MCs (108). Research on allotransplantation in experimental mice showed that Treg-derived IL-9 could maintain the tolerance of allografts by affecting MCs (19). IL-9 is a critical factor in promoting the SCF-dependent growth, proliferation, recruitment, and activation of MCs (25), thus Treg-derived IL-9 and SCF synergistically activate hepatic MCs and promote the release of histamine, IL-2, and TGF-β1 in tolerogenic liver allografts. TGF-β1 promoted the generation of γδT cells, and IL-17 released by γδT cells further attracted Tregs and enhanced their immunosuppressive properties (117).

MCs also have inverse impacts on Tregs. MCs secrete TGF-β1, which contribute to Tregs production and mediate autoantigen tolerance (20, 107). Epidermal growth factor (EGF)-like growth factor amphiregulin, which MCs also secrete, directly boosted the Treg function in colitis and tumor vaccination models by activating the EGF receptor (EGFR) on them (21). EGFR is reported to mediate intrinsic immunosuppression in tumors, and EGFR-targeted therapies are widely used for tumors such as colorectal cancer (118) and non-small cell lung cancer (119). Therefore, the immunoregulatory mechanism of MCs may be further applied in tumor therapy.

MCs also seem to ensure the sustained and stable expression of Foxp3 in Treg cells by secreting IL-2, thus maintaining the development, proliferation, activity, and survival of Tregs at sites (98) to sustain their inhibitory function (120). Studies have shown that MC-derived IL-2 in the lung promotes Tregs proliferation and limits allergic airway inflammation (115). In addition, the feasibility of regulating food allergy by inducing Treg cells with a continuous exposure of low concentration of IL-2 has been demonstrated (79).

Our recent research revealed the role of MCs in the regulation of food allergies (14). To delve into the mechanism of a more effective treatment for food allergy-oral allergen desensitization-oral immunotherapy (OIT) from a mucosal immune system perspective, we established a clinically relevant murine model of OIT with an escalating oral dose of ovalbumin (OVA). The OIT protocol induced mucosal desensitized MCs in the intestinal compartment with a low degranulation capacity and IL-4 production but high IFN-γ production, which plays an indispensable role in allergy (14). IL-4 plays a key role in the initiation of food allergy to mediate the isotype switching of IgE, the food-specific-IgE generation from B cells, and the release of MC mediators (e.g., histamine) (121, 122). Moreover, Tomar et al. found that IL-4 promotes the development of MMC9 cells, partly through a basic leucine zipper ATF-like transcription factor-dependent pathway (83). Returning to our study, we detected a significant increase in Tregs from the mucosa, peripheral blood, and spleen in OIT treated mice group. In addition, we discovered that the dual synthesis of IL-2 and IL-10 by mucosal desensitized MCs induces Tregs and inhibits allergic symptom (14). In addition, OIT treatment induce desensitization to MCs and reduced their allergenicity by acquiring the regulatory function (Figure 3). It can be expected that elucidation of switch pathway of MCs from allergenic to regulatory properties can lead to the utilization of MCs in a positive manner to overcome the allergy.




Figure 3 | Regulatory properties of MCs in the immunotherapy. OIT treatment for food allergy induces desensitization of MCs with the low expression of Th2 cytokines and induces expression of IFN-γ. Desensitized MCs also synthesize IL-2 and IL-10. MC-derived IL-2 and amphiregulin promote proliferation and enhancement of the function of Tregs. Activated Tregs release IL-10 and TGF-β1, and the OX40 on their surface binds to OX40L from MCs, which inhibits the expression of FcϵRI on MCs and the release of TNF-α and IL-13, thereby inhibiting the Th2 responses.



IL-10 is a well-known anti-inflammatory cytokine that has been demonstrated to diminish the degree or duration of innate immune or acquired responses (123) by inhibiting the production of pro-inflammatory cytokines [TNF-α, IFN-γ, IL-1, and IL-6 (99)] and chemokines, and also the proliferation of T cells [e.g., CD4+ T cells (123) and CD8+ T cells (123, 124)]. It has been reported that MCs can reduce inflammation, tissue damage, leukocyte infiltration and restore the epithelial barrier function in an IL-10-dependent manner in multiple organs or tissues [e.g., gut (15) bladder (106) and skin (16)] and the antigen-specific T cell immune response caused by Anopheles mosquito saliva (125). MC deficiency can increase intestinal permeability in IL10-/- mice and cause spontaneous colitis (15). Artificial IL-10 supplementation prevented IFNγ-induced epithelial barrier dysfunction (105). In addition to the aforementioned Treg, MCs also secrete IL-10. Evidence of the secretion of IL-10 by MCs has been revealed both in vivo (14, 16) and in vitro (126). In Treg-independent graft-versus-host disease (GVHD), MCs have been found to show an immunosuppressive function by inhibiting T cell proliferation in an IL-10-dependent manner to inhibit inflammation (104). Although the mechanism through which MCs are triggered to produce IL-10 in the disease remains to be determined, it is speculated that endotoxin (LPS) from intestinal bacteria activates TLR4 in MCs, given that LPS has been shown to promote the production of Th2 cytokines by MCs (127). UVB promotes the production of MC-derived IL-10 by increasing the synthesis of vitamin D3 (128) to reduce allergic skin inflammation. Additionally, IL-10 derived from MCs, rather than Tregs, inhibits the migration of mature DCs to the lymph nodes in the bladder, which helps building the “immune privilege” (106).

In addition to their anti-inflammatory and allergic effects, MCs promote tissue repair and wound healing. Studies have shown that depletion of MCs partly inhibits wound healing (129). Furthermore, it has been revealed that IL-33/ST2 promoted the release of IL-13 and IL-22 from MCs (84). IL-13 signaling activates STAT6, which contributes to the survival and migration of epithelial cells and IL-22 can directly promote the production of mucus and the proliferation of epithelial cells (130, 131). Moreover, available evidence suggests that MCs are involved in almost all events of wound healing process (fibroblast migration/proliferation, and remodeling). In the early stage of wound formation, MCs are recruited to the injured site under the action of keratinocyte-derived IL-33, CCL2, and SCF; then they secrete various substances (23, 132). For example, MC produces TNF-α and stimulates DCs to express factor XIIIa, which promotes coagulation (23). Also, MC-derived histamine, lipid mediators [e.g., PGD2 and leukotrienes (LTs), etc.], and VEGF increase the vascular permeability to recruit monocytes and neutrophils (11, 23). Moreover, MCs are essential for the fibrotic process of wound healing. Proteases (e.g., tryptase and chymase), VEGF, IL-4, IL-8, NGF, FGF-2, PDGF, and TGF-β1, which are secreted by MCs, can contribute to angiogenesis, fibrin production, or re-epithelialization (23). At the end of wound healing, the proliferated blood vessels in the tissue degenerate, and the active granulation tissue is remodeled into fiber-rich scar tissue (133). Most studies agree that MCs are involved in this process (134), which might be mediated by gap-junctional intercellular communication between MCs and fibroblasts or myofibroblasts (135). In addition, MCs and zinc have been determined to induce the IL-6 production via Zn receptor GPR39 expressed on the cells in the inflammatory tissues such as fibroblasts, macrophages, and DCs (136). IL-6 is essential for wound healing (137).

In summary, although MCs show more inflammatory and allergic properties in the acute phase, they may exhibit more prominent functions during periods of inflammation or chronic inflammation subside to prevent excessive tissue damage and the development of chronic inflammation.



Conclusion

In general, MCs have high plasticity and tissue microenvironment-dependent heterogeneity owing to the distinctive migration and maturation modes. MCs interact with various cells at different physiological and pathological stages to exhibit vastly different functions. Comprehensively, understanding the heterogeneity of human MCs and determining their physiological functions under specific circumstances is a great challenge. Additionally, human MCs are difficult to obtain and isolate, and have poor ability to expand in vitro (63). Therefore, rodent MCs are widely used for the time being, which also gives rise to a new question: whether the results observed in these alternative models can be wholly inferred to human MCs. For example, human MCs and mouse MCs sometimes show different responses to the same cytokines or anti-allergic drugs (33, 138). Clinically, due to the profound negative impression that MCs promote inflammation and allergy, until recently, simply inhibiting MCs is still the mainstream way for clinical treatment of allergy and inflammation. Moreover, it is undeniable that MC neutralizing therapies do not seem to have satisfactory therapeutic effects due to the imperfect research at the present stage. According to this review, based on the strong microenvironment-dependent plasticity and heterogeneity of MCs, it appears promising to induce MCs to behave in a manner that regulates and inhibits chronic inflammatory and allergic responses. Accumulating research evidence might have revealed the great potential of MCs in treating disease by proper education in the peripheral tissues to terminate inflammation and allergy.
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Introduction

Anaphylaxis represents the most extreme and life-threatening form of allergic disease and is considered a medical emergency requiring immediate intervention. Additionally, some people with mastocytosis experience recurrent episodes of anaphylaxis during normal daily activities without exposure to known triggers. While acute therapy consists primarily of epinephrine and supportive care, chronic therapy relies mostly on desensitization and immunotherapy against the offending allergen, which is a time-consuming and sometimes unsuccessful process. These treatments also necessitate identification of the triggering allergen which is not always possible, and thus highlighting a need for alternative treatments for mast cell-mediated diseases.



Methods

The exon-skipping oligonucleotide KitStop was administered to mice intradermally, intraperitoneally, or systemically at a dose of 12.5 mg/kg. Local mast cell numbers were enumerated via peritoneal lavage or skin histology, and passive systemic anaphylaxis was induced to evaluate KitStop’s global systemic effect. A complete blood count and biochemistry panel were performed to assess the risk of acute toxicity following KitStop administration.



Results

Here, we report the use of an exon-skipping oligonucleotide, which we have previously termed KitStop, to safely reduce the severity and duration of the anaphylactic response via mast cell depopulation in tissues. KitStop administration results in the integration of a premature stop codon within the mRNA transcript of the KIT receptor—a receptor tyrosine kinase found primarily on mast cells and whose gain-of-function mutation can lead to systemic mastocytosis. Following either local or systemic KitStop treatment, mice had significantly reduced mast cell numbers in the skin and peritoneum. In addition, KitStop-treated mice experienced a significantly diminished anaphylactic response using a model of passive systemic anaphylaxis when compared with control mice.



Discussion

KitStop treatment results in a significant reduction in systemic mast cell responses, thus offering the potential to serve as a powerful additional treatment modality for patients that suffer from anaphylaxis.
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Introduction

Anaphylaxis is a rapid and potentially fatal systemic allergic reaction that occurs following exposure to an allergen (1). The American College of Allergy, Asthma, and Immunology (ACAAI) anaphylaxis working group estimated the lifetime prevalence of anaphylaxis for a person living in the USA to be up to 5% (2); however, more recent reports indicate that anaphylaxis may be experienced much more frequently than previously reported (3, 4). The most common triggers of anaphylaxis include medications (antibiotics, NSAIDs, antineoplastic/cytotoxic drugs, immunomodulators, contrast dyes), bee and wasp venom, and foods such as peanuts, wheat, milk, and soy (5). Following prior immune sensitization by the allergen, future exposures can result in activation of mast cells (MCs) through IgE- or non-IgE-dependent pathways. Activated MCs release a myriad of inflammatory mediators such as histamine, proteases, cytokines, and growth factors, all of which culminates in the development of clinical signs typically associated with anaphylaxis (6). These include skin flushing, pruritus, angioedema, dyspnea, vomiting, diarrhea, hypotension, hypovolemic shock, and cardiovascular collapse; death may also rapidly occur if the patient is not promptly addressed (7). Treatment relies on the acute mitigation of clinical signs with epinephrine and supportive care followed by chronic strategies such as desensitization and immunotherapy to prevent severe future reactions from occurring (7). These chronic therapies rely on the identification of the allergic trigger which is not always possible; in addition, patients must be willing to attend frequent visits to the clinic and are prone to developing side effects associated with these treatments. Absolute contraindications for some chronic therapies include uncontrolled asthma, atopic dermatitis/eczema, and chronic urticaria, leaving these patients with few other options to address their recurrent anaphylaxis (8). As such, additional therapies for treating anaphylaxis and its sequelae are urgently required for patients who are unable to find recourse in currently available treatments.

While countless triggers can result in varying degrees of anaphylaxis, almost all cases are caused in part by the degranulation of MCs. After exiting the bone marrow, hematopoietic progenitor cells migrate throughout the body and, upon reaching their destination within tissues, develop into mature MCs after receiving the appropriate immunostimulatory signals. Primary destinations for these cells include around blood vessels and nerves, within the skin, and at the mucosal surfaces of the respiratory and gastrointestinal tracts (9). The two primary receptors involved in MC function are the high-affinity immunoglobulin E (IgE) receptor, FcϵRI, and KIT, a receptor tyrosine kinase also known as CD117 (10). While FcϵRI is the primary receptor involved in MC degranulation, KIT is responsible for growth, differentiation, and maturation of MCs via binding of its ligand, stem cell factor (SCF) (11). Additionally, the interaction between SCF and KIT are critical for MC proliferation and suppression of apoptosis (12). KIT is initially expressed by most hematopoietic cells but is lost by most during the differentiation process; MCs are one of the few exceptions that retain this receptor for their lifespan (13). Indeed, the gene encoding the KIT protein, c-Kit, is considered a proto-oncogene and activating mutations are known to induce the development of cutaneous or systemic mastocytosis—the abnormal accumulation of MCs within tissues (13, 14). Patients suffering from mastocytosis are susceptible to MC activation syndrome (MCAS), a condition characterized by spontaneous, recurrent episodes of systemic anaphylaxis that often do not have a known trigger (15). In addition to antihistamines, treatments aimed at reducing the severity of symptoms experienced by patients suffering from MCAS include glucocorticoids, cytoreductive medications such as interferon-α and cladribine, or tyrosine kinase inhibitors such as masitinib; these are, however, fraught with numerous side effects including cytopenias and increased risk of infections, thereby worsening these patients’ already diminished quality of life (15).

Given its relative scarcity among cell types other than MCs as well as its involvement in numerous debilitating MC-related disorders, KIT provides an alluring therapeutic target for anaphylaxis and MCAS. We have previously shown that MC tumors comprising MCs with gain-of-function KIT mutations can successfully be targeted and significantly reduced by the exon-skipping oligonucleotide (ESO) KitStop (16). ESOs belong to a group of antisense oligonucleotides (ASOs) that block binding of the spliceosome to an intron-exon or exon-intron boundary, thus resulting in the skipping of a particular exon of interest. If the skipped exon maintains the reading frame of the mature mRNA transcript, an alternatively spliced product will be generated. KitStop is a 25-mer morpholino ESO that targets the donor splice site of exon 4 of c-Kit pre-mRNA; upon its introduction, KitStop induces a frameshift into the mature mRNA open reading frame, resulting in a premature stop codon. This triggers either the nonsense-mediated decay of the KIT mRNA template or the production of a severely truncated peptide and nonfunctional receptor (16). To determine whether a KIT-specific ESO has any effect on the development and severity of anaphylaxis, here we assessed the impact that KitStop has using a well-established mouse model of passive systemic anaphylaxis, as well as compared its efficacy following varying routes of administration.



Materials and methods


Mice

Four to six-week-old female BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, ME) and were maintained at the North Carolina State University laboratory animal facility. Animal care and experimental protocols were conducted with the guidelines of the National Institutes of Health and with the approval of the Institutional Animal Care and Use Committee of North Carolina State University laboratory animal care protocols (17-108-B and 20-223-B).



ESO design

The KitStop ESO was designed to target exon 4 of murine c-Kit (GenBank: NM_001329070.1). A region within the splicing donor site was targeted with the following sequence: 5′-AGGACTTA AACAGCACTCACCTGAG-3′. Specificity of the oligonucleotide sequence was confirmed with BLAST search and was purchased from Gene Tools (Philomath, OR). The unconjugated standard control ASO provided by Gene Tools had the following sequence: 5′-CCTCTTACCTCAGTTACAATTTATA-3′. To facilitate in vivo delivery, an octaguanidinium dendrimer was linked to the terminal 3′-N of the standard control and KitStop oligonucleotides (Vivo-Morpholino).



Peritoneal lavage

Peritoneal lavage fluid was collected as described (17). Mice (7 to 10 weeks old) were euthanized and 5 mL of phosphate-buffered saline (PBS) was instilled into the peritoneal cavity. The abdomen was gently massaged, and the fluid was aspirated from the peritoneum before being placed on ice. The fluid was centrifuged at 300 x g for 5 minutes, the supernatant was discarded, and the cell pellet was resuspended in PBS for further analysis. A sample was collected for total cell enumeration with Trypan Blue staining, as well as mast cell enumeration with Kimura staining.



Qualitative reverse transcription-PCR

RNA from cells in the peritoneal lavage fluid was extracted using the RNeasy Plus Mini kit (QIAGEN) according to the manufacturer’s instructions with inclusion of the QIAshredder step. The primers used were designed to amplify exon 4 as well as surrounding exons; their sequences are as follows: forward 50-TCATCGAGTGTGATGGGAAA-30; reverse 50-TCACAGGGGAGATGTTGATG-30. Gel electrophoresis PCR images were acquired using a Licor Odyssey Fc Imaging system.



Flow cytometry

MCs in peritoneal lavage fluid were identified as double-positive for CD117 and FcϵRIα. Bone marrow-derived mast cells (BMMCs) were treated with 10 µM of either Vivo-Morpholino standard control ASO or Vivo-Morpholino KitStop ESO for 24 hours before flow cytometric analysis. Cells were stained with the following antibodies on ice for 60 minutes before imaging: fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD117 (Clone 2B8; BD Pharmingen) and phycoerythrin (PE)-conjugated anti-mouse FcϵRIα (clone MAR-1; eBioscience). Data were acquired using a CytoFLEX (Beckman Coulter) flow cytometer and analyzed with FCS Express version 6 (Denovo Software), or FLOWJO version 10.



Histologic analysis

Skin biopsies were fixed with 10% neutral buffered formalin at 45°C for 24 hours followed by immersion in 70% ethanol until paraffin embedment. Sections were made every 4 μm and stained with either 0.1% toluidine blue or hematoxylin and eosin (H&E). Images were acquired with an Olympus VS200 whole slide scanner at 40X. Images were -visualized using OlyVIA software from the whole slide images (Olympus Life Science).



Passive systemic anaphylaxis model

A model of passive systemic anaphylaxis was generated as previously described (18). In brief, 7 to 10 week-old mice were treated intravenously (retro-orbitally) with standard control ASO or KitStop ESO at a dose of 12.5 mg/kg in 100 µl of PBS. One day after the final oligonucleotide injection, mice were sensitized with an intravenous injection of 3 μg mouse anti-2,4-dinitrophenyl (DNP) monoclonal immunoglobulin (Ig) E (clone SPE-7, Sigma-Aldrich). Mice were challenged on the following day with an intravenous injection of 300 μg DNP conjugated to human serum albumin (DNP-HSA, Sigma-Aldrich) in 200 μL PBS. A rectal temperature measurement was obtained immediately prior to and every 10 minutes after DNP-HSA injection for a total of 90 minutes.



Complete blood count and serum biochemical measurements

Blood was collected from the mice via direct cardiac puncture and analyzed at the North Carolina State University Veterinary Clinical Pathology laboratory.



Beta-hexosaminidase degranulation assay

Bone marrow-derived mast cells (BMMCs) were developed from bone marrow obtained from the femurs of 7-12-week-old C57BL/6J mice (The Jackson Laboratory), as described (17). After being in culture for 4 weeks, 0.5 x 10 (6) BMMCs were treated with 10 µM of either Vivo-Morpholino standard control ASO or Vivo-Morpholino KitStop ESO for 24 hours. The cells were concurrently sensitized with 100 ng/mL anti-DNP IgE (SPE7 clone) (Sigma). After 24 hours, the cells were washed with PBS and used to measure β-hexosaminidase release as previously described (19).



Statistical analysis

Results represent mean + individual data points or mean ± SEM. An unpaired Student’s t-test was used to evaluate the significance of differences between two datasets. A mixed-effects model (REML) analysis with Sidak’s multiple comparisons test was used to determine statistical significance in comparisons of multiple datasets. Data were considered statistically significant if p ≤ 0.05.




Results


Local KitStop administration reduces KIT expression and MC number in vivo

To assess the effect of peritoneal KitStop administration on MC KIT expression as well as total MC number, two intraperitoneal injections of either standard control ASO or KitStop ESO were administered two days apart followed by peritoneal lavage collection two days after the final injection (Figure 1A). No overt adverse effects were observed in either group. Two intraperitoneal injections of KitStop appeared to reduce the overall number of transcripts and induced the expression of a truncated splice variant of c-Kit in peritoneal MCs whereas no splice variant was expressed in mice treated with the standard control ASO (Figure 1B). However, while these data suggested that the KitStop ESO worked in this setting, the qualitative reverse transcription PCR data were not reliable for quantitation and demonstrated some variation in appearance between mice. We have shown that KitStop ESO induces nonsense-mediated decay of the truncated KIT mRNA template, which would diminish the truncated variant with this approach (16). We therefore chose to validate the efficacy of the KitStop ESO with another approach directly measuring MC number. The number of peritoneal MCs (those double positive for FcϵRIα and KIT) decreased by more than half with KitStop treatment when compared to control mice (Figures 1C, D). The total number of cells collected from the peritoneal lavage was not different between the treatment groups (Figure 1E). However, the total number of MCs, the number of MCs per milliliter of lavage fluid recovered, and overall percentage of peritoneal MCs was significantly lower in the KitStop-treated mice when compared with the standard control ASO treatment (Figures 1F–H).




Figure 1 | KitStop ESO reduces Kit expression in mouse mast cells locally in vivo. (A) Balb/c mice received 2 intraperitoneal injections of standard control ASO or KitStop ESO 2 days apart. A peritoneal lavage was performed 2 days after the final injection, and cells in the lavage fluid were analyzed for KIT and FcϵRI expression. (B) RT-PCR of c-Kit expression in cells collected by peritoneal lavage (n=3). Black arrow = full-length c-Kit, orange arrow = alternatively spliced c-Kit. (C, D) Representative flow cytometry density plots of peritoneal cells harvested from seven mice treated with standard control ASO (C) or KitStop ESO (D). (E)Total number of cells enumerated in the peritoneal lavage fluid collected. (F) Total number of peritoneal mast cells in peritoneal lavage fluid. (G) Number of mast cells per milliliter of peritoneal lavage fluid recovered. (H) Percent of mast cells out of all cells recovered from the peritoneal lavage fluid. Each datapoint represent a different mouse and data are combined from at least two independent experiments. P value is from an unpaired t-test.



To evaluate the effect of KitStop on the cutaneous MC population, two intradermal injections of either standard control ASO or KitStop ESO were administered into the dorsal skin of the mice followed by skin biopsy (Figure 2A). Histological evaluation of the skin biopsies revealed normal MC tissue localization and no evidence of overt tissue pathology (Figures 2B, C). The numbers of MCs per mm (2) in the dermis alone (Figure 2D) and full thickness skin sections (Figure 2E) were significantly reduced by nearly 50% in the KitStop-treated mice. Taken together, these data indicate that local administration of KitStop significantly reduces MC KIT expression as well as overall MC number.




Figure 2 | Local KitStop ESO administration reduces mouse dorsal skin mast cell numbers in vivo. (A) Four Balb/c mice were given dorsal intradermal injections of either standard control ASO or KitStop ESO every 7 days for a total of 3 injections. Skin was then biopsied 2 days after the final injection for histological analysis. (B, C) In representative sections from standard control ASO (Stndcon; B) and KitStop ESO (C) treatment groups, MCs were easily identified due to the presence of positive-staining metachromatic granules, which give a deep violet hue (see red arrow heads). Mast cells displayed normal tissue localization with no evidence of pathology. (D) Plot of dermal mast cell number per mm2 from toluidine blue stained skin sections taken from standard control ASO (blue) or KitStop ESO (red) treated skin. (E) Plot of mast cell number per mm2 from the full thickness skin sections, including dermis and panniculus adiposus surrounding adnexal structures. Each dot represents the average mast cell number per entire specimen. Three specimens were evaluated from each mouse. P values are from an unpaired t-test.





Systemic KitStop administration reduces the cutaneous MC population in vivo

We next sought to determine the safety and efficacy of KitStop on MCs when administered systemically. Eight intravenous injections of either PBS vehicle control or KitStop ESO were administered to mice; thereafter, ears were harvested for histological assessment (Figure 3A). No adverse effects were observed in either group and no change in body weight occurred for the duration of the treatment course (Figure 3B). There was a significant reduction of the aural cutaneous MC population by 56% in KitStop-treated mice following systemic treatment (Figure 3C). These data indicate that repeated intravenous KitStop administration does not result in a measurable weight change in mice and produces a significant reduction in the cutaneous MC population.




Figure 3 | Systemic KitStop ESO treatment reduces the number of cutaneous mast cells in ear skin. (A) Five Balb/c mice were treated intravenously with PBS vehicle control or KitStop ESO every 3 days for 21 days. Ears were harvested and evaluated histologically with H&E and toluidine blue stains to facilitate counting of tissue MCs. (B) No significant changes in body weight were observed between mice treated with PBS vehicle control (blue) or KitStop ESO (red) at the end of the 21-day treatment period. (C) The total number of mast cells per mm2 of ear skin was significantly reduced by 56% in KitStop-treated mice. Data shown are the mean ± SEM for each group. P values are from an unpaired t-test.





KitStop administration significantly reduces the anaphylactic response while having no overt effect on hematopoietic or biochemical parameters over the 21 day protocol

Having shown that local and systemic KitStop administration is effective at significantly reducing c-Kit expression as well as tissue-resident MC numbers, our final aim was to determine KitStop’s global effects in a model of passive systemic anaphylaxis. After receiving 8 intravenous injections of either standard control ASO or KitStop ESO, five mice per group were sensitized with intravenous monoclonal IgE specific for 2,4-dinitrophenyl (DNP). On the following day, the mice were challenged with intravenous DNP-HSA and their rectal temperatures were measured every 10 minutes for a total of 90 minutes (Figure 4A). A drop in body temperature of 5-9°C within the first 5-15 minutes is considered a normal systemic anaphylactic response in mice, with recovery to baseline expected to occur within 60-90 minutes (18). In our experiments, KitStop-treated mice experienced a significantly smaller decrease in rectal temperature during the first 10 minutes, with an average reduction of 4°C in contrast to the 6°C decrease experienced by the control mice. This disparity became more significant as time progressed, with a significant difference remaining between the groups until 60 minutes after challenge. Normothermia was achieved more rapidly by KitStop treated mice than control mice, with KitStop treated mice returning to their baseline temperature 30 minutes sooner than control mice (Figure 4B). This effect was unlikely attributable to changes in surface expression of the IgE receptor or mast cell degranulation as there was no significant difference in these criteria following treatment of bone marrow-derived mast cells with either Stndcon ASO or KitStop ESO (Supplemental Figure 1).




Figure 4 | Intravenous KitStop ESO treatment reduces mast cell-mediated passive systemic anaphylaxis. (A) A standard control ASO or KitStop ESO was administered intravenously to five Balb/c mice every 3 days for a total of 8 doses. After the last dose, mice were sensitized with an intravenous injection of anti-DNP IgE and challenged the following day with DNP-HSA intravenously. (B) After antigen challenge, rectal temperatures of mice treated with either standard control ASO (blue) or KitStop ESO (red) were monitored every 10 minutes for 90 minutes as a surrogate for the measurement of the anaphylactic response. Mice that received the KitStop ESO exhibited a significantly less severe and shorter anaphylactic response than control mice. Data shown are the mean ± SEM for each group of five mice. P values were determined by mixed-effects model (REML) analysis with Sidaks multiple comparisons test. *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.



Because the KIT receptor is expressed by immature hematopoietic stem cells in addition to MCs, a complete blood count was performed on whole blood from mice that received the same treatment regimen. No differences in erythrocyte, leukocyte, or thrombocyte parameters were noted in either group (Figure 5). To assess the effect that oligonucleotide treatment might have on kidney and liver function, biochemistry panels were performed on serum samples from each mouse. No differences in hepatic or renal function were noted for either group (Figure 6). Two control mice displayed mildly increased hepatocellular enzyme activities, which was likely due to iatrogenic hepatic trauma during the cardiac puncture procedure. In total, these data indicate that KitStop treatment significantly reduces the severity and duration of the anaphylactic response in a mouse model of passive systemic anaphylaxis, and does not overtly affect hematopoietic stem cell, renal, or hepatic function.




Figure 5 | Intravenous KitStop treatment does not result in hematopoietic abnormalities. Complete blood count parameters measured from whole blood isolated from Balb/c mice with cardiac puncture after 21 days of either PBS vehicle control (blue) or KitStop ESO (red) treatment administered every 3 days. No significant differences were observed between the groups.






Figure 6 | Intravenous KitStop ESO administration does not cause organ dysfunction. Serum biochemical parameters for liver and kidney function measured from whole blood isolated from Balb/c mice with cardiac puncture after 21 days of either PBS vehicle control (blue) or KitStop ESO (red) treatment administered every 3 days. No significant differences were observed between the groups.






Discussion

Current therapies for people prone to recurrent anaphylaxis, such as those suffering from MCAS, rely heavily on desensitization, immunotherapy, and a variety of medications. Desensitization and immunotherapy treatments require identification of the triggering allergen; however, it is estimated that 30-60% of patients presenting with anaphylaxis have no discernible trigger (20, 21). If desensitization or immunotherapy is elected, the patient must thereafter be able to attend frequent office visits to carry out treatment which can prove burdensome and sometimes unfeasible. Medications such as glucocorticoids, cytoreductive agents, monoclonal antibodies, and tyrosine kinase inhibitors are commonly used, especially in hospital settings after a patient has experienced an anaphylactic reaction in response to other medications (antibiotics, chemotherapeutics) (22). These medications are fraught with adverse effects such as immunosuppression and gastrointestinal upset, resulting in an increased burden on the patient and healthcare system overall. Moreover, patients with severe, uncontrolled allergic conditions such as asthma or atopy may not even be considered for some of the above-mentioned therapies due to their heightened risk for adverse outcomes (8). Our studies suggest that a noteworthy treatment alternative, KitStop, could be considered for patients suffering from recurrent anaphylaxis who may not be eligible or able to undertake other treatments. We demonstrated that KitStop significantly lowers the number of mature MCs within the skin, and as a result, significantly diminishes the duration and severity of the anaphylactic response. Importantly, KitStop does so regardless of administration route (intradermal, intraperitoneal, or intravenous).

The KIT receptor is expressed on immature hematopoietic stem cells as they exit from the bone marrow which helps to promote their migration, differentiation, and maturation. Binding of SCF to KIT induces homodimerization and trans-phosphorylation of various regions of the receptors; phosphorylated residues then serve as docking sites for signaling molecules, thus propagating the signal downstream (23). Upon maturation, nearly all cells cease to express the receptor, though notable exceptions include MCs, melanocytes, and interstitial cells of Cajal (11). This specificity makes the KIT receptor an enticing therapeutic target; however, off-target effects could be possible given the receptor’s presence on cells other than MCs. Our studies showed that mice treated with KitStop did not experience any significant changes to their hemogram when compared to control mice, suggesting that hematopoietic stem cells of bone marrow origin were not affected by KitStop. Additionally, biochemical parameters relating to kidney and liver function were unaffected by KitStop treatment. Further studies are required to assess the full safety profile of KitStop as the mice in our study were only treated for a maximum of three weeks whereas human patients would be expected to receive treatments for a longer duration.

Splice-switching antisense oligonucleotides (SSOs) are becoming increasingly more prevalent in the field of biomedical research due to their relative specificity and limited adverse effect profile. Numerous mouse models of human disease have been evaluated to determine the efficacy of SSOs for the treatment of genetic neurodegenerative (24–26), neoplastic (27–30), and cardiovascular (31, 32) diseases. In fact, promising human clinical trials utilizing SSOs have also been conducted in people with Duchenne muscular dystrophy (33, 34) as well as spinal muscular atrophy in children (35, 36). While previous studies have used SSOs to target the high-affinity IgE receptor FcϵRI in MCs (19), the present study employs SSO technology to target the KIT receptor in non-transformed cells, providing yet another tool for the treatment of MC-mediated diseases such as anaphylaxis.

Our study is limited in that a model of passive systemic anaphylaxis was utilized; this model relies on the induction of anaphylaxis due to antibodies from passive sensitization rather than antibodies actively produced in response to antigens as in active models. Future studies are needed to ascertain the effect of KitStop in additional models of anaphylaxis. Additionally, mediators of MC degranulation such as proteases were not measured in the serum of the mice undergoing passive systemic anaphylaxis, because of the timing chosen for the experiments and the focus on body temperature responses over 90 minutes. While a decrease in body temperature is a reliable indicator of an anaphylactic response in mice, future studies should include measurements of products of mast cell degranulation at earlier time-points. While no off-target cellular effects were observed in our study, it is possible that these effects could develop with prolonged administration of KitStop further than 21 days. As such, the possible effect of KitStop on hematopoietic cells, as well as other cells expressing Kit such as melanocytes, neural cells, and germ cells, requires additional investigation utilizing long-term administration.

In conclusion, we have shown that intradermal, intraperitoneal, and intravenous administration of the KitStop ESO targeting exon 4 of the c-Kit gene results in the rapid and safe depopulation of MCs within tissues. This translates to a lessened systemic anaphylactic response as well as faster resolution of anaphylaxis in general. KitStop could therefore be considered as a feasible treatment alternative for patients experiencing recurrent episodes of anaphylaxis without the side effects of currently administered treatments.
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Basophils
tdT* cells
Neutrophils
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Defined in CD45" living singlets as cells

CD45P CD49b* FeeRlor* CD123* CD200R3*
CD45* tdT*
CD45*CD19*

CD45* TCRB* CD4* CD8™

CD45" TCRB* CD4~ CD8*
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CD45* TCRB™ CD19™ Neutro™ CD11b° F4/
80"
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CD45* TCRB~ CD19~ Neutro™ Macro™
CD11b* sSC"

Peritoneal cavity

Mast cells

CD45" F4/80~ FceRlo* CD117*

Mean (% of
CD45%)

0.1258
0.13
40.01

24.23
14.98
3.010
1.324

0.5400

0.2878

1.830

1.938

0.7870

0.8667

47.07
4.575

0.4580

0.5133
19.03
1.465

1.746

Mcpt8®™"* (n = 8-12)

SD

0.032
0.040
13.67

6.822
5.007
0.922
0.759

0.338

0.315

0.738

0.319

0.141

0.138

4.794
1.600

0.234
0.174
9.178
0.765

0.724

Mcpt8®T*R26-Stop™"T-DTA

Mean (% of
CD45%)

0.0026
0.0013
45.28

21.28
13.10
2.040
1.975

0.5125

0.1665

1.209

1.740

0.0210

0.0267

48.05
5328

0.0035
0.0024
14.16
1.685

1.895

(n=5-12)

SD

0.001
0.002
1.14

4.477
2.290
1.406
1.296

0.192

0.116

0.829

0.939

0.008

0.011

5.363
1.788

0.003
0.001
5.145
0.655

0.677

p-value to
Mcpts®T'*

<0.0001
<0.0001
0.6382

0.5101
0.5696
0.3369
0.4398

0.9909

0.4971

0.2585

0.8224

<0.0001

<0.0001

0.9381
0.5082

<0.0001
<0.0001
0.3562
0.9235

0.8788

Mcpt8*'* R26-Stop™"-DTA

Mean (% of
CD45%)

0.1586
0.0010
36.08

25.88
16.16
3.224
1.732

0.8760

0.1098

2662

2182

0.6957

0.0080

49.84
4.542

0.5471
0.0042
14.8
1.219

2236

(n=5-12)

sD

0.055
0.000
7.167

2.590
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0.963

0.747

0.051

0.672

0.483

0.215

0.005

6.493
1.055
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0.007
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0.803

p-value to
Mcptg®™*

0.1799
<0.0001
0.8221

0.8454
0.8378
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0.3235
0.1628
0.7945
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<0.0001

0.7566
0.9987

0.5331
<0.0001
0.4710
0.7306

0.2502

Proportions of immune cell populations in the indicated compartments were determined by flow cytometry. Cells were defined following the indicated gating strategy; 15- to 25-week-old
mice were analyzed. Statistical analysis was done by one-way analysis of variance (ANOVA) followed by Tukey's muitiple comparison test. p-values indicated are from comparison to the
Mcpt8©™* group. SD, standard deviation.
Bold/ltalic values in Table 1 and 2 are the statistically significant values (p<0.05).
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Population Defined in CD45" living singlets as cells Mcpts*'* Mcpt8®™* (n = 4) Mcpt8®T°T (n = 4)

(n=4)
Mean SD Mean SD p-valueto Mean SD p-value to
+/+ +/+
Spleen
Basophils CD45"° CD49b* FeeRlot CD123* CD200R3* 0.18 0.0483 0.1165 0.0275 0.8284 0.224 0.2574 0.9127
tdT* cells CD45* tdT* 0.0010 0.0007 0.1275 0.0330 <0.0001 0.1033 0.0115 0.0006
CD19* B CD45*CD19" 52.75 4133 51.18 1.258 0.6875 5215 1.515 0.9451
cells
CD4* Tcells CD45* TCRB* CD4* CD8™ 19.18 1497 1958 2232 0.9871 17.65 5.786 0.8316
CD8* Tcells CD45* TCRB* CD4~ CD8" 115 1481 1098 0.6898 0.8056 1064 1.218 0.5755
Neutrophils CD45* TCRB~ CD19™ Gr1™ CD11b" 2.548 0.6401 2.895 0.633 0.681 3.113  0.429 0.3867
Macrophages CD45* TCRB™ CD19~ Neutro™ CD11b F4/80" 1.015 0.6523 0.98 0.6606 0.9963 0.6725 0.4869 0.7122
Eosinophils CD45* TCRB™ CD19™ Neutro™ Macro™ CD11b* SSC™ 0.475 0.1731 0.5525 0.4801 0.9308 05275 0.1198 0.9675
pDCs CD45* TCRB~ CD19™ Neutro~ Macro™ Eosino™ CD11¢* 0.4625 0.3356 0.45 0.3982 0.9987 0.395 0.3534 0.9628
PDCA1*
DCs CD45* TCRB~ CD19™ Neutro~ Macro™ Eosino™ pDC™ CD11c* 1.308 0.1406 1.355 0.2063 0.8999 1116 0.152 0.3059
IA-IE*
Monocytes CD45* TCRB~ CD19™ Neutro~ Macro~ Eosino™ pDC™ DC™ 1.618 0.6074 1.828 0.2952 0.8218 1.95 0.5311 0.6636
CD11b*
Bone marrow
Basophils CD45° CD49b* FeeRlo* CD123* CD200R3* 0.77 0.0828 0.7275 0.1209 0.8433 0.6275 0.1135 0.199
tdT* cells CD45* tdT* 0.0034 0.0036 0.7475 0.1087 <0.0001 06525 0.1115 <0.0001
Neutrophils CD45* TCRB™ CD19~ Gr1™ CD11b" 609 5363 6588 3.82 0.4056 618 6.185 0.9678
Eosinophils CD45" TCRB™ CD19™ Neutro™ Macro™ CD11b* SSC™ 4138 1325 4.145 2126 >0.9999 4.228 1.646 0.997
Blood
Basophils CD45° CD49b* FeeRlor* CD123* CD200R3* 0.3733 0.2515 0.2925 0.1565 0.8186 02725 0.1162 0.7355
tdT* cells CD45* tdT* 0.0056 0.0026 0.2875 0.1735 0.021 02525 0.1112 0.04
Neutrophils CD45* TCRB™ CD19™ Gr1™ CD11b" 238 6483 2745 6675 0.6468 222 3.093 0.9165
Eosinophils CD45" TCRB™ CD19™ Neutro™ Macro™ CD11b* SSC™ 2,005 0.8843 1.948 0.9925 0.9954 21 0.7896 0.9876
Peritoneal cavity
Mast cells CD45* F4/80™ FceRlo” CD117* 2313 0640 2378 0.726 0.9879 2268 0.218 0.9938

Proportions of immune cell populations among CD45™ cells in the indicated compartments were determined by flow cytometry. Cells were defined following the indicated gating strategy;
8- to 15-week-old mice were analyzed. Statistical analysis was done by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. p-values indicated are from
comparison to the Mcpt8*'* group. SD, standard deviation.

Bold/Italic values in Table 1 and 2 are the statistically significant values (p<0.05).
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Parameter ISM HCs P value

Lesional (L) Non-lesional (NL)
MRGPRX2+ cells/mm?, median (IQR) 22.3 (2.5-64.8) 5.2 (1.5-9.0) 29(1.2-5.2) 0.001 (L vs. HCs)
n=22 n=21 n=8 0.03 (L vs. NL)
MRGPRX2-mRNA+ MCs/mm?, median (IQR) 12.4 (3.6-21.5) 4.3(0.3-9.8) = 0.017
n=8 n=8
MRGPRX2-mRNA+ MCs in all MCs, %, median (IQR) 16.3 (7.7-23.1) 13.3 (0.6-32.8) = NS
n=8 n=8
MRGPRX2-mRNA+ MCs in all MRGPRX2-mRNA+ cells, %, mean + SD (range) 32.0+238 19.2 +£22.5 - 0.05
(2.9-79.1) (0.0-57.0)
n=8 n=8
CST+ cells/mm? Mean =+ SD (range) 138 +8.1 6.7 +4.8 10.7 + 3.0 0.0005 (L vs. NL)
(41-308n=12 (09-19.0)n=12 (62-17.2)n=10 0.009 (NL vs. HCs)
MBP+ cells/mm? median (IQR) 0.7 (0.0-3.6) 0.0 (0.0-0.0) - 0.002
n=22 n=21

CST, cortistatin; ISM, indolent systemic mastocytosis; HCs, healthy controls; L, lesional skin; NL, non-lesional skin; NS, non-significant; —, no information.





OPS/images/fimmu.2022.930945/table1.jpg
Parameter ISM, n =22 HCs,n =10

Age, years, mean + SD (range) 50.6 + 9.3 (33.0-65.0) 51.6 + 14.2 (23.0-68.0)
Gender, female, n/total (%) 16/22 (72.7) 4/10 (40.0)
Anaphylaxis, n/total (%) 9/21 (42.9) o
Osteoporosis/osteopenia, n/total (%) 14/20 (70.0) -

Skin lesions (i.e., MIS), n/total (%) 22/22 (100.0) =

MAS total, mean + SD (range) 31.4 + 14.6 (9.0-54.0) -

Serum baseline tryptase, ng/ml, median (IQR) 31.0 (21.0-109.5) 5.2 (4.2-6.3)

KIT D816V in PB, yes, n/total (%) 21/22 (95.5) =

KIT D816V burden in PB, %, median (IQR) 1.0 (0.3-2.6) =

ISM, indolent systemic mastocytosis; HCs, healthy controls; MIS, mastocytosis in the skin; MAS, mastocytosis activity score; PB, peripheral blood; —, not applicable/no information.
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Marker (clone) Description

CD36 Receptor binding a broad range of lipids

CD45RO Isoform of CD45

CDé66al/c/e Adhesion molecules

CD74 Involved in MHC class Il antigen processing and a receptor for macrophage migration inhibitory factor
CD111 Adhesion molecule

CD115 Receptor for M-CSF and IL-34

CD131 Common B subunit of the IL-3, IL-5 and GM-CSF receptors

CD143 Metallopeptidase

CD148 Tyrosine phosphatase involved in signal transduction

CD164 Sialomucin involved in cell adhesion and proliferation

CD166 Glycoprotein involved in cell adhesion and migration

CD205 Endocytic receptor involved in antigen uptake and processing

CD243 Involved in transportation of molecules across cell membranes

CD270 Receptor for TNFSF14, BTLA, LTA and CD160

CD277 Regulate T cell responses

CD317 Blocks the release of certain viruses from infected cells

CD344 (Frizzled-4) Receptor for Wnt proteins and norrin

CLEC12A/CD371 C-type lectin-like receptor with an immunoreceptor tyrosine-based inhibitory motif (ITIM) domain
Integrin 09B1 Integrin mediating cell adhesion and migration

SUSD2 (W3D5, W5C5) Potentially involved in cell adhesion as this transmembrane protein contains functional domains associated with adhesion molecules
(W4A5) Antigen has yet to be described

Siglec-9 Lectin that binds sialic acid and has ITIM domains

SSEA-5 A glycan
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Single nucleotide variant T-C T-C T-C A-C A-G
Minor allele frequency patients (n = 10) 0,25 0,30 0,35 0,30 0,35
Minor allele frequency controls (n = 60.146) 0,18 0,31 0,30 0,33 0,38

A European (non-Finnish) healthy population taken from the Genome Aggregation Database (gnomAD) v2.1.1 (n=60.146) served as control group (33).
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25
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Median 51
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20
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12
1.0
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40.0
1.0
0.8
0.3
1.1

kU/

20.90
17.00
10.10
6.92
6.30

325
<2.00
10.80
14.70
<2.00
8.50

Disease duration Total IgE in CD63 and CD203c¢ positive
in years

cells in BAT

75.6%
64.3%
44.7%*
66.7%
21.1%

13.6%
82.2%
33.0%
70.0%
43.9%
54.5%

UAS7
(0-42)

21
35
30
24

Concomitant conditions

Angioedema, ANA elevated (1:160)
Angioedema, Hashimoto thyroiditis
Angioedema, Morbus Basedow
Angioedema

Angioedema, ANA elevated (1:160), pANCA
elevated (7,2 U/ml)

Angioedema

Angioedema, ANA elevated (1:1280)

Angioedema, Hashimoto thyroiditis

ANA, Anti-nuclear antibodies; ANCA, Anti-neutrophil cytoplasmic antibodies; BAT, Basophil activation test; IgE, Immunoglobulin E; UAS?, 7-day once-daily urticaria activity score.

*For patient 3 the percentage of CD63 positive cells in the BAT is shown only, as no CD203¢ value was calculated.
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Mast Cell CPA3 Lung Compartments

CPA3 mRNA Small Airways
Pulmonary Vessels
Alveolar Region

CPA3 Protein Small Airways
Pulmonary Vessels
Alveolar Region

CPA3 Protein/mRNA Small Airways
Pulmonary Vessels

Alveolar Region

FEV1

r=-04168
P = 00602
r = -0.5092
P =0.0155
r=0.06733
p = 07659
r=02748
p=02280
r=0.4932
p=0.0197
r=02691
p=02259
r=0.5766
p = 0.0062
r=0.5645
p = 0.0062
0.2765
p=02130

FEV1%

r = -0.4508
P =0.0403
r=-0513
p=0.0146
r=-0.1672
p = 04570
r=0.2762
p=02256
r=0.6736
p = 0.0006
r=0.325
p=0.1401
r=0.666
p=0.0010
r=0.7234
p = 0.0001
0.4346
p=0.0433

FEV1/VC

r=-03449
p=0.1257
r=-0.5369
p = 0.0100
r=0.06337
p=07794
r=02227
p=03320
r=0.6389
p=0.0014
r=02632
p=02367
r=0.4727
p = 0.0305
r=0.6786
p = 0.0005
02218
p=03211

DLCO%

r=-03681
p = 01459
r=-0.2097
p = 04036
r=-03988
p=01012
r=-0.2038
p=04293
r=0.1509
p = 05500
r=-0.2749
p=02695
r=0.1694
p=05123
r=0.1292
p = 06094
~0.05685
p=08227

Spearman r non-parametric correlation analysis was performed using Prism (Version 9.3.1). r = correlation coefficient, p = p value. Statistically confirmed correlations (i.c., p < 0.05) are

marked in bold. FEV: forced expiratory volume in 1 s; VC: vital capacity; diffusing capacity of the lungs for carbon monoxide (DLCO).
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Opverall p-value

0.0334
0.1347
0.2727

0.0002
<0.0001

0.0003
<0.0001

Values are median (range) or n. Statistical analysis was performed using Kruskal-Wallis nonparametric test followed by Dunn’s multiple comparison post-test. Chronic obstructive
pulmonary disease (COPD); Idiopathic pulmonary fibrosis (IPF); FEV: forced expiratory volume in 1 s; (F)VC: (forced) vital capacity; diffusing capacity of the lungs for carbon monoxide
(DLCO). “The mean value of the study group is 68 years. 'p = 0.0334 vs. Lung Controls. 'p = 0.0002 vs. Lung Controls. "p < 0.0001 vs. Lung Controls. *p = 0.0003 vs. Lung Controls. *p <

0.0001 vs. Lung Controls.
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Mediators
(Secreted by MC)

IL-2
IL-10

Amphiregulin
TGE-B1

Mechanism

Ensures the sustained and stable expression of Foxp3 in Tregs to maintain their development, proliferation, activity, and survival
Inhibits the production of pro-inflammatory and pro-allergy cytokines (TNF-ct, IFN-y, IL-1, IL-13, and IL-6)
Inhibits the expression of FceRI subunit protein § on MCs

Inhibits the overactivation and over-proliferation of MCs and promotes MC apoptosis during stable and late inflammatory
phases

Inhibits the proliferation of T cells to inhibit inflammation

Prevention of epithelial barrier dysfunction caused by IFN-y and restoration of the epithelial barrier

Inhibits adaptive immunity by suppressing the migration of mature DCs to the lymph nodes in the bladder

Induces the production of Tregs and mediates autoantigen tolerance

Boosts the Treg function in colitis and tumors in the tumor-mediated intrinsic immunosuppression vaccination model
Inhibits the expression of FceRI subunit proteins o, 3, and y on MCs and induces MC apoptosis

Induces the production of Tregs and mediates autoantigen tolerance

Reference

(14, 98)
(99, 100)
(100)
(101-103)

(104)
(105)
(106)
(20, 107)
1)
(8,17, 108)
(20, 107)
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Normal skin®

Average age (year)
Men/women

Average age (year)
Men/women

Average age (year)
Men/women

Average age (year)
Men/women
Subclassification
AJCC stage
Breslow Depth
Clark level
Ulceration
Growth Phase
Mitoses/mm?
Tumoral lymphocytic infiltration
Peritumoral lymphocytic infiltration
Vascular invasion
Overall

46

1/4
Common nevi

37

4/6
Dysplastic nevi®

56

2/8
Melanomas

64

4/6
(n=4) n=2)
A B
T3a (2-3mm) T2a (2 mm)
v v
absent absent
vertical radial and vertical
2-3 4-5
present (2/4) present
present present
absent present

35

(n=2)

B

T3b (4 mm)
v

present (1/2)
vertical
18-20
absent
present
absent

(n=2

mnc

T4a (5 mm)

v

absent

radial and vertical
89

present

present

absent

®All normal skin sections were from patients who underwent surgery for suspect breast cancer.
bAll dysplastic nevi showed severe atypia but negative margins. AJCC, American Joint Committee on Cancer.
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Analysis EXPERIMENTAL GROUPS

NS vs CN vs DN vs M
CD31* blood vessels immunolabeling positivity at 40x magnification 0.010496 ns 0.014543 * 0.022343 i 0.042335
£ + + +
0.001164 0.000963 0.001654 0.009406
Number of CD31* blood vessels/field at 40x magnification 1 ns 2 - 3 - 10
- % ] & *
0.5 1 1 1
VEGFA* tumor cells immunolabeling positivity at 40x magnification 0.002165 ns 0.017022 b 0.182269 o 0.357288
®: - * +
0.000317 0.005223 0.011900 0.032636
VEGFA"* cells surrounding blood vessels immunolabeling positivity at 40x magnification 0.005185 > 0.044378 * 0.070713 sy 0.176649
+ + + +
0.000186 0.005987 0.0006719 0.031862
CD31* blood vessels immunolabeling positivity at 20x magnification 0.005016 ns 0.008073 " 0.014986 e 0.024751
ES & * -
0.000720 0.000556 0.000965 0.007599
SCF* mast cells immunolabeling positivity at 20x magnification 0.018520 e 0.031347 i 0.060341 e 0.114667
& + % *
0.001716 0.005586 0.004191 0.007065
c-Kit* mast cells immunolabeling positivity at 20x magnification 0.008168 X 0.016015 0.024208 b 0.0444600
+ + + +
0.000506 0.001027 0.001522 0.005451
Number of SCF* mast cells/field at 20x magnification 19 - 25 i 35 e 49
E 3 + - +
3 1 4 6
Number of c-Kit" mast cells/field at 20x magnification 7 - 17 i 26 i 44
# + * &
1 4 5 4

The morphometric values are expressed as mean + SD (n= 5 for normal skin (NS) group and n=10 for the others) and have been utilised for the graphs in Figures 2-4. Tukey's post-test
was used to compare all groups after One-way ANOVA and Spearman for correlation (ns, not significative; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001).
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Analysis

SCF* mast cells immunolabeling positivity at 20x magnification

c-Kit" mast cells immunolabeling positivity at 20x magnification

Number of SCF* mast cells/field at 20x magnification

Number of c-Kit" mast cells/field at 20x magnification

EXPERIMENTAL GROUPS

NS

0.009901
+
0.000678
0.005852
+
0.000549
9

NOH N =

ns

CN

0.018071
+
0.000614
0.010092
+
0.000707
"

+
2
14
+
3

vs

DN

0.025568
+
0.001080
0.018666
+
0.000847
18
+
2
22
+
3

0.044227
=
0.005330
0.03912
+
0.003842
27
+
6
39
+
6

The morphometric values are expressed as mean + SD (n= 5 for normal skin (NS) group and n=10 for the others) and have been utilised for the graphs in Figures 2-4. Tukey's post-test
was used to compare all groups after One-way ANOVA and Spearman for correlation (ns, not significative; * p < 0.05; ** p < 0.01; ***p < 0.001; ***p < 0.0001).
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Histological parameters

Serological markers

MC numbers

Median (IQR)
Mean ( + SD)
MC numbers

Median (IQR)
Mean ( + SD)
Eos numbers

Median (IQR)
Mean ( + SD)
Eos numbers

Median (IQR)
Mean ( + SD)
Tryptase [ug/1
Median (IQR)
Mean ( + SD)
MBP [ng/ml]

Median (IQR)
Mean ( + SD)
ECP [ng/ml]

Median (IQR)
Mean ( + SD)

per mm*

per mm*

per mm*

per mm*

MF with itch

(full dermis)
18.7 (18.0 - 34.1)
285 (+18.1)
(papillary dermis)
38.1 (31.6 - 41.9)
36.3 (+10.4)
(full dermis)
0.4 (0.2 -0.4)
03 (+03)
(papillary dermis)
07 (03 - 1.1)
08 (£0.8)

8.1 (7.0 - 85)
74 (£21)

329.0 (297.6 - 350.0)

3187 (+46.4)

15.6 (12.2 - 31.9)
285 (+28.8)

MF without itch

35.1 (293 - 52.0)
40.4 (+ 15.0)

42.5 (34.4 - 81.7)
60.6 (£ 37.9)

0.2 (0.2 - 0.2)
3(+03)

6(0.1-17)
9 (+1.0)

52 (4.7 -59)
50 (+12)

4283 (301.5 - 688.7)
6944 (+777.2)

11.2 (10.1 - 12.2)
14.3 (+10.4)

0.25

0.38

0.88

0.16

0.35

0.17

MC, Mast cell; Eos, Eosinophils; MBP, Major Basic Protein; ECP, Eosinophil Cationic Protein; N, Number; IQR, Interquartile range; SD, Standard deviation; Continuous variables were
compared using Wilcoxon rank test; Number of patients: Histological parameters “MF with itch”, N=3, “MF without itch”, N=5 and Serological markers “MF with itch”, N=4, “MF without

itch”,
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General

MF specific disease severity

Involved body surface area (BSA)

Patient global assessment (PGA)

Quality of life (Qol) assessment

Bold numbers mark significant values.

Age [years]

Median (IQR)

Mean ( + SD)

Sex: Female

N [%]

BMI [kg/m2]

Median (IQR)

Mean ( + SD)
Duration of disease [years] Me
dian (IQR)

Mean ( + SD)

Age at onset [years]
Median (IQR)

Mean ( + SD)
Palpable Lymph nodes
N [%]

Stage of disease

MF IA

MF IB

MF IIB

mSWAT [points]
Median (IQR

Mean ( + SD)

BSA [%)]

Median (IQR

Mean ( + SD)
PGA-VAS [0-10 VAS scale]
Median (IQR

Mean ( + SD)

PGA-L [Likert scale]
Median (IQR)

Mean ( + SD)
PGA-Qol-VAS [0-10 VAS scale]
Median (IQR)

Mean ( + SD)
PGA-Qol-L [Likert scale]
Median (IQR)

Mean ( + SD)

DLQI [points]
Median (IQR)

Mean ( + SD)
ItchyQoL-t [points]
Median (IQR)

Mean ( + SD)

MEF with itch N=4

64.5 (55.8 - 70.2)
61.5 (+11.7)

1 (25.0%)

25.6 (23.0 - 30.6)
28.1 (£8.4)

7.0 (5.0 - 11.2)
9.2 (£6.1)

53.5 (49.0 - 56.8)
522 (+11.5)

4(100.0%)
0 (0.0%)
2 (50.0%)

2 (50.0%)

22.1 (10.3 - 40.4)
28.6 (£26.2)

11.0 (10.4 - 15.0)
14.4 (£ 8.5)

6.1 (5.5 - 6.8)
6.2 (+1.2)

1.5 (1.0 -2.2)
1.8 (+1.0)

3.5 (24 -53)
42 (£27)

1.0 (0.8 - 1.5)
12(+13)

5.0 (4.8 - 5.5)
52 (+13)

2.0 (1.7 - 2.2)
2.0 (+04)

MF without itch N=6

68.0 (63.5 - 74.0)
69.3 (+7.7)

0 (0.0%)

25.6 (245 - 26.7)
256 (+1.3)

11.0 (6.0 - 13.8)
10.2 ( £6.0)

57.5 (52.5 - 66.2)
59.2 (+9.6)

4(66.7%)
2 (33.3%)
2 (33.3%)

2(33.3%)

3.5(2.2-8.5)
5.0 (+4.0)

3.5(1.2-5.4)
3.4 (£23)

0.4 (0.0 - 2.1)
15 (%21)

0.0 (0.0 - 0.8)
0.3 (+0.5)

0.2 (0.0 - 0.6)
0.3 (+0.3)

0.0 (0.0 - 0.0)
0.0 (+0.0)

0.0 (0.0 - 0.8)
12(+13)

1.0 (1.0 - 1.0)
1.0 (£0.0)

1.0

0.042

0.014

0.025

0.031

0.013

0.025

0.011

0.006

MEF, Mycosis fungoides; mSWAT, Modified Severity-Weighted Assessment Tool; BMI, Body mass index; BSA, Body surface area; PGA, Patient global Assessment; QoL, Quality of Life;
DLQI, Dermatology Life Quality Index; N, Number; IQR, Interquartile range; SD, Standard deviation; Continuous variables were compared using Wilcoxon rank test and categorical

variables using Chi2 test.
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MF patients N=10 Healthy controls N=10 P

Age [years] 0.014
Median (IQR), 67.5 (60.5-72) 545 (40-63.3)

Mean ( + SD) 66.2 (+9.8) 516 (+ 14.2)

Sex M:F 9:1 6:4 0.30
BMI [kg/m?] 0.39
Median (IQR), 25.6 (24.1-27.2) 24.5 (22.3-27.0)

Mean ( + SD) 26.6 (£ 5.1) 245 (£29)

Duration of disease [years] -
Median (IQR), 9(5-138) N/A

Mean ( + SD) 9.8 (£57)

Stage of disease (ISCL/EORTC, 2007) -
MF IA 2 N/A

MF IB 4 N/A

MF IIB 4 N/A

Palpable Lymph nodes [%)] 10 N/A =
Involved Body surface area [%) -
Median (IQR), 5.8 (1.8-11) N/A

Mean ( + SD) 7.8 (+7.69)

mSWAT [points] -
Median (IQR), 8 (2.75-16.9) N/A

Mean ( + SD) 14.42 (£ 19.65)

Concomitant symptoms: -
Itch [%)] 40 N/A

Fatigue (%] 20 N/A

Insomnia (%) 20 N/A

MF, Mycosis fungoides; mSWAT, Modified Severity-Weighted Assessment Tool; BMI, Body mass index; N, Number; IQR, Interquartile range; SD, Standard deviation; Continuous
variables were compared using Wilcoxon rank test and categorical variables using Chi2 test.
N/A, not applicable.
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HMC-1.1

Mean = SD
SHH ND
PTCH1 1.77 £ 0.40
GLI1 0.49 £ 0.12
GLI2 7.69 +0.23
GLI3 0.020 + 0.003
SUFU 3.66 + 0.48
SMO ND

Mean values are normalized expression by GAPDH and ACTB (274%9). Mean and SD values are expressed as value x 10°. ND, Non-detected.
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ND
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