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Background

Occupancy of MRGPRX2 heralds a new era in our understandings of immediate drug hypersensitivity reactions (IDHRs), but a constitutive expression of this receptor by basophils is debated.



Objective

To explore the expression and functionality of MRGPRX2 in and on basophils.



Methods

Basophils from patients with birch pollen allergy, IDHRs to moxifloxacin, and healthy controls were studied in different conditions, that is, in rest, after stimulation with anti-IgE, recombinant major birch pollen allergen (rBet v 1), moxifloxacin, fMLP, substance P (SP), or other potential basophil secretagogues. In a separate set of experiments, basophils were studied after purification and resuspension in different media.



Results

Resting whole blood basophils barely express MRGPRX2 on their surface and are unresponsive to SP or moxifloxacin. However, surface MRGPRX2 is quickly upregulated upon incubation with anti-IgE or fMLP. Pre-stimulation with anti-IgE can induce a synergic effect on basophil degranulation in IgE-responsive subjects after incubation with SP or moxifloxacin, provided that basophils have been obtained from patients who experienced an IDHR to moxifloxacin. Cell purification can trigger a “spontaneous” and functional upregulation of MRGPRX2 on basophils, not seen in whole blood cells, and its surface density can be influenced by distinct culture media.



Conclusion

Basophils barely express MRGPRX2 in resting conditions. However, the receptor can be quickly upregulated after stimulation with anti-IgE, fMLP, or after purification, making cells responsive to MRGPRX2 occupation. We anticipate that such “conditioned” basophils constitute a model to explore MRGPRX2 agonism or antagonism, including IDHRs originating from the occupation of this receptor.
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   1 Introduction

 Human Mas-related G protein-coupled receptor member X2 (MRGPRX2) is expressed by various cell types, including dorsal root ganglion neurons and tryptase- and chymase-containing connective tissue mast cells (MCTC) (1), and can be activated by a variety of basic small molecules, such as the tachykinergic neuropeptide substance P (SP), anaphylatoxins, and compound 48/80, leading to degranulation independent of cross-linking of the high-affinity receptor for IgE (FcϵRI) (2, 3). Nonetheless, MRGPRX2 can also be involved in immediate hypersensitivity reactions to drugs (IDHRs), such as icatibant (4, 5), neuromuscular blocking agents (NMBAs) (4, 6–9), fluoroquinolones (4, 6–11), cetrorelix (4, 5), morphine (8, 9, 12), vancomycin (13) and many other antimicrobials/antiseptics (14, 15). However, experimental methodological heterogeneity has significantly hampered the interpretation and generalization of observations on MRGPRX2 involvement in IDHRs. This is in part due to the different experimental mutant animal models and transfected cell lines employed, both human and nonhuman, which exhibit a different level of MRGPRX2 expression, with variable receptor responsiveness and affinity (16).

 In this context, a more accessible human model is cultured human mast cells from peripheral blood-progenitor cells (PBCMCs) (9), which has been successfully applied both with and without comparative silencing of MRGPRX2 (8, 17).

 Two other putative and attractive candidates for further human MRGPRX2 studies were proposed by Wedi et al. (18), who showed that basophils and eosinophils constitutively express functionally active MRGPRX2 and are responsive to the fluoroquinolone ciprofloxacin. However, with respect to basophils, these data conflict with earlier preliminary findings, that is, whole blood basophils barely express MRGPRX2 (19) and basophils from uneventfully exposed control individuals do not degranulate non-specifically in response to MRGPRX2 agonists such as NMBAs, opiates, fluoroquinolones, and vancomycin (11, 20, 21). Alternatively, we demonstrated that anti-IgE and, to a lesser extent, fMLP, enhance the surface expression of MRGPRX2 by basophils (19).

 Here, we investigate the discrepancies in basophilic MRGPRX2 expression and explore the effect of IgE/FcϵRI-dependent or -independent stimuli on the surface expression and functionality.

 
  2 Materials and methods

  2.1 Peripheral blood cultured mast cells (PBCMCs)

 Human MCTC-like cells were cultured out of peripheral blood progenitor cells according to a protocol earlier described (22), and applied as a positive control for anti-MRGPRX2 staining. Briefly, CD34+ progenitor cells were isolated using magnetic beads (EasySep™ Human CD34 Selection Kit; Stemcell Technologies) and cultured in a serum-free methylcellulose-based medium (MethoCult SF H4236; Stemcell Technologies) supplemented with penicillin (100 units/mL), streptomycin (100 µg/mL) (Gibco, Thermo Fisher Scientific), low-density lipoprotein (10 µg/mL, LDL; Stemcell Technologies), 2-mercaptoethanol (55 µmol/L; Gibco, Thermo Fisher Scientific), stem cell factor (SCF, 100 ng/mL; Miltenyi Biotec) and interleukin-3 (IL-3, 100 ng/mL; PeproTech) during 4-5 weeks.

 MCs were stained with anti-human CD117-APC (clone 104D2; BD Biosciences), and anti-human CD203c-PeCy7 (clone NP4D6; BioLegend) and defined as CD117+ and CD203c+.

 The PBCMC cultures employed had a purity of 80% for CD117+CD203c+ cells (23). Before applying the PBCMCs to perform the qPCR experiments, cell debris removal was performed using the EasySep™ Dead Cell Removal (Annexin V) Kit (Stemcell Technologies).

 For membrane staining of MRGPRX2, 10 µL anti-human MRGPRX2-PE (clone K125H4; BioLegend) was added before fixing the cells and incubated on ice for 20 minutes in the dark. For intracellular staining of MRGPRX2, PBCMCs were fixed with 4% paraformaldehyde (BioLegend) for 30 minutes at room temperature. Subsequently, cells were washed and permeabilized in PBS (Thermo Fisher Scientific) with 0.05% Triton-X-100 (Avantor (VWR)) (PBS-TX, pH 7.4). Then, 10 µL of anti-human MRGPRX2-PE diluted in PBS-TX was added and incubated for 20 min at 4°C. Cells were washed with 0.3 mL PBS-TX and resuspended in PBS with 0.1% sodium azide (Avantor (VWR)).

 
  2.2 Peripheral whole blood basophils

 Heparinized sterile whole blood samples were collected from patients allergic to birch pollen (BPAs) (all presented with rhino-conjunctivitis and/or asthma related to birch pollen exposure and documented sensitization to Bet v 1, the major allergen from Betula verrucosa), patients with an IDHR to moxifloxacin (MOXs) [IDHRs to moxifloxacin have been defined in a previous study (11)], and healthy control individuals (HCs) and used for immunophenotyping and activation studies.

 For all the activation studies, 200 µL of whole blood were incubated with 200 µL of antigens and prewarmed at 37°C. Reactions were stopped by placing the cells on ice and adding 1 mL ice-cooled PBS-EDTA [10 mmol/L EDTA; Avantor (VWR)]. Supernatants were removed after spinning for 5 min (4°C, 200g).

 Basophils were stained with 20 µL monoclonal anti-human IgE (clone GE-1; Sigma Aldrich GmBH) labeled with AlexaFluor 405 (Molecular Probes; Thermo Fisher Scientific), 10 µL monoclonal anti-human CD63-PE (clone H5C6; BD Biosciences), and 10 µL monoclonal anti-human CD203c-APC (clone NP4D6; Biolegend) and incubated on ice for 20 minutes in the dark. For membrane staining of MRGPRX2, 10 µL anti-human MRGPRX2-PE (clone K125H4; BioLegend), was added before fixing the cells and incubated on ice for 20 minutes in the dark. Cells were lysed/fixed with 2 mL BD FACS Lysing solution for 20 min at room temperature. Cells were washed twice with PBS with 0.1% sodium azide and measured. Basophils were gated as SSclowaIgE+ cells. Resting basophils were defined as CD203c+CD63-, whereas degranulating basophils were identified as CD203c++CD63+. Analyses were performed at predetermined time points.

 For intracellular staining of MRGPRX2, basophils were fixed with 2 mL Phosflow Lyse/Fix Buffer (BD Biosciences) for 20 min at 37°C. Subsequently, cells were washed and permeabilized in PBS with 0.1% Triton-X-100 (PBS-TX, pH 7.4). Then, 10 µL of anti-human MRGPRX2-PE diluted in PBS-TX was added and incubated for 20 min at 4°C. Cells were washed with 0.3 mL PBS-TX and resuspended in PBS with 0.1% sodium azide.

 
  2.3 Purified basophils

 Basophils were isolated from EDTA-anticoagulated whole blood samples obtained from HCs using magnetic beads (EasySep™ Human Basophil Enrichment Kit; Stemcell Technologies) according to the manufacturer’s instructions and used for a different set of immunophenotyping and activation studies.

 After purification, cells were resuspended in RPMI 1640 (Thermo Fisher Scientific) 10% fetal calf serum (Thermo Fisher Scientific) + gentamycin 0.5% (Thermo Fisher Scientific) + glutamine 1% (Thermo Fisher Scientific) (RPMI medium) or in Tyrode buffer 10% autologous serum (Thermo Fisher Scientific) (Tyrode medium) for 30 minutes before starting the experiments. For all the activation studies, 100 µL of purified basophils were incubated with 100 µL of antigens and prewarmed at 37°C before use. Reactions were stopped by placing the cells on ice and adding 1 mL ice-cooled PBS-EDTA (10 mmol/L EDTA). Supernatants were removed after spinning for 5 min (4°C, 200g). Basophils were stained before fixation with 20 µL monoclonal anti-human IgE (clone GE-1; Sigma Aldrich GmBH) labeled with AlexaFluor 405 (Molecular Probes; Thermo Fisher Scientific), 10 µL monoclonal anti-human CD63-PE (clone H5C6; BD Biosciences), 10 µL monoclonal anti-human CD203c-APC (clone NP4D6; Biolegend), and 10 µL anti-human MRGPRX2-PE (clone K125H4; BioLegend). Cells were lysed/fixed with 2 mL BD FACS Lysing solution for 20 min at room temperature. Cells were washed twice with PBS with 0.1% sodium azide and measured. Basophils were gated as SSclowaIgE+ cells. Resting basophils are defined as CD203c+CD63-, whereas degranulating basophils are identified as CD203c++CD63+. Analyses were performed at different predetermined time points.

 
  2.4 Experiments with peripheral whole blood basophils

 Basophils from BPAs and HCs were incubated with mouse anti-human monoclonal anti-IgE antibodies (10 µg/mL, clone G7-18; BD Bioscience) as a positive control or rBet v 1 (0.01 µg/mL, rBet v 1; Biomay) to assess activation/degranulation through IgE/FcϵRI cross-linking as previously described (24).

 To study their IgE/FcϵRI-independent activation, basophils from BPAs and HCs were stimulated with N-formyl-methionyl-leucyl-phenylalanine (0.5 µg/mL, fMLP; Sigma-Aldrich), LPS (10 µg/mL; Sigma-Aldrich, Merck) and staphylococcus enterotoxin B (SAB 1-100 µg/mL; Sigma-Aldrich, Merck) or incubated with IL-3 (10 ng/mL; PeproTech).

 To study the functionality of basophilic MRGPRX2 expression, basophils from individuals who were responsive to positive control stimulation with anti-IgE in the CD63 basophil activation test (BAT) were separately or simultaneously stimulated with anti-IgE (10 µg/mL) and the natural MRGPRX2 ligand SP (15 µmol/L, Sigma-Aldrich, Merck). MRGPRX2-mediated activation/degranulation induced by SP (1.5 µmol/L, 15 µmol/L, 150 µmol/L, and 300 µmol/L) alone or after 20 minutes of priming with IL-3 (2 ng/ml and 10 ng/ml) was also assessed.

 To study moxifloxacin-induced activation/degranulation, basophils from MOXs and HCs were separately or simultaneously challenged with anti-IgE (10 µg/mL) and moxifloxacin (0.025 mmol/L or 2.5 mmol/L, Sigma-Aldrich, Merck) as previously described (11).

 Whole blood basophils were also separately or jointly incubated with IL-3 (10 ng/mL), IL-33 (30 ng/mL, PeproTech), and moxifloxacin (0.025 mmol/L and 2.5 mmol/L, Sigma-Aldrich, Merck).

 
  2.5 Experiments with purified basophils and preincubation with cytokines

 Purified basophils were resuspended in RPMI medium or Tyrode medium and analyzed via a BAT. Purified basophils resuspended in the two different media were also stimulated with anti-IgE (10 µg/mL).

 MRGPRX2-mediated activation/degranulation induced by SP (1.5 µmol/L, 15 µmol/L, 150 µmol/L, and 300 µmol/L) alone or after 20 minutes of priming with IL-3 (2 ng/ml and 10 ng/ml) was assessed in purified basophils resuspended in RPMI medium.

 These were also separately or jointly incubated with IL-3 (10 ng/mL), IL-33 (30 ng/mL), and moxifloxacin (2.5 mmol/L).

 
  2.6 Flow cytometric analysis

 Flow cytometric analysis was performed on a FACSCanto II™ flow cytometer (BD Immunocytometry Systems) equipped with three lasers (405, 488, and 633 nm). Correct compensation settings for the antibodies conjugated with fluorochromes were performed using BD CompBeads (BD Biosciences). Fluorescence minus one (FMO) samples were used to set a marker for positivity according to the 99th percentile. Flow cytometric data were analyzed using Kaluza Analysis 2.1 software (Beckman Coulter). Flow cytometric characterization of basophils relied upon a combination of side scatter (SSC), anti-IgE and CD203c. At least 1,000 basophils were counted and analyzed. Activation is expressed in net percentages of upregulation of CD63, CD203c, and MRGPRX2, that is the percentage of CD63, CD203c, and MRGPRX2 positive stimulated cells minus the percentage of positive CD63, CD203c, and MRGPRX2 resting cells.

 
  2.7 RT-qPCR and gel electrophoresis

 RNA isolation from PBCMCs and purified basophils at rest or after stimulation with anti-IgE (10 µg/mL) from 3 HCs was performed using the Nucleospin RNA XS kit, according to the manufacturer’s protocol (Macherey-Nagel). Sample RNA concentration and quality were determined using the Agilent Bioanalyzer 2100 platform (Agilent Tech.). An RNA integrity number (RIN) cut-off of 6 was applied to exclude inadequate samples. A total of 200 ng RNA was reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules), and the resulting cDNA was diluted 1:5. Bio-Rad PrimePCR assays containing validated primer pairs were used to perform a qPCR analysis on the expression of the target gene MRGPRX2 (PrimePCR Assay ID qHsaCID0023564), and two housekeeping genes, namely HPRT1(PrimePCR Assay ID qHsaCID0016375) and RPS29 (PrimePCR Assay ID qHsaCED0038808) (25), applied as positive controls. Each sample was run in triplicate.

 RT-qPCR was performed on 2 µL of cDNA using the SSO Advanced Universal SYBR Green Supermix (Bio-Rad Laboratories), with a total of 40 amplification cycles and the PCR protocol according to the manufacturer’s instructions. Next, qPCR products underwent 2% agarose gel electrophoresis and UV visualization (GelRed Nucleic acid stain, Biotium) to evaluate the presence of amplicons of the expected band size.

 
  2.8 Statistical analysis

 Two-way analysis of variance (ANOVA), paired Student’s t-tests, Tukey’s multiple comparisons test, Mann Whitney test and Pearson’s correlation coefficient were applied, where appropriate, using JMP Pro 13 (SAS, Cary, NC, USA). P-values < 0.05 were considered as significant. Figures were developed in GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA).

 
 
  3 Results

  3.1 MRGPRX2 expression in resting basophils and PBCMCs

 Resting PBCMCs express MRGPRX2, both intracellularly and on their surface membrane ( Figure 1 ). In contrast, resting whole blood basophils from BPAs and HCs invariantly show intracellular staining for MRGPRX2, but barely express the receptor on their surface membrane.

  

 Figure 1 | Membrane and intracellular expression of MRGPRX2 in peripheral blood cultured mast cells (PBCMCs) and whole blood basophils. Representative plots of membrane (green histogram) and intracellular (red histogram) MRGPRX2 expression in PBCMCs and resting whole blood basophils. FMO = fluorescence minus one sample (blue histogram). PBCMCs = peripheral blood cultured mast cells. 

 

 Whereas MRGPRX2 mRNA is detected in PBCMCs by qPCR, it was not found in resting purified basophils at rest or after stimulation with anti-IgE, as shown after gel electrophoresis of the qPCR products ( Supplementary Figures 1, 2 ).

 For both housekeeping genes (HPRT1 and RPS29) qPCR was successful and showed clear expression in all samples indicating that positive control genes are clearly expressed in both PBCMCs and resting or anti-IgE-stimulated purified basophils.

 
  3.2 MRGPRX2, CD63, and CD203c expression by activated whole blood basophils

 Stimulation with anti-IgE and fMLP induces an upregulation of MRGPRX2. This significant upregulation peaks after 3 minutes and reaches a plateau at 60 minutes. The appearance of the degranulation marker CD63 and upregulation of CD203c display slightly dissimilar time kinetics, since both events peak later, i.e., after 5 minutes ( Figure 2 ). MRGPRX2 upregulation after stimulation with fMLP is significantly less pronounced compared to anti-IgE stimulation.

  

 Figure 2 | Effect of anti-IgE and fMLP stimulation on membrane MRGPRX2 expression in whole blood basophils. (A) Representative plots on the effect of anti-IgE and fMLP stimulation of 20 min on membrane MRGPRX2 expression of whole blood basophils from one healthy control. Resting cells are identified as IgE+CD203c+CD63- (green). MRGPRX2+ expressing cells are indicated in purple. (B) Time kinetics of MRGPRX2, CD63 and CD203c membrane expression of whole blood basophils after stimulation with anti-IgE (red), fMLP (blue) or buffer (grey) (n=8). * p<0.05; **p<0.01 ***p<0.001; ****p<0.0001 compared to the buffer. #p<0.05; ##p<0.01 compared to the anti-IgE stimulation; Tukey’s multiple comparisons tests. 

 

 Representative plots of MRGPRX2 upregulation in HC and BPA after 20 minutes stimulation with anti-IgE, fMLP, and Bet v 1 are shown in  Figure 3 .

  

 Figure 3 | Effect of anti-IgE and fMLP stimulation on membrane MRGPRX2 expression in birch allergic patients. Representative plots on the effect of anti-IgE, fMLP or Bet v 1 stimulation of 20 min on membrane MRGPRX2 expression of whole blood basophils from one birch pollen allergic individual. Resting cells are identified as IgE+CD203c+CD63- (green). MRGPRX2+ expressing cells are indicated in purple. 

 

 No difference in MRGPRX2 expression was observed between resting basophils from BPAs (n=16; median 4%; range 0-14%) and HCs (n=10; median 6%; range 4-20%). On the other hand, a significantly higher MRGPRX2 upregulation was observed in anti-IgE stimulated basophils from BPAs (n=16; median 50%; range 13-99%) when compared to HCs (n=10; median 19%; range 12-31%) (p = 0.02, Mann Whitney test).

 IL-3 triggers upregulation of CD203c without any upregulation of MRGPRX2 or CD63 ( Supplementary Figure 3 ). We could not detect any upregulation of CD203c, CD63 or MRGPRX2 after stimulation with LPS and Staphylococcus enterotoxin (data not shown).

 
  3.3 Co-incubation experiments with anti-IgE and substance P

 In whole blood basophils from individuals who are responsive to anti-IgE, SP alone does not induce upregulation of CD63, CD203c, or MRGPRX2 surface expression. In contrast, co-incubation with anti-IgE and SP exerts a numeric synergistic effect on CD63 upregulation reaching significance after 3 minutes (p = 0.0104 at 3 minutes; p = 0.0017 at 5 minutes; p = 0.0026 at 20 minutes) ( Figure 4 ).

  

 Figure 4 | Co-incubation experiments with anti-IgE and substance P. (A) Representative plots of the effect of co-incubation of anti-IgE and SP on the membrane expression of CD63 of whole blood basophils in comparison to anti-IgE alone. (B) Time kinetics of the effect of SP, anti-IgE and SP in co-incubation with anti-IgE on the membrane expression of CD63 of whole blood basophils (n=10). SP = substance P. * p ≤ 0.05; ** p ≤ 0.01 anti-IgE compared to anti-IgE + SP at each time point; paired Student’s t-tests. 

 

 
  3.4 Co-incubation experiments with anti-IgE and moxifloxacin

 Based on the appearance of CD63, stimulation with anti-IgE reveals two distinct basophil reactivity patterns, i.e., “CD63 responders” and “CD63 non-responders”. HCs and CD63-responding MOXs show an anti-IgE-induced appearance of CD63 ( Figures 5A, G ) and upregulation of surface MRGPRX2 ( Figures 5B, H ). CD63-non-responding MOXs fail to demonstrate an increase of CD63 expression ( Figure 5D ) but also show surface upregulation of MRGPRX2 ( Figure 5E ). In all three groups, upregulation of CD203c is observed ( Figures 5C, F, I ).

  

 Figure 5 | Time kinetics of co-incubation experiments with anti-IgE and moxifloxacin. Whole blood basophils are stimulated with anti-IgE and moxifloxacin (0.025 mmol/L and 2.5 mmol/L) alone or in co-incubation with anti-IgE. The figure shows the effect on CD63, MRGPRX2 and CD203c membrane expression from CD63-responding HCs (n=6) (A-C), CD63-non-responding MOXs (n=5) (D-F) and CD63-responding MOXs (n=10) (G-I). For experiments with moxifloxacin 2.5 mmol/L, alone or in coincubation with anti-IgE, in CD63-responding MOXs, n=7. aIgE=anti-IgE; Moxi: moxifloxacin; MOXs = patients with immediate type hypersensitivity to moxifloxacin; HCs = healthy controls. Blue asterisks: statistical significance of aIgE + Moxi 0.025 mmol/L compared to aIgE; orange asterisks: statistical significance of aIgE + Moxi 2.5 mmol/L compared to aIgE; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; paired Student’s t-tests. 

 

 Moxifloxacin alone does not induce degranulation with the appearance of CD63 or surface upregulation of MRGPRX2 in either MOXs, regardless of CD63-responding status, ( Figures 5D, E, G, H ) or HCs ( Figures 5A, B ).

 Like for SP, co-incubation of the cells with anti-IgE and moxifloxacin 0.025 mmol/L exerts a synergistic effect with enhanced upregulation of CD63, which is strictly restricted to the CD63-responding MOXs and reaches statistical significance from 5 minutes onwards (p = 0.0007 at 5 minutes; p = 0.004 at 20 minutes) ( Figure 5G ). In contrast, in CD63-non-responding MOXs ( Figure 5D ) and in responsive HCs ( Figure 5A ), co-incubation with anti-IgE and moxifloxacin 0.025 mmol/L does not result in a CD63 expression higher than with anti-IgE alone. No significant difference is observed in all three groups on the expression of MRGPRX2 ( Figures 5B, E, H ) and CD203c ( Figures 5C, F, I ) in comparison to experiments with anti-IgE alone. A representative plot is shown in  Supplementary Figure 4 .

 In contrast, coincubation with anti-IgE and moxifloxacin 2.5 mmol/L seems to have an antagonistic effect on anti-IgE-mediated CD63 upregulation at 3 minutes in CD63-responding MOXs (p = 0.005), but not in CD63-non-responding MOXS, and from 3 minutes onwards (p = 0.0241 at 3 minutes; p = 0.0026 at 5 minutes; p = 0.006 at 20 minutes) in responsive HCs ( Figures 5A, D, G ). Interestingly, the magnitude of inhibition seems to be higher in HCs than in CD63-responding MOXs. Furthermore, coincubation with anti-IgE and moxifloxacin 2.5 mmol/L has a synergistic effect on MRGPRX2 upregulation at 3 minutes only in responsive HCs (p = 0.0256) ( Figure 5B ). No correlation between the magnitude of the inhibitory effect of coincubation with moxifloxacin 2.5 mmol/L on anti-IgE-mediated CD63-upregulation and MRGPRX2 upregulation was observed for any subpopulation ( Supplementary Figure 5 ). With respect to CD203c, coincubation with anti-IgE and moxifloxacin 2.5 mmol/L triggers significant synergistic upregulation only in CD63-responding MOXs (p = 0.0019 at 1 minute; p = 0.0039 at 5 minutes) ( Figure 5I ).

 
  3.5 MRGPRX2 expression in purified basophils

 As shown in  Figure 6A  and  Supplementary Figure 5 , purification of basophils induces a significantly higher MRGPRX2 expression as compared to whole blood basophils (p ≤ 0.0001).

  

 Figure 6 | MRGPRX2 expression in whole blood vs purified basophils and MRGPRX2 functionality in purified basophils. (A) Effect on MRGPRX2 expression on the surface membrane of basophils from HCs after purification using magnetic beads (n=12). **** p ≤ 0.0001; paired Student’s t-tests. (B) Membrane expression of CD63 on purified basophils from HCs resuspended in RPMI medium, primed with IL-3 (2 ng/mL and 10 ng/mL) and subsequently stimulated with SP for 3 and 20 minutes (n=6). * p ≤ 0.05; ** p ≤ 0.01 SP 300 µmol/L after priming with IL-3 compared to buffer after priming with IL-3; paired Student’s t-tests. (C) Membrane expression of CD63 on purified basophils from the same HCs as in Figure 6B resuspended in RPMI medium, without priming with IL-3, and stimulated with SP for 3 and 20 minutes (n=6). HCs = healthy controls. SP: substance P. 

 

 Purified basophils, resuspended in both Tyrode medium and RPMI medium, show upregulation of CD203c but not CD63. Purified basophils incubated in RPMI medium are no longer stimulable with anti-IgE and their MRGPRX2 density is higher than that observed for separated basophils suspended in Tyrode medium ( Supplementary Figure 7 ).

 
  3.6 MRGPRX2 functionality in purified basophils

 Stimulation of purified basophils resuspended in RPMI medium with SP, primed with two different concentrations of IL-3 for 20 minutes, induces upregulation of CD63 after 3 minutes with a direct SP-dependent dose effect that reaches significance for the highest tested concentration of SP (p = 0.0275 for SP 300 µmol/L after priming with IL-3 2 ng/mL compared to buffer after priming with IL-3 2 ng/ml; p = 0.0042 for SP 300 µmol/L after priming with IL-3 10 ng/mL compared to buffer after priming with IL-3 10 ng/mL). At 20 minutes the effect is significant only for experiments conducted jointly with the highest IL-3 and SP concentrations (p = 0.0394 for SP 300 µmol/L after priming with IL-3 10 ng/ml compared to buffer after priming with IL-3 10 ng/mL) ( Figure 6B ).

 No significant SP-induced CD63 upregulation is observed in the same set of experiments performed without co-incubation with IL-3 or on whole-blood basophils ( Figure 6C  and  Supplementary Figure 8 ).

 Priming with IL-3 has no effect on MRGPRX2 expression, neither on purified nor on whole blood basophils ( Supplementary Figure 9 ).

 
  3.7 Moxifloxacin-induced degranulation of purified basophils

 As shown in  Figure 7 , stimulation of whole blood basophils or purified basophils resuspended in RPMI medium with moxifloxacin alone results in a CD63 expression comparable to spontaneous expression of CD63.

  

 Figure 7 | Stimulation with moxifloxacin of whole blood basophils vs purified basophils. Membrane expression of CD63 of whole blood basophils and purified basophils resuspended in RPMI medium from 3 HCs after incubation with IL-3 (10 ng/mL), IL-33 (30 ng/mL), and moxifloxacin (2.5 mmol/L) alone or in co-incubation with IL-3 (10 ng/mL) and/or IL-33 (30 ng/mL) (analyses performed at 3 and 20 minutes) (n=3). HCs = healthy controls. * p ≤ 0.05 compared to buffer; paired Student’s t-tests. 

 

 IL-3 and IL-33 separately can significantly (but slightly) increase CD63 expression in purified basophils at 20 minutes with a (not significant) synergistic effect when combined. In purified basophils, co-incubation of IL-3 and/or IL-33 with moxifloxacin seems to cause an additive effect on CD63 upregulation which is not statistically significant.

 Almost no upregulation of CD63 is observed in whole blood basophils obtained from the same patients, regardless of incubation with IL-3, IL-33, and/or moxifloxacin.

 Co-incubation of both purified and whole blood basophils with IL-3, IL-33, or both, fails to induce upregulation of MRGPRX2 after 3 and 20 minutes ( Supplementary Figure 10 ).

 
 
  4 Discussion

 Here we confirm that human resting peripheral blood basophils only rarely express functionally active MRGPRX2 on their surface membrane and, consequently, are unresponsive to endogenous and exogenous MRGPRX2 agonists. Although unclear, this probably correlates with the lack of exposure to specific tissue factors and allows the prevention of potent and potentially harmful nonspecific activation of these cells, as MRGPRX2 can also be activated by various exogenous and endogenous substances including serum albumin fragments (26).

 Our data are not in line with the observations by Wedi et al. (18), who demonstrated that MRGPRX2 is constitutively expressed on resting isolated basophils, ciprofloxacin induces basophil degranulation, and basophils contain MRGPRX2 mRNA. Net of methodological differences, our study confirms that basophils express MRGPRX2. However, according to our results, extracellular expression of the receptor and its engagement by endogenous and exogenous ligands seems to require a previous conditioning (that can also be elicited by the experimental conditions themselves). In fact, constitutive surface expression of MRGPRX2 by basophils would be difficult to align with previous results on moxifloxacin, other fluoroquinolones, opioids, and neuromuscular blocking agents, all known MRGPRX2 agonists (11, 20, 21, 27–32).

 In support of our hypothesis, we show that cell purification with magnetic beads actively induces surface expression of MRGPRX2 in basophils. Furthermore, purified basophils resuspended in the same culture medium as used by Wedi et al. (18) showed a higher density of MRGPRX2 than those resuspended in a different solution and became unresponsive to an IgE-mediated stimulus. This might imply that this specific culture medium may further enhance the expression of MRGPRX2. However, even after purification and resuspension in the same culture medium as that used by Wedi et al. (18), the basophils in our experiments did not exhibit spontaneous surface upregulation of CD63 and were still unable to degranulate after stimulation with an MRGPRX2 agonist. Indeed, further conditioning with IL-3 (and/or IL-33) was necessary to achieve significant degranulation with substance P or moxifloxacin, but neither IL-3 nor IL-33 was responsible for an increase in MRGPRX2 expression that might have underpinned such basophil activation.

 Overall, some subtle differences in the two experimental settings may have played a role in these discrepancies. However, as demonstrated by the series of experiments performed with substance P and moxifloxacin with whole blood basophils versus purified basophils from healthy donors, MRGPRX2 ligands appear to be able to selectively induce degranulation in purified basophils. This suggests that cell purification is responsible for the expression of functional MRGPRX2.

 Unlike Wedi et al, but in agreement with the data from the FANTOM 5 project (33), we could not demonstrate the presence of MRGPRX2 mRNA in resting basophils. The reason for these conflicting findings is unclear. The observation that the levels of mRNA and protein are poorly correlated is not an infrequent phenomenon. For example, it has been shown that the expression of FcϵRI does not necessitate large numbers of mRNA molecules (34). The same could also be true for MRPGRX2 in basophils.

 Alternatively, MRGPRX2 is confirmed to be ubiquitously and abundantly expressed intracellularly in resting whole blood basophils and surface expression is rapidly upregulated in response to IgE/FcϵRI-dependent and IgE/FcϵRI-independent activation of the cells. At present, the exact intracellular localization of MRGPRX2 in basophils remains unknown. Its upregulation displays different time kinetics and magnitudes depending on the activation mode. All three readings, i.e., the ectoenzyme CD203c, the lysosomal degranulation marker CD63, and MRGPRX2, reveal fMLP, which acts via FPR-1, another G-protein-coupled receptor (GPCR) (35), to trigger a faster but transient and significantly less pronounced activation of the cells as compared to cross-linking of IgE/FcϵRI by anti-IgE or a relevant allergen (e.g., rBet v 1 in BPAs). These data parallel the findings by Knol et al. (36), who showed basophilic histamine release by IgE/FcϵRI cross-linking to be slower than the almost instantaneous release in response to fMLP and the observations in MCs by Gaudenzio et al. (5), who demonstrated that IgE-independent activation triggers a more rapid but transient degranulation as compared to IgE/FcϵRI cross-linking. Furthermore, priming with IL-3 selectively induces CD203c upregulation without upregulation of CD63 or MRGPRX2 and, in CD63-non-responding moxifloxacin hypersensitive patients, MRGPRX2 upregulation occurs independently of CD63 appearance. Collectively these data suggest that MRGPRX2 is localized in a third intracellular compartment.

 Furthermore, our experiments show that basophilic expression of MRGPRX2 could also contribute to pathological conditions such as IDHRs resulting from the off-target occupation of non-immune receptors. At present, most studies on the ability of drugs to activate MRGPRX2 have been conducted with murine MCs (4), transfected HEK cells (4), and human MC lines (e.g., LAD2) (4, 6, 12), or in vitro CD34+-derived human MCs (5, 7–9, 22). Based on these studies it has been proposed that the occupation of MRGPRX2 could be responsible for IDHRs to several drugs and that the murine orthologue MrgprB2 might serve as a model for the development of therapeutic strategies aimed at preventing or treating a subset of IDHR. However, a comparison of the data of McNeil et al. (4) with the findings by Azimi et al. (6) and our own observations (8), reveals significant species-specific differences, which might hinder the translation of findings in mice to humans making this model not suitable for the development of therapeutic strategies. Alternatively, the LAD2 cells have been shown to be intermediately differentiated as compared to human mature skin MCs and to variably express MRGPRX2 (37).

 Based on our data, we anticipate that “conditioned” basophils could serve as a human model to explore IDHRs resulting from the MRGPRX2 occupation. Moreover, as such MRGPRX2-dependent IDHRs only occur in a minority of exposed individuals, and do not necessarily involve all drugs with MRGPRX2-agonistic properties, our approach using “conditioned” patients’ basophils could allow capturing data that are inaccessible when using animal models or techniques based upon cell lines or healthy donor cells. The reason why not all individuals exposed to a substance capable of activating MRGPRX2 react with an IDHR has not yet been elucidated with certainty but is probably attributable to polymorphisms in the receptor. For instance, mutations in the carboxyl terminus of MRGPRX2, the portion responsible for phosphorylation and desensitization of the receptor, can make mast cells more responsive to ligands such as SP (38). Admittedly, using humanized cell cultures expressing a specific variant of MRGPRX2, while not equally easily accessible, could be another possibility for an individualized study of the receptor.

 In this context, we show that in patients with immediate hypersensitivity to moxifloxacin, co-incubation of the basophils with anti-IgE and moxifloxacin induces a more pronounced degranulation as compared to IgE/FcϵRI cross-linking by anti-IgE alone. This is in accordance with the recent findings that IgE-mediated and MRGPRX2 activation can synergistically combine to boost the exocytosis of cutaneous MCs (39).

 Remarkably, even though IgE-mediated upregulation of MRGPRX2 is observed in all the subjects, synergistic degranulation is restricted to patients with immediate-type hypersensitivity to moxifloxacin with a “CD63-responder” status of the basophils. The reasons why patients with a “CD63-non-responder status” and controls with a “CD63-responder status” do not show this synergistic effect remain elusive. To some extent, the different behavior between CD63-responding patients and CD63-responding controls could relate to polymorphisms, mutations, and epigenetic modifications affecting MRGPRX2-driven signaling (40–42).

 Similarly unclear, there seems to be a conundrum with co-stimulation with anti-IgE and moxifloxacin, with opposite findings for low and high stimulation concentrations of this drug. The reasons for the antagonistic effect of the highest tested concentration of moxifloxacin on anti-IgE induced degranulation observed in CD63-responders, regardless of their clinical status, remain elusive. Babina et al. recently described a synergistic effect on the degranulation of mast cells for low concentrations of two different MRGPRX2 ligands, namely SP and codeine. Of note, for higher concentrations of the same ligands, no agonistic effect on the degranulation of one stimulus on the other was observed (39). Whether extremely high concentrations of MRGPRX2 ligands could lead to the initiation of a counterregulatory mechanism, which in our case may have influenced IgE-mediated degranulation, remains speculative. The existence of extensive crosstalk between IgE-mediated and non-IgE-mediated pathways and their intracellular signaling has recently been described in detail (43). For instance, despite the existence of a redundant and overlapping signaling network between the two pathways, calcium channels differentially affect PI3K activation in FcϵRI- compared to MRGPRX2-mediated signaling, which is a crucial intracellular signal transducer for both (44). This could result in a counterregulatory mechanism that avoids noxious degranulation (43). Particularly interesting is that while in HCs there is no synergistic effect of moxifloxacin 0.025 mmol/L, moxifloxacin 2.5 mmol/L still manages to have an inhibitory effect on anti-IgE-mediated degranulation; moreover, this effect is visibly higher than that seen in CD63-responding patients. One could therefore speculate that high concentrations of moxifloxacin succeed in stimulating MRGPRX2 in these healthy subjects without causing degranulation, but with an exclusive counterregulatory effect, whereas a full degranulation effect is already observed at lower concentrations in patients. It might be precisely the result of residual MRGPRX2-mediated degranulation that accounts for the lower inhibition observed in CD63-responding patients. Not to be overlooked, a direct pharmacological effect of high concentrations of moxifloxacin on calcium channels may have led to this effect, because of their key role and differential effects on IgE- and non-IgE-mediated pathways. Fluoroquinolones can interact directly with calcium channels. In fact, they induce a multi-ion channel–blocking action in the heart within the supra-therapeutic dose range and can exert insulin secretion via the Ryanodine receptor activation and the active influx of calcium from the extracellular space in pancreatic β-cells (45, 46). Clearly, MRGPRX2 signaling remains unclear and definitely is more than currently meets the eye.

 Admittedly, our ex vivo model of co-incubation with anti-IgE and moxifloxacin does not exactly mirror in vivo conditioning of the cells during infection/inflammation. However, for the time being, except for fMLP and rBet v 1 in patients with birch pollen allergy, we failed to identify other substances that promote surface upregulation of MRGPRX2 by basophils. Neither LPS nor Staphylococcus enterotoxin seems to have any effect. Similarly, no significant upregulation of MRGPRX2 could be induced in MCs either, despite numerous efforts (47). Wedi et al. described a dose-dependent increase of MRGPRX2 surface expression in purified basophils after 30 minutes of incubation with IL-3, a well-established primer of basophils (48). Upregulation of the receptor was observed also after 24 hours of incubation with IL-3, anti-IgE, C5a, or fMLP (18). However, we failed to observe an IL-3 induced upregulation of MRGPRX2, neither in whole blood nor in purified basophils.

 In conclusion, we show that circulating basophils can be rapidly “conditioned” to respond to the occupation of de novo MRGPRX2 surface expression. Moreover, since resting basophils of uneventfully exposed control individuals do not respond non-specifically to drugs requiring MRGPRX2 involvement (11, 20, 21, 28–32), it is tempting to hypothesize that comparative studies with and without “conditioned” cells might enable discrimination between IDHRs from genuine cross-linking of IgE/FcϵRI and MRGPRX2 occupation.
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