Supplementary Material of ‘Integrative Multi-Omics Analysis Reveals Biomarkers of Severe Systemic Allergy to Honeybee Venom and Olive Pollen’
SUPPLEMENTARY METHODS
Basophil Activation Test (BAT)
Basophil activation and sensitization were evaluated against bee venom and olive pollen allergens as described before2. Heparinized whole blood was incubated with 20 µL of stimulation buffer (1 M HEPES containing 0.78% NaCl, 0.037% KCl, 0.078% CaCl₂, 0.033% MgCl₂, 0.1% human serum albumin (HAS), and 10 µL/mL IL-3) together with 1 µL of CCR3-APC antibody (BioLegend, San Diego, CA, USA) for 10 min at 37°C. Subsequently, 100 µL of relevant allergens —Apis mellifera components (Api m 1, Api m 2, Api m 4, and Api m 10) for bee-allergic patients, or Olea europaea components (Ole e 1, Ole e 3, Ole e 7, and Ole e 9) for olive pollen-allergic patients— were added at five concentrations (0.1, 0.01, 0.001, 0.0001, and 0.00001 µg/mL) and incubated for 30 min at 37°C. PBS served as negative control, while anti-human IgE (0.5 mg/mL; BD Biosciences, San José, CA, USA) was used as positive control. Following a 5-min incubation on ice, samples were stained with anti-CD203c-PE and CD63-FITC antibodies (BioLegend) for 15–20 min at 4°C. Red blood cells were lysed using BD Biosciences lysing solution, and basophil activation was assessed on a FACSCanto II cytometer (BD Biosciences). Data were analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, USA), and results were expressed as stimulation index (SI), defined as the ratio between activated basophils in stimulated versus unstimulated samples3. Samples with ≥5% spontaneously activated basophils were included, and SI > 2 in at least one allergen concentration was considered positive.
Metabolomic analysis
Chemical and reagents:
For the study, reverse-osmosed ultrapure water obtained from a Milli-Q Plus185 system (Millipore, Billerica, MA, USA), mass spectrometry (MS) grade methanol (MeOH) and acetonitrile (ACN) from Fisher Scientific (Hampton, NH, USA), and analytical grade ammonia solution (28%, GPR RECTAPUR®) and glacial acetic acid (AnalaR® NORMAPUR®) from VWR Chemicals (Radnor, PA, USA) were used.
Arachidonic acid, lysophosphatidylcholine (LPC) 14:0, LPC 16:0, LPC 17:0, LPC 17:1, LPC 18:0, LPC 18:1, LPC 19:0, lysophosphatidylethanolamine (LPE) 18:0, lysophosphatidylinositol (LPI) 16:0, LPI 20:4, palmitoleic acid, oleamide, sphingosine, sphingosine-1-phosphate (S1P), sphinganine-1-phosphate (SPA-1P), sphinganine C17, sphingosine-d7, and LPC 18:1-d7 were obtained from Avanti Lipids (Birmingham, AL, USA). Bilirubin, lactic acid, lauric acid, oleic acid, adenosine, arginine, betaine/valine, L-carnitine, cortisol, creatine, creatinine, hexanoylcarnitine, hippuric acid, hypoxanthine, leucine/isoleucine, L-phenylalanine, proline, propionylcarnitine, urea, L-carnitine-d3, L-isoleucine d7, and palmitic acid-d31 were purchased from Sigma-Aldrich (Darmstadt, Germany). L-phenylalanine-d5 and L-valine-d8 were purchased from Cambridge Isotope Laboratories Inc. (Andover, MA, USA).
HPLC-QqQ-MS Analytical Methods:
Samples, standard calibration curves and internal standards (ISTD) were prepared in the same way for the two complementary methods. For both, LC vials were maintained at 4°C in a thermostatic autosampler, and the acquisition was done in ESI positive mode.
The Hydrophilic interaction liquid chromatography (HILIC) method: For adenosine, betaine/valine, L-carnitine-d3, cortisol, creatine, creatinine, hexanoylcarnitine, hippuric acid hypoxanthine, L-isoleucine-d7, arginine, L-carnitine, L-leucine/isoleucine, L-phenylalanine, L-phenylalanine-d5, proline, propionylcarnitine, urea, and L-valine-d8. To achieve metabolite separation, a gradient elution on a Kinetex HILIC (150 mm × 2.1 mm × 100 Å) column maintained at 25°C was used. The mobile phases consisted of: (A) water, and (B) ACN, both with 5.5 mM ammonium acetate and 0.1% acetic acid. The flow rate was 0.5 mL/min. The gradient started with 95% B for 2 min, then gradually decreased up to 50% during 10 min before immediately changing back to the initial conditions for an additional 10 min. The MS conditions were as follows: 5500 V of capillary voltage in positive ESI mode, a nebulizer gas flow rate of 11.0 L/min at 250 °C; and a source pressure of 60 psi. The injection volume was set at 5 µL.
The Reversed-phase method: For arachidonic acid, bilirubin, lactic acid, lauric acid, LPC 14:0, LPC 16:0, LPC 17:0, LPC 17:1, LPC 18:0, LPC 18:1, LPC 18:1-d7, LPC 19:0, LPC 20:0, LPE 18:0, LPI 20:4, oleic acid, palmitic acid-d31, palmitoleic acid, sphingosine, sphingosine-d7, and S1P. For metabolite separation, a gradient elution on a Supelco Ascentis Express reversed phase (150 mm × 2.1 mm × 2.7 μm) column maintained at 60 °C was used. The mobile phases consisted of: (A) water, and (B) ACN, both with 0.1% acetic acid. The flow rate was 0.6 mL/min. Initial conditions were set at 20% B for 2 min, which gradually increased until 100% B during 8 min. Then, 100% B was maintained 5 min before returning to initial conditions immediately, which were kept for another 5 minutes. The MS conditions were as follows: 3500 V of capillary voltage in positive ESI mode, a nebulizer gas flow rate of 10.0 L/min, a gas source temperature of 250°C; and a source pressure of 45 psi. The injection volume was set at 8 µL. 
Sample Preparation
Samples were prepared once and measured in both methods. 50 µL of serum sample were mixed with 150 µL of a cold (−20°C) methanol:ethanol (MeOH:EtOH) mix (1:1). Then, serum samples were vortex-mixed for 1 min, placed on ice for 20 min and centrifuged at 16000 × g for 20 min at 4°C. Subsequently, 70 µL of the supernatant were transferred into an LC vial and mixed with 50 µL of the deuterated internal standard (ISTD) mix (prepared to obtain a final concentration in the sample of 0.2 µg/mL for L-carnitine-d3, L-isoleucine-d7, L-phenylalanine-d5, and L-valine-d8, and of 0.3 µg/mL for LPC 18:1-d7, palmitoleic acid-d31, and sphingosine-d7) and 440 µL of HILIC mobile phases in the same proportion as the initial conditions (95% B + 5% A). Blanks were prepared using 50 µL of water instead of serum, following the same protocol. Quality control (QC) samples were prepared by pooling equal volumes of serum of each patient; then, 50 µL of the serum were prepared in the same way as samples. QC samples were measured throughout the run to ensure system stability, and were also used in the calibration curves.
Calibration curves
Considering the matrix effect previously observed, an external calibration curve was prepared by pooling QC (after metabolite extraction) and serial dilutions of a known-concentration standard mixture, prepared at 1000X1. For each level of the calibration curve, 50 µL of the appropriate concentration level of the standard mix were mixed with an equal volume of the extracted QC sample, either at full concentration or diluted, to be able to quantify compounds in samples with lower abundance. A total of 12 concentrations were prepared, as detailed in the Supplementary Table 5. All the calibration curve levels had ISTD at the same final concentrations as in the samples, to ensure signal correction.
Metabolite Integration and Quantification
The external calibration curves were generated by plotting the peak relative area (area of metabolite/area of corresponding ISTD) on the Y-axis against the estimated concentrations (concentration of the extracted serum pool plus added standard) on the X-axis. Metabolites showing acceptable linearity were quantified by interpolation in their corresponding external calibration curve. The final concentrations (µg/mL) were calculated considering sample dilutions.
Chromatogram visualization and peak areas were obtained using MassHunter Workstation B.05.00 and MassHunter QQQ Quantitative Analysis B.08.00 (Agilent Technologies, Santa Clara, CA, USA), respectively. Through this targeted method, a total of 34 out of 36 metabolites were quantified and their values are shown in Supplementary Tables 1-2.
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SUPPLEMENTARY FIGURE LEGENDS
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Supplementary Figure 1. Metabolite trajectories according to allergy model and clinical severity. Bar plots show serum metabolite concentrations (µg/mL) in patients with Hymenoptera venom allergy (H, purple) and olive pollen allergy (O, green), stratified by mild (M, light) and severe (S, dark) clinical phenotypes. A. LPL levels. B. Levels for the rest of detected metabolites. Individual data points represent single subjects, bars indicate mean ± SEM. P values for group comparisons are shown above brackets; “ns” denotes not significant. Student’s t or Mann-Whitney U tests were applied for normally and not normally distributed data, respectively.
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Supplementary Figure 2. Serum cytokine and chemokine trajectories according to allergy model and disease severity. Serum concentrations (pg/mL) of inflammatory mediators were measured in patients with Hymenoptera venom allergy (H, purple) and Olive Pollen allergy (O, green), stratified by mild (M, light) and severe (S, dark) clinical phenotypes. Individual dots represent single subjects and bars indicate mean ± SEM. P values for group comparisons are shown above brackets; “ns” denotes not significant. Student’s t or Mann-Whitney U tests were applied for normally and not normally distributed data, respectively.


SUPPLEMENTARY TABLES
Supplementary Table 1. Detailed information of the metabolite levels (in µg/mL) obtained for each Hymenoptera venom allergic patient analysed in the study.
Supplementary Table 2. Detailed information of the metabolite levels (in µg/mL) obtained for each olive pollen allergic patient analysed in the study.
Supplementary Table 3. Detailed information of the protein levels (in pg/mL) obtained for each Hymenoptera venom allergic patient analysed in the study.
Supplementary Table 4. Detailed information of the protein levels (in pg/mL) obtained for each olive pollen allergic patient analysed in the study.
Supplementary Table 5. Detailed information on preparation of calibration curve points.
	QC sample (µL)
	HILIC mobile phases at initial conditions (µL)
	
Standard Mix concentration level


	50
	0
	800X

	50
	0
	400X

	50
	0
	200X

	50
	0
	100X

	50
	0
	50X

	50
	0
	25X

	50
	0
	0

	37.5
	12.5
	0

	25
	25
	0

	12.5
	37.5
	0

	6.25
	43.75
	0

	3.125
	46.875
	0
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