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SUMMARY: 
The basophil activation test is a complementary in vitro diagnostic test for the evaluation of IgE-mediated allergic reactions based on the detection of basophil activation in the presence of a specific stimulus through the measure of activation markers by flow cytometry. 

ABSTRACT: 
The basophil activation test (BAT) is a complementary in vitro diagnostic test that can be used in addition to clinical history, skin test (ST), and specific IgE (sIgE) determination in the evaluation of IgE-mediated allergic reactions to food, insect venom, drugs, as well as some forms of chronic urticaria. However, the role of this technique in the diagnostic algorithms is highly variable and not well determined.

BAT is based on the determination of basophil response to allergen/drug cross—linking IgE activation through the measurement of activation markers (such as CD63, CD203c) by flow cytometry. This test can be a useful and complementary tool to avoid controlled challenge tests (CCT) to confirm allergy diagnosis, especially in subjects experiencing severe life-threatening reactions. In general, the performance of BAT should be considered if i) the allergen/drug produces false positive results in ST; ii) there is no allergen/drug source to use for ST or sIgE determination; iii) there is discordance between patient history and ST or sIgE determination; iv) symptoms suggest that ST may result in systemic response; v) before considering a CCT to confirm the culprit allergen/drug. The main limitations of the test are related to non-optimal sensitivity, especially in drug allergy, the need to perform the test no longer than 24 h after sample extraction, and the lack of standardization between laboratories in terms of procedures, concentrations, and cell markers. 

INTRODUCTION: 
IgE-mediated allergy diagnosis is based on clinical history, skin tests (STs), quantification of serum specific IgE (sIgE), and, if it is required and indicated, controlled challenge tests (CCTs)1-6. However, clinical history can be unreliable since there may be a lack of accurate information, and STs and CCTs are not risk-free procedures that can be contraindicated in subjects experiencing severe life-threatening reactions1-6. These issues, together with the fact that the determination of sIgE by validated and commercial fluoro-enzyme immunoassays is only available for few allergens and drugs, have highlighted the important role of other in vitro functional assays such as basophil activation test (BAT). 

Basophils are key effector cells involved in IgE-mediated allergic reactions that are activated upon cross-linking of adjacent sIgE bound on high-affinity receptors (FcεRI) on cell surface after allergen/drug exposure. Basophil activation triggers cell degranulation and release of pre-formed and new synthesized inflammatory mediators contained in intracytoplasmatic secretion granules7-9. BAT is an in vitro method that tries to mimic the basophil activation in the presence of a stimulus (allergen or drug) and determines changes in the expression of basophil activation markers by flow cytometry7,10. There are different strategies to identify basophils (IgE+, CCR3+, CRTH2+, CD203c+) and to measure cell activation (mainly upregulation of CD63 and CD203c) using combinations of fluorochrome-labelled antibodies7,10. CD63, the best clinically validated activation marker11-14, is a membrane protein anchored at the secretory granules containing histamine that, after cell activation and fusion of the granules with the membrane, is expressed on basophil surface15-21. CD203c is a surface marker that is constitutively expressed on basophils and upregulated after FcεRI stimulation, which has also shown reliable results in BAT15,22-25. Besides, it appears to co-express with CD6326.

In the last decades, BAT has shown to be useful in the diagnosis of IgE-mediated allergic reactions induced by different triggers like drugs, food, or inhalants, as well as in some forms of chronic urticaria, as described below. However, the position of this technique in the diagnostic algorithms is highly variable and not well determined.

Drug hypersensitivity 
BAT has shown to be useful as a complementary test for selected drugs and patients, particularly for those who experience severe reactions due to the fact that diagnostic value of ST is not well established for most drugs, as they are validated and standardized for a limited number of drugs27-30. In addition, quantification of sIgE is available only for a limited number of drugs, with lower sensitivity than ST27-32. Therefore, the diagnosis of drug hypersensitivity usually relies upon drug provocation test, which can be contraindicated in subjects experiencing severe life-threatening reactions33. 

Promising results have been reported for the use of BAT in selected patients reporting immediate hypersensitivity reactions to different drugs like betalactams (BLs)20,34-39, neuromuscular blocking agents (NMBAs)19,22,40-45, fluoroquinolones (FQs)46-49, pyrazolones50-52, radiocontrast media (RCM)53-56, and platinum compounds57-59. BAT has been reported to have a sensitivity and specificity between 51.7-66.9% and 89.2-97.8%, respectively; and positive and negative predictive values are described to range between 93.4% and 66.3%, respectively27,31. Moreover, BAT has been proposed as a predictive biomarker for breakthrough reactions during desensitization with platinum compounds, as CD203c expression is increased compared to CD63 in patients with high risk of adverse reactions during drug desensitization57.

It is of note that BAT is only useful in drug hypersensitivity when the reaction involves basophil degranulation; therefore, it is not useful in reactions resulting from enzymatic inhibition of cyclooxygenase 142. 

Food allergy
BAT has emerged as a potential diagnostic tool for food allergy because determination of serum sIgE to the whole allergen extract or single allergens is often ambiguous, requiring oral food challenge to confirm the diagnosis, which, similarly to drug hypersensitivity, is a costly and not risk-free procedure60. Several studies have shown relevant results with cow’s milk61-62, egg61,63, wheat64-68, peanut63,69-72, hazelnut73-77, shellfish78, peach79-81, apple21, celery, and carrot82-83.

The main added value of BAT in the diagnosis of food allergy compared to STs and sIgE in serum is that it shows a higher specificity and similar sensitivity. Thus, BAT is a useful tool to differentiate clinically allergic patients from sensitized, but tolerant, subjects that have both high specificity (75-100%) and sensitivity (77-98%)63,69,84. Sensitivity and specificity values depend on the allergen and other factors as phenotypes (e.g., oral allergy syndrome versus anaphylaxis), age, and geography-related sensitization patterns63,85. 

BAT using single allergen components can potentially improve diagnostic accuracy for some food allergens61,80. There are studies using seed storage proteins (e.g., Ara h 1, Ara h 2, Ara h 3 and Ara h 6 from peanut)86; lipid transfer proteins (e.g., Pru p 3 from peach and Ara h 9 from peanut)80,86; and Bet v 1 homologues (e.g., Ara h 8 from peanut)87. Other potential utilities are related to the identification of the culprit allergen in cases of pollen-food allergy syndrome21,87-88, allergy to red meat89, or food-dependent exercise-induced anaphylaxis66.

Interestingly, BAT can provide information about the severity and the threshold of allergic reactions since patients with more severe reactions show a greater proportion of activated basophils, as observed in studies of peanut and cow’s milk-allergic patients84,90-91; and patients reacting to trace amounts of the allergen show a greater basophil sensitivity84,90,92. These data suggest that BAT may be useful to identify high-risk allergic patients who require closer follow-up and more intensified education93. Moreover, it has been reported that BAT can predict food challenge responses70,91-92,94 and thresholds of reactivity90,95 to help determine when food can be safely (re)introduced84. However, these findings are controversial in some studies63,96 and more research are required.

On the other hand, BAT has been used to monitor resolution of food allergy, either naturally or under immunomodulatory treatments, over time, which until now has been only assessed by oral food challenge, with the associated risks and costs84,97-108. Moreover, it has also been used to monitor the effect of omalizumab in food allergy as basophil activation decreases during treatment with omalizumab, but it increases after cessation of treatment109. 

Inhalant allergy
BAT is rarely beneficial in inhalant allergy as diagnosis can be routinely established by sIgE quantification and ST. However, in cases of local allergic rhinitis (undetectable levels of sIgE and negative STs with positive nasal provocation tests), BAT has allowed diagnosis in 50% of cases110. It has been further reported a correlation between basophil sensitivity and response to nasal/bronchial provocation tests, as well as between asthma severity and efficacy of treatment with omalizumab111-112.

BAT has also been used to monitor allergen immunotherapy for house dust mite and pollens, as basophil sensitivity decreases during immunotherapy, likely due to interference of blocking IgG antibodies113-117.

Hymenoptera venom allergy 
Diagnosis of hymenoptera venom allergy is routinely based on ST and serum sIgE. BAT has shown a high sensitivity (85-100%) and specificity (83-100%) and it has been reported to be useful in cases that yield equivocal results or in patients with a suggestive clinical history of venom allergy but undetectable sIgE and negative ST118-119. However, BAT appears not to be predictive of severity for these reactions120-121.

Up to 60% of patients exhibit sIgE to both wasp and bee venom, and the identification of dominant allergen is crucial for adequate immunotherapy treatment. In these cases, BAT has been reported to be useful in the identification of the dominant allergen119,122-124. Although sIgE to the major allergens of bee and wasp venoms may reduce the utility of BAT in patients with double positivity to both venoms, it provides useful information mainly in subjects with negative results in sIgE determinations123. 

Some studies suggest that BAT may be useful as a predictive biomarker for side effects during the build-up phase of venom immunotherapy as this treatment option has been reported to decrease basophil sensitivity. However, reactivity does not decrease and this BAT utility is nowadays controversial13,120,125-130. 

Urticaria and angioedema
A subset of chronic urticaria patients have an autoinmune pathophysiology, due to IgE autoantibodies to autoallergens and IgG autoantibodies that target FcεRI or IgE-FcεRI complexes present on the mast cell surface131-132. In clinical practice, diagnosis of this type of chronic urticaria has relied on positive autologous serum ST, which has risk of accidental infection. BAT has been proposed as an in vitro test for diagnosing and monitoring patients with suspected chronic urticaria. Both CD63 and CD203c expression on the surface of basophils has been reported to be increased following stimulation with sera from chronic urticaria patients, showing the detection of active autoantibodies133-137. Recently, it has been reported that patients with positive BAT often experience the most active disease state, assessed by urticaria activity score, and require higher doses of antihistamines together with third-line treatments (cyclosporine A or omalizumab), compared to those with negative BAT138.

PROTOCOL

The protocol performance was conducted according to the Declaration of Helsinki principles and approved by the local Ethics Committee (Comité de Ética para la Investigación Provincial de Málaga, Spain). All subjects were informed orally about the research study and they signed the corresponding informed consent form.

NOTE: The present protocol details the BAT procedure that the authors use daily. However, this is not a standardized method and differences with procedures published by other authors exist. The main protocol modifications are related to the use of IL-3 in the stimulation buffer, incubation time with the stimulus, method for stopping basophil degranulation, and flow cytometry strategies. Moreover, different commercially available kits for BAT include specific protocols recommended by the manufacturer. 

1. Sample preparation

1.1. Collect peripheral blood in 9 mL heparinized tubes and maintain the sample at room temperature (RT) in a rotor until it is required for the experimental protocol.

1.2. Label 5 mL cytometer tubes for negative controls (2 tubes), positive controls (2 tubes) and different concentrations of allergen/drug (1 tube per each allergen/drug concentration tested). Place the tubes in a rack where tubes fit perfectly without slipping.

1.3. Prepare stimulation buffer in double distilled water containing 2% (v/v) HEPES, 78 mg/L NaCl, 3.7 mg/L KCl, 7.8 mg/L CaCl2, 3.3 mg/L MgCl2, 1 g/L HSA. Adjust pH to 7.4 and add IL-3 at 2 ng/mL. Usually prepare 100 mL and divide in 2.5 mL aliquots to be frozen at -20 °C. 

1.4. Prepare positive controls in PBS-Tween-20 0.05% (v/v) (PBS-T): Positive control 1, N-Formylmethionyl-leucyl-phenylalanine (fMLP) (4 µM), to confirm quality of basophils; Positive control 2, Anti-IgE (0.05 mg/mL) as a IgE-mediated positive control.

1.5. Prepare the allergen/drug in PBS-T at 2x the desired final concentration.

NOTE: Optimal allergen/drug concentrations to be used must be previously determined by using a wide range of concentrations, by dose–response curves, and by cytotoxicity studies following the same protocol steps139.

2. Staining mix preparation

2.1. Add monoclonal antibodies labelled with fluorochrome to the stimulation buffer following manufacturer´s recommended antibody concentration or by previous antibody titration. In this protocol we add 1 µL of each antibody (CCR3-APC and CD203c-PE for basophil identification; CD63-FITC for basophil activation)140 per 20 µL of stimulation buffer.

NOTE: Protect the staining mix preparation from the light.

2.2. Add 23 µL of staining mix to each tube.

3. Blood stimulation

3.1. Add 100 µL of PBS-T to tubes 1 and 2 (negative control), 100 µL of fMLP to tube 3, 100 µL of anti-IgE to tube 4, and 100 µL of the different allergen/drug concentrations to the following tubes. Incubate for 10 min at 37 °C in a thermostatic bath with medium agitation to prewarm reagents. 

3.2. Gently add 100 µL of blood to each tube to avoid hemolysis. Gently vortex tubes and incubate for 25 min at 37 °C in a thermostatic bath with medium agitation.

3.3. Stop the degranulation, keeping tubes at 4 °C for at least 5 min.

NOTE: The protocol can be paused here at 4 °C for 30-45 min if required141-143.

4. Erythrocytes lysing

4.1. Add 2 mL of 1x lysing buffer to each tube to lyse erythrocytes. Vortex each tube and incubate for 5 min at RT.

NOTE: In this step, cells are fixed due to fixative agents (formaldehyde) contained in the buffer.

4.2. Centrifuge at 300 x g at 4 °C for 5 min. Decant the supernatant, overturning the rack into a sink. Cells remain at the bottom of the tubes.

4.3. Add 3 mL of PBS-T to each tube to wash cells. Vortex each tube.

4.4. Centrifuge at 300 x g at 4 °C for 5 min. Decant the supernatant, overturning the rack into a sink.

NOTE: Keep samples at 4 °C, protected from the light until flow cytometer acquisition.

5. Flow cytometry acquisition

5.1. Acquire samples by flow cytometer (e.g., BD FACSCalibur Flow Cytometer). Connect the flow cytometer to the computer software and wait for the cytometer to be ready. Load the template and instrument settings (Table 1).

5.2. Start sample acquisition.

5.3. Use the following cytometer strategies for selection of activated basophils139.

5.2.1. Gate the lymphocytes from the Side Scatter (SSC) – Forward Scatter (FSC) plot.

5.2.2. Gate the basophils from the lymphocyte population as CCR3+CD203c+ cells. Acquire at least 500 basophils per tube.

5.2.3. Show a CCR3 – CD63 plot to analyze activation using CD63 as activation marker. Set the CD63 negative threshold to approximately 2.5% using the negative control tubes.

5.2.4. Acquire all the samples.

REPRESENTATIVE RESULTS:
BAT performed with allergens or drugs allow investigation of IgE-dependent hypersensitivity reactions. Basophil reactivity should be measured in at least two optimal concentrations in order to obtain the best results34 and activation is visualized by the upregulation of CD63 on the cell surface. In the case of allergens, moreover, to confirm the basophil reactivity, the basophil sensitivity should be analyzed by measuring the reactivity at multiple decreasing allergen concentrations114. This measure allows the determination of the allergic concentration that induces the response of 50% basophils (EC50), which can be expressed as “CD-sens”141. The measurement of the area under the dose curve (AUC) has been recently proposed to assess both basophil reactivity and basophil sensitivity together58. 

The flow cytometry strategy for analyzing BAT results is shown in Figure 1 and Figure 2 and includes gating lymphocytes from the SSC-FSC plot (step 1), gating basophils from the lymphocyte population as CCR3+CD203c+ cells (step 2), showing a CCR3 – CD63 plot to analyze activation using CD63 as activation marker (step 3). Figures show representative examples of BAT results obtained for drugs (Figure 1) and allergens (Figure 2).

FIGURE AND TABLE LEGENDS: 
Figure 1: Representative analysis of drug basophil activation test by flow cytometry. (A) SSC-FSC plot to select lymphocyte+basophil population. (B) CCR3-CD203c plot to gate basophils from the lymphocyte population as CCR3+CD203c+hi cells. (C) CCR3–CD63 plot to analyze activation using CD63 as activation marker for negative control, positive control and drug. Values showed in each panel represent percentage of cells. 

Figure 2: Representative analysis of allergen basophil activation test by flow cytometry. (A) SSC-FSC plot to select lymphocyte+basophil population. (B) CCR3-CD203c plot to gate basophils from the lymphocyte population as CCR3+CD203c+ cells. (C) CCR3–CD63 plot to analyze activation using CD63 as activation marker showing results for negative control and decreasing concentrations of allergen (Ara h 9). Values showed in each panel represent percentage of cells.

Table 1: Flow cytometer requirements

DISCUSSION:
BAT is a complementary in vitro diagnostic test for the evaluation of IgE-mediated allergic reactions that has shown to be useful in the diagnosis of reactions induced by different triggers such as drugs, food, or inhalants, as well as in some forms of chronic urticaria. In general, BAT performance should be considered if i) the allergen/drug produces false positive results in ST; ii) the allergen/drug is not available to be used for ST or sIgE quantification; iii) discordance between clinical history and ST or sIgE determination exists; iv) symptoms suggest that ST may induce a systemic reaction; v) previous to CCT for culprit allergen/drug confirmation10. 

Concerning the experimental protocol, there are different important aspects to be considered to get suitable blood samples for the test. Systemic steroids146 and immunosupressors, including oral corticosteroids,147 should be avoided before testing due to decrease of basophil response146 (antihistamines and topical steroids do not affect BAT results)146. The test should not be performed during infection or active chronic inflammatory conditions148. The interval time between the reaction and the test should be no longer than 1 year because of reported negativization of sIgE levels over time42,52,149. The test is performed with fresh whole blood and must be performed no longer than 24 h after blood extraction150-151. Blood has to be collected in heparin-stabilized tubes because basophils do not degranulate if EDTA or acid-citrate dextrose are used as a stabilizer, although it could be used after adding calcium152. On the other hand, the stimulus used in the test should not include any excipients; for this reason, standardized allergen extracts, recombinant or purified allergens, pure active ingredients or intravenous injectable drug preparations are recommended. Moreover, chemical characteristics of the drugs need to be considered. For example, some drugs are unstable in solution and must be freshly prepared before each test, and others are photo labile and must be performed while protecting the assay from the light48. Toxicity and nonspecific activation should be evaluated for each tested allergen/drug and ROC curves with confirmed patients and tolerant controls must be analyzed to determine the cut-off. Finally, the importance of both positive controls should be highlighted in the analysis of BAT. fMLP is a bacterial peptide that induces basophil activation through the G-protein coupled fMLP receptor. For this reason, it is often used as a positive control of non-IgE-mediated activation16. Anti-IgE or alternatively anti-FcεRI are used as positive controls of IgE-mediated basophil activation. No basophil activation in the presence of both non-IgE and IgE-mediated positive controls suggest not enough quality of basophils or mistakes in the experimental protocol. In contrast, basophils activated with fMLP but not with anti-IgE or anti-FcεRI are designated as non-responder basophils, being estimated that 6-17% is non-responder to stimulation through FcεRI in BAT 63,84,153, although they express normal densities of cells surface IgE. Non-responsiveness could be related to low levels of Syk phosphatase154-156 together with increased levels of CD45157. Although studies have shown that non-responder basophils can turn into responders in the presence of IL-3158 in in vitro assays, non-responder basophils can be still detected in BAT and, in these cases, results cannot be considered for evaluation. 

Regarding the inclusion of IL-3, a basophil priming cytokine, no general consensus exists. The use of IL-3 has been reported to enhance basophil responsiveness in CD63-based BAT without inducing CD63 upregulation by itself after a short pretreatment7,159-160. However, another study suggests that IL-3 upregulates CD63 expression at baseline161. In contrast, in the case of CD203c-based BAT, studies confirm that IL-3 priming enhances CD203c expression by resting basophils, decreasing differences between unstimulated and stimulated basophils and decreasing BAT sensitivity 159,161.

Different gating strategies can be used to identify basophil population and analyze basophil activation by flow cyotmetry. Basophils are low side scatter cells that can be identified through different selection marker options162-164, being a key point that could affect the diagnostic efficiency of BAT165,166. Cell marker selection should be based on specificity to discriminate basophils from other cells populations as well as on cell marker expression on resting and activated cells. The best known and commonly used basophil selection markers are: CD193 (CCR3) (also expressed on mast cells, Th2 lymphocytes162, and eosinophils), CD123 (also expressed on HLA-DR+ plasmacytoid dendritic cells), CD203c (exclusively expressed on basophils and upregulated after basophil activation), and FcεRI (also expressed on pluripotent progenitors of mast cells)139. Based on these cell markers and in combination with SSC, more common selection strategies are SSClowCCR3+, SSClowCCR3+CD203c+ (applied in this protocol), SSClowCD123+HLA-DR−, SSClowCD203c+CD123+HLA-DR−, SSClowFcεRI+HLA-DR− (to exclude antigen presenting cells and monocytes 146,161-163), SSClowCD203c+CRTH2+CD3- (to exclude T cells)164, SSClowCD203c+ or SSClowCCR3+CD123+ 10,162,166, SSClowCD123+(CD3-CD14-CD19-CD20-)167-168, and SSClowIgE+169,170, although not recommended due to limitations in patients with low IgE levels. After accurate selection of basophil population, activation is usually detected through the detection of CD63, located in the membrane of secretory granules16,171 whose expression on the basophil surface is directly correlated with basophil degranulation and histamine release16,172-173. Another option is the analysis of CD203c, although sensitivity is lower due to its upregulation by IL-3159,161, constitutively expressed on resting basophils and upregulated on activated basophils.

Basophil activation is detected by measuring the percentage of CD63 positive cells (CD63-based BAT) or variations in CD203c mean fluorescence intensity (MFI) (CD203c-based BAT) compared to a negative control set as threshold value for each assay. A threshold of 2.5% CD63 positive cells in the negative control (unstimulated cells) is recommended to determine the most accurate BAT results compared to a controlled challenge test. Consideration of positivity depends on the tested stimulus. Basophil activation is considered positive for a stimulus if the percentage of CD63 positive basophils in the presence of the stimulus divided by the percentage of CD63 positive basophils in the negative control is higher than the cut-off calculated by ROC curve analysis of data obtained from confirmed allergic patients and healthy donors. 

BAT performance allows to distinguish between IgE-dependent and IgE-independent basophil activation by analyzing the inhibitory effect of wortmannin (WTM)16,174,175, a potent and specific inhibitor of phosphoinositide 3-kinase involved in IgE-mediated basophil activation. The inhibition assay is performed by incubating blood with WTM at 37 °C for 5 min at 1 µM before the incubation with the stimulus. To confirm that BAT inhibition with WTM is correct, inhibition of positive control anti-IgE but not of positive control fMLP must be observed.

Unfortunately, there is no standardization between different laboratories in terms of procedures, concentrations, and markers. Future multicenter studies are required to standardize the method to compare results between centers and to clinically standardize and validate the test.
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