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ABSTRACT ARTICLE HISTORY
Introduction: The basophil activation test (BAT) has shown evidence of high sensitivity and high ~ Received 9 December 2023
specificity to support the diagnosis of IgE-mediated allergy. It is a functional test that uses live cells ~ Accepted 26 March 2024
analyzed by flow cytometry and thus needs to be performed within 24h of blood collection. BAT has KEYWORDS

shown to be reproducible and reliable when tested in a clinical diagnostic laboratory with standardized Basophil; basophil activation

protocols and flow cytometry settings. test; food allergy; IgE;
Areas covered: In this review, we summarize the evidence to support clinical use of BAT and the next anaphylaxis; diagnosis;
steps required for clinical implementation for an improve clinical care for patients with suspected IgE-  biomarker; prediction

mediated food allergy.

Expert opinion: BAT has recently been included in Clinical Guidelines of Food Allergy Diagnosis and its
implementation in clinical practice depends largely on availability. Proposed clinical applications of the
BAT include: distinction between food allergy and asymptomatic IgE sensitization; determination of
food allergic status to peanut, tree nuts and seeds in polysensitized children; evaluation of tolerance to
baked egg and baked milk in egg and milk allergic children; identification of patients at high-risk of
severe allergic reactions; monitoring for spontaneous resolution of food allergy; confirmation of elig-
ibility for specific treatments of food allergy; prediction and monitoring of response to immunomodu-
latory treatments.

1. Introduction cost than SPT and sIgE and the need for flow cytometry and
specifically trained laboratory staff, BAT is recommended as
a second step in the diagnostic process despite its high diagnos-
tic performance.

In this review, we will discuss the principles of the BAT, the
rationale for its use in the diagnosis of IgE-mediated food
allergy, its clinical indications, and future steps toward its
implementation in clinical practice.

The basophil activation test (BAT) is a flow cytometry assay that
measures the expression of activation markers (e.g. CD63 and
CD203c) on the surface of basophils following stimulation with
specific allergens. Its use has gained importance over the last
decades as a valid procedure to support the diagnosis of IgE-
mediated food allergy. In the recent update of the European
Academy of Allergy and Clinical Immunology (EAACI) guidelines
on the diagnosis of IgE-mediated food allergy published
this year, BAT is, for the first time, listed as one of the recom- 2. General principles of the basophil activation test
mended tests, and is suggested for patients with a suspected
food allergy and equivocal skin prick test (SPT) and specific IgE
(sIgE) measurement prior to oral food challenge (OFC) [1.] The

IgE-mediated food-induced allergic reactions and anaphylaxis are
the result of mast cell and basophil activation and degranulation

BAT is less invasive, safer, and less expensive when compared With the release of vaso-active and inflammatory molecules.

with OFC. Particularly for BAT to peanut and sesame, there is high Basophils are more readily available cells in the peripheral blood
certainty of evidence for its use in clinical practice based on than mast cells and are, therefore, more accessible for testing. The

a thorough systematic review of the literature and meta- BAT is based on the assessment of blood basophils after stimula-

analysis on accuracy of diagnostic tests in food allergy. BAT pea-  tion with specific allergens or controls. Activated basophils upre-
nut and sesame demonstrated a moderate sensitivity (86% and gulate various activation markers on their cell surface that can be
89, respectively) and a high specificity (90% and 93%, respec- measured using flow cytometry. The lysosomal-associated mem-
tively), both with low heterogeneity between studies [2]. brane protein CD63, located on the membrane of secretory lyso-
Furthermore, due to its limited availability, relatively higher —somes inside the basophil and becomes expressed on the plasma
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Article highlights

o The basophil activation test (BAT) is a functional test that uses live
cells and assesses whether basophils degranulate following stimula-
tion with allergen and controls.

e The BAT takes into account various elements of an allergic reaction
(allergen, cells, quantity and quality of IgE and other antibodies) and
is more precise than measuring IgE levels to support the diagnosis of
IgE-mediated food allergy.

e BAT can be useful to confirm the diagnosis and identify allergic
patients at high-risk of developing severe reactions and/or reacting
to low doses of the allergen.

e BAT can also help confirm indication of allergen-specific treatment
and assessing clinical response to such treatment.

e Changes in BAT over time may be helpful in assessing for possible
spontaneous resolution of food allergy.

o Availability of BAT and 10% individuals with non-responder basophils
are limiting its use in clinical practice; however, these barriers need to
be overcome, especially after the recent inclusion of BAT as
a recommended test for food allergy in clinical guidelines.

membrane as the basophil degranulates, is the most frequently
used marker to assess basophil activation [3].

The percentage of CD63 positive basophils increases with
increasing concentration of the allergens reaching a plateau at
higher concentrations. Many factors can have an impact on
the dose-response curve of basophil activation, for instance:
the density of epitope-sigk on the cell surface, the affinity of
IgE for the allergen and the intrinsic characteristics of the
basophils themselves [4,5]. For this reason, a dose response
curve with a broad concentration of allergens is performed to
identify the optimal concentration for diagnosis, which is
selected for future testing [6]. For each food, the optimal cut
off of basophil activation expressed by percentage of CD63-
positive basophils and CD203c upregulation (often measured
by stimulation index) needs to be established to reach the
highest area under the curve (AUC) with a high specificity and
acceptable sensitivity [6].

BAT has been strongly correlated with symptoms in patients
sensitized to respiratory, venom, and food allergens [7,8]. Its high
specificity and retained sensitivity, when compared with other
sensitization tests, have led to its increased use not only in
research but also in clinical practice, particularly in the diagnosis
of food allergy. In food allergy, BAT has high specificity, which
contrasts with the lower specificity of SPT and sIgE. For example,
BAT has demonstrated up to 100% specificity for peanut allergy
[9,10] and for egg allergy [11]. In some studies, BAT has been
shown to be useful in differentiating allergic from tolerant to milk
and egg among children with AD [12,13,]. Data on the utility of

BAT in the diagnosis of allergy to other foods have also shown
promising results [7].

Limitations of BAT are the need for live cells and the
necessity to perform the analysis within 24 hours by qualified
personnel. Furthermore, around 10% of patients have transi-
ent nonresponsive basophils upon stimulation through IgE
receptor FceRl despite normal cell surface IgE, and, as
a consequence, show non-interpretable results for BAT [6]. In
these patients, a mast cell activation test (MAT) might be an
interesting additional cellular assay to be used in the future.

3. Proposed clinical applications of the basophil
activation test

In this section, we discuss possible applications of BAT in
clinical practice (Table 1). BAT can be useful to support diag-
nosis and prognosis of food allergy, to monitor for possible
spontaneous food allergy resolution and also to confirm elig-
ibility for immunomodulatory treatments and to predict and
monitor clinical response to such treatments (Figure 1).

3.1. Differentiation between food allergy from
asymptomatic sensitization

SPT and slgE, the first-line diagnostic tests following the
clinical history, show high sensitivity but low specificity for
food allergy diagnosis. Cutoffs with higher specificity have
been identified. sIgE measurement to individual allergens
has clearly added value in the diagnosis of some food
allergies, like peanut, hazelnut, cashew, sesame and peach
allergies, but it is not always definite. In fact, most patients
still fall in a gray diagnostic area and require a diagnostic
OFC. In these situations, BAT, with its high specificity, con-
fers an important advantage compared with SPT and sIgE
and can limit the need of OFC. Given BAT's high specificity,
reaching 100% for some food allergies, a positive BAT
allows to confirm the diagnosis of food allergy in patients
with equivocal SPT and slgE without the need for
a diagnostic OFC. A proposed procedure for diagnosis of
food allergy in patients with an immediate reaction after
food intake is illustrated in Figure 2.

Numerous studies have evaluated the performance of BAT in
the diagnosis of food allergy showing high sensitivity and speci-
ficity (Table 2). Recently, a comprehensive systematic review of
the literature with meta-analyses confirmed the high sensitivity
and specificity of BAT to support the diagnosis of peanut and

Table 1. Proposed applications of the basophil activation test in clinical practice.

« Diagnosis of food allergy in patients with equivocal skin test and specific IgE results prior to oral

food challenge

¢ Confirmation of allergic status to peanut, tree nuts and seeds in polysensitized children

 |dentification of tolerance to baked milk/egg in children with cow’s milk/egg allergies

o Confirmation of eligibility for immunomodulatory treatments for food allergy

¢ Monitoring for spontaneous resolution of food allergy

e Prediction of success of immunomodulatory treatments for food allergy

e Monitoring of clinical response to immunomodulatory treatments for food allergy
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Figure 1. Proposed integration of the basophil activation test in the clinical pathway of patients with suspected food allergy - the stages of this process that include

the basophil activation test are marked in orange.

Suspected IgE-mediated
food allergy

!

Molecular DL Skin prick test Introduction of food
Allergology slgE extracts in the diet*
| J
Equivocal results Skin test and/or IgE
d.{<95% vabc‘”"’ff il >95% PPV cut-offandfor | =P Diagnosis of food allergy
lscrepan;’): G ::vt:)en UStory, slgE to informative component
1 + F 9
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l +

BAT, basophil activation test; PPV, positive predictive value; OFC, oral food challenge

Figure 2. Proposed diagnostic procedure in patients with suspected food allergy.

* OFCif highly suggestive clinical history

BAT, basophil activation test; PPV, positive predictive value; OFC, oral food challenge; sIgE, specific IgE.

sesame seed allergies [2]. BAT can be performed using whole
allergen extract or single allergens. The use of single allergens
can improve accuracy of diagnosis for some food allergies but
carries the risk of missing the potential contribution of other
allergens contained in the food. The BAT to peanut as well as
to the individual allergens Ara h 2 and the highly similar compo-
nent Ara h 6 has been shown to discriminate between peanut
sensitized but tolerant and peanut allergic patients with similar
sIgE levels, reducing the need for OFC [9,14,20]. Similar results
were also found for hazelnut allergy where BAT to hazelnut
showed higher specificity (97%) than sIgE to individual allergens
Cor a 9 (72%) and Cor a 14 (94%) [16].

There are clinical scenarios that can be particularly difficult to
diagnose with precision and require multiple OFC, such as poly-
sensitization to nuts and seeds and children diagnosed with milk
and egg allergies who may tolerate the baked forms of the food.

3.2. Determination of allergic status to tree nuts and
seeds in polysensitized children

Cross-sensitization in nut allergic patients can be as high as 50%
[21-24]. However, the rate of clinical cross-reactivity, based on
OFC, was initially found to be less than 30% [25,26]. These results
were, however, based on retrospective studies including small
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Table 2. Diagnostic performance of the basophil activation test in different food allergies.

Food allergy Stimulant used in BAT Sensitivity Specificity Optimal cutoffs
Peanut Peanut extract [2]* 84% 90% 5% CD63+
Ara h 2 [14] 92% 77% ND
Ara h 2 [15] 79.2% 943 ND
Sesame Sesame extract [2]* 89% 93% 10.9% CD63+
Hazelnut Hazelnut extract [16] 100% 97% CD-sens >1.7
Hazelnut extract [15] 80.8% 87.7% ND
Almond Almond extract [15] 100% 80% ND
Cashew Cashew extract [15] 82.9% 87.5% ND
Egg Ovalbumin [11] 77% 100% 5% for CD63+
Egg white extract [13] 62% 92% 32.5% for CD63
Baked egg Egg white extract [17] 74% 62% SI CD203c > 2.4
Ovomucoid [17] 80% 73% SI CD203c > 1.7
Cow’s milk Cow’s milk extract [18] 91% 90% >6% CD63+
Cow’s milk extract [17] 89% 83% SI CD203c> 1.9
Casein [17]
Wheat Wheat extract [19] 86% 58% >11.1% CD202c+
Omega 5-gliadine (nTri a19) [19] 86% 58% >11.1% CD202c+
Omega 5-gliadine (nTri a19) [19] 83% 63% >7.9% CD202c+

BAT, basophil activation test; ND, non-defined; SI, stimulation index *Systematic review and metanalysis.

number of patients. In a recent European multicenter prospec-
tive study evaluating challenge-proven co-existing peanut, tree-
nut and sesame allergies, 60.7% of children had more than one
nut or seed allergy, highlighting the importance of testing to all
nuts and seeds which are not regularly consumed and tolerated
in children with an IgE-mediated allergy to peanut, tree nut or
sesame [27]. Clinicians are often confronted with children pre-
senting an IgE-mediated nut allergy with positive SPT and IgE to
other nuts that have never been introduced in the diet, at least
on a regular basis. Such positive tests can result in unnecessary
avoidance of these nuts or, in order to infirm of confirm an
allergy, the need of a diagnostic OFC. Although most of these
patients tend to get sensitized to more than 4 nuts, most of them
will clinically react to 1-2 nuts [28]. Cross-reactivity is particularly
high between cashew and pistachio and between walnut and
pecan [27,28]. The BAT, used as a second step in the diagnostic
process, in patients with equivocal SPT and sIgE to allergen
extract and its components, has been shown to reduce the
need for OFC by 5% to 15% and the number of positive OFC
by 33% to 75% with 0% of false-negative and a diagnostic accu-
racy of 96% to 100% [15]. Higher basophil activation to walnut
has been associated with a higher likelihood of walnut/pecan co-
allergy and when performed together with SPT, a sensitivity of
100% for both walnut and pecan allergies and specificities of
90.9% and 93% for walnut and pecan allergies could be reached,
respectively [29]. In a recent study with 82 cases of suspected
sesame allergy, BAT as a second diagnostic test together with
SPT led to correct classification of 91% of patients with only one
false negative and four false positive results [30]. Based on these
studies, BAT can be considered as a valid second line diagnostic
test in polysensitized nuts and seed allergic children prior to
considering a diagnostic OFC.

3.3. Evaluation of tolerance to baked egg and baked
milk in egg and milk allergic children

Cow’s milk and egg allergies are the most common food
allergies worldwide [31,32]. About 60-80% of CM and egg
allergic can tolerate the food in their baked form leading to

a less restrictive diet and improved quality of life [33].
Furthermore, the baked food may be used for OIT and regular
consumption might also accelerate natural resolution [33,34].
To evaluate tolerance of baked goods, OFC is performed in
most cases as SPT and sIgE are not reliable predictors of
clinical reactivity. In these cases, BAT can be useful prior to
evaluating the need of an OFC [35]. In a recent study, BAT was
the best diagnostic marker for baked egg allergy, particularly
in children aged 2years or younger and, when performed
together with specific IgE, led to a 30% reduction of OFC
[36]. A higher basophil activation to milk was also found in
children who reacted to baked milk when compared to baked
milk-tolerant children and could predict severity of reac-
tion [37].

3.4. Identification of patients at high-risk of severe
allergic reactions

Basophil reactivity (i.e. %CD63+ basophils) correlates with
the severity of the reaction and its sensitivity (e.g. CD-sens
or EC50) with the threshold dose of clinical reactivity
[10,38,39]. This initial finding that the BAT can support the
identification of patients at risk of severe reactions to pea-
nut was confirmed in a large cohort of well-characterized
children participating in the LEAP and related studies and
also in a US cohort of peanut allergic patients. In a study
analyzing 187 walnut allergic children, an increased baso-
phil activation was associated with severity of reaction and
epinephrine use [29]. More recently, in an egg allergy study,
BAT was by far the best biomarker for both severe reactions
and low threshold of reactivity during double-blind placebo-
controlled challenges to baked egg [40]. No demographic or
clinical features were statistically significantly different
between severity and threshold groups. Nevertheless, BAT
distinguished severe from non-severe reactors and identi-
fied reactors with low threshold from those with high
threshold, suggesting that BAT could help stratify risk of
food allergic patients in the future.



3.5. Monitoring for spontaneous resolution of food
allergy

An interesting and promising application of BAT is the long-
itudinal assessment of patients with food allergies that tend to
be outgrown over time, such as cow’s milk, egg or wheat
allergies, to evaluate possible achievement of tolerance and
allow reintroduction of food in the diet. For example, BAT,
when performed together with skin testing and sIgE, can
diminish the need of OFC to assess possible spontaenous
resolution to cow’s milk in milk allergic children [18,41]. In
a more recent study, BAT was useful to identify children who
had outgrown their egg allergy [36]; however, longitudinal
studies assessing the same patients over time are needed to
confirm this. Taken together, these data suggest that BAT can
be a useful additional tool together with SPT and specific IgE
to assess resolution of cow’s milk and egg allergies.

3.6. Confirmation of food allergy for specific treatments

Immunomodulatory treatments for food allergy are being
actively researched and some are becoming mainstream prac-
tice, such as allergen-specific immunotherapy. Whilst OFC are
needed to confirm eligibility in clinical trials, such approach is
not practical in the routine setting and may not warrant
acceptability by patients and families, particularly if OFC has
already been recently performed for diagnosis. It would be
useful if a blood test could be used to confirm eligibility. Given
its high accuracy in the diagnosis of food allergy, BAT is the
most promising test to confirm food allergy without OFC [10].

3.7. Prediction of response to immunomodulatory
treatments

Biomarkers able to identify patients who respond to treat-
ment, either before starting and/or during treatment, would
be extremely useful in supporting food allergy management.
A couple of studies have shown that BAT to Ara h 2 and BAT
to peanut could identify as early as 3 months into treatment
with peanut OIT patients who were going to reach sustained
unresponsiveness as opposed to transient desensitization
[42,43]. Over the course of OIT, BAT reduced the response to
allergen in active compared to placebo arm in a number of
studies of different food allergies [44-46].

The use of biologics targeting the Th2 inflammation has
been increasingly evaluated as a possible treatment for food
allergy as monotherapy or as an adjunct treatment IT to
diminish side effects and increase feasibility of IT in highly
reactive patients. In these patients, high basophil activation
has been shown to be an interesting biomarker to evaluate
patients that might benefit from omalizumab, during OIT or
from an adjusted treatment schedule to decrease side effects
[47]. Interestingly, other studies have shown that omalizumab
induces two types of changes in basophils which have oppo-
site effects on their response to allergen: omalizumab on one
hand decreases the density of FceRl and on the other hand
enhances intrinsic basophil sensitivity [48,49]. These changes
can both be monitored during the BAT and correlated with
clinical outcomes.
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3.8. Monitoring of clinical response to
immunomodulatory treatments

The BAT has been used in clinical trials as a biomarker to
evaluate clinical response in OIT showing immunomodulation
of basophil activation throughout treatment, for instance in
peanut and egg-allergic patients [42,43,50,51]. A low basophil
sensitivity at the start of treatment has been associated with
a higher success rate of OIT. An early decrease in basophil
response to Ara h 2 has been observed in patients reaching
sustained unresponsiveness and a reactivation of basophil
response post-OIT in individuals with transient desensitization
[42,43]. In a recently published study of 50 cashew allergy
children, a significant decrease in basophil activation
was shown after 6-months of cashew OIT [52]. Similar results
have been published for sesame and walnut [53,54]. In these
studies, successful OIT to cashew and walnut led to co-
desensitization to pistachio and pecan, respectively. In these
patients, BAT might be used to assess cross-desensitization
but further studies are needed to confirm this before its use
in clinical practice. Based on these data, BAT could be used in
clinical practice as a biomarker to select patients who might
benefit from OIT, and to guide physicians during treatment in
the assessment of possible sustained unresponsiveness and
decision to stop treatment.

4. Next steps to bring the basophil activation test to
clinical practice

BAT is a functional assay that uses live cells and needs to be
performed within 24 hours of blood collection with
a standardized and reproducible methodology. BAT requires
a simple flow cytometer and qualified laboratory technicians -
such flow cytometers are available in clinical diagnostic
laboratories that perform routine immunophenotyping, for
example for blood cancers or HIV testing. About 10% of
individuals have basophils which do not respond to FceRI-
mediated signaling and only to stimulants not dependent on
the IgE-mediated pathway and for these patients the results of
BAT are uninterpretable [11]. Several factors, in particular dif-
ferences in the analytic and laboratory techniques, can influ-
ence the performance of BAT and this can have implications in
terms of the diagnostic accuracy of the test [55]. Thus, stan-
dardization of laboratory procedures, flow cytometry and data
analyses are essential to ensure a reliable and robust clinical
use of the test. In a parallel study using samples from children
being assessed for possible peanut allergy, BAT to peanut
demonstrated a very strong correlation between results tested
across two independent laboratories with a very high consis-
tency and narrow intra-CV. This proof-of-concept study con-
firmed that it is possible to perform a functional assay to
a very high-standard with reliable and consistent results and
provided confidence in its translation to a clinical diagnostic
setting. Automated flow data analysis strategy for flow cyto-
metry could further improve reproducibility and reliability of
BAT [56]. An important aspect of implementation OF BAT as a
clinical test is to set up external and interlaboratory quality
controls, to assure high quality of results and, ultimately, to
allow for reimbursement of test costs. Interlaboratory
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assurance and quality controls are now routinely performed in
the US.A. and in Europe. Standardization of analysis methods
has already improved coherence in the results (CV < 10%) in
ten European countries [57].

5. Alternative cellular tests for food allergy

The mast cell activation test (MAT) is an alternative cellular
assay that could be used as a complement to BAT, namely, to
circumvent the need of fresh blood and results for the 10% of
non-responders for whom BAT is uninterpretable. MAT is cur-
rently under investigation and has shown interesting results.
In the MAT, mast cells grown in the laboratory, either from
a mast cell line or from primary mast cells differentiated from
haematopoietcic stem cells, are sensitized with patients’ sera
and then stimulated with specific allergens or controls and
analyzed by flow cytometry for surface expression of activa-
tion markers, like CD63. The first study of MAT in the diagnosis
of food allergy showed high (98%) specificity in the diagnosis
of peanut allergy and that MAT can identify patients who
develop severe clinical reactions to peanut during OFC [58].
Recently, MAT has been created using mouse mast cells trans-
fected with a human FceRI allowing for quicker cell culture
and high-throughput results but limited expression of FceRI to
test samples from either highly atopic highly sensitized
patients or patients with low levels of allergen-specific IgE[59].

6. Conclusion

An accurate diagnosis and active management of food allergy
are of utmost importance to improve clinical care and quality
of life of food allergic patients and their families. The BAT has
demonstrated high specificity and ability to reduce the need
of diagnostic OFC and reach higher accuracy of diagnosis
compared with current tests. BAT shows very good diagnostic
accuracy for peanut and sesame with low heterogenicity
among studies and promising results for other food allergies.
BAT to foods other than peanut or sesame were, however, not
included in the recommendations of the recent EAACI food
allergy guidelines due to insufficient number of studies in the
systematic review to be able to complete meta-analyses. In
addition to supporting food allergy diagnosis, BAT can be
useful to confirm eligibility for and monitor response during
immunomodulatory treatments. The availability of BAT in rou-
tine clinical practice requires standardization of the assay,
external quality assurance of results and provision of the test
to practicing clinicians and is likely to have clinical impact.

7. Expert opinion

An accurate diagnosis of IgE-mediated food allergy remains
challenging in daily practice. In patients with a highly sugges-
tive clinical history of immediate reactions after ingesting
a specific food, evidence of allergen-specific SPT and IgEs
can be sufficient to confirm the diagnosis. Conversely, in
patients with no history of an allergic reaction, undetectable
SPT and specific IgE rule out food allergy. However, in many
other commonly encountered situations (for example, of

patients with a unclear history of reaction or a primary avoid-
ance of the food due to multiple (cross-) sensitizations), the
lack of specificity of SPT and specific IgE leads to the need for
multiple OFC to confirm or exclude a food allergy.

The BAT has shown to have a particularly high specificity
for most foods and can reduce the need for diagnostic OFC in
patients with an equivocal diagnosis, following history an SPT/
specific IgE. BAT is now proposed as a recommended test to
support the diagnosis of IgE-mediated food allergy in the
recently updated EAACI Guidelines for the Diagnosis of IgE-
mediated food allergy'. BAT is considered to be particularly
useful in cases that remain equivocal after first-line tests prior
to OFC. The meta-analyses supporting the new guidelines was
done for BAT to peanut and BAT to sesame, with very good
diagnostic performance and low heterogeneity between
studies®.

The promising results for BAT's use in other situations
encountered in clinical practice, particularly its use for mon-
itoring natural resolution of food allergy and clinical response
to IT, still need to be confirmed by further studies but repre-
sent a potentially important application of BAT in clinical
practice. Additional effort is now needed to increase BAT's
availability in laboratories around the globe and ensure excel-
lent standardization and quality assurance to allow reliable
and consistent results for its use in clinical practice. By raising
awareness among experts in the field of laboratory medicine,
we believe that implementing BAT in clinical practice will
strongly improve diagnosis and management of food allergic
patients.
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