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Abstract
Background: Peanut allergy is among the most severe and common food allergies. 
The diagnosis has a significant impact on the quality of life for patients and their fami-
lies. An effective management approach depends on accurate, safe, and easily im-
plementable diagnostic methods. We previously developed a cell- based assay using 
Hoxb8 mast cells (Hoxb8 MCs) aimed at improving clinical allergy diagnosis. In this 
study, we assessed its diagnostic performance by measuring blinded sera from a pro-
spectively enrolled and pre- validated peanut allergy cohort.
Methods: Hoxb8 MCs were passively sensitized with sera from peanut- allergic and 
peanut tolerant children and adolescents (n = 112). Degranulation of Hoxb8 MCs was 
quantified upon stimulation with dose- titrated peanut extract by means of flow cy-
tometry, using CD107a as activation marker. The results from the Hoxb8 mast cell 
activation test (Hoxb8 MAT) were compared to established diagnostic assays such 
as the skin prick test (SPT), specific IgE (sIgE) levels, and the basophil activation test 
(BAT). Additionally, serum samples from BAT nonresponders were assessed with the 
Hoxb8 MAT.
Results: Hoxb8 MAT displayed a robust dose- dependent activation to peanut extract, 
with a cutoff value of ≤5.2% CD107a positive cells. The diagnostic accuracy was high-
est at allergen concentrations ≥100 ng/mL, with an area under the receiver operating 
characteristic curve (AUROC) of 0.97, 93% sensitivity, and 96% specificity, outper-
forming traditional SPT and sIgE tests. When compared to BAT, Hoxb8 MAT exhibited 
comparable diagnostic efficacy. Moreover, sera from BAT nonresponders were accu-
rately classified into allergics and nonallergics by the Hoxb8 MAT.
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1  |  INTRODUC TION

Food allergies have become a significant global health concern. For 
some countries a prevalence as high as 10% has been reported, with 
mostly young children being affected.1 Peanut allergy, in particular, is 
one of the most common conditions2,3 and often manifests as severe, 
potentially life- threatening reactions.4 The burden of food allergies 
not only impacts affected individuals but has also broader implica-
tions for their families, healthcare system, and the food industry.5,6 

To effectively manage this debilitating disease, easily implementable 
diagnostic tools that are accurate, safe, and reliable are urgently 
required.7,8

While the thorough assessment of a patient's clinical history builds 
the fundamental basis of a food allergy diagnosis, the oral food chal-
lenge (OFC) test in which the patient ingests the culprit allergen under 
professional supervision is still considered the diagnostic gold standard 
to achieve optimal diagnostic accuracy. However, access to OFCs is 
limited, as they require significant resources, and the procedure may 
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Conclusions: The Hoxb8 MAT demonstrated a very good diagnostic precision in pa-
tients prospectively assessed for peanut allergy comparable to the fresh whole blood- 
based BAT. Additionally, it demonstrated its value for accurate classification of BAT 
nonresponders into allergic and nonallergic individuals. Further investigations into its 
utility in the routine clinical setting are warranted.
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be associated with major discomfort, anxiety, and the risk to develop 
a systemic allergic reaction. Therefore, the guidelines of food allergy 
testing9 suggest a stepwise diagnostic workup in which a less elaborate 
in vivo diagnostic tool, the skin prick test (SPT), in conjunction with the 
serological quantification of allergen- specific IgE (sIgE) should initially 
be performed.9–11 SPT and sIgE have both been reported to feature 
high sensitivity but rather low specificity.7,12 While these tests can be 
helpful to confirm a suspicion of IgE- mediated food reactions, they are 
often not sufficient to diagnose a food allergy on their own and exam-
ination solely based on these tests would lead to overdiagnosis.12–14 
Especially sIgE measurement as a nonfunctional assay quantifies the 
level of sIgE antibodies in the patient's blood without providing further 
information on the potential of these antibodies to trigger an allergic 
reaction. Previous work has indicated that affinity and epitope specific-
ity of sIgE antibodies might be more important for cellular functionality 
than their absolute serum concentration.15 While sIgE quantification 
lacks such qualitative information it also omits the detection of poten-
tially protective serum factors including allergen- specific IgG. If not 
carefully interpreted serological assays can thus lead to a false positive 
diagnosis, causing unnecessary food avoidance strategies for patients.

Functional cell- based allergy tests, which evaluate the activation 
of allergic effector cells including basophils or mast cells, have been 
emerging as promising alternatives to clinical in vivo and serologi-
cal in vitro approaches. Among these, the basophil activation test 
(BAT) has gained recognition as a practical tool for diagnosing food 
allergies, including peanut,16 milk,17 and egg18 allergy, in the clinical 
setting.19,20 Our recently published results from the markers of nut 
allergy study (MONAS) have demonstrated that the BAT shows high 
accuracy in the diagnosis of peanut and tree nut allergies.21 The BAT 
has even been reported to be superior to other diagnostic tests in 
discriminating between peanut allergy or tolerance and to reduce 
the need for OFCs.22 Despite all these promising features including 
the possibility to obtain objective and quantifiable results, broad im-
plementation of the BAT has been hampered by several limitations. 
These mainly include the variability between donor reactivity among 
which the issue of so- called nonresponders (i.e., lack of basophil ac-
tivation upon FcεRI- dependent stimulation) is most problematic23 as 
well as logistical challenges that arise from the necessity for fresh 
blood samples to be processed within maximally 24 h.24 Mast cell 
activation tests (MAT) have more recently gained a lot of traction 
as potential diagnostic tool to overcome such limitations.25–29 Most 
importantly, the MAT is based on patient serum, which can be used 
to passively sensitize in vitro cultured mast cells, eliminating the 
need for fresh blood samples, allowing prospective as well as ret-
rospective analysis of samples, and simultaneously reducing donor 
variability. The introduction of a novel MAT technology, using genet-
ically engineered mouse mast cell progenitors that stably express the 
human high- affinity IgE receptor, FcεRIα, and that are conditionally 
immortalized with the homeobox B8 gene (Hoxb8 MCs), has fur-
ther facilitated the implementation of the MAT as diagnostic tool.30 
Preliminary studies have demonstrated that the new Hoxb8 MAT is 
a promising approach to provide standardized and robust diagnostic 
results for various allergens including those found in foods.30

In this study, we aimed to assess the clinical utility of the Hoxb8 
MAT in diagnosing peanut allergies, using serum samples from clini-
cally confirmed allergic and nonallergic children and adolescents. For 
this purpose, we took advantage of the existing Toronto site MONA 
study cohort which allowed us to assess the diagnostic performance 
of the Hoxb8 MAT assay in a blinded fashion compared to SPT, sIgE 
measurements, BAT, and OFC outcomes. This approach enabled us 
to comprehensively assess the prospective diagnostic accuracy of 
the Hoxb8 MAT in a real- world setting.

2  |  METHODS

2.1  |  Study population

Sera from 112 patients, who were prospectively enrolled in the 
MONA study and had clear clinical data on the peanut allergic status 
(80 peanut allergic children and adolescents and 32 nonallergic 
controls) were used to assess reactivity to peanut extract with the 
Hoxb8 MAT in a blinded setting. Allergic patients were classified 
based on positive OFC, or a pretest probability of >90% allergic 
reaction (i.e., SPT ≥8 mm and/or sIgE ≥15kUA/L). OFC was performed 
in an open- label fashion as previously described21 and according to 
internally standardized clinical protocols. Nonallergic controls were 
defined as patients who either passed an oral food challenge due to 
a suspicion of peanut allergy or consumed peanut regularly and were 
enrolled due to suspicion or proven tree nut allergy in the MONAS 
cohort as reported.21 Amongst the 112 samples, BAT results were 
available for a total of 96 individuals including 69 allergic samples 
and 27 nonallergic control samples (Table S1). The 27 nonallergic 
control samples contained sera from 12 sensitized (≥0.35 kU/L 
sIgE against peanut) but tolerant (clinically nonreactive) individuals 
(Figure S1 and Table S2). Samples used in the BAT and Hoxb8 
MAT were collected at the same timepoint. Research ethics board 
(REB) approval was obtained (REB 1000053791). Patient provided 
informed consent and studies were performed in accordance with 
the Helsinki Declaration. Serum samples were received at University 
of Bern completely blinded under an MTA.

2.2  |  Skin prick test (SPT), allergen- specific IgE 
measurements (sIgE), and disease severity assessment

Previously acquired SPT and sIgE results from MONAS21 have been 
used in this study for direct comparison to Hoxb8 MAT results. 
From the 96 samples, for which BAT data were available, SPT data 
for peanut extract (ALK- Abelló) was previously collected for 47 in-
dividuals. Furthermore, sIgE measurements were performed using 
ImmunoCAP (Thermo Fisher) allergen testing as part of the clinical 
workup in MONAS. ImmunoCAP data from a total of 67 individu-
als was available (Figure 1A). Specific IgE measurements for the 
basophil nonresponder serum samples was determined using the 
ALEX platform from MADx. Disease severity based on the Astier 
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classification (grade 1–5)31 was available for 56 individuals (29 PA 
and 27 NA).

2.3  |  BAT

Previously acquired BAT results from the MONA study have been 
used and bioinformatically reanalyzed in this study for direct com-
parison to Hoxb8 MAT results. BAT has been performed as previously 
described.21 Briefly, heparinized whole blood was drawn and stored 
at room temperature until processed within <6 h. Whole blood was 
stimulated with up to 7 serial 10- fold dilutions (0.001–1000 ng/mL) 
with peanut extract (ALK- Abelló). The BAT was performed according 

to the manufacturer's instructions (BÜHLMANN Laboratories AG, 
Basel, Switzerland). Flow cytometric analysis was performed with a 
CytoFLEX (Beckman Coulter, USA). Additionally, sera from BAT non-
responders (four positive responders in the negative control; three 
nonresponders to the positive control), who were previously identified 
in MONAS, were transferred to the University of Bern for this study.

2.4  |  Hoxb8 MAT

Hoxb8 MC progenitors that were cultured in RPMIc/IL3 medium 
containing 4- hydroxytamoxifen (4- OHT) were washed in PBS, re-
suspended in RPMIc/IL- 3 medium without 4- OHT and reseeded at 

F I G U R E  1  Study population with comparison of skin prick test and allergen- specific IgE measurement results between clinically 
confirmed nonallergic controls and peanut allergic patients. (A) Blinded MONA study serum samples (n = 112) from the Toronto site with 
available clinical status were transferred to the University of Bern. Serum samples for which BAT data was recorded in MONAS (n = 96) 
were included in the clinical performance analysis of the Hoxb8 MAT and in direct comparison to BAT. Amongst those SPT information for 
47 samples and sIgE measurements for 67 samples has been available. (B) Wheal size measurement results from skin prick test compared 
between nonallergic controls (NA: N = 10; blue) and peanut allergic patients (PA: N = 37; red). (C) Comparison of allergen- specific IgE 
measurements by ImmunoCAP for peanut extract, Ara h1, Ara h2, Ara h3, Ara h8, and Ara h9 between nonallergic controls (NA: N = 16; 
blue) and peanut allergic patients (PA: N = 51; red). Data are shown as individual data points and means ± SEMs. *p < .05, ****p < .001, ns, not 
significant.
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7.5 × 104 cells/ml in a culture flask for 5 days to differentiate mature 
Hoxb8 MCs. For the Hoxb8 MAT, 5 × 104 Hoxb8 MCs per condition/
well were seeded in a 96- well round bottom plate. Cells were centri-
fuged at 600 × g for 5 min and resuspended in preprocessed serum 
samples for overnight passive sensitization. Preprocessing included a 
buffer exchange into activation medium using 2 mL ultrafiltration spin 
columns with an MWCO of 100 kDa (VivaSpin, Sartorius, Germany). 
The columns were used according to the manufacturer's instructions. 
Briefly, 300 μL of serum was topped up with activation medium to 
yield 1.5 mL of solution. The mixture was centrifuged at 4000 × g until 
a >5- fold reduction in volume was achieved. This step was repeated 
two more times. In the end the solution was filled up with activation 
medium to the 300 μL of initial starting volume of the serum sample. 
Cells were sensitized with preprocessed serum samples overnight. 
Subsequently, without wash step the cells were stimulated with 6 
serial 10- fold dilutions (0.001–1000 ng/mL) with peanut extract (pro-
vided by ALK- Abelló) plus a staining antibody for anti- CD107a (clone: 
1D4B, BioLegend). Stimulation was performed for 25 min at 37°C in 
the presence of 5% CO2. After washing the cells with FACS buffer, they 
were resuspended in 200 μL FACS buffer and acquired on a CytoFLEX 
S 4L 13C (B2- R3- V4- Y4) plus 96 DW plate loader (Beckman Coulter Life 
Sciences, CA, USA), and results were evaluated with FlowJo Version 
10.1 (FlowJo, OR, USA). To ensure robustness and reproducibility of re-
sults generated with mature Hoxb8 MCs from different progenitor line 
thawings at various differentiation timepoints, we performed quality 
control experiments, in which cells were sensitized with a titration of 
NIP- specific humanized JW8- IgE (0.001–5 μg/mL) and stimulated with 
100 ng/mL NIP22- BSA (Figure S2). Furthermore, to address whether 
preprocessing of the serum samples affected their IgE content, we 
performed an IgE sandwich ELISA. For this purpose, a dilution series 
of recombinant monoclonal Sus11- IgE (0.5–100 μg/mL) was measured 
on solid phase immobilized anti- IgE Le27 (5.4 μg/mL). Biotinylated anti- 
human IgE (MabTech, clones 107, 182, 101) followed by streptavidin 
poly- HRP (ThermoFisher) was used for detection (Figure S3A). Once 
the assay was established, IgE levels were measured in unprocessed 
versus processed serum samples for two concentrations of spiked 
Sus11- IgE (100 ng/mL and 1000 ng/mL) in a nonallergic serum and for 
three peanut allergic sera (Figure S3B). Absorption values were deter-
mined by optical density measurement at 450 nm wavelength.

2.5  |  Proteins, antibodies, and media

Antibody for detection of Hoxb8 MC activation: monoclonal rat 
anti- mouse CD107a APC and PE (clone 1D4B, BioLegend, CA, USA). 
Activation medium: RPMI- 1640 w/stable glutamine, 2.0 g/L NaHCO3 
(Seraglob, Bioswisstec AG, Schaffhausen, Switzerland) complemented 
with 10% Hyclone FCS (Fisher Scientific, Hampton, NH), 100 U/mL 
penicillin, 100 mg/mL streptomycin (1003 penicillin/streptomycin, 
Gibco), 10 mM HEPES buffer solution (stock- solution 1 mol, Gibco), 
1 mM sodium pyruvate (stock- solution 100 mM, 1003, Gibco), 4 mM L- 
glutamine (stock- solution 200 mM, 1003, Gibco), 13 nonessential amino 
acids (stock- solution 1003, Gibco), 30 ng/ mL mouse recombinant IL- 3 

(Peprotech), and 50 mM 2- mercaptoethanol (stock- solution 14.3 mol, 
Merck, Darmstadt, Germany). RPMIc: RPMI1640 medium AQmedia 
(Sigma- Aldrich, St Louis, Mo) complemented with 10% FCS Sera Pro 
(Pan Biotech, Aidenbach, Germany), 100 U/mL penicillin, 100 mg/
mL streptomycin (1003 penicillin/streptomycin, Gibco by Sigma- 
Aldrich), and 50 mM 2- mercaptoethanol (stock- solution 14.3 mol, 
Merck, Darmstadt, Germany). RPMIc/IL3: RPMIc plus 10% WEHI- 3b 
conditioned medium.

2.6  |  Statistical analyses

SPT and sIgE measurements results of PA and NA groups were 
compared using Student's unpaired t- test. The simple linear regression 
model was used to correlate SPT, sIgE measurements, disease severity, 
and maximal BAT results with maximal Hoxb8 MAT results. Two- way 
ANOVA with Sidak's multiple comparison was used to compare BAT 
and Hoxb8 MAT results at individual allergen concentrations between 
PA and NA groups. Performance of SPT, sIgE measurements, BAT 
and Hoxb8 MAT was examined against the clinically validated allergic 
status of individual samples using receiver- operating characteristic 
(ROC) curves via either the R package cutpointr (version 1.1.2) to find 
the optimal cut point or by application of a logistic regression models 
in connection with the R package ROCR (version 1.0–11). GraphPad 
Prism (Version 10; Pad Software, La Jolla, CA, USA) and R (Version 4; R 
Core Team 2023) were used for statistical testing.

3  |  RESULTS

3.1  |  Clinical characterization of study population

This investigation included patient samples from the Toronto site 
of MONAS21 with confirmed allergy status regarding peanut al-
lergy and available serum samples. In the total of 96 serum sam-
ples 69 were classified as peanut allergic (PA) and 27 as nonallergic 
controls (NA) based on positive OFC, or a pretest probability of 
>90% allergic reaction (Figure 1A and Table S1). Twelve out of 
the 27 nonallergic control samples contained sIgE against peanut 
≥0.35 kU/L and can thus be considered as sensitized but tolerant 
(Figure S1 and Table S2). Amongst the 96 serum samples, SPT as 
well as sIgE measurements were readily available from 47 and 67 
patients, respectively (Figure 1A,B and Table S1). PA and NA dif-
fered significantly regarding SPT wheal size (Figure 1B) and sIgE 
serum levels against whole peanut extract or the seed storage 
proteins Ara h 1 and Ara h 2 (Figure 1C). Additionally, the perfor-
mance of SPT and sIgE measurements to correctly identify the al-
lergic status was assessed using receiver- operating characteristic 
(ROC) curves. Based on the calculated optimal cut offs for each 
allergen, the diagnostic accuracy was highest for IgE against Ara 
h2 with an area under the ROC curve (AUROC) of 0.91, which out-
performed both sIgE measurement against whole peanut extract 
and SPT with peanut extract (both AUROC of 0.89) (Table S3).
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3.2  |  Hoxb8 MAT discriminates between peanut 
allergic and nonallergic children and adolescents

All samples had been stored at −80°C for more than 12 months 
before they were analyzed in the previously described Hoxb8 
MAT30 in a blinded manner, and all experiments were analyzed by a 
biostatistician outside of the lab of the two principal investigators. 
The primary goal of this study was to assess the diagnostic 
performance of the serum based Hoxb8 MAT in comparison 
to the whole blood based BAT using 96 samples (69 PA; 27 NA 
controls). Mature Hoxb8 MCs were passively sensitized with 
preprocessed sera and stimulated with 6 serial 10- fold dilutions 
(0.01–1000 ng/mL) of peanut extract. The percentage of activated 
mast cells was quantified by the detection of CD107a using flow 
cytometry. Mature Hoxb8 MCs sensitized with samples from 
peanut allergic patients showed a significantly higher percentage 
of activated mast cells upon stimulation with 10–1000 ng/
mL peanut extract as compared to those with samples of the 
nonallergic controls (Figure 2A). All PA patient sera, except five, 
followed an allergen dose- dependent activation curve (Figure 2B), 
while all samples in the NA population, except one, showed no 
activation. Interestingly, the only false positive sample featured 
remarkably high sIgE against peanut extract (82.3 kU/L), Ara h1 
(21.2 kU/L), and Ara h2 (54.1 kU/L), consumes peanut regularly 
at relevant amounts without being on an OIT and displays, mild, 
intermittent skin reactivity. The very patient also displayed BAT 
reactivity. In addition to this individual, the NA group contained 11 
additional samples from sensitized but tolerant participants, which 
all remained negative in the Hoxb8 MAT (Figure S1 and Table S2). 
Sera from peanut allergic individuals with as little as 0.49 kU/L or 
0.27 kU/L specific IgE to peanut extract or Ara h2, respectively, 
showed activation above the optimal cut off and were correctly 
classified as allergic.

Similarly, the percentage of CD63 (i.e., LAMP- 3) positive ba-
sophils in whole blood of PA patients were significantly higher 
compared to NA patient samples upon allergen challenge at con-
centrations ranging from 0.1 to 1000 ng/mL (Figure 2C). Overall, the 
allergen dose response curves on the individual sample level showed 
more variability in the BAT (Figure 2D), with several samples in the 
NA group becoming activated at allergen- doses >100 ng/mL and 
various samples in the PA group showing inverse dose- dependency 
or the so- called “hook effect”.

To assess and re- evaluate the diagnostic performance of the 
Hoxb8 MAT and the BAT in the identification of peanut allergic 
patients in our cohort, we performed ROC curve analyses for both 
assays including the data from all 96 tested samples at each individ-
ual allergen concentration (0–1000 ng/mL). For the Hoxb8 MAT the 
AUROC curves demonstrated a consistent allergen dose- dependent 
increase of diagnostic accuracy which hit a plateau at the 100 ng/mL 
peanut allergen dose (AUROC of 0.97) and stayed at this level for 
1000 ng/mL peanut allergen (Figure 2E and Table 1). The diagnostic 
accuracy of the BAT was high at low peanut allergen concentration 
(e.g., 0.1 and 1 ng/mL), reached its maximum at 10 ng/mL (AUROC 

of 0.99) and then declined at 100 and 1000 ng/mL of peanut aller-
gen (Figure 2F and Table 1). A direct comparison between BAT and 
Hoxb8 MAT results at allergen concentrations with the highest diag-
nostic accuracy (10 ng/mL for BAT and 1000 ng/mL for MAT) shows 
moderate but highly significant linear correlation (Figure S4).

3.3  |  Hoxb8 MC activation correlates with SPT, 
sIgE, and disease severity

To better understand, if the data we generated using Hoxb8 MC 
passively sensitized with serum samples correlate with results from 
allergy diagnosis tests routinely performed in clinics, we conducted 
linear regression analyses between the maximal activation of 
Hoxb8 MCs achieved upon allergen stimulation and either SPT, 
sIgE measurements, or disease severity as graded by Astier's 
classification.31 Only a weak (r = 0.3), yet statistically significant, 
relationship between the Hoxb8 MC activation and SPT results was 
found (Figure 3A). Furthermore, there was a strong but imperfect 
correlation with sIgE measurements against peanut extract (r = 0.91) 
and Ara h2 (r = 0.81) (Figure 3B–D). While the correlation between 
disease severity and allergen stimulation in the Hoxb8 MAT got 
linearly stronger with increasing allergen concentrations used, this 
correlation showed a hook effect with optimal allergen concentration 
of 10 ng/mL peanut extract for the BAT (Figure S5 and Figure 3E). 
Importantly, results from both cellular assays showed significant 
correlations with disease severity (Table S4).

3.4  |  The Hoxb8 MAT accurately captures 
BAT nonresponders

To investigate whether the Hoxb8 MAT could potentially over-
come the diagnostic limitation of basophils that do not respond to 
FcεRI- dependent activation in the BAT, we tested sera from seven 
patients (Table S5) that were previously classified as not meeting 
the quality controls in MONAS.21 Four out of these seven sam-
ples stemmed from clinically confirmed peanut allergic patients 
(i.e., NR1, NR3, NR4, and NR5). Three samples were from nonal-
lergic individuals (i.e., NR2, NR6, and NR7). Importantly, all four 
samples from the PA group showed dose- dependent activation in 
the Hoxb8 MAT, whereas no activation upon allergen challenge 
was observed in the three samples from the nonallergic individu-
als (Figure 4). These results highlight that nonresponder basophil 
samples have been accurately classified based on the Hoxb8 MAT 
outcome.

3.5  |  The Hoxb8 MAT performs similar as the BAT 
in clinical utility assessment

Further, we directly compared the diagnostic performance of 
the Hoxb8 MAT to the BAT, SPT, and sIgE measurement all 
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F I G U R E  2  Performance analysis of Hoxb8 MAT and BAT to differentiate between clinically confirmed nonallergic controls and peanut 
allergic patients. Passively sensitized Hoxb8 MCs (A and B) or whole blood (C and D) were stimulated with peanut allergen extract at various 
doses (0–1000 ng/mL). Comparison of activated Hoxb8 MCs or blood basophils in the nonallergic (NA) and peanut allergic (PA) group on a 
population basis is shown (A and C). Dose–response curves of activated Hoxb8 MCs and blood basophils for individual patient samples are 
represented in two separate subpanels (B and D). Nonallergic controls are depicted in blue, while peanut allergic patients are represented in 
red. (E and F) ROC curve analyses for Hoxb8 MAT and BAT results across different allergen concentrations (color coded) are depicted and 
AUROC values are indicated. Data are shown as individual data points and means ± SEMs. *p < .05, ****p < .001.
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using peanut extract as an allergen source. While a mixed effect 
model integrating 10 and 100 ng/mL of peanut allergen stimulus 
has previously been reported to be most accurate for the BAT 
(AUROC 0.975),21 we here used a logistic regression model 
taking into consideration all peanut allergen concentration (0.01–
1000 ng/mL) as variables for the Hoxb8 MAT as well as for the 
BAT. Different sample numbers had to be used to calculate the 
diagnostic accuracy of each test due to limitations in serum sample 
volume and data availability. However, the Hoxb8 MAT and the 
BAT outperformed SPT and sIgE measurements in this analysis 
(Figure 5 and Table S3). Both cellular assays (i.e., Hoxb8 MAT and 
BAT) were highly accurate with similar diagnostic performance 
(AUROC 0.95 and 0.96, respectively).

4  |  DISCUSSION

Peanut allergy is one of the most frequent causes of severe food- 
associated anaphylaxis. To prevent or minimize such systemic, 
potentially life- threatening allergic reactions, accurate and reli-
able diagnostic tools that are easy to implement and safe are ur-
gently required. Moreover, diagnostic accuracy and the reliability 
of negative values in sensitized individuals is needed to avoid un-
necessary diagnosis with all the consequences that come with the 
diagnosis of peanut allergy. In this study, we sought to investi-
gate the clinical utility of the recently developed in vitro Hoxb8 

MAT30 for the diagnosis of peanut allergies and to compare it to 
established and validated clinical diagnostic tests including SPT, 
sIgE measurements, and BAT. For this purpose, we analyzed serum 
samples that have been prospectively collected in the context of 
MONAS and were subsequently stored long term in a frozen state 
(−80°C) in a blinded manner. Importantly, the BAT has previously 
shown high accuracy in the diagnosis of peanut allergy in multiple 
studies.9,11,16,21,22,32 The results shown here strongly suggest that 
the Hoxb8 MAT performs as well as the BAT in terms of diagnostic 
accuracy in a mixed cohort of severe and clear peanut allergic pa-
tients and those with an equivocal history including sensitized but 
tolerant individuals. While both tests accurately classified 26 out 
of 27 NA controls, the Hoxb8 MAT correctly identified 64 and the 
BAT 65 out of 69 PA individuals at their respective optimal cutoff 
values. At the same time, the cellular assays were more accurate 
as commonly performed tests like the SPT and sIgE measurement.

While the idea to perform MAT for diagnostic purposes is not 
new,29,33 its broader implementation has been hampered by scalabil-
ity limitations. In one study, Bahri et al. generated mature mast cells 
from isolated human primary blood stem cells.33 Their results con-
cerning diagnostic accuracy were similar to those we present here 
using Hoxb8 MCs. However, their assay relied on a sophisticated 
mast cell differentiation protocol, which required 8–10 weeks to 
generate a limited number of cells available for the diagnostic assay. 
Another challenge of this approach is the variability between differ-
ent blood stem cell donors, which might affect assay robustness and 

Diagnostic test
Optimal 
cut- off AUROC Sensitivity Specificity PPV NPV

BAT 0.01 ng/ml (% 
CD63)

2.00 0.75 0.49 0.96 0.97 0.42

BAT 0.1 ng/ml (% 
CD63)

2.61 0.92 0.84 0.96 0.98 0.70

BAT 1 ng/ml (% 
CD63)

2.50 0.96 0.94 0.93 0.97 0.86

BAT 10 ng/ml (% 
CD63)

13.06 0.99 0.93 1.00 1.00 0.84

BAT 100 ng/ml (% 
CD63)

5.59 0.95 0.94 0.89 0.96 0.86

BAT 1000 ng/ml 
(% CD63)

17.10 0.84 0.84 0.74 0.89 0.65

Hoxb8 MAT 0.01 
ng/ml (% CD107a)

1.02 0.52 0.49 0.63 0.77 0.33

Hoxb8 MAT 0.1 
ng/ml (% CD107a)

1.13 0.52 0.71 0.44 0.77 0.38

Hoxb8 MAT 1 ng/
ml (% CD107a)

1.24 0.73 0.72 0.63 0.83 0.47

Hoxb8 MAT 10 
ng/ml (% CD107a)

1.98 0.92 0.80 0.96 0.98 0.65

Hoxb8 MAT 100 
ng/ml (% CD107a)

2.58 0.97 0.91 0.96 0.98 0.81

Hoxb8 MAT 1000 
ng/ml (%CD107a)

5.20 0.97 0.93 0.96 0.98 0.84

TA B L E  1  Diagnostic accuracy of BAT 
and Hoxb8 MAT.



    |  223BACHMEIER-ZBÄREN et al.

diagnostic reproducibility, unless cells of various donors are pooled 
to minimize variability each time. These issues have been resolved 
with the Hoxb8 MC system, as mature mast cells can be repetitively 
and robustly differentiated from the same immortalized mast cell 

progenitor stock at unlimited numbers within only 5 days. In another 
study, Santos et al. have used the human LAD234 mast cell line for 
the diagnosis of peanut allergies.34 While the result also looked en-
couraging, LAD2 cells generally feature slow growth characteristics 

F I G U R E  3  Correlation analysis between skin prick test or allergen- specific IgE measurements and maximal activation signal in the Hoxb8 
MAT. Wheal size results from skin prick test (A) or allergen specific IgE measurement for peanut extract (B), Ara h1 (C), and Ara h2 (D) from 
nonallergic controls (red dots) and allergic patients (blue dots) were plotted against the maximal activation signal from the Hoxb8 MAT 
and a linear correlation analysis (red line) was performed. The correlation coefficient (r) as well as the significance of the correlation (p) are 
indicated for each subpanel. (E) The strength of the linear relationship (r- value) between the maximal Hoxb8 MAT activation and the disease 
severity according to Astier classification was plotted against the different allergen concentration used (0.01–1000 ng/mL) and a linear 
correlation analysis (red line) was performed.
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F I G U R E  4  Analysis of seven BAT nonresponder samples 
with the Hoxb8 MAT. Seven sera from previously identified BAT 
nonresponders (NR1- 7) were measured on passively sensitized 
Hoxb8 MCs. The clinically confirmed allergy status of the individual 
patient samples is color coded (peanut allergic, PA: red; nonallergic, 
NA: blue; no information).
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F I G U R E  5  Direct comparison of performance analyses between 
different diagnostic tests. Direct ROC curve analysis for SPT and 
sIgE against peanut extract compared with ROC curve analysis 
of logistic regression models with Hoxb8 MAT and BAT results 
including all peanut allergen concentrations are depicted (color 
coded) and AUROC values are indicated.
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with a doubling time of 2 weeks.35 Hoxb8 MC progenitors double 
roughly once every 24 h.30

Hoxb8 MCs showed optimal cut- off values ≤5.2%, which is com-
parable to the cut offs reported for BAT,9,11,32 as well as maximal 
activation of >89% in our diagnostic performance study. While 
other common cell lines such as rat basophilic leukemia cells (e.g., 
RBL- 2H3 or RBL- SX38) can be used in degranulation experiments by 
quantifying released enzymatic mediators in the culture supernatant 
with an indirect colorimetric assay (i.e., β- hexosaminidase activity 
quantification), these cells grow in an adherent manner and can thus 
not be used in flow cytometric analysis. Importantly, their maximal 
degranulation capacity lies around 40%–60%.36 The findings pre-
sented here suggest that the Hoxb8 MAT might overcome prior lim-
itations of other MAT approaches or allergic effector cell lines, while 
maintaining excellent diagnostic accuracy.

From a methodological standpoint the BAT and the MAT both 
represent similar cell- based functional in vitro tests, which rely on 
flow cytometric identification of activated allergic effector cells 
upon allergen stimulation. However, there are major differences 
between these two assays.28 The BAT is performed with patient's 
whole blood, which must be processed and measured within max-
imally 24 h to ensure valid results.24 The MAT, on the contrary, re-
lies on serum samples that can be stored in the freezer over months 
(even years) and analyzed in large batches. This is particularly im-
portant for large studies or multicenter clinical trials as the analysis 
of serum samples can be done retrospectively in a centralized man-
ner. The serum samples included in this study were analyzed in just 
2 days. Thus, the Hoxb8 MAT clearly has the potential to overcome 
logistical challenges that have hampered a broader implementation 
of the BAT in clinics so far.

Direct comparison of activation results between the BAT and 
the Hoxb8 MAT revealed that the BAT requires roughly 100- times 
lower allergen concentrations to induce comparable percentage 
of cell activation. This suggests that the releasability threshold 
of endogenous basophils is lower compared to passively sensi-
tized Hoxb8 MCs. One potential explanation for this observation 
could be that primary human basophils express higher FcɛRI lev-
els. Indeed, an average level of 250′000 receptors per cell (rpc) 
has been reported on basophils of atopic individuals.37 Thus, there 
are roughly 2.7 times more FcɛRI on the cell surface of basophils 
than passively sensitized Hoxb8 MCs (i.e., ~90′000 rpc).30 At the 
same time, the BAT features significantly higher interindividual 
variability and nonspecific activation in nonallergic individuals at 
high allergen concentrations, which is likely due to the lower re-
leasability threshold or higher cellular sensitivity. Moreover, the 
BAT showed a bell- shaped activation curve (hook effect) in which 
high allergen concentrations led to lower activation, which has not 
been observed in the Hoxb8 MAT at the tested allergen concen-
trations. In general, it is our understanding that the cellular sensi-
tivity is irrelevant when it comes to the comparison of diagnostic 
accuracies between the BAT and MAT. In other words, the absolute 
concentration of allergen needed to activate the cells is secondary 
to the optimal discrimination of activated versus nonactivated cells 

at a given allergen concentration in samples from allergic and non-
allergic individuals.

Despite losing intrinsic cellular information (i.e., patient's own 
versus lab grown allergic effector cells), the Hoxb8 MAT showed 
comparable diagnostic accuracy as the BAT in this study, further 
supporting the notion that humoral components contained in the 
serum are sufficiently representative of a patient's allergy status. 
Furthermore, in approximately 10%–15% of cases the BAT results 
in false negative or false positive outcomes with basophils that do 
not show any activation upon FcεRI- mediated stimulation or with 
unspecific activation of basophils in the negative control.21,38,39 It 
has been demonstrated that basophils of so- called nonresponders 
feature an impaired signaling cascade with low tyrosine kinase Syk 
levels.40,41 These individuals pose an important diagnostic challenge 
in the daily clinical allergy workup. It is also important to note, that 
many diagnostic performance studies using BAT exclude these non-
responder samples and thereby do not entirely represent the real- 
life situation.16,18,21,22 As the initial dataset we used in this study did 
not contain nonresponder samples, the diagnostic accuracy of the 
BAT in our ROC curve analysis might be overestimated as in many 
other studies. Importantly, we provided strong evidence in a sepa-
rate experiment showing that the Hoxb8 MAT is able of accurately 
capturing these nonresponder samples and might thereby over-
comes this current diagnostic issue.29

Compared to the well- established sIgE measurements (e.g., 
ImmunoCAP) the Hoxb8 MAT requires living cells and is thus more 
laborious to perform. At the same time, it is a functional assay that 
is more representative of the in vivo situation than an immunoas-
say that assesses the level but not functionality of particular IgE or 
IgG antibodies. The Hoxb8 MAT integrates multiple quantitative 
and qualitative variables that play an important role in the allergic 
response like IgE clonality, affinity and epitope specificity and the 
same for potentially protective IgG present in serum. While it will 
take several days to get a Hoxb8 MAT result, the physician receives 
test results of an SPT within 1 h. However, the discomfort associated 
with performing SPT including extended supervision of the patient 
in the clinic will be more extensive compared to an ex vivo test based 
on patient serum.

Overall, this study has demonstrated that the Hoxb8 MAT fea-
tures excellent diagnostic accuracy and outperformed both SPT and 
sIgE measurements in the diagnosis of peanut allergy. While it rep-
resents a valuable alternative to established allergy diagnosis tests 
further studies including other allergens and allergen components 
will be conducted in near future.
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