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ABSTRACT
Background: Immediate drug allergic reactions (IDAR) to betalactams are frequent, yet mislabelling remains common and 
negatively impacts clinical decisions. Conventional diagnostics such as STs and drug provocation are effective but limited by 
time, risk, and contraindications in severe cases. In vitro alternatives—sIgEquantification and basophil activation tests (BAT)—
offer safer options, although performance may be affected by biological variability and suboptimal sensitivity with an important 
drawback for the latter in patients with non-releaser basophils. This study aimed to evaluate a mast cell activation test (MAT) 
based on human CD34+-derived mast cells (dMCs) for IDAR diagnosis to amoxicillin (AX) using both free AX and dendrimeric 
amoxicilloyl conjugates (G4/G5-AXO).
Methods: CD34+ cells were cultured for 10–12 weeks to generate dMCs. After passive sensitization with sera from AX-allergic 
patients (N = 28) or tolerant controls (N = 11), dMCs were stimulated with free AX, G4-AXO, or G5-AXO. Activation was quan-
tified by CD63 expression via flow cytometry. Diagnostic performance was compared with BAT and sIgE determination by 
ImmunoCAP.
Results: MAT with free AX achieved 53.57% sensitivity, G4/G5-AXO reached 46.43%, and all methods maintained 100% speci-
ficity. Combining results with AX or dendrimeric stimuli increased sensitivity to 75% while preserving specificity. Importantly, 
MAT identified positive cases among BAT non-releasers and patients with undetectable sIgE.
Conclusions: Under optimized conditions, MAT using dMCs and different AX determinants reached 75% sensitivity and 100% 
specificity. The complementary use of free AX and dendrimeric conjugates expands detection across heterogeneous IgE reac-
tivity profiles from AX-allergic patients, reinforcing the diagnostic value of advanced cellular models and engineered allergens.
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1   |   Introduction

Global antibiotic consumption increased 16.3% and is projected 
to rise [1]. In Europe, β-lactam (BLs), specifically penicillins, are 
the most consumed group of antibiotics (47% of total), followed 
by cephalosporins and other BLs (12%) [2]. This consumption 
correlates with a higher incidence of hypersensitivity reactions, 
resulting in 10%–15% of the total population labeled as allergic 
to BLs [3–6]. Amoxicillin (AX) causes most immunoglobulin E 
(IgE)-mediated immediate drug allergic reactions (IDAR) [3, 4]. 
However, 90%–95% of penicillin labels are false, and over 90% 
tolerate BLs [5, 7]. Such mislabeling leads to suboptimal pre-
scribing, broader-spectrum use, greater toxicity, and antimicro-
bial resistance [8, 9]. Given these challenges, accurate diagnosis 
represents the cornerstone for effective treatment and preven-
tion strategies.

Standard diagnosis includes clinical history, skin tests (STs)—
skin prick (SPT) and intradermal (IDT)—and, if necessary, drug 
provocation test (DPT) [3, 10]. Though widely endorsed by guide-
lines (European Academy of Allergy and Clinical Immunology 
(EAACI), European Network in Drug Allergy (ENDA)), these 
methods have drawbacks: time-consuming, risky, and sometimes 
contraindicated. STs, particularly for BLs, may lack optimal sen-
sitivity, requiring multiple determinants to improve accuracy [3]. 
As a safer alternative, in vitro tests such as sIgE determination by 
immunoassays, basophil activation test (BAT), and more recently 
mast cell activation test (MAT) have emerged to complement the 
in vivo diagnosis of IgE-mediated IDAR [11, 12]. sIgE determina-
tion by commercial immunoassays was evaluated in penicillin-
allergic patients from Spanish and Italian populations, showing 
39%–52% sensitivity and up to 16% false positives for penicillin G 
[13]. Additional limitations include time-dependent decreases in 
sIgE levels (within 6 months or more [14]) and limited availabil-
ity of specific drug–carrier conjugates [15]. To overcome these 
limitations, BAT is recommended as an alternative for diagnosis 
[11]. Meta-analysis showed BAT for penicillin allergy has 51% 
sensitivity and 89% specificity [16], and maximizing specificity 
to 100% may drop sensitivity to 13% [17]. While useful, BAT dis-
closes other limitations: dependency on basophil presence and 
responsiveness, with 10%–15% being non-releasers, as for im-
munoassays, potential sensitivity loss due to time-dependent 
decreases in sIgE levels and the lack of standardized drug proto-
cols [11]. These constraints prevent BAT from serving as a stand-
alone test.

MAT is a strong alternative, leveraging mast cells' effector role in 
IgE-mediated responses. Mast cells express high levels of FcεRI 
and are central to immediate allergic responses. Therefore, these 
cells can be used after sensitization with sIgE from allergic pa-
tients to determine the drug recognition. Various cell sources 
have been explored, including cell lines [18] or humanized MC 
progenitor lines [19], which offer short culture time or less vari-
ability [20], as well as primary mast cells derived in vitro from 
CD34+ progenitors (dMCs) [21] used in this study, which display 
a phenotype closer to primary MCs than cell lines [20]. dMCs ex-
hibit phenotypic differences depending on their origin [22], since 
dMCs from peripheral blood are more similar to skin MCs, con-
tain and release more histamine, and express more FcεRI than 
dMCs from cord blood, being more mature cells [23].

However, in vitro dMCs may not fully recapitulate the complex-
ity of the in vivo microenvironment. The possibility of experi-
mentally modulating the cytokine context can be an advantage 
or a challenge. Alarmins like Interleukin-33 (IL-33) and Thymic 
Stromal Lymphopoietin (TSLP) significantly influence mast cell 
biology and activation. For instance, IL-33 can acutely prime 
mast cells for increasing degranulation, enhancing their activ-
ities and cytokine release [24–27]. TSLP modulates mast cell 
function and supports their survival, and it can also potentiate 
responses to other stimuli [26–29]. Given the importance of the 
cytokine milieu in shaping the outcome of the reaction, several 
protocols have been tested to activate dMCs in vitro by several 
authors [24–26, 28, 30, 31].

On the other hand, another major limitation of cell-based 
in  vitro diagnostics in IDAR lies in the nature of the antigen 
itself. Under the hapten hypothesis, stable drug–carrier con-
jugates are often required to enable effective IgE recognition 
and cross-linking as well as the subsequent cell activation [32]. 
Synthetic nanostructures like dendrimers can offer advantages 
over traditional carriers like human serum albumin (HSA) or 
poly-L-lysine (PLL) due to their defined dimensions, multiva-
lent and symmetrical architecture, allowing precise peripheral 
multi-hapten display that improves antigen accessibility, recog-
nition, and IgE cross-linking on the cell surface [33–35]. This 
improves immune recognition and reproducibility by yielding a 
more reliable cellular in vitro test.

Considering these factors, in this study, we sought to develop 
and evaluate MAT using human dMCs for the in vitro diagnosis 
of AX allergy, whose performance is further enhanced by incor-
porating amoxicilloyl (AXO)-conjugated dendrimers (higher-
generation dendrimers were selected based on our prior optimal 
in vitro results [35, 36]). The system demonstrated high specific-
ity and enhanced sensitivity, offering broader diagnostic cover-
age than current methods. This work supports the integration 
of advanced cellular models and engineered allergens into the 
diagnostic algorithm for BL allergy, particularly for complex or 
ambiguous cases.

2   |   Methods

2.1   |   Allergological Workup

We designed a retrospective observational study including a total 
of 28 patients with confirmed IDAR [37] to AX and 11 controls 
who tolerated this drug, who were recruited from the Allergy 
Unit of the Hospital Regional Universitario de Málaga. Sampling 
among patients with IDAR to AX was stratified by the AX-sIgE 
immunoassay profile (high/intermediate/low/negative), owing 
to its strong correlation with MAT results, and by the BAT phe-
notype (positive, negative, non-releasers). Diagnostic assess-
ment followed the recommendations of the EAACI [3]. The 
study was conducted following the principles of the Declaration 
of Helsinki and was approved by the institutional review board 
(PI1800095) and by the Provincial Ethics Committee of Malaga. 
Further details on the diagnostic evaluation of patients, clinical 
history, and severity can be found in the Methods section of the 
article's Online Repository.
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2.2   |   Dendrimers-AXO Synthesis

The poly(amidoamine) (PAMAM) dendrimer (ethylenediamine 
core) with amino surface groups (PAMAM 4th (G4) and 5th gen-
eration (G5)) (Sigma-Aldrich) were incubated with sodium AX 
(0.02 M carbonate buffer, pH 10.8, at 4°C), stirred for six days, and 
then purified by gel filtration using Sephadex G-10 and distilled 
water as the eluent. The solvent was then freeze-dried to obtain 
the corresponding pure PAMAM-based AXO conjugates: G4-
AXO and G5-AXO containing 64 and 128 AXO units/dendrimer, 
respectively. The purity and structural characterization were 
confirmed by 1H- and 13C-Nuclear Magnetic Resonance (NMR) 
techniques. Further details on the conjugate's synthesis includ-
ing those with HSA can be found in the Methods section of the 
article's Online Repository.

2.3   |   BAT

BAT was performed as previously described [38]. Cells were stim-
ulated with AX at 1.25 mg/mL and stained with CD63-FITC, 
CD203c-PE, and CCR3-APC (Biolegend). At least 500–1000 ba-
sophils per sample were analyzed in a FACSCalibur flow cytom-
eter (BD Bioscience) following the gating strategy for basophil 
selection, SSC-Alow/CCR3+/CD203c+, and for activated basophils, 
CD63+. Results were considered positive when the percentage of 
CD63+ was higher than the cut-off selected from ROC analysis.

2.4   |   AX-sIgE Determinations

To determine serum AX-sIgE (c6) and BP-sIgE, FEIA 
ImmunoCAP (Thermo-Fisher) was used following the man-
ufacturer's instructions in allergic patients and controls. 
Results of AX-sIgE were considered positive when results were 
≥ 0.35 kUA/L.

2.5   |   Mast Cell Derivation From CD34+ Peripheral 
Blood Cells

CD34+ peripheral blood cells were obtained from STEMCELL 
Technologies (Canada). Cells were cultured for 10–12 weeks in 
two phases: expansion and differentiation [21, 39]. Step I (Weeks 
0–4): Cells were cultured at 1 × 106cells/mL in StemSpan SFEM 
II (STEMCELL Technologies), supplemented with 100 ng/mL 
human stem cell factor (hSCF), 50 ng/mL IL-6, 10 ng/mL IL-3, 
and 10 μg/mL LDL. Hemi-depletions were performed to main-
tain concentrations between 0.5–1 × 106 cells/mL. Step II (Weeks 
5–12): Cells were cultured in IMDM with 100 ng/mL hSCF, 
50 ng/mL IL-6, 55 μM 2-mercaptoethanol, 0.5% BSA, and 1% 
insulin-transferrin-selenium (Thermo Fisher) until derived mast 
cells (dMCs) reached ≥ 90% purity (CD117+/FcεRI+), typically 
after 4–6 additional weeks (Figure S1).

2.6   |   Mast Cell Activation Test

dMCs were seeded at 50,000 cells per condition and sensitized 
overnight at 37°C with sera from AX-allergic patients or con-
trols in medium II plus 100 ng/mL TSLP (PeproTech) at a 1:1 

cell-to-serum ratio. After washing, cells were incubated for 1 h 
with 100 ng/mL IL-33 (Peprotech) in fresh medium II, followed 
by stimulation for 30 min and subsequent cooling on ice for at 
least 5 min at 4°C. In the MAT experiments, 10,000–20,000 mast 
cells were acquired and analyzed per sample to ensure robust-
ness of the results.

Specific dMC activation was assessed using AX or G4/5-AXO 
nanostructures. AX at 1,25 and 2,5 mg/mL (3420 and 6840 μM, 
respectively) based on prior experience and BAT data shows 
optimal responses [38, 40]. G4/5-AXO nanostructures (64 and 
128 AX units/dendrimer, respectively) were tested at 3.045, 6.09, 
and 30.450 μg/mL for G4-AXO and 3.063, 6.126, and 30.640 μg/
mL for G5-AXO (5, 10, or 50 μM AX-equivalent). Lower con-
centrations of dendrimers showed suboptimal activation and 
therefore were not included in further analysis. Additionally, 
for comparison with nanostructures AX-equivalent, we tested 
AX at 3,65 μg/mL (10 μM) and HSA-AXO at 119,4 μg/mL (10 μM 
AX-equivalent).

PBS and anti-IgE (1 μg/mL, Invitrogen) served as negative and 
positive controls, respectively. Cells were washed, stained with 
Zombie NIR, CD63-FITC clone H5C6, CD117-PerCP clone 
104D2, CD203c-PE clone NP4D6, and FcεRI-APC clone AER-
37 (BioLegend), fixed with 2% paraformaldehyde (15 min, 4°C, 
dark), and resuspended in flow cytometry buffer (PBS 1X, 
2% FBS, 4 mM EDTA, 0.02% sodium azide). Activation was 
defined as %CD63+ (Figure  S1) above the ROC-derived cut-
off, based on raw values without subtraction of the negative 
control.

2.7   |   Statistical Analysis

Normality was assessed using the Kolmogorov–Smirnov test. 
Non-normally distributed paired and unpaired quantitative vari-
ables were compared using Wilcoxon and Mann–Whitney tests, 
respectively. Qualitative variables were analyzed with Fisher's 
exact test (independent samples) or McNemar test (paired sam-
ples). ROC curves defined cut-offs optimizing sensitivity and 
specificity. Patient age and the time interval between reaction 
and blood sampling are presented as median and interquar-
tile range (IQR). p < 0.05 was considered significant. Analyses 
were performed with Prism 10 (GraphPad Software, San Diego, 
CA, USA).

3   |   Results

3.1   |   Study Population

Twenty-eight subjects (15 females, 13 males) with confirmed 
IDAR to AX were included, as well as 11 subjects (4 males, 7 
females) with confirmed tolerance to AX. Patients were classi-
fied as AX-selective if they had positive in vivo tests to AX and 
tolerated BP or as cross-reactive if they had positive in vivo tests 
to BP. Based on this, 12 were AX-selective, 7 cross-reactive, and 
9 remained unclassified because DPT could not be performed, 
either due to contraindications or patient refusal. Clinical man-
ifestations were distributed as follows: 50% grade III, 25% grade 
II, and 21.43% grade I-URT/ANG. One patient could not be 
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4 Allergy, 2026

classified because the patient did not remember details about 
the reported reaction. The mean time interval between the re-
action and blood sampling for in vitro testing was 1574.8 days 
(IQR: 98–400.5). The median age for AX-allergic patients was 
57 years (IQR: 53.25–68.25). Symptom onset latency after drug 
intake was classified into < 15 min (N = 14); 15-30 min (N = 4); 
30-60 min (N = 4); 1-6 h (N = 2); UNK (N = 4) (Table S1).

3.2   |   dMCs Are Activated With AX and/or G4/5-
AXO Dendrimers in AX-Allergic Patients

To evaluate the usefulness as a tool for in vitro diagnosis for IDAR 
to AX, we conducted MAT with AX and AXO-conjugates (nano-
structures or HSA) using dMCs. dMCs were sensitized with pa-
tients' sera with AX-sIgE ranging from 0 to 10.3 kUA/L (median: 
0; IQR: 0.0–3.1) and control sera. Results indicated that all three 
concentrations of AX elicited statistically significant activation 
differences between AX-allergic patients and controls (p = 0.0018; 
p < 0.0001 and p = 0.0003, respectively) (Figure 1A). Cut-offs from 
ROC curves were applied (Figure S2). At 10 μM AX, a cut-off of 3.2 
yielded a sensitivity of 32.14% (p = 0.0025); at 3420 μM, a cut-off of 
3.8 provided a sensitivity of 53.57% (p = 0.0002); and at 6840 μM, a 
cut-off of 4.6 resulted in a sensitivity of 53.57% (p = 0.0007). All AX 
concentrations demonstrated 100% specificity (Figure 1C).

dMCs challenged with G4/G5-AXO also showed significant dif-
ferences between AX-allergic patients and controls (p = 0.007, 
p = 0.0052, and p = 0.0064 for G4-AXO; p = 0.037, p = 0.0064, 
and p = 0.0025 for G5-AXO) (Figure  1B). ROC curve analysis 
of G4-AXO showed sensitivities of 42.86%, 46.43%, and 39.29% 
at 5, 10, and 50 μM AX-equivalent concentrations, respectively 
(p = 0.008, 0.0063, and 0.0076), with 100% specificity at all con-
centrations. For G5-AXO, sensitivities were 32.14%, 46.43%, and 
31.14% at 5, 10, and 50 μM, respectively (p = 0.0047, 0.0076, and 
0.0033), also with 100% specificity across all concentrations. 
G4/5-AXO nanostructures as carriers were compared to an al-
ternative carrier for AX, has, at the same AX equivalent concen-
tration (10 μM) as G4 and G5-AXO, as well as free AX. Results 
indicated that G4-AXO elicited stronger responses than HSA-
AXO (p = 0.03). No significant differences were observed for the 
rest of the comparisons (Figure S3). No activation was observed 
in unsensitized dMCs (Table 1).

3.3   |   The Combination of AX and G4/5-AXO 
Enhances MAT Sensitivity

AX at 3420 μM achieved the highest individual sensitivity (53.57%). 
Both G4-AXO and G5-AXO at 10 μM equivalent of AX yielded com-
parable sensitivities (43.46%) (Figure 2A), and subsequent results 
are therefore reported using these concentrations. Interestingly, 
some patients responded exclusively to either AX or dendrimeric 
conjugates, but not to G4-AXO and G5-AXO, suggesting comple-
mentary diagnostic profiles (Figure 2B). Accordingly, we evaluated 
whether combining the results from both approaches improved 
sensitivity while preserving specificity. Consequently, the results 
showed that overall sensitivity increased up to 75% when AX and 
G4/5-AXO results were combined, while maintaining 100% speci-
ficity (Figure 2A). Moreover, when the false negative cohort for AX 

was re-classified considering G4/5-AXO results, 42.86% of them 
were identified as positive only when dendrimeric stimuli were 
used (p = 0.03) (Figure 2C), underscoring the complementary ef-
fect of G4/5-AXO nanostructures to AX in MAT.

3.4   |   MAT Results With Different Stimuli Diverge 
Depending on the Clinical Response

When MAT results were analyzed depending on the clinical 
response of the patients, selective or cross-reacting, it was ob-
served that free AX elicited positive responses more frequently 
in AX-selective patients (66.67%) than in cross-reactive ones 
(42.87%). In contrast, nanostructures showed the opposite trend, 
with statistically significant differences for G4-AXO responses 
observed in 85.71% of cross-reactive patients versus 25% of AX-
selective ones (p = 0.02), and G5-AXO in 83.3% versus 27.3%, re-
spectively (Figure 3A).

No significant differences were observed in positivity rates or 
activation levels according to severity grade (Figure 3B), nor did 
reaction latency affect assay results (Figure 3C). There was also 
no correlation between the time elapsed since the clinical reac-
tion and the in vitro results (Figure 3D). Only a trend was seen 
of decreasing %CD63+ with longer intervals for G4/5 nanostruc-
tures, while AX levels remained stable.

3.5   |   MAT With AX and G4/5-AXO Nanostructures 
Combination Outperforms ImmunoCAP

MAT results using AX and/or G4/5-AXO stimuli were com-
pared to AX-sIgE determinations. The sensitivity of AX-sIgE 
determination was 46.43% (Figure  4A), identical to that of 
MAT with G4/5-AXO (Figure  4A), and slightly lower than 
that of MAT with free AX (Figure 4A). As mentioned before, 
when the result of either free AX or G4/5-AXO was considered 
positive in MAT, sensitivity reached 75% (Figure  4A), which 
was significantly higher (p = 0.039). It is noteworthy that while 
MAT demonstrated a specificity of 100%, ImmunoCAP showed 
a specificity of 90.9%.

Given the apparent differences in the pattern of positive re-
sponders to AX and G4/5-AXO in MAT, suggesting a com-
plementary role between both stimuli, we assessed the 
correlation between the MAT results and ImmunoCAP. MAT 
responses to AX did not correlate with AX-sIgE (Spearman 
r = −0.23, p = 0.23). In contrast, MAT responses to G4-AXO 
and G5-AXO showed moderate/strong correlations with AX-
sIgE, with Spearman r values of 0.65 (p = 0.0002) and 0.53 
(p = 0.0041), respectively; this correlation was also observed 
with BP-sIgE for AX (Spearman r = −0.24, p = 0.19) and 
for G4/5-AXO (Spearman r0.64, p = 0.0002 and Spearman 
r = 0.67, p = 0.0001 respectively). Interestingly, among the 13 
patients who tested positive by ImmunoCAP, 11 also showed a 
positive response to G4-AXO, 10 to G5-AXO, and only 5 to AX, 
resulting in 2 patients who tested positive by ImmunoCAP 
but negative in MAT. Conversely, among the 15 patients who 
were false negatives by ImmunoCAP, 2 were positive to G4-
AXO, 3 to G5-AXO, and 10 to AX (Table  1), indicating the 
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5Allergy, 2026

similarity in detection patterns between ImmunoCAP and 
the nanostructure-based MAT, and the distinct profile ob-
served with AX alone, probably because the AX adducts in 
ImmunoCAP and the nanostructures in MAT are more sim-
ilar than those produced with free AX during the MAT per-
formance [15].

Taken together, these findings emphasize the diagnostic value of 
MAT. Using nanostructures (G4/5-AXO), MAT shows the same 
sensitivity as ImmunoCAP and identifies patients' profiles simi-
larly, likely reflecting shared IgE reactivity. Crucially, MAT also 
incorporates AX as a stimulus, capturing additional responders 
and markedly increasing sensitivity.

FIGURE 1    |    (A) Dose–response curve in MAT with AX (B) and with G4-AXO (left) and G5-AXO (right) at AX-equivalent concentrations. Results 
are expressed as the %CD63 and mean ± SEM (red squares: Healthy controls, n = 11; blue circles: AX-allergic patients, n = 28). **p < 0.01, ***p < 0.001, 
****p < 0.0001. (C) Cut-off values to discriminate AX-allergic and healthy controls selected by ROC analysis.
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3.6   |   MAT Complements BAT in AX In Vitro 
Diagnostic and Show Positive Results for BAT 
Non-Releasers

Afterward, we compared the diagnostic performance of MAT 
concerning other established cellular assays, BAT, using free 
AX. In the 23 patients with valuable results in BAT, MAT 

showed a sensitivity of 52.17% with AX and 43.48% with G4/5-
AXO, which was slightly lower than that of the BAT (60.87%, 
Figure  5A). In both BAT and MAT, specificity was 100%. 
However, when both stimuli were combined, MAT sensitivity 
increased to 73.91%, confirming its ability to detect IDAR to AX 
with good sensitivity. No correlation was observed between BAT 
with AX and MAT responses to either AX, G4-AXO, or G5-AXO 
(Spearman r, p > 0.05) (Figure 5B).

Given the known limitations of the BAT in individuals whose 
basophils do not respond to IgE-mediated stimulation, we 
tested sera from AX-allergic patients previously classified as 
non-releasers (n = 4) or with non-evaluable BAT results due 
to poor sample quality (n = 1) in the MAT using AX and/or 
G4/G5-AXO nanostructures. Positive activation to AX and/
or G4/G5-AXO was observed in 1 non-valuable and 3/4 non-
releasers' sera tested using the MAT (Table 1). These results 
support the applicability of the MAT in cases where the BAT 
cannot be reliably performed.

4   |   Discussion

This study proposes MAT as a reliable in vitro support for AX-
IDAR, reaching 75% sensitivity and 100% specificity while 
avoiding some limitations of ImmunoCAP and BAT, which 
would play a complementary role.

Although MAT using LAD2 cells worked well in food allergy 
[41, 42], they underperformed when applied to IDAR (Table S2), 
showing lower effectiveness particularly in the case of BL hyper-
sensitivity. These results are somewhat unexpected, since this 
technique is highly dependent on IgE, and the relatively low lev-
els of drug-sIgE usually observed in AX allergy could partly ex-
plain the limited responses. However, previous studies reported 
that LAD2 cells express a comparable, or even slightly higher, 
density of FcεRI receptors per cell than dMCs [19], suggesting 
that receptor availability alone does not account for the poor 
performance observed. Therefore, the underlying reasons for 
these unsatisfactory outcomes remain unclear, highlighting the 
need for further research to elucidate the intrinsic limitations of 
LAD2 cells in this context.

Other emerging models, such as Hoxb8 MAT, have shown 
promising outcomes [19, 43] but remain unexplored for IDAR. 
dMCs have proven effective in IgE-mediated IDAR, including 
chlorhexidine allergy [44]. Notably, its application to AX yielded 
moderate results [30], illustrating the challenges of this setting 
and the value of our optimized approach overpassing some of 
the claimed limitations of dMCs MAT in IDAR to AX.

Compared to other studies using MAT [30], our approach yielded 
satisfactory results with sensitivities comparable to those obtained 
with BAT. In our hands, the use of dMCs was essential to achieve 
these outcomes. Several aspects may underlie the different results. 
First, we used a cytokine-enriched medium (Medium II) con-
taining hSCF, which enhances IgE-mediated mast cell activation 
[25, 45]. Protein content in the medium may also allow free AX 
to form covalent conjugates with carrier molecules. Furthermore, 
cytokine priming during sensitization and prior to activation 
likely increased cell responsiveness. Second and most notably, we 

FIGURE 2    |    (A) Sensitivity of the MAT with each stimulus at its most 
sensitive concentration, and the combination of all three. Results are 
expressed as the percentage of positive cases based on the ROC cut-off. 
*p < 0.05, ***p < 0.001. (B) Scheme of all patients with positive MAT for 
any of the stimuli used. Dots indicate the strategy with which the pos-
itive result was obtained. (C) Re-classified positive cases among AX-
allergic patients: Percentage of individuals with negative MAT results 
to free AX but positive responses to G4/5-AXO.
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9Allergy, 2026

FIGURE 3    |    (A) Proportion of positive cases according to AX-selective or cross-reactor response. (B) Correlation between interval time (INT) be-
tween reported reaction and study expressed in days, and MAT results for each stimulus, expressed as percentage of CD63+ cells. (C) Proportion of 
positive cases according to the severity grade of the allergic reaction. Grade 1: Urticaria/angioedema-anaphylaxis grade 2 (URT/ANG – I); Grade 2: 
Anaphylaxis grade 2 (II); Grade 3: Anaphylaxis grade 3 (III). (D) Proportion of positive cases according to allergic reaction latency time.

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70267 by C

bua-C
onsorcio D

e B
ibliotecas U

niversitarias A
ndaluzas, W

iley O
nline L

ibrary on [23/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 Allergy, 2026

incorporated AXO-dendrimer conjugates, which overcome limita-
tions of conventional hapten presentation by improving IgE cross-
linking. Although we did not assess the individual contribution 
of each factor, their combination likely contributed to the robust 
responses observed in our MAT approach.

The highest sensitivities obtained with each type of stimulus 
were comparable: 53.57% for AX and 46.43% for the nanostruc-
tures. Interestingly, although responses partially overlapped, 

some patients reacted only to AX or AX-decorated nanostruc-
tures. Then, combining both types of stimuli, the sensitivity of 
MAT improved to 75% with high specificity. These findings sup-
port the notion that, although some patients respond irrespec-
tive of the stimulus, others may only be identified by a specific 
approach depending on their recognition pattern.

Compared with sIgE in ImmunoCAP, MAT with free AX 
showed slightly higher sensitivity, and the combined MAT 

FIGURE 4    |    (A) Comparison of ImmunoCAP sensitivity and MAT sensitivity with each stimulus at its optimal concentration, as well as the com-
bination of all three. *p < 0.05. (B) Correlation between ImmunoCAP results, expressed as kilo allergen-specific units per liter (kUA/L) for c6 (AXO), 
and MAT results for each stimulus, expressed as percentage of CD63+ cells.
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11Allergy, 2026

approach (free AX plus G4/G5-AXO) was significantly supe-
rior. MAT specificity remained 100%, whereas sIgE yielded 
one false positive (90.9% specificity). Notably, MAT results 
for nanostructures strongly correlated with ImmunoCAP for 
AX-sIgE, potentially tackling its limitations, such as a lack of 
drug conjugates or false positives. Interestingly, ImmunoCAP 
results did not correlate with MAT using free AX but did with 
G4/G5-AXO. This suggests that G4/G5-AXO and the PLL-
AXO conjugates used in ImmunoCAP are structurally more 
similar—both featuring a polyamide backbone and high AXO 
density—than the heterogeneous, low-density AX-protein ad-
ducts formed with free AX during MAT, affecting the recogni-
tion as previously described [15]. This variability may impact 
recognition, particularly in patients with broader sensitization 
profiles. In our cohort, the use of free AX in MAT resulted in 
a higher proportion of positive responses among AX-selective 
patients, whereas nanostructures detected all cross-reactive 
cases, with statistically significant differences between 
groups. This pattern is consistent with previous observations 
[15], where IgE from selective responders preferentially recog-
nized AX itself, while cross-reactive patients responded more 

broadly to pre-conjugated AX structures, independent of the 
carrier. These findings suggest that selective responders may 
depend on limited or transient haptenation events, whereas 
cross-reactive profiles require stable, multivalent presentation 
of the antigenic determinant.

MAT was compared with the other in vitro cellular test, BAT, 
which, despite suboptimal sensitivity, is highly recommended 
by EAACI for IDAR [11]. MAT did not outperform BAT with in-
dividual stimuli, but their combination improved sensitivity. No 
correlation was found between the two tests. Moreover, MAT 
was effective in patients who were non-evaluable (1/1) or non-
releasers (3/4) in BAT, reinforcing its clinical utility in difficult 
cases. One limitation of the study is that, as BAT requires fresh 
whole blood, nanostructures could not be assessed in this co-
hort, restricting direct comparison. Moreover, it is important to 
consider that the diagnostic metrics reported here stem from a 
retrospective observational design, which is optimal for evalu-
ating the sensitivity of new in vitro tools in confirmed IDAR to 
AX cases. While these results demonstrate the high potential of 
the optimized MAT, a prospective analysis for getting data about 

FIGURE 5    |    (A) Comparison of BAT sensitivity and MAT sensitivity with each stimulus at its optimal concentration, as well as the combination 
of all three. (B) Correlation between BAT and MAT results for each stimulus, expressed as percentage of CD63+ cells.
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sensitivity, specificity, and predictive values is needed in order to 
make MAT applicable in their clinical practice.

Trends in MAT showed nanostructures best for grade 1, AX for 
grade 2, and similar responses in grade 3, though differences 
were not significant. Larger cohorts are needed to confirm. No 
clear effect of time since reaction on AX responses, which stayed 
stable, while nanostructure responses declined, reflecting de-
creased IgE-test sensitivity beyond 6–12 months [14]. In patients 
over one year post-reaction, 63% were AX-positive versus 25%–
38% for nanostructures, indicating two response profiles.

In conclusion, MAT using dMCs under optimized conditions 
reached 75% sensitivity and 100% specificity, supporting its use 
as an early diagnostic step to reduce full work-ups. Moreover, 
our results in this context suggest that two profiles or combi-
nations of them can be found in an AX-allergic patient cohort, 
shedding further light on why these types of reactions are so 
difficult to reproduce using an IgE-mediated approach, as il-
lustrated by the low detection rates of AX-sIgE and the limited 
activation observed in cellular assays. Nevertheless, further 
analyses are needed to clarify these mechanisms and improve 
in vitro diagnostic strategies for IDAR to AX.
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