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ABSTRACT
Introduction: Diamine oxidase (DAO) degrades histamine, the key mediator in anaphylaxis, yet its relationship with clonal 
mast cell disorder (CMD) in the context of anaphylaxis is unclear. We evaluated whether DAO during anaphylaxis differs by 
CMD status.
Methods: We enrolled 35 emergency-department patients with acute anaphylaxis to drugs (7 patients), food (2 patients), or 
Hymenoptera venom (26 patients). Tryptase, DAO, and histamine degradation were measured during anaphylaxis and conva-
lescence. CMD was defined by detecting KIT p.D816V in peripheral blood leukocytes using highly sensitive qPCR. Post-mortem 
DAO and tryptase were also compared in two fatal Hymenoptera venom-triggered anaphylaxis (HVA) cases with CMD versus 13 
non-anaphylaxis controls.
Results: KIT p.D816V was detected in 6 (17%); all had severe HVA and normal basal tryptase. During anaphylaxis, DAO in-
creased markedly in CMD (median 1142%), but only modestly in KIT p.D816V-negative patients (median 20%; p < 0.0001), inde-
pendent of trigger or severity. Acute DAO was ~5-fold higher in CMD (median 101 vs. 18 U/mL), while convalescent DAO was 
similar (both 14 U/mL). Despite markedly elevated DAO, we observed impaired histamine degradation in acute anaphylaxis 
plasma. Receiver-operating-characteristic analyses showed strong discrimination for CMD using acute DAO (AUC 0.92; cut-off 
53 U/mL; sensitivity 83%; specificity 97%) and percentage increase from convalescence (AUC 0.97; cut-off 223%; sensitivity 83%; 
specificity 100%). Post-mortem DAO lacked specificity, whereas post-mortem tryptase supported the diagnosis of fatal anaphy-
laxis and CMD.
Conclusion: DAO concentrations rise markedly during anaphylaxis in CMD and may help identify individuals at the highest 
risk. Further studies should refine the diagnostic utility and elucidate the mechanisms by which DAO may amplify anaphylaxis 
in CMD.

1   |   Introduction

Anaphylaxis is a severe, systemic, potentially life-threatening 
allergic reaction that occurs rapidly after exposure to an al-
lergen [1, 2]. It is triggered mainly by food, drugs, or insect 

stings and characterised by the abrupt release of mediators 
from mast cells and basophils, with histamine being one of 
the most critical mediators implicated in the pathophysiology 
of this condition [1, 2]. Clonal mast cell disorders (CMD) are 
associated with severe anaphylaxis, especially Hymenoptera 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2026 The Author(s). Clinical & Experimental Allergy published by John Wiley & Sons Ltd.

https://doi.org/10.1111/cea.70227
https://doi.org/10.1111/cea.70227
https://orcid.org/0000-0002-2596-4952
https://orcid.org/0000-0001-7261-6689
https://orcid.org/0000-0002-4701-7374
https://orcid.org/0000-0002-0835-1599
mailto:matija.rijavec@klinika-golnik.si
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcea.70227&domain=pdf&date_stamp=2026-01-29


517Clinical & Experimental Allergy, 2026

venom-triggered anaphylaxis (HVA) [3–7]. Recent studies 
have highlighted the importance of testing for KIT p.D816V 
variant in peripheral blood leukocytes (PBL) in patients with 
anaphylaxis as a screening tool for underlying CMD [5, 8, 9]. 
The presence of an activating variant in KIT, most often being 
KIT p.D816V, in PBL represents one of the minor criteria for 
the diagnosis of systemic mastocytosis and is thus highly 
indicative of CMD, most often bone marrow mastocytosis, 
monoclonal mast cell activation syndrome and indolent sys-
temic mastocytosis [5, 9]. How expansion of a KIT D816V+ 
cell clone modifies the severity of anaphylaxis requires ad-
ditional investigation since the “releasability” of MCs in the 
context of anaphylaxis depends on several factors, including 
the burden of involved MCs and the cellular activation level, 
based on intrinsic (KIT D816V-related) MC characteristics 
[10]. Previous studies have shown that recombinant human 
stem cell factor (KIT ligand) promotes human MC functional 
activation in vivo and targeting KIT reduces MC number and 
reactivity  [11, 12]. A better understanding of the functional 
behaviour of KIT D816V-positive cells will provide important 
insight into the underlying mechanism of anaphylaxis and its 
long-term management [10].

While typical treatments focus on the administration of epi-
nephrine [1, 2], understanding the role of enzymes like diamine 
oxidase (DAO) in degrading histamine offers insights into poten-
tial therapeutic strategies and the biological mechanisms under-
lying anaphylaxis. DAO is one of the two fundamental enzymes 
in humans, the other being histamine-N-methyltransferase, 
involved in the catabolic pathways of histamine through the 
oxidative deamination of histamine and other biogenic amines 
[13, 14]. It is mainly expressed in epithelial cells of the small 
intestine, the placenta, the kidneys, and the liver, stored in ve-
sicular structures, and released into the bloodstream after stim-
ulation [14, 15]. In normal physiological conditions, DAO rapidly 
degrades extracellular histamine, which is ingested or released 
during a reaction, acting as a preventive measure from excess 
histamine accumulating in the body and preventing allergy-
like histamine excess symptoms [13, 16]. The concentration and 
activity of DAO can vary among individuals, influenced by ge-
netic factors, dietary intake, and the presence of certain medical 
conditions, thus playing a significant role in an individual's re-
sponse to histamine exposure [13, 14, 17]. Reduced DAO activity 
leads to decreased intestinal degradation of ingested histamine, 
causing histamine accumulation and histamine intolerance 
(HIT) [13, 14, 17]. Individuals with low DAO activity may expe-
rience symptoms similar to anaphylaxis when consuming foods 
high in histamine, such as fermented products, aged cheeses, 
and certain alcoholic beverages [13, 14, 17]. Apart from well-
known HIT, altered DAO levels have also been linked to allergic 

diseases since serum DAO levels were higher in patients with 
atopic asthma and allergic rhinitis than in controls [18]. DAO 
also correlated with disease severity [18]. Furthermore, in-
creased DAO activity during acute asthmatic attacks in children 
was reported [19], and a histamine-rich diet resulted in more 
severe symptoms in asthmatic patients during a randomised, 
two-period (high- or low-histamine diet) study in children with 
asthma [20].

Although changes in DAO during anaphylactic events are rarely 
demonstrated, the evidence presents a moderate to marked in-
crease of histaminolytic activity during severe episodes in rab-
bits and guinea pigs [21, 22]. Besides, a small study reported the 
massive release of DAO during anaphylaxis in mastocytosis pa-
tients [23], confirming previous animal data of DAO release into 
the circulation during severe anaphylaxis [21, 22]. A 100-fold in-
crease compared to the basal state indicates that DAO has great 
potential to be an important biomarker during anaphylactic ep-
isodes [23]. However, the study included only two mastocytosis 
patients experiencing altogether four severe and one mild ana-
phylactic event [23]. Besides, it remains unknown whether DAO 
increases during anaphylaxis also in non-mastocytosis patients.

To address this gap in our knowledge, we evaluated serum DAO 
concentrations during acute severe anaphylaxis and in the con-
valescent state of the patients to determine how DAO concentra-
tion changes during severe anaphylaxis, particularly in patients 
with CMD. Furthermore, we also evaluated whether DAO con-
centration changes during anaphylaxis are comparable between 
patients with and without CMD. Additionally, we compared 
postmortem DAO and tryptase concentrations from two fatal 
HVA cases with underlying CMD [24] to those from 13 control 
decedents who died of non-anaphylactic causes.

2   |   Methods

2.1   |   Study Subject

The patients were recruited during a 2-year period (2018–2020), 
presenting with an acute episode of anaphylaxis at the emer-
gency department at the University Clinic of Respiratory and 
Allergic Diseases Golnik, Slovenia. We retrospectively evalu-
ated 35 (14 female, age range 19–77 years) patients with suffi-
cient samples. Blood samples were collected during the reaction 
(at presentation to the emergency department), and convalescent 
samples were collected at least three weeks (median 70 days) 
after the anaphylactic episode. Tryptase and DAO concentra-
tions were measured from blood samples collected at both time 
points. The patients included are part of a previous Vantur et al. 
study [25], and we included all subjects with sufficient samples 
to determine their DAO concentration and KIT p.D816V variant 
status.

We included two additional cases of fatal HVA with post-
mortem identified underlying CMD (both males, aged 31 and 
71 years), which were previously described in detail [24]. As a 
control group, we included deaths in which the final autopsy 
diagnosis was not anaphylaxis (13 in total, 4 female, median 
63 years, age range 20–80 years). The causes of death in the 
control group were cardiac arrest in 4 and injury/external 

Key Messages

•	 Massive DAO release during severe anaphylaxis is re-
stricted to clonal mast cell disorders.

•	 Possible functional support for the reported associa-
tion between KIT p.D816 and anaphylaxis severity.

•	 Measuring DAO during acute anaphylaxis may help 
identify individuals at the highest risk.
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causes in 9 patients (3 car/motorbike accident, 5 suicide by 
hanging, 1 pneumonia). In all cases, blood samples were taken 
from the femoral vein, which was properly prepared and 
punctured during an autopsy performed less than 96 h (me-
dian 36 h) after death.

The study was conducted in accordance with the amended 
Declaration of Helsinki. Ethical approval was obtained 
from the Slovenian National Medical Ethics Committee 
(Approval numbers 150/09/13, 0120-424/2020-3, and 
0120-180/2025-2711-3).

2.2   |   Total Tryptase Testing

Levels of total serum tryptase were measured with a commer-
cially available fluorescence enzyme ImmunoCAP immunoas-
say (Thermo Fisher Scientific, Uppsala, Sweden) following the 
manufacturers' instructions. The detection limit of the test is 
determined as 1 ng/mL, and the normal range for total tryptase 
levels in serum ranges from 1 to 11.4 ng/mL.

2.3   |   Determination of Serum DAO Concentration

The serum DAO concentration was measured in acute and con-
valescent samples with enzyme-linked immunosorbent assay 
(ELISA). Commercially available IDKDiamineoxidase (DAO) 
ELISA (Immundiagnostik AG, Germany) was used to perform 
the tests according to the manufacturers' instructions. Samples 
with concentrations above the test range were further diluted 
and re-assayed till the actual value was obtained, up to 1000 U/
mL. Measurements > 1000 U/mL were truncated at 1000 U/mL. 
All results are presented as U/mL.

2.4   |   Determination of Histamine Degradation in 
Serum/Plasma

Histamine degradation was assessed using a method adapted 
from Boehm [23]. Briefly, serum or plasma was incubated with 
histamine (final concentration 100 ng/mL; Sigma-Aldrich, St. 
Louis, MO, USA) for 60 min at 37°C. Reactions were termi-
nated by adding diminazene aceturate to a final concentration 
of 50 μmol/L (Sigma-Aldrich), a potent and selective inhibitor 
of DAO. Samples were stored at −30°C until histamine quan-
tification using a Histamine ELISA kit (ab285333; Abcam, 
Cambridge, UK), following the manufacturer's instructions. 
Values > 100 ng/mL were reported as 100 ng/mL, the final con-
centration of added histamine and the upper limit of the assay. 
Histamine degradation was determined in 32 paired blood 
samples (acute and convalescent) for which sufficient serum 
or plasma was available. Additionally, plasma from a pregnant 
woman with a high DAO concentration was included as a posi-
tive control and measured in triplicate.

2.5   |   KIT p.D816V Missense Variant Assay

Genomic DNA from whole blood was isolated with QIAamp 
DNA blood mini kit (Qiagen, Hilden, Germany). The KIT 

c.2447A>T, p.D816V missense variant was assayed with allele-
specific quantitative PCR as described previously [5, 8].

2.6   |   Statistical Analysis

All the data were statistically analysed using GraphPad Prism 
(GraphPad Software, Boston, MA, USA). Normality was as-
sessed with the D'Agostino & Pearson test, and then based on 
the distribution, a paired t-test or a Wilcoxon test was used to 
determine the statistical difference between paired samples. For 
comparisons between groups, we used the Mann–Whitney U 
test or unpaired t-test, as appropriate. Determination of a cut-
off value was done with receiver operating characteristic curve 
(ROC curve) analysis. Numeric data were presented with me-
dians and interquartile ranges (IQR). p-Values below 0.05 were 
considered statistically significant.

3   |   Results

3.1   |   Clonal Mast Cell Disorders Are Common 
Among Patients With Severe Sting Anaphylaxis

Anaphylaxis was predominantly triggered by Hymenoptera 
venom (26/35), followed by medication (7/35), and by food in 
(2/35) patients. Anaphylaxis was graded on Mueller severity 
scale, we had two patients with grade I, four with grade II, 
twelve with grade III and 17 with grade IV reaction; of the se-
vere grade IV reactions, 16 were caused by an insect sting and 
one by medication (Table 1). The KIT p.D816V variant was de-
tected in 17% (6/35) of the evaluated patients and 35% (6/17) of 
patients with severe (Mueller grade IV) anaphylaxis (Table 2). 
Importantly, all patients with identified CMD (KIT p.D816V-
positive patients) experienced severe HVA and had normal basal 
serum tryptase (BST) levels, ranging from 4.63 to 6.01 ng/mL. 
One patient with detectable KIT p.D816V in PBL had REMA 
score < 2. The presence of KIT p.D816V variant in extracutane-
ous organs (including PBL) represents one of the minor criteria 
for the diagnosis of systemic mastocytosis [9, 26], hence bone 
marrow (BM) examination to classify CMD was performed in 
three patients (the other three patients rejected BM biopsy), 
which confirmed BM involvement in all three patients: mono-
clonal mast cell activation syndrome (MMAS) in two patients 
and bone marrow mastocytosis (BMM) in one patient according 
to WHO criteria [9, 26].

3.2   |   Acute Serum Tryptase Levels Were 
Comparably Increased in Patients With or Without 
Underlying Clonal Mast Cell Disorder

During the acute phase of anaphylactic reaction, tryptase 
concentration increased in both designated subgroups of pa-
tients, while no significant differences can be shown between 
the subgroups of KIT p.D816V-positive and -negative patients 
(Figure  1). Importantly, acute serum tryptase was increased 
(≥ 11.4 ng/mL) in 69% (24/35) of patients while comparing the 
acute with convalescent sample and using the 20% + 2 trypt-
ase formula (an event-related transient elevation of the serum 
tryptase level by at least 20% over the individual baseline plus 
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2 ng/mL) [27], it was found to be increased in 74% (26/35) of pa-
tients. Interestingly, increased acute tryptase using the 20% + 2 
formula was confirmed in 85% (22/26) HVA patients and only 
44% (4/9) medication- or food-triggered anaphylaxis patients.

3.3   |   Higher Increase of Acute DAO in Patients 
With Underlying Clonal Mast Cell Disorder

Statistically significant increase in DAO concentration during 
the anaphylactic reaction was observed, both in KIT p.D816V-
positive and KIT p.D816V-negative patients (p = 0.0007 and 

p = 0.03; Figure  2A). However, a markedly, approximately 50-
fold higher increase in DAO (median 1142%) was observed in KIT 
p.D816V-positive individuals, in comparison to KIT p.D816V-
negative patients (median 20%) (p < 0.0001; Mann–Whitney test; 
Figure 2B). Furthermore, absolute DAO concentrations during 
anaphylaxis were significantly higher in KIT p.D816V-positive 
patients compared to KIT p.D816V-negative patients, median 
101 U/mL and 18 U/mL, respectively (p = 0.0004; Figure 2).

3.4   |   Impaired Histamine Degradation in 
Acute Anaphylaxis Plasma Despite Markedly 
Increased DAO

Compared with a pregnancy plasma sample with high DAO 
(518 U/mL), which degraded exogenously added histamine 
(100 ng/mL) almost completely within 60 min (to 10 ng/mL), 
patient serum or plasma samples showed limited degradation 
of histamine. After 60 min of incubation, histamine concentra-
tions did not decrease below 50 ng/mL in any acute anaphylaxis 
sample (Figure 3), despite DAO concentrations reaching up to 
606 U/mL. Notably, the two acute samples with the highest DAO 
levels (606 and 587 U/mL) showed only modest histamine degra-
dation, with residual histamine concentrations of 100 and 83 ng/
mL, respectively, after 60 min. When stratified by KIT p.D816V 
status, greater histamine degradation in acute versus conva-
lescent samples was observed only in KIT p.D816V-negative 
patients (median histamine after 60 min: 95 vs. 100 ng/mL; 
p = 0.0011; Figure 3). In contrast, no difference between acute 
and convalescent samples was evident in KIT p.D816V-positive 
patients, despite these patients exhibiting the highest absolute 
DAO concentrations during anaphylaxis.

3.5   |   DAO Is Highly Increased in Fatal Anaphylaxis 
Cases With Underlying Clonal Mast Cell Disorder

We additionally measured DAO in post-mortem serum from 
two previously reported fatal HVA cases with underlying clonal 
mast-cell disease (CMD) [24]. DAO was markedly elevated in 
both (> 1000 U/mL), which corroborates our findings in the 
emergency department study, which demonstrated a highly in-
creased acute DAO in patients during a sting anaphylaxis episode 
and with underlying CMD. However, DAO showed substantial 
variability and elevated DAO levels also in the control group 
(deaths due to cardiac arrest or injury/external causes), ranging 
from 10 to > 1000 U/mL (median 202 U/mL; IQR 17–> 1000 U/
mL), with 5 of 13 controls exceeding 1000 U/mL (p = 0.305). 
Median DAO appeared higher after cardiac arrest (906 U/mL; 
IQR 210–> 1000 U/mL) than after injury/external causes (86 U/
mL; IQR 17–> 1000 U/mL), but this difference was not statisti-
cally significant (p = 0.663). Collectively, these findings high-
light the limited specificity of DAO in the post-mortem setting.

By contrast, serum tryptase was markedly elevated in both fatal 
HVA cases with postmortem-identified underlying CMD cases 
(1530 and 152 ng/mL), while remaining low in controls (overall 
median 9.5 ng/mL; IQR 4–18 ng/mL), a difference that reached 
statistical significance (p = 0.019; Figure  4). Tryptase medians 
were similarly low across the two control subgroups (injury/ex-
ternal causes: 8.6 ng/mL; cardiac arrest: 13.5 ng/mL; p = 0.435). 

TABLE 1    |    Clinical and laboratory characteristics.

Characteristic
Patients with an 

anaphylaxis (N = 35)

Sex, N (%)

Male 21 (60)

Female 14 (40)

Age (years), median (range) 53 (19–77)

Trigger, N (%)

Hymenoptera venom 26 (74)

Drugs 7 (20)

Food 2 (6)

Reaction severity grade,a N (%)

I 2 (6)

II 4 (11)

III 12 (34)

IV 17 (49)

REMA score,b N (%)

≥ 2 7 (27)

< 2 19 (73)

Emergency treatment, N (%)

Epinephrine 20 (57)

Corticosteroids 32 (91)

Antihistamines 35 (100)

BST level (ng/mL), median 
(range)

5.36 (2.74–13.2)

Time from onset of episode 
to blood collection at the ED, 
median (range) in minutes

107 (20–1237)

Convalescent sampling time 
after episode, median (range) in 
days

70 (24–369)

Abbreviations: BST, basal serum tryptase; ED, emergency department; REMA 
score, Red Espanola de Mastocitosis score.
aGrades were assigned according to Mueller.
bREMA score was calculated only for Hymenoptera venom-triggered 
anaphylaxis (n = 26).
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These data support post-mortem tryptase as a useful discrimi-
nating biomarker for fatal anaphylaxis in the presence of CMD.

3.6   |   Increase in DAO During Anaphylactic 
Reaction Is Highly Indicative of an Underlying 
Clonal Mast Cell Disorder

With the gathered data, we determined the cut-off values for 
the DAO concentration in the acute phase of anaphylaxis and 
the percentage increase of concentration compared to the con-
valescent sample to differentiate between the two subgroups 
of included patients. As indicated by the area under the ROC 
curve analysis, the absolute DAO concentration during epi-
sodes of anaphylaxis (AUC = 0.92, 95% CI 0.79–1.00) showed 

a high discriminating accuracy between KIT p.D816V-
positive and KIT p.D816V-negative patients (Figure 5). Using 
a determined cut-off of 53 U/mL (optimal cut-off was deter-
mined based on the Youden index), the sensitivity and spec-
ificity of concentration in the acute phase are 83% and 97%, 
respectively. Hence, measuring DAO only during anaphy-
laxis and employing this cut-off, 5 out of 6 patients would be 
correctly identified as KIT p.D816V-positive; furthermore, 
28 of 29 included patients would correctly reside in the KIT 
p.D816V-negative subgroup (Figure  2A). Next, we assessed 
the usefulness of the change of DAO concentration compared 
to convalescent sampling in discriminating between KIT 
p.D816V-positive and KIT p.D816V-negative patients. Using a 
ROC curve analysis (AUC = 0.97, 95% CI 0.90–1.00), and based 
on the Youden index, we determined that the optimal cut-off 

TABLE 2    |    Clinical and laboratory characteristics in KIT p.D816V-positive and -negative patients.

Characteristic

Patients with an anaphylaxis episode (N = 35)

p
KIT p.D816V-

positive (N = 6)
KIT p.D816V-

negative (N = 29)

Sex, N (%)

Male 3 (50) 18 (62) 0.66

Female 3 (50) 11 (38)

Age (years), median (range) 49.5 (34–72) 55 (19–77) 0.67

Trigger, N (%)

Hymenoptera venom 6 (100) 20 (69) 0.30

Medication 0 (0) 7 (24) 0.31

Food 0 (0) 2 (7) > 0.99

Reaction severity grade,a N (%)

I 0 (0) 2 (7) > 0.99

II 0 (0) 4 (14) > 0.99

III 0 (0) 12 (41) 0.07

IV 6 (100) 11 (38) 0.007

REMA score,b N (%)

≥ 2 5 (83) 2 (10) 0.002

< 2 1 (17) 18 (90)

Emergency treatment, N (%)

Epinephrine 4 (67) 16 (55) 0.68

Corticosteroids 6 (100) 26 (90) > 0.99

Antihistamines 6 (100) 29 (100) > 0.99

BST level (ng/mL), median (range) 5.44 (4.63–6.01) 5.31 (2.74–13.2) 0.88

Time from onset of episode to blood collection at the 
ED, median (range) in minutes

65 (40–180) 109 (20–1237) 0.11

Convalescent sampling time after episode, median 
(range) in days

103.5 (39–303) 70 (24–369) 0.62

Note: Bold indicates P values < 0.05.
Abbreviations: BST, basal serum tryptase; ED, emergency department; Red Espanola de Mastocitosis score.
aGrades were assigned according to Mueller.
bREMA score was calculated only for Hymenoptera venom-triggered anaphylaxis (n = 26).
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was a 223% increase in DAO concentration during an anaphy-
lactic episode from convalescent, with sensitivity of 83% and 
specificity of 100% (Figure 5). In detail, KIT p.D816V-positive 
patients were identified with the same success rate as with an 
absolute concentration threshold (5/6), whereas all of the 29 
tested KIT p.D816V-negative patients were correctly deter-
mined using the obtained threshold. On the other hand, acute 
tryptase determination was not able to discriminate between 
KIT p.D816V-positive and KIT p.D816V-negative patients 
(AUC = 0.53, 95% CI 0.28–0.77).

4   |   Discussion

In the emergency department study of patients with acute 
episodes of Hymenoptera venom, drug and food-triggered 
anaphylaxis, we observed a marked acute rise in histamine-
degrading diamine oxidase during anaphylaxis only in 

patients with clonal mast cell disorder. All CMD patients had 
detectable KIT p.D816V variant in PBL, experienced severe 
HVA, and had normal BST levels. These findings indicate that 
massive DAO release during severe anaphylaxis is restricted 
to CMD and provide possible functional support for the re-
ported association between KIT p.D816 and anaphylaxis se-
verity. Measuring DAO during anaphylactic reactions may 
represent a valuable screening test for patients suspected of 
CMD. On the other hand, in the post-mortem study, DAO 
showed limited specificity despite very high levels in fatal 
HVA with CMD, whereas post-mortem tryptase proved a use-
ful discriminating biomarker to support the diagnosis of fatal 
anaphylaxis in the presence of CMD.

The presence of underlying CMD is a strong predictor of re-
action severity, particularly in patients with HVA [3–9]. A re-
cent multicentric study corroborated this association, where 
nearly 40% of HVA patients with severe reactions harboured 

FIGURE 1    |    Serum tryptase concentration in patients during acute 
episodes and in convalescent samples collected later. The dotted line 
represents currently considered cut-off (11.4 ng/mL). ****p < 0.0001; 
*p < 0.05; Wilcoxon matched-pairs signed rank test.

FIGURE 2    |    (A) Serum DAO concentration levels in patients during acute episodes and in convalescent samples collected afterwards. The dotted 
line represents ROC determined cut-off for discriminating KIT p.D816V-positive patients. ***p < 0.001; *p < 0.05; Wilcoxon matched-pairs signed 
rank test. (B) Percentage change of DAO during acute episode compared to convalescent sample. The dotted line represents ROC determined cut-off 
for discriminating KIT p.D816V-positive patients. ****p < 0.0001; Mann–Whitney test.

FIGURE 3    |    Histamine degradation in serum and plasma after 
60 min. Serum or plasma samples were spiked with exogenous his-
tamine (final concentration 100 ng/mL) and incubated for 60 min. 
Histamine concentrations (ng/mL) measured after incubation are 
shown as median with interquartile range (IQR). **p < 0.01; Wilcoxon 
matched-pairs signed rank test. *p < 0.05; Mann–Whitney test.
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KIT p.D816V in their PBL, compared with approximately 10% 
with moderate reactions, and 1% with large local reactions, 
while it was absent in asymptomatic sensitised individuals [5]. 
The mechanisms driving greater severity in CMD remain in-
completely defined and likely reflect the burden and intrinsic 
properties of KIT p.D816V-positive MCs and potentially other 
KIT p.D816V-positive myeloid cells (neutrophils, monocytes, 
eosinophils, and basophils) [10, 30]. How and if the massive 
release of DAO into the circulation during severe anaphylaxis 

in CMD contributes to clinical severity remains to be deter-
mined in future studies.

Our observation of increased release of DAO during anaphy-
laxis is consistent with animal data, although the physio-
logical role of circulating DAO could not be unambiguously 
determined [21, 22], and complements the previous findings 
of DAO release into circulation in mastocytosis during se-
vere reactions [23]. Crucially, we have clearly demonstrated 
for the first time that the acute DAO increase is restricted to 
CMD; KIT p.D816V-positive patients exhibited substantially 
higher acute DAO and larger percentage changes from conva-
lescence than KIT p.D816V-negative patients. Currently, we 
do not know the pathophysiological mechanism leading to in-
creased DAO. Potential mechanisms include heparin-driven 
liberation of epithelial DAO, given that mast-cell heparin is 
co-stored with tryptase and, upon degranulation, can both dis-
place DAO from intestinal epithelium [19, 23, 31] and activate 
FXIIa–bradykinin pathways that enhance vascular permea-
bility, which might potentiate the severity of anaphylaxis [32]. 
Alternatively, DAO could be released from activated neutro-
phils [33], since neutrophil activation, demonstrated as upreg-
ulation of neutrophil gene signature [34] and other biomarkers 
associated with neutrophil activation [35], plays an important 
role in anaphylaxis. Although KIT p.D816V-mutated neutro-
phils occur in CMD [30], their role in DAO release and clinical 
severity is unknown.

Clinically, measuring DAO during anaphylaxis may offer a 
simple, non-invasive screen for occult underlaying CMD. In 
our cohort, patients with the KIT p.D816V variant in PBL 
had higher acute DAO concentrations and larger percentage 
increases from convalescence than KIT p.D816V-negative pa-
tients. Acute DAO in KIT p.D816V-positive cases was mark-
edly elevated, also relative to recently published healthy adults 
[17] (median 101 vs. 18 U/mL; p < 0.0001), whereas acute DAO 
in KIT p.D816V-negative patients mirrored healthy controls 
(median 14 vs. 18 U/mL; p = 0.905). Notably, none of the 
healthy controls exceeded 50 U/mL [17]. Receiver-operating-
characteristic analyses identified two pragmatic criteria that 

FIGURE 4    |    Post mortem serum (A) DAO and (B) tryptase concentrations in anaphylactic deaths and control groups. Dotted lines indicate previ-
ously suggested tryptase cut-off levels of 45 ng/mL [28, 29]. *p < 0.05; Mann–Whitney test.

FIGURE 5    |    ROC curves comparing the discriminating perfor-
mance of acute DAO and tryptase determination as well as the percent-
age change of DAO during acute episode compared to the convalescent 
sample.
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discriminated CMD from non-CMD: an acute DAO cut-off 
of 53 U/mL and/or a ≥ 233% increase from the convalescent 
value. Using the proposed cutoff, DAO is a quick and afford-
able screening biomarker that, in conjunction with other tests, 
helps identify CMD in individuals with severe anaphylaxis. 
Tryptase concentration is usually measured at two different 
time points (acute and convalescent) [36], DAO dynamic mea-
surement at the same time points could be beneficial in mon-
itoring changes related to the acute state. In our data, DAO 
concentration changed significantly in a subgroup between 
acute and convalescent state; and a cut-off of 233% increase 
from convalescent represents a highly meaningful diagnostic 
test used to distinguish between KIT D816V-positive and KIT 
D816V-negative patients. Our findings also align with previ-
ous reports [27, 36, 37], demonstrating that acute tryptase lev-
els may rise comparably in patients with and without CMD. 
Together, these findings position DAO dynamics as a com-
plementary tool to identify CMD in patients presenting with 
severe anaphylaxis, while mechanistic studies are needed to 
define causality and source. Notably, DAO screening would 
identify one additional CMD patient who would otherwise be 
missed when relying solely on the REMA score, a proposed 
scoring system for further CMD evaluation.

Notably, during acute anaphylaxis, DAO's functional capacity 
to degrade histamine is markedly reduced compared with preg-
nancy plasma, even when DAO concentrations are similarly high 
(including in KIT D816V-positive individuals), consistent with 
prior observations in mastocytosis [23]. A pregnancy plasma 
sample (518 U/mL DAO) degraded exogenous histamine (100 ng/
mL) almost completely within 60 min (~10 ng/mL), whereas acute 
anaphylaxis serum/plasma samples did not reduce histamine 
below 50 ng/mL after 60 min despite DAO levels up to 606 U/mL. 
This cannot be attributed to standard emergency medications, 
which do not inhibit DAO, and instead suggests an anaphylaxis-
associated mechanism of DAO inhibition or inactivation [23]. In 
clonal mast cell disorders, compromised histamine breakdown 
may help explain particularly severe reactions via prolonged his-
tamine exposure. Although limited human material hampers 
mechanistic work, recombinant human DAO can efficiently de-
grade histamine in mastocytosis plasma and may overcome the 
inhibition or inactivation of endogenous DAO [38].

In the post-mortem study, DAO has limited specificity; although 
levels were very high in fatal HVA with CMD, they were also 
elevated in several controls who died of cardiac arrest or injury/
external causes. Prior work likewise shows poor diagnostic 
performance of post-mortem DAO in anaphylaxis without any 
anamnestic data indicating mastocytosis [28], and our findings 
indicate this limitation extends to anaphylaxis with underlying 
CMD. By contrast, our data support post-mortem tryptase as 
a useful discriminating biomarker for fatal anaphylaxis in the 
presence of CMD. Tryptase was markedly elevated in both fatal 
HVA cases with post-mortem–identified CMD, while remain-
ing low in controls who died of cardiac arrest or injury/external 
causes. Notably, both cases exceeded commonly cited post-
mortem cut-offs for anaphylaxis (44–54 ng/mL) [28, 29, 39, 40], 
whereas all controls were below these thresholds. This aligns 
with recent reports that highlight tryptase as the most consis-
tently informative post-mortem biomarker and report diag-
nostic thresholds in this range (with 45 ng/mL showing strong 

discriminative capacity) [41]. However, because our series 
lacked fatal anaphylaxis cases without CMD, we cannot deter-
mine whether the magnitude of tryptase elevation is specific to 
anaphylaxis with CMD. Prior literature documents substantial 
tryptase increases in fatal anaphylaxis even in the absence of 
known mastocytosis, underscoring that elevated post-mortem 
tryptase supports the diagnosis of fatal anaphylaxis irrespective 
of CMD status [28, 29, 39–41]. Best practice therefore relies on 
post-mortem–specific (higher) tryptase thresholds rather than 
the clinical 11.4 ng/mL cut-off, with interpretation mindful of 
confounders and of chronically elevated baselines in mast-cell 
disorders. Overall, recent evidence converges on tryptase as the 
best-validated post-mortem marker, while alternative biomark-
ers remain limited and heterogeneous [28, 29, 39–41].

Our study has inherent limitations. The cohort was relatively 
small, reflecting the inherent difficulty of collecting paired 
samples during both the acute anaphylactic episode and con-
valescence. Another limitation is that we determined only 
DAO and tryptase in serum samples, and we did not deter-
mine other compounds, such as heparin. We also lacked func-
tional experiments in isolated KIT p.D816V-positive versus 
-negative cells to identify the cellular source of DAO and clar-
ify how CMD modifies anaphylaxis severity. The predominant 
Hymenoptera venom trigger, potential confounding by med-
ications administered during acute episodes, comorbidities, 
and a single-center design may limit generalisability. In the 
post-mortem analysis, variable intervals and conditions could 
have affected analyte stability. Larger, multicenter studies 
with standardised sampling and targeted mechanistic experi-
ments are needed to validate and extend these findings.

In summary, according to our knowledge, we present the first 
evidence that pronounced DAO release during severe anaphy-
laxis is restricted to patients with CMD (KIT p.D816V-positive 
patients). This finding offers initial functional insight into how 
KIT p.D816V-positive cells may modulate anaphylaxis severity, 
although the precise mechanisms remain unclear. Clinically, mea-
suring DAO during the acute episode is a simple, non-invasive, 
and readily accessible test that might be helpful in screening for 
occult CMD among patients with severe anaphylaxis.
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