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Abstract

Food-induced anaphylaxis (FIA) is a life-threatening allergic reaction, while wheat-
dependent exercise-induced anaphylaxis (WDEIA) is triggered by wheat ingestion plus
cofactors. To elucidate their differences, we profiled serum extracellular vesicle (EV) pro-
teomes from 240 participants, including WDEIA, FIA, oral allergy syndrome (OAS), and
healthy controls. All blood samples were obtained at least one month after the most recent
acute allergic reaction, using TMT-based LC-MS/MS with ELISA validation. A total of
583 EV proteins were confidently identified, revealing distinct immune features. Compared
with controls, EV-derived C1-inhibitor (C1-INH) significantly decreased in both WDEIA
and FIA, showing diagnostic potential for systemic anaphylaxis. Seventy-six proteins dif-
fered between WDEIA and FIA, with reduced apolipoprotein E (APOE) in FIA and elevated
eosinophil cationic protein (ECP) in WDEIA, both exhibiting good discriminatory power.
These findings indicate that serum EV proteomics can reveal unique immune signatures
and identify C1-INH, APOE, and ECP as potential biomarkers distinguishing food-related
anaphylaxis subtypes.

Keywords: extracellular vesicles; food-induced anaphylaxis; wheat-dependent exercise-
induced anaphylaxis (WDEIA); proteomics; biomarker

1. Introduction
Immunoglobulin E (IgE)-mediated food allergy affects approximately 10% of the global

population, posing a significant burden on patients, families, and healthcare systems world-
wide [1]. Food-induced anaphylaxis (FIA) is a rapid-onset, potentially life-threatening
systemic allergic reaction that occurs upon exposure to specific food allergens [2]. De-
spite advances in allergy management and patient education, the unpredictable nature of
anaphylaxis continues to contribute significantly to morbidity and mortality [3,4].

In China, wheat has emerged as a predominant cause of food-induced anaphylaxis,
particularly in adults [5,6]. A clinical study involving 907 patients and 1952 episodes of
anaphylaxis found that wheat was responsible for 20% of food-induced anaphylaxis cases
in adolescents and 42% in adults [7]. Wheat-dependent exercise-induced anaphylaxis
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(WDEIA) is a distinct subtype of food-induced anaphylaxis that occurs specifically when
wheat ingestion is followed by physical exercise, with other cofactors such as stress, alcohol
intake, or nonsteroidal anti-inflammatory drugs (NSAIDs) also serving as precipitating
factors [8]. In contrast, classical FIA is typically triggered by food exposure alone and
does not require such cofactors, underscoring differences in triggering mechanisms despite
overlapping clinical manifestations. In the Chinese population, apart from WDEIA, FIA
is predominantly caused by fruits and vegetables, differing from the allergen profiles
commonly reported in Western countries [7]. To date, systematic comparative studies
investigating the molecular differences between WDEIA and classical FIA remain limited,
highlighting the need to improve understanding of their underlying mechanisms, develop
subtype-specific diagnostic tools, and advance personalized management strategies.

Extracellular vesicles (EVs)—nanoscale, lipid bilayer-bound vesicles secreted by nearly
all cell types—have recently garnered attention as important mediators of immune regu-
lation and disease pathogenesis [9]. EVs circulate in human biofluids and encapsulate a
diverse array of molecular cargos, including proteins, RNAs (including microRNAs), and
lipids, thereby serving as messengers of intercellular communication [10–13]. Increasing
evidence supports their role in inflammatory and immune-mediated diseases, including
allergic conditions [14–16].

Advances in high-throughput omics technologies, particularly proteomics, have en-
abled the systematic profiling of EV-associated proteins in various diseases [17,18]. In
particular, tandem mass tag (TMT)-based quantitative mass spectrometry, offers a robust
platform for uncovering differential protein expression patterns of small samples that may
underline disease heterogeneity and guide biomarker development [19]. In this study, we
performed comprehensive proteomic analyses of serum-derived EVs to investigate the
molecular diversity underlying WDEIA and FIA, with the aim of identifying potential
diagnostic biomarkers capable of distinguishing between WDEIA and FIA, as well as
differentiating anaphylaxis from oral allergy syndrome (OAS), and to further elucidate
their distinct immunological profiles.

2. Results
2.1. Validation of Serum-Derived EVs Isolation from Serum

A schematic overview of the study design is shown in Figure 1. In discovery phase,
Serum-derived EVs were isolated from healthy controls, WDEIA patients, and FIA patients
(workflow shown in Figure 2A). Protein profiles of the resulting vesicle preparations were
assessed by SDS-PAGE (Figure 2B), which revealed highly consistent banding patterns
across all three groups. Western blot analysis demonstrated strong enrichment of the
canonical EV markers ALIX and CD63 within the EV fractions (Figure 2C), both proteins
were detected in the vesicle preparations and were markedly elevated compared to whole
serum and the post-ultracentrifugation supernatants. Vesicle size distribution and concen-
tration were then characterized by Nanoparticle tracking analysis (NTA) (Figure 2D). Both
parameters were significantly elevated in WDEIA patients compared to FIA patients and
healthy controls. In addition, FIA patients also exhibited higher EV size and concentration
than healthy controls (Figures 2E and S1A).

Labeled peptides derived from serum EVs of WDEIA patients, FIA patients, and
healthy controls were analyzed using TMT-based quantitative mass spectrometry, with
peptides from all groups pooled and measured together in a single batch to minimize
batch effects. Applying stringent identification criteria (≥2 unique peptides per protein
and FDR ≤ 0.01), the total of 583 proteins were identified with high confidence. Of these,
485 proteins (83.2%) were catalogued in the ExoCarta database (http://www.exocarta.
org (accessed on 21 October 2025), Figure S1B). GO enrichment analysis revealed that
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most identified proteins localize to the collagen-containing extracellular matrix, enriched
molecular functions included cadherin binding, antigen binding, and glycosaminoglycan
binding, while enriched biological processes encompassed wound healing, regulation of
body fluid levels, and blood coagulation (Figure S1C–E). These functional categories align
with previously reported roles of EVs [20].

Figure 1. Schematic overview of the study design.

2.2. WDEIA- and FIA-Derived Serum EVs Present Similar Differentially Expressed Proteins

Differentially expressed proteins (DEPs) were defined by fold changes ≥ 1.50 (upregu-
lated) or ≤0.67 (downregulated). Compared to healthy controls, 196 DEPs were identified in
the WDEIA group, including 43 upregulated and 153 downregulated proteins (Figure 3A).
In the FIA group, 212 DEPs were identified, with 67 upregulated and 145 downregulated
(Figure 3B). Among these, 166 DEPs were shared between the WDEIA and FIA groups
(Figure 3C).
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Figure 2. Schematic workflow and characterization of extracellular vesicles (EVs) isolated from
pooled serum samples. (A) Schematic diagram of the TMT-based quantitative proteomic workflow
for EVs isolated from pooled serum. (B) Coomassie-stained SDS-PAGE gel showing the total protein
profiles and (C) Western blot analysis of EVs-specific markers ALIX and CD63 in harvested proteins
of pooled serum samples. C: healthy control (a pool of 56 samples); W: WDEIA (a pool of 24 samples);
F: FIA (a pool of 24 samples). (D) Particle size distribution profiles of serum EVs in the three groups
as determined by nanoparticle tracking analysis. (E) Comparison of mean particle diameters among
groups. “HC” refers to healthy control”; “WDEIA” refers to wheat-dependent exercise-induced
anaphylaxis; “FIA” refers to food-induced anaphylaxis. Data are presented as mean ± SEM, one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc test to compare multiple groups,
** p < 0.01, **** p < 0.0001.

To further characterize the expression patterns of DEPs in WDEIA and FIA, hierarchical
clustering analysis was performed, and a heatmap was generated (Figure 3D). The results
revealed a similar protein expression profile of DEPs between the two groups. Correlation
analysis further confirmed a strong concordance in DEPs expression levels between WDEIA
and FIA patients (r = 0.963, p < 0.001, Figure S2A). KEGG pathway enrichment analysis
showed that these DEPs were primarily involved in complement and coagulation cascade
pathway (Figure S2B).

https://doi.org/10.3390/ijms27114732

https://doi.org/10.3390/ijms27114732


Int. J. Mol. Sci. 2026, 27, 4732 5 of 15

Figure 3. Comparative proteomic analysis of serum extracellular vesicles (EVs) from healthy controls,
WDEIA, and FIA patients. (A,B) Scatter plots illustrate the distribution of differentially expressed
proteins (DEPs) in WDEIA (A) and FIA (B) relative to healthy controls. Red dots indicate upregulated
proteins; green dots indicate downregulated proteins. (C) Venn diagram of DEPs in WDEIA and
FIA compared to healthy controls. (D) Heatmap of DEPs identified in WDEIA and FIA compared to
healthy controls, showing hierarchical clustering of expression patterns. Red indicates upregulation,
and blue indicates downregulation. “HC” refers to healthy control”; “WDEIA” refers to wheat-
dependent exercise-induced anaphylaxis; “FIA” refers to food-induced anaphylaxis.

2.3. Significant Reduction in C1-Inhibitor in Serum-Derived EVs from WDEIA and FIA Patients

To further elucidate the biological pathways involved in anaphylaxis, the WEB-based
Gene SeT AnaLysis Toolkit was utilized to analyze the WikiPathways database. Eighteen
proteins were enriched in the complement activation pathway. Notably, the majority
of DEPs associated with this pathway, including C1QB, C1R, C1S, C7, and C8A, were
upregulated in both WDEIA and FIA patients. In contrast, SERPING1, which encodes
C1-Inhibitor (C1-INH), was significantly downregulated in serum-derived EVs from both
patient groups (Figure 4A). These results suggest that EV-associated complement system
activation may play a role in the pathophysiology of anaphylaxis.
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Figure 4. Pathway enrichment analysis of shared differentially expressed proteins (DEPs) in
WDEIA and FIA, and validation of extracellular vesicles (EVs)-derived C1-inhibitor (C1-INH) levels.
(A) Differentially expressed proteins (DEPs) shared between WDEIA and FIA groups mapped to the
complement activation pathway. The comparison of WDEIA versus healthy controls is displayed on
the left, and FIA versus healthy controls is shown on the right. Upregulated proteins are shown in
red and downregulated proteins in green. Left indicates fold changes in WDEIA vs. healthy controls;
right indicates fold changes in FIA vs. healthy controls. (B) EVs-derived C1-INH levels in healthy
controls (n = 68), WDEIA (n = 61), FIA (n = 51), and oral allergy syndrome (OAS) (n = 60) groups, mea-
sured by ELISA. (C) Receiver operating characteristic (ROC) curve analysis evaluating the diagnostic
performance of EVs-derived C1-INH for distinguishing systemic anaphylaxis (WDEIA and FIA)
from OAS. “HC” refers to healthy control”; “WDEIA” refers to wheat-dependent exercise-induced
anaphylaxis; “FIA” refers to food-induced anaphylaxis. Data are presented as mean ± SEM, one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test to compare multiple groups.

Given the critical regulatory function of C1-INH in the complement cascade, we
performed ELISA to validate the proteomic findings by quantifying C1-INH levels in
serum-derived EVs from individual subjects. Consistent with the mass spectrometry
results, ELISA confirmed that C1-INH levels were significantly lower in WDEIA and FIA
patients compared to healthy controls. Furthermore, C1-INH levels were also significantly
reduced in WDEIA and FIA patients compared to those with OAS (Figure 4B). To assess
the diagnostic utility of EV-derived C1-INH in distinguishing anaphylaxis from OAS, ROC
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curve analysis was conducted. The area under the curve (AUC) was 0.727 (95% confidence
interval [CI]: 0.654–0.792), indicating moderate diagnostic accuracy. At the optimal cutoff
value of 3.73 ng/µg (sensitivity 67.86%, specificity 68.33%), C1-INH demonstrated good
predictive ability for identifying anaphylaxis (Figure 4C).

2.4. APOE and ECP as Potential Diagnostic Biomarkers for WDEIA

According to the mass spectrometry analysis, 76 non-overlapping DEPs were identified
between the WDEIA and FIA groups. GO enrichment analysis revealed that these DEPs
were primarily involved in humoral immune responses and leukocyte-mediated immunity
(Figure S3). Protein–protein interaction networks of these DEPs were constructed using
Cytoscape based on STRING scores, revealing an intricate interaction network (Figure S4).
Among these, APOE and ECP were identified as key hub proteins distinguishing WDEIA
from FIA, as APOE showed the most significant downregulation in the FIA group, while
ECP exhibited the greatest upregulation in the WDEIA group.

To further evaluate the diagnostic potential of APOE and ECP in differentiating
WDEIA from FIA, their levels were measured in serum-derived EVs using ELISA. The
results showed that APOE was significantly decreased only in FIA (Figure 5A), while ECP
was significantly elevated only in WDEIA (Figure 5B). ROC curve analysis demonstrated
that APOE and ECP have moderate diagnostic value for distinguishing FIA from non-FIA
conditions (including WDEIA, OAS, and healthy controls), and for distinguishing WDEIA
from non-WDEIA conditions (including FIA, OAS, and healthy controls) (Figure 5C,D). The
AUCs were 0.869 (95% CI: 0.820–0.909; cutoff: 5.37 ng/µg; sensitivity 82.35%, specificity
78.84%) and 0.787 (95% CI: 0.729–0.837; cutoff: 10.57 ng/µg; sensitivity 62.30%, specificity
85.47%), respectively.

Figure 5. Validation of extracellular vesicles (EVs)-derived APOE and ECP levels. (A) EVs-derived
apolipoprotein E (APOE) levels measured by ELISA in healthy controls (n = 68), WDEIA (n = 61), FIA
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(n = 51), and oral allergy syndrome (OAS) (n = 60) groups. (B) EVs-derived ECP levels measured
by ELISA across different groups. (C) Receiver operating characteristic (ROC) curve evaluating
the diagnostic performance of EV-derived APOE for distinguishing FIA patients from non-FIA
(HC + OAS + WDEIA). (D) ROC curve evaluating the diagnostic performance of EV-derived ECP for
distinguishing WDEIA patients from non-WDEIA (HC + OAS + FIA). “HC” refers to healthy control”;
“WDEIA” refers to wheat-dependent exercise-induced anaphylaxis; “FIA” refers to food-induced
anaphylaxis. Data are presented as mean ± SEM, one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test to compare multiple groups.

3. Discussion
In this study, we performed a comprehensive proteomic analysis of serum-derived

EVs to explore the underlying molecular differences between WDEIA and FIA. All samples
were collected during the remission, at least one month after the most recent anaphylac-
tic episode, ensuring that the observed proteomic profiles represent basal immune and
metabolic states rather than acute responses. Using ultracentrifugation followed by mass
spectrometry, we isolated and characterized EVs from patients and healthy controls, re-
vealing both shared and distinct DEPs across the groups. Correlation analyses showed no
significant associations between key EV-derived biomarkers and age, total/specific IgE
levels, or sex, suggesting that the identified EV alterations are unlikely to be driven by
these baseline demographic or sensitization factors. Collectively, these basal alterations
may reflect immune dysregulation that predisposes individuals to systemic reactions upon
allergen exposure, providing novel insights into EV-associated molecular changes and
candidate biomarkers with potential diagnostic and predictive utility.

First, we validated the purity and quality of serum-derived EVs using SDS-PAGE,
Western blotting for classical EV markers (ALIX and CD63), and NTA. Quantitative analyses
revealed that WDEIA and FIA patients exhibited increased EV size and concentration
compared with healthy controls, suggesting enhanced vesicle biogenesis or release [21].
These findings are consistent with prior studies demonstrating that cellular stress and
immune activation can promote EV secretion [22]. Despite sampling during remission,
increased EV production persisted, consistent with the relative stability of EVs [23] and
the concept of sustained immune activation in food allergy as a chronic inflammatory
condition [24]. These data indicate that altered EV profiles likely reflect persistent baseline
immune dysregulation rather than transient changes from acute reactions.

TMT-based proteomics identified 583 EV-associated proteins, of which 83.2% over-
lapped with ExoCarta entries, confirming their vesicular origin. GO enrichment revealed
proteins involved in immune responses, extracellular matrix components, and regulation of
body fluid levels, relevant to leukocyte infiltration, vascular permeability, and hypotension
in anaphylaxis [25–27]. Importantly, hierarchical clustering distinguished WDEIA, FIA,
and healthy controls, though WDEIA and FIA exhibited overlapping DEPs, indicating
shared inflammatory pathways. KEGG pathway analysis further implicated the comple-
ment and coagulation cascades, which are known to be central mediators of anaphylactic
responses [28]. Interestingly, pathways related to regulation of cytoskeleton were also
enriched, suggesting that EV-associated proteins may influence cellular structural dynam-
ics [25], which may influence vascular permeability, immune cell migration, and tissue
responses in the stable state, potentially increasing susceptibility to anaphylaxis.

A key finding was the significant reduction in EV-associated C1-INH in both WDEIA
and FIA patients. C1-INH is a central regulator of the classical and lectin complement
pathways by inhibiting C1r, C1s, and MASPs [29], and its dysfunction is well known
to contribute to bradykinin-mediated vascular leakage in other disease contexts [30]. In
our dataset, multiple complement-related proteins were increased, while C1-INH was
reduced, suggesting dysregulated packaging into EVs during the basal state, potentially
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predisposing patients to systemic reactions. EV-derived C1-INH was higher in OAS patients
than in WDEIA or FIA, correlating with clinical phenotype severity. ROC analyses indicated
that EV-associated C1-INH could discriminate against anaphylaxis from non-anaphylactic
conditions, highlighting its potential as a group-level biomarker.

Comparative analysis identified 76 non-overlapping DEPs between WDEIA and FIA,
enriched in humoral immune responses and leukocyte-mediated immunity. PPI network
analysis highlighted hub proteins, notably APOE and ECP. APOE is a multifunctional
apolipoprotein traditionally known for its role in lipid metabolism and cardiovascular
disease [31,32], and also modulates innate and adaptive immunity [33–35]. In our study,
EV-associated APOE was specifically downregulated in FIA patients, consistent with prior
reports in murine and human anaphylaxis models [36]. This may reflect altered capacity to
respond to allergen-induced APOE depletion, indicating mechanistic differences between
FIA and WDEIA, where cofactor-dependent mechanisms trigger systemic responses [37].

ECP (encoded by RNASE3), a major granule protein released by activated eosinophils,
is widely recognized as a biomarker of eosinophil-associated inflammation and is com-
monly quantified in various biological fluids [38]. Elevated levels of ECP have been
reported in T helper 2 (Th2)-driven (atopic) diseases, including a range of allergic condi-
tions [39]. In our study, ECP levels within serum-derived EVs were significantly elevated
at the basal level in patients with WDEIA, highlighting a distinctive baseline eosinophil-
associated immune profile prior to allergen exposure. This elevated EV-associated ECP may
reflect a basal eosinophilic inflammatory tendency, which could predispose individuals
to exaggerated systemic reactions upon wheat ingestion, particularly in the presence of
cofactors such as exercise. Exercise and other cofactors may facilitate systemic circulation
of these EVs, thereby modulating the immune milieu and enhancing susceptibility to
anaphylactic reactions.

A notable limitation of the discovery proteomic stage was the use of pooled serum
samples for EV protein profiling. Sample pooling effectively minimized technical variability
and facilitated robust exploratory detection of group level differences, which is a common
and acceptable strategy in initial omics studies. However, pooling inherently prevents
the evaluation of inter individual variability within each group and cannot account for
potential outlier effects or heterogeneous protein expression patterns among individual
patients. To overcome this limitation and strengthen the translational validity of our
findings, we subsequently performed independent ELISA validation using fully individual
serum samples in an expanded cohort. This individual level validation confirmed that the
key biomarkers (C1 INH, APOE, and ECP) exhibited consistent expression trends observed
in pooled proteomics, restored inter individual variation for statistical analysis, excluded
outlier driven bias, and verified the diagnostic performance at the individual level.

Nevertheless, several additional limitations of this study should be acknowledged.
First, the relatively small sample size—comprising predominantly adult patients—limits
the generalizability of our results. The observed EV alterations are more likely to reflect
disease-related immune dysregulation rather than individual-level diagnostic performance;
thus, validation in larger, independent, and multicenter cohorts is required. Second, this
study focused on comparisons between WDEIA and classical FIA and did not include other
forms of anaphylaxis, such as drug-induced anaphylaxis, which may restrict the broader
applicability of our conclusions. Third, clinical heterogeneity, the lack of standardized
isolation methods, limited serum availability, and the use of baseline samples collected
outside the acute phase precluded detailed stratified analyses, including correlations with
reaction severity. Finally, the functional relevance of EV-associated APOE and ECP in
anaphylaxis remains unclear, and prior studies have suggested that APOE, ECP, and
C1-INH detected in EV preparations may represent serum-derived contaminants [40–42].
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Further studies incorporating rigorous EV validation and mechanistic approaches are
required to clarify their origin and biological roles.

4. Materials and Methods
4.1. Study Subjects and Sample Collection

A total of 240 participants were enrolled in this study (detailed clinical data are pro-
vided in Tables S1 and S2), including patients with WDEIA, FIA, oral allergy syndrome
(OAS), and healthy controls. All diagnoses were made by an experienced allergist at the
Department of Allergy, Peking Union Medical College Hospital (PUMCH, Beijing, China),
and independently reviewed by another allergist, in accordance with established clinical
guidelines [43,44]. All anaphylaxis patients had a well-documented clinical history of ana-
phylaxis together with positive skin prick testing and/or food-specific IgE to the implicated
allergens. In the Chinese population, apart from wheat, fruits and vegetables represent
the most common triggers of food allergy and food-induced anaphylaxis; accordingly,
patients in both the FIA and OAS groups predominantly had fruit- or vegetable-related
triggers, with most cases occurring in the context of pollen–food allergy syndrome. Written
informed consent was obtained from all participants, and the study was approved by the
institutional ethics committee of Peking Union Medical College Hospital (S-k976). For
each patient, a 4 mL peripheral venous blood sample was collected in the morning under
fasting conditions at least one month after their most recent allergic episode to minimize
acute-phase confounding. Blood was drawn into serum-separating clot-activator tubes
using a 21-gauge straight needle and allowed to clot at 18–25 ◦C for 15 min. Samples were
then centrifuged at 4000 g for 10 min to obtain serum (ST 16, Thermo Fisher, Waltham,
MA, USA). The serum supernatant was carefully inspected to exclude visible hemolysis
or lipidemia, aliquoted into 1.5 mL tubes, and stored at −80 ◦C until further analysis to
minimize freeze–thaw cycles.

In the discovery phase, serum samples were collected from 24 patients with WDEIA,
24 with FIA, and 56 healthy controls. For proteomic analysis, equal volumes of serum
from individuals within each group were pooled to generate representative samples. In the
validation phase, these same samples were included along with additional participants,
expanding the cohort to 61 WDEIA patients, 51 FIA patients, and 68 healthy controls for
individual-level analyses. These individual samples were used for ELISA-based quantifi-
cation of candidate EV-associated proteins identified in the discovery phase. To further
evaluate the diagnostic value and specificity of key biomarkers in distinguishing systemic
anaphylaxis from localized allergic responses, an additional cohort of 60 patients with OAS
was recruited during this phase.

4.2. EVs Isolation from Serum

For proteomics analysis, serum-derived EVs were isolated from pooled serum using
ultracentrifugation, as previously described [19]. The pooled serum was prepared by
combining 0.6 mL of aliquots from individual samples. A total volume of 12.5 mL of
this pooled serum was utilized for each extraction via ultracentrifugation. Briefly, pooled
serum from each group was first centrifuged at 10,000× g for 30 min at 4 ◦C using a
Beckman Optima L-100XP 107 ultracentrifuge (Beckman Coulter, Brea, CA, USA) to remove
debris. The supernatant was then transferred to ultracentrifuge tubes and subjected to
ultracentrifugation at 110,000× g for 90 min at 4 ◦C. The resulting pellet was washed with
1 mL of PBS and resuspended in 40 µL of 8 M urea. The total protein concentration was
determined using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA).

For validation of candidate proteins, EVs were isolated from individual sample using
Total Exosome Isolation Reagent (from serum, Invitrogen, Carlsbad, CA, USA, 4478360),
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following the manufacturer’s protocol. In brief, a 300 µL aliquot of each serum sample
was diluted 1:1 with an equal volume of PBS, followed by the addition of 0.2 volumes of
the isolation reagent. The mixture was vortexed and incubated at 4 ◦C for 30 min, then
centrifuged at 10,000× g for 30 min at room temperature. The resulting EV pellet was
resuspended in PBS. Protein concentration of the isolated EVs was quantified using a BCA
Protein Assay Kit (Thermo Scientific, Waltham, MA, USA, 23227) after lysis with RIPA
buffer and stored at −80 ◦C until further analysis.

4.3. TMT Labeling

EVs-derived proteins were reduced with 10 mM DTT at 37 ◦C for 1 h and subsequently
alkylated with 25 mM iodoacetamide for 1 h at room temperature in the dark. Proteins
were then digested with a Trypsin/Lys-C mixture at a 1:25 (enzyme: substrate, w/w) ratio
for 14 h at 37 ◦C. After digestion, samples were incubated in a 60 ◦C water bath for 30 min,
followed by acidification with 1% trifluoroacetic acid (TFA) to adjust the pH to 1–2. The
mixture was centrifuged at 12,000× g for 10 min to remove precipitates. Peptides were
desalted using Oasis HLB reversed-phase cartridges (Waters Corporation, Milford, CT,
USA), vacuum-dried for 1 h, and reconstituted in 50 µL of 200 mM triethylammonium
bicarbonate buffer. TMT labeling was performed using the TMT Mass Tagging Kit (Thermo
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Briefly,
0.48 mg of TMT reagent dissolved in 25 µL of 99.9% acetonitrile was added to each peptide
sample and incubated at room temperature for 1 h. The labeling reaction was quenched
with 8 µL of 5% hydroxylamine for 15 min. Peptides from WDEIA, FIA, and healthy control
groups were labeled with TMT-129, TMT-131, and TMT-126, respectively. The labeled
peptides were pooled, desalted, vacuum-dried, and reconstituted in 200 µL of 0.1% TFA for
subsequent analysis.

4.4. LC-MS/MS

The labeled peptide mixtures were separated using high performance liquid chro-
matography prior to LC-MS/MS analysis. Fractionation was performed on a Waters X
bridge BEH300 C18 column (4.6 × 250 mm, 2.5 µm) using a linear gradient with a flow
rate of 1.0 mL/min. LC-MS/MS was conducted on a Thermo Q Exactive Benchtop mass
spectrometer (Thermo Scientific, Waltham, MA, USA) coupled with an UltiMate 3000 RSLC-
nano System (Thermo Scientific, Waltham, MA, USA). Peptide separation was performed
on an in-house packed analytical column (75 µm × 15 cm, C18, 2 µm particle size) using a
120 min linear gradient at a flow rate of 300 nL/min. The mass spectrometer was operated
in data-dependent acquisition mode using Xcalibur 4.1 software. A single full MS scans
were acquired in the Orbitrap (m/z 350–1550) with a resolution of 120,000 at m/z. The
most intense precursor ions were selected for higher-energy collisional dissociation (HCD)
fragmentation with a normalized collision energy of 35%.

4.5. Nanoparticle Tracking Analysis (NTA)

The EVs isolated from pooled serum samples were diluted 20,000-fold to achieve
optimal measurement conditions. A total volume of approximately 300 µL of the diluted
EV suspension was introduced into the sample chamber of a Nanosight LM10 system
(Malvern Panalytical, Amesbury, UK). The system utilized a 635 nm laser to illuminate the
particles, enabling the visualization and recording of their Brownian motion for a duration
of 60 s. Each sample was measured in triplicate. The final data were analyzed with NTA
3.2 software (Nanosight, Amesbury, Wiltshire, UK).
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4.6. Western Blot Analysis

Serum EVs were applied for immunoblotting. For Western blot analysis, the lysed
EVs (15 µg total protein) were separated by SDS-PAGE. Proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane using wet transfer apparatus. The membrane
was blocked with 5% non-fat milk in TBST (Tris-buffered saline with 0.05% Tween-20) for
1 h at room temperature. The membrane was incubated overnight at 4 ◦C with a primary
antibody (CD63, Cell Signaling Technology Inc., Danvers, MA, USA, 52090; ALIX, Cell
Signaling Technology Inc., Danvers, MA, USA, 92880). After washing the membrane with
TBST, it was incubated with a horseradish peroxidase (HRP)-conjugated Goat Anti-Rabbit
antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA, 111-035-003)
for 1 h at room temperature. The protein bands were visualized using ECL reagents.

4.7. Bioinformatics Analysis

Raw LC-MS/MS data were processed using Proteome Discoverer software suite (ver-
sion 2.2, Thermo Fisher, Waltham, MA, USA) with the SEQUEST search engine. Spectra
were searched against the UniProt/SwissProt human proteome database. Relative quan-
tification of proteins was performed based on TMT reporter ion intensities extracted by
Proteome Discoverer. Reporter ion intensities were normalized across all channels to correct
for sample loading differences. Proteins with fold change ≥ 1.5 or ≤0.67 were considered
differentially expressed proteins (DEPs).

For functional annotation, Gene Ontology (GO) classification—including biological
process, molecular function, and cellular component—was conducted using FunRich
(version 3.0) and WebGestalt (http://www.webgestalt.org/, accessed on 21 October 2025).
KEGG and WikiPathways enrichment analyses were also performed to identify relevant
biological pathways. Enrichment results with p < 0.05 and at least four mapped proteins
were considered significant. Protein–protein interaction (PPI) networks of DEPs were
constructed using the STRING database (https://string-db.org, accessed on 21 October
2025). The resulting interaction networks were visualized and analyzed using Cytoscape
software (version 3.6.1).

4.8. ELISA

EVs were isolated from individual serum samples using the Exosome Isolation Reagent.
Levels of target proteins within EVs were quantified using commercial ELISA kits following
the manufacturer’s protocols, including Human Plasma Protease C1 Inhibitor (SERPING1)
ELISA Kit (CSB-EL021086HU, Cusabio, Wuhan, China), Human Apolipoprotein E (ApoE)
ELISA Kit (CSB-E09748h, Cusabio, Wuhan, China), and Human Eosinophil Cationic Protein
(ECP) ELISA Kit (CSB-E11729h-IS, Cusabio, Wuhan, China).

4.9. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics software (version
23.0; IBM, Armonk, NY, USA) and GraphPad Prism (version 9.0; GraphPad Software,
San Diego, CA, USA). Data are presented as mean ± standard error of the mean (SEM)
or median as appropriate. Comparisons among multiple groups were conducted using
the Kruskal–Wallis’s test for nonparametric data. For parametric analyses, we employed
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test to compare
multiple groups. Pearson correlation analysis was used to evaluate correlations between
variables. Receiver operating characteristic (ROC) curve analysis was performed to assess
the diagnostic performance of selected biomarkers. A two-tailed p value < 0.05 was
considered statistically significant.
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5. Conclusions
In summary, our study demonstrates that basal alterations in complement-related

proteins within serum-derived EVs represent a shared molecular feature across different
types of food-related anaphylaxis, while EV-associated C1-INH, APOE, and ECP display
subtype-specific expression patterns that enable discrimination between WDEIA and clas-
sical FIA. These findings support EV profiling as a novel, minimally invasive approach for
the diagnosis of food-related anaphylaxis subtypes in clinical practice and suggest that such
EV-based signatures may ultimately assist in identifying high-risk individuals at baseline,
thereby facilitating risk stratification and preventive management strategies prior to severe
reactions. Moreover, the presence of disease-associated EV alterations at baseline suggests
that EVs may participate in the underlying pathophysiology of anaphylaxis, raising the
possibility that therapeutic strategies aimed at modulating EV composition or function
could be explored in the future. Although such applications remain preliminary, our results
provide a rationale for further investigation of EVs as both diagnostic biomarkers and
potential targets for intervention in food-related anaphylaxis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27114732/s1.

Author Contributions: J.L. was responsible for material preparation, experimental procedures, data
collection, and analysis. T.S. performed bioinformatics analysis and contributed to data interpretation.
K.G. contributed to project supervision, conceptual guidance, and critical revision of the manuscript.
J.Y. conceived and designed the study, secured funding, and supervised the overall project. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Program for Postdoctoral Researchers
(GZC20230297), Chinese Academy of Medical Sciences Initiative for Innovative Medicine (CAMS-I2M,
2021-I2M-1-017), National Major Science and Technology Projects (2019ZX09301131), the National
Natural Science Foundation of China (No. 82370041), and the Peking Union Medical Foundation
(Jia He).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the institutional ethics committee of Peking Union Medical College
Hospital (S-k976 and date of approval: 27 March 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials. Further inquiries can be directed at the corresponding author.

Acknowledgments: We thank the support provided by the National Science and Technology Key
Infrastructure on Translational Medicine in Peking Union Medical College Hospital. We also thank
all the patients and investigators who participated in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

FIA Food-induced anaphylaxis
WDEIA Wheat-dependent exercise-induced anaphylaxis
EV Extracellular vesicle
OAS Oral allergy syndrome
C1-INH C1-inhibitor
APOE Apolipoprotein E
ECP Eosinophil cationic protein

https://doi.org/10.3390/ijms27114732

https://www.mdpi.com/article/10.3390/ijms27114732/s1
https://www.mdpi.com/article/10.3390/ijms27114732/s1
https://doi.org/10.3390/ijms27114732


Int. J. Mol. Sci. 2026, 27, 4732 14 of 15

IgE Immunoglobulin E
TMT Tandem mass tag
TFA Trifluoroacetic acid
DEPs Differentially expressed proteins
GO Gene Ontology
ROC Receiver operating characteristic

References
1. Sicherer, S.H.; Sampson, H.A. Food allergy: A review and update on epidemiology, pathogenesis, diagnosis, prevention, and

management. J. Allergy Clin. Immunol. 2018, 141, 41–58. [CrossRef] [PubMed]
2. Parrish, C.P.; Kim, H. Food-Induced Anaphylaxis: An Update. Curr. Allergy Asthma Rep. 2018, 18, 41. [CrossRef]
3. Pouessel, G.; Turner, P.J.; Worm, M.; Cardona, V.; Deschildre, A.; Beaudouin, E.; Renaudin, J.M.; Demoly, P.; Tanno, L.K. Food-

induced fatal anaphylaxis: From epidemiological data to general prevention strategies. Clin. Exp. Allergy 2018, 48, 1584–1593.
[CrossRef]

4. Tanno, L.K.; Clark, E.; Mamodaly, M.; Cardona, V.; Ebisawa, M.; Asontegui, I.; Sanchez-Borges, M.; Santos, A.F.; Fiocchi, A.;
Worm, M.; et al. Food-induced anaphylaxis morbidity: Emergency department and hospitalization data support preventive
strategies. Pediatr. Allergy Immunol. 2021, 32, 1730–1742. [CrossRef] [PubMed]

5. Du, Z.; Gao, X.; Li, J.; Li, L.; Liu, J.; Yin, J. Clinical features and outcomes of patients with wheat-dependent exercise-induced
anaphylaxis: A retrospective study. Allergy Asthma Clin. Immunol. 2022, 18, 61. [CrossRef]

6. Du, Z.; Li, L.; Liu, J.; Xu, Y.; Cui, L.; Yin, J. Clinical profiles of patients with wheat-induced anaphylaxis at various ages of onset.
World Allergy Organ. J. 2023, 16, 100767. [CrossRef]

7. Jiang, N.; Yin, J.; Wen, L.; Li, H. Characteristics of Anaphylaxis in 907 Chinese Patients Referred to a Tertiary Allergy Center: A
Retrospective Study of 1,952 Episodes. Allergy Asthma Immunol. Res. 2016, 8, 353–361. [CrossRef]

8. Faihs, V.; Kugler, C.; Schmalhofer, V.; Scherf, K.A.; Lexhaller, B.; Mortz, C.G.; Bindslev-Jensen, C.; Biedermann, T.; Brockow,
K. Wheat-dependent exercise-induced anaphylaxis: Subtypes, diagnosis, and management. J. Dtsch. Dermatol. Ges. 2023,
21, 1131–1135. [CrossRef]

9. Hough, K.P.; Chanda, D.; Duncan, S.R.; Thannickal, V.J.; Deshane, J.S. Exosomes in immunoregulation of chronic lung diseases.
Allergy 2017, 72, 534–544. [CrossRef]

10. Alashkar Alhamwe, B.; Potaczek, D.P.; Miethe, S.; Alhamdan, F.; Hintz, L.; Magomedov, A.; Garn, H. Extracellular Vesicles and
Asthma-More Than Just a Co-Existence. Int. J. Mol. Sci. 2021, 22, 4984. [CrossRef] [PubMed]

11. Grueso-Navarro, E.; Navarro, P.; Laserna-Mendieta, E.J.; Lucendo, A.J.; Arias-Gonzalez, L. Blood-Based Biomarkers for
Eosinophilic Esophagitis and Concomitant Atopic Diseases: A Look into the Potential of Extracellular Vesicles. Int. J. Mol. Sci.
2023, 24, 3669. [CrossRef]

12. Nieuwland, R.; Siljander, P.R. A beginner’s guide to study extracellular vesicles in human blood plasma and serum. J. Extracell.
Vesicles 2024, 13, e12400. [CrossRef]

13. Browne, W.; Hopkins, G.; Cochrane, S.; James, V.; Onion, D.; Fairclough, L.C. The Role of Epithelial-Derived Extracellular Vesicles
in Allergic Sensitisation: A Systematic Review. Int. J. Mol. Sci. 2025, 26, 5791. [CrossRef]

14. Buzas, E.I. The roles of extracellular vesicles in the immune system. Nat. Rev. Immunol. 2023, 23, 236–250. [CrossRef]
15. Shefler, I.; Salamon, P.; Mekori, Y.A. Extracellular vesicles as mediators of mast cell cross talk with immune cells: Possible

druggable targets. J. Allergy Clin. Immunol. 2023, 152, 353–355. [CrossRef]
16. Weihrauch, T.; Melo, R.C.N.; Gray, N.; Voehringer, D.; Weller, P.F.; Raap, U. Eosinophil extracellular vesicles and DNA traps in

allergic inflammation. Front. Allergy 2024, 5, 1448007. [CrossRef] [PubMed]
17. Muraoka, S.; DeLeo, A.M.; Sethi, M.K.; Yukawa-Takamatsu, K.; Yang, Z.; Ko, J.; Hogan, J.D.; Ruan, Z.; You, Y.; Wang, Y.; et al.

Proteomic and biological profiling of extracellular vesicles from Alzheimer’s disease human brain tissues. Alzheimer’s Dement.
2020, 16, 896–907. [CrossRef]

18. Xu, G.; Huang, R.; Wumaier, R.; Lyu, J.; Huang, M.; Zhang, Y.; Chen, Q.; Liu, W.; Tao, M.; Li, J.; et al. Proteomic Profiling of Serum
Extracellular Vesicles Identifies Diagnostic Signatures and Therapeutic Targets in Breast Cancer. Cancer Res. 2024, 84, 3267–3285.
[CrossRef] [PubMed]

19. Zhang, P.; Zhang, Y.; Pan, M.; Liu, Z.; Li, J.; Peng, L.; Zhou, J.; Hu, C.; Liu, S.; Zeng, X.; et al. Proteomic analyses of plasma-derived
exosomes in immunoglobulin (Ig) G4-related disease and their potential roles in B cell differentiation and tissue damage. J.
Autoimmun. 2021, 122, 102650. [CrossRef]

20. Wang, J.; Barr, M.M.; Wehman, A.M. Extracellular vesicles. Genetics 2024, 227, iyae088. [CrossRef] [PubMed]
21. Rothenberg, M.E.; Saito, H.; Peebles, R.S., Jr. Advances in mechanisms of allergic disease in 2016. J. Allergy Clin. Immunol. 2017,

140, 1622–1631. [CrossRef]

https://doi.org/10.3390/ijms27114732

https://doi.org/10.1016/j.jaci.2017.11.003
https://www.ncbi.nlm.nih.gov/pubmed/29157945
https://doi.org/10.1007/s11882-018-0795-5
https://doi.org/10.1111/cea.13287
https://doi.org/10.1111/pai.13578
https://www.ncbi.nlm.nih.gov/pubmed/34142390
https://doi.org/10.1186/s13223-022-00702-1
https://doi.org/10.1016/j.waojou.2023.100767
https://doi.org/10.4168/aair.2016.8.4.353
https://doi.org/10.1111/ddg.15162
https://doi.org/10.1111/all.13086
https://doi.org/10.3390/ijms22094984
https://www.ncbi.nlm.nih.gov/pubmed/34067156
https://doi.org/10.3390/ijms24043669
https://doi.org/10.1002/jev2.12400
https://doi.org/10.3390/ijms26125791
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.1016/j.jaci.2023.03.005
https://doi.org/10.3389/falgy.2024.1448007
https://www.ncbi.nlm.nih.gov/pubmed/39148911
https://doi.org/10.1002/alz.12089
https://doi.org/10.1158/0008-5472.CAN-23-3998
https://www.ncbi.nlm.nih.gov/pubmed/38900939
https://doi.org/10.1016/j.jaut.2021.102650
https://doi.org/10.1093/genetics/iyae088
https://www.ncbi.nlm.nih.gov/pubmed/38884207
https://doi.org/10.1016/j.jaci.2017.08.029
https://doi.org/10.3390/ijms27114732


Int. J. Mol. Sci. 2026, 27, 4732 15 of 15

22. Kalluri, R. The biology and function of extracellular vesicles in immune response and immunity. Immunity 2024, 57, 1752–1768.
[CrossRef]

23. Manno, M.; Bongiovanni, A.; Margolis, L.; Bergese, P.; Arosio, P. The physico-chemical landscape of extracellular vesicles. Nat.
Rev. Bioeng. 2025, 3, 68–82. [CrossRef]

24. Riggioni, C.; Oton, T.; Carmona, L.; Du Toit, G.; Skypala, I.; Santos, A.F. Immunotherapy and biologics in the management of
IgE-mediated food allergy: Systematic review and meta-analyses of efficacy and safety. Allergy 2024, 79, 2097–2127. [CrossRef]

25. Metz, M.; Torene, R.; Kaiser, S.; Beste, M.T.; Staubach, P.; Bauer, A.; Brehler, R.; Gericke, J.; Letzkus, M.; Hartmann, N.; et al.
Omalizumab normalizes the gene expression signature of lesional skin in patients with chronic spontaneous urticaria: A
randomized, double-blind, placebo-controlled study. Allergy 2019, 74, 141–151. [CrossRef]

26. Nunez-Borque, E.; Fernandez-Bravo, S.; Pastor-Vargas, C.; Alvarez-Llamas, G.; Gutierrez-Blazquez, M.D.; Alwashali, E.; Laguna,
J.J.; Dionicio, J.; Betancor, D.; Villalobos, V.; et al. Proteomic profile of extracellular vesicles in anaphylaxis and their role in
vascular permeability. Allergy 2021, 76, 2276–2279. [CrossRef]

27. Worm, M.; Vieths, S.; Mahler, V. An update on anaphylaxis and urticaria. J. Allergy Clin. Immunol. 2022, 150, 1265–1278. [CrossRef]
28. Bilo, M.B.; Martini, M.; Tontini, C.; Corsi, A.; Antonicelli, L. Anaphylaxis. Eur. Ann. Allergy Clin. Immunol. 2021, 53, 4–17.

[CrossRef]
29. Peters, N.E.; Mac Lochlainn, D.J.; Dhalla, F.; Howarth, L.; Gupte, G.L.; Sharif, K.; Jain, R.; Kelly, D.; Patel, S.Y. Normalization of C1

Inhibitor in a Patient with Hereditary Angioedema. N. Engl. J. Med. 2024, 391, 56–59. [CrossRef]
30. Syed, Y.Y. Lanadelumab: First Global Approval. Drugs 2018, 78, 1633–1637. [CrossRef]
31. Marais, A.D. Apolipoprotein E in lipoprotein metabolism, health and cardiovascular disease. Pathology 2019, 51, 165–176.

[CrossRef]
32. Yang, L.G.; March, Z.M.; Stephenson, R.A.; Narayan, P.S. Apolipoprotein E in lipid metabolism and neurodegenerative disease.

Trends Endocrinol. Metab. 2023, 34, 430–445. [CrossRef]
33. Bonacina, F.; Coe, D.; Wang, G.; Longhi, M.P.; Baragetti, A.; Moregola, A.; Garlaschelli, K.; Uboldi, P.; Pellegatta, F.; Grigore, L.;

et al. Myeloid apolipoprotein E controls dendritic cell antigen presentation and T cell activation. Nat. Commun. 2018, 9, 3083.
[CrossRef]

34. Tavazoie, M.F.; Pollack, I.; Tanqueco, R.; Ostendorf, B.N.; Reis, B.S.; Gonsalves, F.C.; Kurth, I.; Andreu-Agullo, C.; Derbyshire,
M.L.; Posada, J.; et al. LXR/ApoE Activation Restricts Innate Immune Suppression in Cancer. Cell 2018, 172, 825–840 e818.
[CrossRef]

35. Chen, X.; Holtzman, D.M. Emerging roles of innate and adaptive immunity in Alzheimer’s disease. Immunity 2022, 55, 2236–2254.
[CrossRef]

36. Wittenberg, M.; Nassiri, M.; Francuzik, W.; Lehmann, K.; Babina, M.; Worm, M. Serum levels of 9alpha,11beta-PGF(2) and
apolipoprotein A1 achieve high predictive power as biomarkers of anaphylaxis. Allergy 2017, 72, 1801–1805. [CrossRef] [PubMed]

37. Srisuwatchari, W.; Kanchanapoomi, K.; Pacharn, P. Molecular Diagnosis to IgE-mediated Wheat Allergy and Wheat-Dependent
Exercise-Induced Anaphylaxis. Clin. Rev. Allergy Immunol. 2025, 68, 47. [CrossRef] [PubMed]

38. Kim, J.; Kim, S.; Lee, Y.I.; Kim, J.; Lee, J.H.; Park, C.O. Eosinophil cationic protein is a potential surrogate marker of allergic contact
dermatitis: A single-center, retrospective study of 216 patients. J. Am. Acad. Dermatol. 2020, 83, 1819–1821. [CrossRef] [PubMed]

39. Bystrom, J.; Amin, K.; Bishop-Bailey, D. Analysing the eosinophil cationic protein--a clue to the function of the eosinophil
granulocyte. Respir. Res. 2011, 12, 10. [CrossRef]

40. Brennan, K.; Martin, K.; FitzGerald, S.P.; O’Sullivan, J.; Wu, Y.; Blanco, A.; Richardson, C.; Mc Gee, M.M. A comparison of
methods for the isolation and separation of extracellular vesicles from protein and lipid particles in human serum. Sci. Rep. 2020,
10, 1039. [CrossRef]

41. Azkargorta, M.; Iloro, I.; Escobes, I.; Cabrera, D.; Falcon-Perez, J.M.; Elortza, F.; Royo, F. Human Serum Extracellular Vesicle
Proteomic Profile Depends on the Enrichment Method Employed. Int. J. Mol. Sci. 2021, 22, 11144. [CrossRef]

42. Zhang, X.; Takeuchi, T.; Takeda, A.; Mochizuki, H.; Nagai, Y. Comparison of serum and plasma as a source of blood extracellular
vesicles: Increased levels of platelet-derived particles in serum extracellular vesicle fractions alter content profiles from plasma
extracellular vesicle fractions. PLoS ONE 2022, 17, e0270634. [CrossRef]

43. Jiang, N.N.; Wen, L.P.; Li, H.; Yin, J. A New Diagnostic Criteria of Wheat-Dependent, Exercise-Induced Anaphylaxis in China.
Chin. Med. J. 2018, 131, 2049–2054. [CrossRef]

44. Santos, A.F.; Riggioni, C.; Agache, I.; Akdis, C.A.; Akdis, M.; Alvarez-Perea, A.; Alvaro-Lozano, M.; Ballmer-Weber, B.; Barni,
S.; Beyer, K.; et al. EAACI guidelines on the diagnosis of IgE-mediated food allergy. Allergy 2023, 78, 3057–3076. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27114732

https://doi.org/10.1016/j.immuni.2024.07.009
https://doi.org/10.1038/s44222-024-00255-5
https://doi.org/10.1111/all.16129
https://doi.org/10.1111/all.13547
https://doi.org/10.1111/all.14792
https://doi.org/10.1016/j.jaci.2022.10.014
https://doi.org/10.23822/EurAnnACI.1764-1489.158
https://doi.org/10.1056/NEJMoa2400403
https://doi.org/10.1007/s40265-018-0987-2
https://doi.org/10.1016/j.pathol.2018.11.002
https://doi.org/10.1016/j.tem.2023.05.002
https://doi.org/10.1038/s41467-018-05322-1
https://doi.org/10.1016/j.cell.2017.12.026
https://doi.org/10.1016/j.immuni.2022.10.016
https://doi.org/10.1111/all.13176
https://www.ncbi.nlm.nih.gov/pubmed/28378321
https://doi.org/10.1007/s12016-025-09059-w
https://www.ncbi.nlm.nih.gov/pubmed/40325270
https://doi.org/10.1016/j.jaad.2020.05.070
https://www.ncbi.nlm.nih.gov/pubmed/32442701
https://doi.org/10.1186/1465-9921-12-10
https://doi.org/10.1038/s41598-020-57497-7
https://doi.org/10.3390/ijms222011144
https://doi.org/10.1371/journal.pone.0270634
https://doi.org/10.4103/0366-6999.239304
https://doi.org/10.1111/all.15902
https://www.ncbi.nlm.nih.gov/pubmed/37815205
https://doi.org/10.3390/ijms27114732

	Introduction 
	Results 
	Validation of Serum-Derived EVs Isolation from Serum 
	WDEIA- and FIA-Derived Serum EVs Present Similar Differentially Expressed Proteins 
	Significant Reduction in C1-Inhibitor in Serum-Derived EVs from WDEIA and FIA Patients 
	APOE and ECP as Potential Diagnostic Biomarkers for WDEIA 

	Discussion 
	Materials and Methods 
	Study Subjects and Sample Collection 
	EVs Isolation from Serum 
	TMT Labeling 
	LC-MS/MS 
	Nanoparticle Tracking Analysis (NTA) 
	Western Blot Analysis 
	Bioinformatics Analysis 
	ELISA 
	Statistical Analysis 

	Conclusions 
	References

