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Abstract
Plant food allergy (FA) is a major global health problem, being peanut one of the most studied allergenic foods worldwide. 
Biomarkers (Bms) are essential tools for precision medicine, guiding diagnosis, risk stratification, and treatment. However, 
evidence on their clinical applicability in plant FA remains limited and fragmented. Therefore, we aim to systematically 
review the Bms identified in plant FA related to several aspects of the pathology. This systematic review was performed 
in accordance with the PRISMA guidelines. A comprehensive search was conducted in three databases (PubMed, Web of 
Sciences and Cochrane Library) between July 2019 and July 2024. Articles were screened using predefined inclusion and 
exclusion criteria, and categorized into five thematic sections: sensitization, tolerance, threshold, severity and follow-up 
treatment. Risk-of-bias and certainty of evidence were assessed using validated tools and the GRADE approach.  From 
the 733 articles found, 71 studies met inclusion criteria and were selected for data extraction. A majority of them were 
high-quality publications and predominantly involved pediatric cohorts from Europe and North America. Peanut was the 
most studied food, followed by nuts and wheat, while fruits and seeds were rarely represented. Across all sections, most 
of the studies were related to severity and tolerance. Specific IgE to whole extracts or molecular components were the 
most frequent Bms, followed by skin prick test. Emerging Bms were identified, although they remain in early validation 
stages. Risk-of-bias and certainty of evidence were primarily moderate, reflecting the exploratory nature of most of the 
included studies. This review highlights the predominance of classical Bms and the promise of novel candidates for future 
clinical integration. However, research remains allergen-, age- and region-restricted, underscoring the need for multicenter 
studies, representative patient samples, and validation of emerging Bms to achieve globally applicable precision medicine 
in plant FA.
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Introduction

Precision medicine is an evolving strategy that incorpo-
rates individualized assessments for disease prevention and 
personalized treatment [1]. The application of biomarkers 
(Bms) to clinical practice allows patients to be stratified into 
different risk levels, identifying how to manage them more 
optimally. Currently, significant progress has been made in 
characterizing Bms to define asthma endotypes, prompted 
by the increasing availability of biologics [2]. However, 
evidence about precision medicine in food allergy (FA) is 
scarce, focusing mainly on the triggers of FA development, 
severity, tolerance or immunotherapy response [3].

Plant FA is a main problem world-wide, and specially 
peanut allergy due to its high prevalence, its increasing 
incidence and its association with severe reactions [4, 
5]. Beyond peanuts, there are other relevant plant-food 
allergens showing high prevalence in some regions, such 
as fruits, vegetables, legumes and cereals [6, 7]. Clinical 
guidelines recommend using some Bms, such as specific 
IgE (sIgE) to Ara h 2, Cor a 14 or Ana o 3, to predict 
tolerance based on extensive research performed in plant-
food allergic patients frequently sensitized to storage pro-
teins [8, 9]. However, other patterns have been described 
across the world: from the typically mild and localized 
pollen allergy syndrome, to the heterogenic lipid transfer 
protein allergy, which can manifest from mild to severe 
symptoms, very often unpredictably and conditioned by 
cofactors [10, 11]. In this scenario, the predictors of toler-
ance and severity are related to the patient’s sensitization 
profile and, therefore, could be heterogeneous across dif-
ferent populations.

The component-resolved diagnosis (CRD) in FA contrib-
utes to endotype patients by identifying specific molecular 
sensitization patterns linked to different clinical expressions, 
discriminating between primary allergies and cross-reac-
tivity syndromes [12]. Nevertheless, CRD has limitations 
when it comes to comprehensively addressing the responses 
for FA patients, as variability has been observed between 
populations in the serotypes of different patient cohorts [13]. 
Moreover, the development of CRD has mainly focused on 
a restricted panel of food allergens [14]. It is important to 
note that the identification of new Bms does not always 
imply their direct clinical implementation worldwide due to 
economic and logistic barriers. Similarly, this also applies to 
other diagnostic approaches, as well as basophil activation 
test (BAT) [15] or allergic mediators (interleukins) and cells 
(mainly B and CD4 T cells) [16, 17], which may require 
costly equipment and highly trained personnel.

Even more, new drugs and approaches are emerging for 
plant FA management, which requires adaptation to each 
patient. Therefore, Bms of indication, treatment monitoring 

and efficacy must be characterized. Once again, efforts are 
mainly focused on peanut allergy, hoping this path can serve 
as a guide for other FA treatments [18]. However, other 
plant food-based therapies are still far from those developed 
against peanut allergy [19, 20].

Beyond the main challenges of precision medicine in FA, 
and focusing specifically on the needs of clinical practice, 
there are other aspects—in addition to predicting severity, 
tolerance, or treatment monitoring—that must be consid-
ered to fully characterize the diagnosis of allergic patients 
to plant foods. To perform a real precision medicine in 
daily clinical practice, Bms should provide information on 
the following clinical questions: (i) how FA sensitization 
is developed; (ii) the prediction of the clinical relevance 
of sensitization; (iii) the determination of susceptibility to 
severe reactions or symptoms; (iv) the high/low or certain 
threshold at which reactions occur; and (v) the monitoring 
of responses to allergen immunotherapy or immunomodula-
tory drugs. Therefore, we aim to systematically review the 
Bms identified in plant FA related to these aspects of the 
pathology.

Methods

Search Strategy

This systematic review was performed in accordance with 
the PRISMA guidelines [21]. The selection of articles was 
limited to manuscripts published between July 2, 2019, and 
July 2, 2024. The search was carried out across three data-
bases (PubMed, Web of Science, and Cochrane Library) and 
structured in five thematic sections using a common set of 
terms, combined with keywords specific to each section: 
“sensitization”, “tolerance”, “threshold”, “severity” and 
“follow-up treatment” (Supplementary Table 1).

Inclusion and Exclusion Criteria

All studies included in this review were selected based on 
a set of general inclusion and exclusion criteria, applicable 
to all sections. Eligible studies (including research articles, 
short communications, or letters to the editor) were required 
to present original human data, be written in English, iden-
tify Bms, and show statistically significant association with 
plant FA. Exclusion criteria were studies on eosinophilic 
esophagitis; allergies to non-plant food allergens; clini-
cal investigations that did not involve Bm identification; 
publications in languages other than English; case reports, 
conference abstracts, preprints, or review articles; and stud-
ies conducted in animal models or human ex vivo material 
(cells or tissues).
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In addition to these general considerations, the five the-
matic sections were assessed using the following specific 
eligibility criteria:

For the “sensitization” section, studies about Bm pre-
dicting plant food-sensitization acquisition were included. 
These involve patients with confirmed sensitization regard-
less of whether oral food challenge (OFC) tests were 
performed. Controls were required to be non-sensitized 
individuals. Studies comparing allergic vs tolerant sensi-
tized patients and those focusing on sensitization to specific 
allergens (i.e., Ara h 2 sIgE) were excluded because they do 
not directly reflect Bms of sensitization development.

For the “tolerance” section, articles about prediction of 
clinical reactivity were considered. Only studies involv-
ing plant food-allergic patients with diagnosis confirmed 
through medically supervised OFC (open-label, single- or 
double-blind) were included, excluding longitudinal predic-
tion of future tolerance. The control group did not apply in 
this section, since all the studies compared subjects with 
positive vs negative OFC.

For the “severity” section, studies regarding the suscep-
tibility to present severe reactions were considered. These 
studies compare plant food-allergic individuals who had 
experienced systemic or anaphylactic reactions with those 
who had only local or mild symptoms. Articles focusing 
exclusively on acute-phase anaphylaxis or on populations 
composed solely of anaphylactic patients were excluded, as 
the focus was on identifying baseline Bms of susceptibility 
to severe reactions. Articles showing at least two groups of 
patients with different levels of severity were considered.

For the “threshold” section, studies on different thresh-
old levels were included. Specifically, articles in which plant 
food-allergic patients were challenged under medical super-
vision with clearly reported subjective or objective threshold 
doses were considered. Studies that did not confirm allergy 
through OFC or that presented data collected after immuno-
modulatory treatment (i.e., immunotherapy) were excluded.

For the “follow-up treatment” section, studies about the 
response to treatments were included. Patients undergoing 
validated or non-validated treatments were considered: pro-
biotics, biologic agents, epicutaneous immunotherapy (EPIT) 
or oral immunotherapy (OIT). Participants had to be charac-
terized at baseline to allow for the evaluation of associations 
between parameters and treatment efficacy. The definition of 
efficacy was interpreted broadly and could include desensitiza-
tion, even without assessment of sustained unresponsiveness.

Analysis of the Articles Included in the Review

All publications retrieved through the various search strate-
gies were exported. Duplicates across the three databases 
and the five thematic sections were identified and removed. 

Subsequently, two authors (ENB and RJS) independently 
screened the titles and abstracts and discarded those that did 
not fulfill the inclusion criteria. Discrepancies were resolved 
by a third reviewer (MJG).

Once the final list of included studies was established, 
two additional reviewers (MJG and MLS) independently re-
evaluated the titles and abstracts to reassign each article to 
the appropriate thematic section. The full text of each article 
was then independently peer-reviewed to confirm its inclu-
sion in the systematic review. Specifically, the “sensitiza-
tion” section was reviewed by MLS and MB; the “tolerance” 
section by OUV and IMSG; the “threshold” section by MB 
and MJG; the “severity” section by MJG, MLS and EM; and 
the “follow-up treatment” section by EM and MLS. All the 
reviewers of the final list were practicing allergists to keep 
the clinical perspective of the analysis.

For each included article, the following data were 
extracted: journal (position in its area of knowledge, impact 
factor, and subject area), year of publication, country, 
pathology studied (condition, physiological state or associ-
ated therapeutic intervention), characteristics of the study 
population (mean age, sample size and control group), 
description of the Bm (name, type—predictive, follow-up, 
treatment response, prognostic or susceptibility—, detec-
tion technique, and units of measure), and evidence of asso-
ciation (positive or inverse).

Biomarker Analysis

Bms were considered when the same measurable item 
was similarly evaluated in the identical food allergen. For 
the analysis of specific peptides, when ≥ 3 epitopes were 
measured using the same assay (i.e., epitope microarray) 
the panel was considered as a single Bm according to their 
association. Models studying more than one different Bm 
together were not considered. Concerning skin prick test 
(SPT), it was included as a Bm only if the authors described 
the technique and positive criteria used in the methods sec-
tion. The type of Bm was considered following FDA-NIH 
Bm working group classification [22].

Bms were included when a significant association with 
FA was observed. Association was defined as positive when 
the presence of allergy, higher eliciting dose, or severity 
were associated with the Bm; and inverse when the absence 
of allergy (tolerance), lower eliciting doses, or severity 
grade were associated with the Bm. Regarding the sensiti-
zation and follow-up treatment sections, a positive associa-
tion was defined as an increase in Bm levels (compared to 
non-sensitized group, baseline or progressively along pro-
cedures) related to a good intervention efficacy, while an 
inverse association was a decrease in Bm levels related to 
sensitization or good intervention efficacy.
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Bm identification, lack of alignment with the objective of 
the respective thematic section, or issues related to the con-
trol group when applied (e.g., absence of OFC or control 
group, inclusion of patients undergoing immunotherapy, or 
inclusion of only anaphylactic cases). Ultimately, 71 articles 
were selected for data extraction (Fig. 1).

Characteristics of the Studies

Among the 71 articles included, 72% (n = 51) were pub-
lished in journals ranked in the first quartile of their respec-
tive categories (Journal Citation Report). Of these, 39 were 
in the first decile, reflecting a high level of quality and scien-
tific relevance (Fig. 2A). The overall mean impact factor of 
the included articles was 8.6. In terms of subject areas, most 
publications fell under the categories of Allergy (n = 64) and 
Immunology (n = 58), followed by Pediatrics (n = 5) and 
other categories (n = 5), such as Nutrition & Dietetics, Food 
Science & Technology, Environmental Sciences, and Medi-
cine, General & Internal.

Despite the recognized importance of identifying effec-
tive Bms for plant FA, no consistent increase in the number 
of publications was observed between July 2019 and July 
2024 (Fig. 2B). Geographically, most studies were con-
ducted in Europe, followed by North America, Asia, and 
Oceania. No studies were identified from South America, 
Africa or Antarctica (Fig. 2C). The most represented coun-
tries were the United States of America (USA, n = 10), 
France, United Kingdom (n = 9), Japan, Netherlands (n = 7), 
Australia, Germany, Italy, and Spain (n = 5) (Fig. 2D).

Most of the included studies were conducted in pediat-
ric populations (n = 52). In contrast, only a small number of 
studies included both children and adults (n = 12), while a 
minority focused exclusively on adults (n = 7) (Fig. 2E). In 
terms of the plant food groups evaluated, legumes (peanut 
and soy) were the most studied, followed by nuts (walnut, 
hazelnut, cashew, almond, and pistachio), grains (wheat), 
fruits (peach) and seeds (sesame) (Fig. 2F). Considering 
specific foods, peanut was the most frequently investigated, 
followed, although to a lesser extent, by wheat, hazelnut and 
walnut (Fig. 2G).

On the other hand, sIgE against both whole extracts and 
molecular components was the primary parameter analyzed 
across the included studies, underscoring the central role of 
this Bm in the diagnosis of FA. SPT and BAT were also 
widely used. Additionally, although less frequently, other 
Bms were assessed, such as sIgG4, peptide sIgE levels, 
and various ratios: sIgE to total IgE (tIgE) and sIgG4 to 
sIgE. Finally, a large and heterogeneous group of emerging 
Bms, still in the validation phase (n = 16), was identified: 
including proteins (n = 5), cellular platforms (n = 3), metab-
olites (n = 3), studies on other clinical parameters (n = 2), 

Risk-of-bias and Certainty Assessment

The risk-of-bias and the certainty of the articles were mea-
sured using a hybrid strategy combining artificial intelli-
gence (AI) tools (conducted by ENB and RJS) with human 
evaluations from the reviewers (MJG, MLS, OUV and 
IMSG). For this purpose, an automated process based on 
a large-scale language model (OpenAI GPT-4) was imple-
mented [23], which extracted the relevant methodological 
information directly from the article text. This approach 
ensures an objective initial extraction of parameters, reduc-
ing human bias and improving the transparency and repro-
ducibility of quality assessment.

The risk-of-bias assessment was performed by program-
ming the AI to classify each article according to its design. 
After this, a risk-of-bias tool was applied according to the 
type of study identified [24, 25]: Risk-Of-Bias In Non-ran-
domized Studies of Interventions (ROBINS-I) for non-ran-
domized studies; Appraisal tool for Cross-Sectional Studies 
(AXIS) for cross-sectional studies; Quality Assessment of 
Diagnostic Accuracy Studies (QUADAS-2) for studies of 
diagnostic accuracy; and Cochrane tool for assessing risk-
of-bias in randomized trials (Rob2) for randomized trials. 
Tables were generated for each article with detailed assess-
ments and an overall evaluation of the risk of bias, always 
based on the data explicitly reported in the publications.

The Grading of Recommendations Assessment, Develop-
ment and Evaluation (GRADE) system was used to assess 
the certainty of the evidence [26]. For each article, the fol-
lowing aspects were considered: risk of bias, inconsistency, 
imprecision, indirectness and publication bias, as well as a 
general classification of certainty.

All the evaluations performed by the AI were subjected 
to peer review by MJG, MLS, OUV and IMSG; and any 
discrepancies were resolved by consensus, to ensure the 
coherence, transparency and methodological soundness of 
the process.

Results

The initial search identified a total of 733 studies. After 
removing duplicates across the various databases and 
search strategies, 427 unique articles were retained. Titles 
and abstracts were peer-reviewed, leading to the exclusion 
of 280 studies. At this stage, the main reasons for exclusion 
were the type of publication (e.g., reviews, case reports or 
editorials), unrelatedness to plant FA, and absence of Bm 
identification. The remaining 147 articles were assigned to 
the five predefined thematic sections, and their full texts 
were peer-reviewed. During this in-depth review, 76 addi-
tional articles were excluded, mainly due to the absence of 

1 3

   10   Page 4 of 41



Clinical Reviews in Allergy & Immunology           (2026) 69:10 

Fig. 1  Study selection process. From an initial pool of 733 articles, 
duplicates were removed, resulting in 427 unique references. After 
peer review of titles and abstracts, 147 articles were selected, with 72 
of them overlapping across multiple thematic sections. Following full-

text review, a total of 71 studies were included for data extraction, 
with 14 of them overlapping among different thematic sections (11 
commons between 2 sections, and 3 commons among 3 sections). Bio-
marker, Bm; Food allergy, FA; Oral food challenge, OFC
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Fig. 2  Characteristics of the 71 
studies included in the review. 
(A) Distribution of articles by 
journal quartile. D1: first decile 
(top 10% of most cited journals 
in its category); Q1: first quartile 
(top 25%); Q2: second quartile 
(25 to 50%); Q3: third quartile 
(50% to 75%). (B) Number of 
articles published by six-month 
intervales, from July 2, 2019, 
to July 2, 2024. (C) Number of 
studies by continent of origin. 
Some articles included popula-
tions from multiple continents 
(n = 5). (D) Geographical 
distribution of studies by country. 
The size and color of each spot 
indicate the number of studies. 
Some studies included patients 
from multiple countries (n = 12). 
United States (n = 20); France 
(n = 9); United Kingdom (n = 9); 
Japan (n = 7); Netherlands (n = 7); 
Australia (n = 5); Germany 
(n = 5); Italy (n = 5); Spain (n = 5); 
Canada (n = 4); Israel (n = 4); 
Switzerland (n = 4); Bulgaria 
(n = 3); China (n = 3); Czech 
Republic (n = 3); Greece (n = 3); 
Iceland (n = 3); Ireland (n = 3); 
Lithuania (n = 3); Poland (n = 3); 
Sweden (n = 3); Finland (n = 2); 
Luxembourg (n = 2); Norway 
(n = 2); Austria (n = 1); Belgium 
(n = 1); Denmark (n = 1); Iran 
(n = 1); Kuwait (n = 1); Portugal 
(n = 1); Slovenia (n = 1); South 
Korea (n = 1); Turkey (n = 1); 
Vietnam (n = 1). Image created 
with Datawrapped.com. (E) 
Distribution of articles by the age 
group of the study population. 
Children are defined as individu-
als under 18 years old; adults are 
18 years old or older. (F) Number 
of studies by plant food source. 
Some studies included multiple 
plant food sources (n = 10). 
Legumes: peanut and soya; 
Nuts: walnut, hazelnut, cashew, 
almond, and pistachio; Grains: 
wheat; Fruits: peach; Seeds: 
sesame. (G) Number of studies 
by specific plant food source. 
Some studies evaluated multiple 
sources (n = 13). (H) Number 
of studies by Bm type. Some 
studies assessed more than one 
Bm (n = 44). Skin prick test, SPT; 
basophil activation test, BAT; 
specific IgE, sIgE; total IgE, tIgE; 
specific IgG4, sIgG4
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The most frequently identified Bms were sIgE against 
both total and molecular allergens (82.6%) [36, 38–42, 
44–47, 49–57]. Precisely, 12 studies analyzed sIgE against 
complete allergen extracts (52.2%) [36, 38, 40–42, 46, 47, 
49, 52, 55–57]; while 18 articles evaluated sIgE against 
molecular components (78.3%) [36, 38–42, 44, 45, 47, 
49–57], being Ara h 2 the most frequent allergen (60.9%) 
[36, 39–42, 44, 45, 49, 50, 53–57]. Otherwise, eight studies 
evaluated SPT (34.8%) [36, 38, 46, 48–50, 56, 57] deter-
minations with commercial (26.1%) [36, 38, 48–50, 57] or 
homemade extracts (4.3%) [46], and natural foods (8.7%) 
[36, 48]. Moreover, six studies analyzed BAT (26.1%) [36–
38, 40, 42, 54], with complete extract (17.4%) [36–38, 54] 
and molecular allergens (8.7%) [36, 40]. Finally, a minority 
of articles evaluated other Bms, such as naive CD4 T cells 
[43], genetic factors [35], tIgE [39] and FeNO [57].

Severity

The severity section had the highest number of articles. 
We included 25 studies about Bms related to the severity 
of reaction, performed in 4,799 patients and identifying 44 
different Bms (Table 3). Half of the studies were based on 
clinical response after OFC [37, 38, 56–66], rather than on 
patients’ clinical history. However, the severity concept was 
determined heterogeneously among these articles, since 
some papers considered the most severe clinical pattern 
anaphylaxis diagnosis [57–59, 67–70] or epinephrine use 
[56], or both [61]; while others considered non-local sys-
temic symptoms [71–73] or even intensity of oral allergy 
syndrome (OAS) as a grading system for reactions severity 
[60]. Most of the studies graded severity based on published 
severity scales: Sampson et al. classification was the most 
frequently used [74], in four studies [40, 56, 63, 65]; fol-
lowed by Ring & Messmer classification [75], in two articles 
[62, 69]; and Muraro et al. classification [76], in two studies 
[63, 67]. In addition, mild and severe definitions appeared 
overlapping among studies [10, 61, 67, 77]. OAS patients 
were excluded in one article [78], while in other studies they 
represented the mild reaction group [71–73] or was used for 
severity grading [60]. The control group was also heteroge-
neous among articles, since mild allergic patients were used 
as control in some studies [38, 58, 62, 63, 65, 66, 69, 71, 72, 
79], while others included sensitized tolerating patients [56, 
59, 61, 64, 77].

The most studied allergic food was peanut (40%) [37, 56, 
57, 64–67, 69, 77, 79] and nuts (32%) [10, 38, 58, 59, 61, 63, 
67, 68], followed by peach (20%) [71–73, 78, 80] and, less 
represented, soya (4%) [60] or wheat (4%) [62]. In addition, 
general pollen related plant-food was also studied in one 
article [70]. Accordingly, the most endorsed Bms were Ara 
h 2 sIgE (28%) [37, 56, 64, 66, 67, 69, 79] and peanut sIgE 

microbiota (n = 2), exhaled nitric oxide (FeNO, n = 1) and 
genetic factors (n = 1) (Fig. 2H).

Sensitization

Despite efforts in recent years to identify risk factors for 
food allergies and to implement preventive measures in the 
general population, the number of articles included in the 
sensitization section has been surprisingly low, as most of 
the studies evaluated the development of allergy rather than 
sensitization, and only few of them identified clear Bms. 
We included a total of eight articles about Bms predicting 
plant food-sensitization acquisition where a total of 12 Bms 
were identified from 7,279 subjects (Table 1). Four studies 
were performed in America (50%) [27–30], three in Europe 
(37.5%) [31–33] and one in Asia (12.5%) [34]. All of them, 
except one [30], included pediatric subjects, and most of the 
articles were cohorts analyzed at predetermined time peri-
ods (62.5%) [27, 29, 31–33].

Most of the studies included atopic dermatitis subjects 
(50%) [28, 31, 32, 34], three of them studied diet/fecal char-
acteristics (37.5%) [27, 29, 30] and one of them evaluated 
genetic factors (12.5%) [33]. Similarly, most of the studies 
analyzed multiple food allergen sensitization at the same 
time (62.5%) [27–29, 31, 33], while three articles were 
related exclusively to peanut (37.5%) [30, 32, 34] and one 
to almond (12.5%) [30].

Tolerance

Tolerance was the second section with most articles, with 45 
Bms identified from 23 studies based on 3,176 patients (Table 
2). Eleven studies were conducted in Europe (47.8%) [35–
45], seven in Asia (30.4%) [46–52], four in America (17.4%) 
[37, 53–55], two in Australia (8.7%) [56, 57] and three were 
transcontinental (13%) [36, 37, 54]. Specifically, the Nether-
lands was the most frequent country (17.4%) [35, 40, 41, 45], 
followed by the United Kingdom (13%) [36, 37, 39].

Regarding patients’ age, 17 studies were conducted in 
young children (74%) [36, 38, 40, 42–54, 56], three in chil-
dren and teens up to 18 years old (13%) [44, 48, 57], and 
three in adults (13%) [35, 41, 55]. According to the number 
of patients included, they ranged from small cohorts (12 sub-
jects) [35], focused on discovering new Bms [35, 43], to big 
study populations (981 subjects) [37], when studying con-
trasted Bms.

Apart from sesame [36, 48] and wheat [52], the majority 
of the studies were conducted in peanut (73.9%) [35–37, 
39–45, 49, 50, 53–57], followed by nuts (26.1%) [36, 38, 
46, 47, 51, 54]. Specifically, hazelnut (13%) [36, 47, 54], 
cashew (13%) [36, 38, 46], walnut (8.7%) [51, 54], pista-
chio (4.3%) [46] and almond (4.3%) [36] were evaluated.
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(28%) [37, 56, 59, 64, 66, 77, 79]. However, Pru p 3 sIgE 
was only related to severity for peach in one study [72] and 
for almond in another one [67]. Interestingly, the majority of 
Bms identified for peach severity were related to mild reac-
tions [71, 73]. Moreover, Bms of mild reactions were also 
identified for hazelnut [67] and peanut [57, 67, 77], related 
to PR-10 or profilin sensitization.

A large number of studies identified sIgE (76%) [10, 37, 
56, 58, 59, 62–64, 66–69, 71, 73, 77–80], mainly to spe-
cific allergens (20%) [58, 62, 69, 78, 80] rather than whole 
extracts (12%) [10, 59, 68], although most of the studies 
identified both types of sIgE (44%) [37, 56, 63, 64, 66, 67, 
70, 71, 73, 77, 79]. Subsequently, the next most frequent 
Bms were SPT (20%) [37, 58, 59, 63, 77], using commer-
cial (16%) [37, 59, 63, 77] or homemade extracts (4%) [58]; 
BAT (16%), analyzing the percentage of activated basophils 
[37, 38, 61] or the response to positive controls [66]; and 
other Bms (20%), such as sIgG4/sIgE ratio [37], FeNO 
[57], tryptase levels [62], the number of α-tryptase copies 
[65] and Bet v 1 peptide GL12 sIgG4 (127-139aa) epitope 
[60]. Moreover, further than the study focused on pollen 
related plant FA [70], where mugwort sIgE and Art v 3 sIgE 
were directly associated with severe reactions, other pollen 
derived Bms (Pla a 3 sIgE [80] and Alder sIgE [71]) were 
also associated with peach allergy severity. Interestingly, 
some Bms were related to severe reactions to different foods 
from their origin, such as Pru p 3 sIgE [67] or other whole 
extract tree nuts sIgE [59] for almond.

Threshold

We included 17 articles showing association between Bms 
and reactive thresholds, analyzing a total of 2,431 patients 
and identifying 47 Bms (Table 4). However, the number of 
subjects per study was heterogeneous depending on the spe-
cific food or the type of Bm investigated. Generally, articles 
on peanut allergy were those with biggest cohorts [37, 81, 
82]; while smaller groups of patients were used for inves-
tigating less common allergies, such as cofactor-dependent 
wheat allergy [62], or for studies employing sophisticated 
technologies [43, 83].

Threshold was assessed by analyzing the reactive dose 
at OFC based on different protocols among studies, even 
on the same plant food. To classify patients’ threshold some 
articles used the specific allergen amount [38, 56, 60, 61, 
84], continuous numeric transformed variables [58, 81] or 
ordinary scales, employing the interaction between dose 
and cofactors [62]; whereas other studies used categorical 
classifications such as low-high threshold [37, 40, 43, 66, 
83, 85–87] or low-moderate-high dose reactivity thresholds 
[81, 82].
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94, 96, 97] and for whole extract [89, 90, 92, 94, 96, 97]. 
Even more, the decrease in sIgE/tIgE also indicated good 
tolerance [89, 90, 94]. On the other hand, some studies iden-
tified sophisticated Bms such as T cell assays and peptide 
microarrays [83, 84, 93, 95], or epitope array [95, 96]. In 
addition, interleukins [83, 93] and sIgE/IgG4 ratio against 
specific peptides [95] were also characterized.

Overall Risk-of-bias and Certainty

All articles included were assessed for risk-of-bias using 
tools adapted to their specific study design. For non-
randomized studies (Table S2), the overall risk-of-bias 
was predominantly moderate, mainly due to confound-
ing and certain limitations in outcome measurement and 
participant selection. In contrast, classification of expo-
sures, deviations from intended interventions, selection 
of results, and handling of missing data were generally 
considered to be at low risk of bias. On the other hand, 
for studies of diagnostic accuracy (Table S3), the overall 
risk ranged from low to moderate, primarily due to non-
optimal reference standards and issues in patient selec-
tion, as well as unclear flow and timing of procedures. 
Nonetheless, both clinical applicability and validity of the 
index test were found to be robust. Moreover, for cross-
sectional studies (Table S4), the overall risk-of-bias was 
mostly rated as moderate, primarily due to sample size 
and justification, followed by issues related to participant 
selection, risk of non-response bias, and some concerns 
about measurement validity and reliability. In contrast, 
domains such as clear aims and justification, appropriate 
study design, statistical methods and reporting, and eth-
ics and disclosures were consistently rated as low risk. 
Finally, the follow-up trials (Table S5) showed a low risk-
of-bias across all categories. Altogether the body of evi-
dence is characterized by a moderate (n = 45) and a low 
(n = 26) risk-of-bias, supporting an intermediate level of 
confidence in the overall conclusions.

In addition, all the studies were systematically evaluated 
using the GRADE approach to determine the certainty of 
evidence on the results (Table S6). The overall quality of 
evidence varied among low (n = 4), moderate (n = 59) and 
high (n = 8). The most frequent cause of degradation was 
imprecision, mainly due to moderate or small sample size. 
Other relevant factors that influenced the degree of certainty 
were the risk-of-bias and indirectness, associated with the 
design of the studies (especially the diagnostic method) and 
the lack of clinical validation of the results. Inconsistency 
and publication bias were generally low in all articles. Over-
all, the scope and robustness of the results were considered 
moderate, reflecting the exploratory nature of most of the 
studies.

Peanut was the most frequent cause of FA in this section 
(64.7%) [37, 40, 43, 56, 66, 81–84, 86, 87]; followed by 
nuts (17.6%) [38, 58, 61], although only one article evalu-
ated more than one nut [58]; wheat (11.8%) [62, 85], where 
one study considered cofactor-dependent allergy [62]; and 
soybean (5.9%) [60].

The most frequent Bms were sIgE against molecular 
allergens (58.8%) [37, 38, 56, 58, 62, 66, 81, 84–86] and to 
the whole food extract (47.1%) [37, 38, 56, 62, 66, 84–86]. 
Furthermore, epitope-based array studies identified differ-
ent peptide sIgE (11.8%) [82, 84] or sIgG4 (5.9%) [60], 
requiring further validation. Moreover, SPT was evaluated 
in six articles (35.3%) [37, 38, 58, 61, 81, 86], using com-
mercial [37, 38] and homemade extracts [58, 61], although 
two studies did not specify the origin [81, 86]. Likewise, 
BAT was also measured in six articles (35.3%) [37, 38, 40, 
58, 61, 66], even using different parameters such as EC50 
or area under the curve (AUC) [40, 66]. In addition, novel 
threshold Bms have been described related to stool and oral 
microbiome [87] or to specific peripheral blood cell popula-
tions [43, 83, 86].

Follow-up Treatment

We included 15 papers about Bms related to treatment 
response, performed in 1,687 patients and identifying 53 
Bms (Table 5). Among them, 11 studies were focused on OIT 
(73.3%) [84, 85, 88–96], one using Omalizumab as adjunct 
therapy [94], whereas four articles evaluated EPIT (26.7%) 
[83, 97–99]. Treatment response was determined heteroge-
neously among these articles. Certain studies considered 
efficacy when demonstrating sustained unresponsiveness 
[84, 90, 91, 93, 96], others when changing the immunologi-
cal parameters after desensitization [83, 84, 88, 89, 92–95, 
97], and others when increasing the threshold tolerated dose 
[85, 91, 98, 99]. These differences did not make compari-
sons difficult, as all the studies had similar endpoints: iden-
tifying Bms related to successful treatment response. In five 
articles there was no control group (33%) [88, 91, 93–95] 
defined mainly as subjects receiving a placebo.

All studies were performed in pediatric cohorts, although 
two studies also incorporated young adults [83, 95]. The 
majority of the studies were carried out in America (56%) 
[83, 84, 89, 90, 93–97], two were performed in Europe 
(13.3%) [88, 92], and two in several continents (13.3%) 
[98, 99].

The most frequent Bms were whole extract sIgE (66,7%) 
[84, 85, 88–91, 94, 96, 97, 99] and molecular sIgE (60%) 
[84, 85, 88–90, 94–96, 98]. In addition, six articles identi-
fied IgG4 as a Bm (40%) [89, 90, 92, 94, 96, 97]. Precisely, 
treatment efficacy is related to a sIgE decrease [84, 89, 90, 
94–96, 98] and a sIgG4 increase for specific allergens [89, 
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Across the five sections, peanut was the most represented 
food, followed distantly by nuts and grains. There is a notable 
absence of fruits, only represented by peach in the severity sec-
tion. In contrast, wheat allergy was represented in all sections, 
predominantly in sensitization, probably due to its ubiquity 
more than for its prevalence [104]. In the sensitization sec-
tion, studies focused on different plant foods were reviewed 
by repeating a similar list of plant food allergens reported in 
other sections. No articles on vegetables were found, probably 
due to limitations in the terms used in our search strategy.

The most frequent type of Bm identified across the differ-
ent sections was molecular sIgE, closely followed by sIgE 
against the whole allergenic source. However, the sensitiza-
tion section was where new Bms (some of them related to 
atopic dermatitis) were most extensively investigated: such as 
stratum corneum hydration (SCH), transepithelial water loss 
(TEWL), plasma and fecal metabolites, and microbiota com-
position. Although microbiota and FA is a growing interest 
topic [105, 106], microbiota-related Bms were only identified 
in one study of sensitization [27] and one study of threshold 
[87]. The presence of sIgG4, sIgE/sIgG4 ratios or interleu-
kins were more frequent in the follow-up treatment section 
than in others; whereas cellular response, mainly basophils, 
was preferentially observed in tolerance, severity and thresh-
old. Precisely, BAT was implicated in different types of Bms, 
from the percentage of activated basophils incubated with 
whole extract associated with tolerance [36–38, 42, 47, 48, 51, 
88], threshold [37, 38, 61] or severity [61], to the normalized 
percentage of basophils, the AUC or the EC50, exclusively 
associated with threshold predictivity [40, 66]. The use of 
molecular allergens in BAT was mainly identified related to 
peanut tolerance [36, 40]. On the other hand, apart from the 
“classical” Bms, recent studies have identified others, such as 
genes [35], FeNO [57], immune cells [43, 83, 86], interleukins 
[83, 93], and allergen epitopes [60, 82, 84, 95, 96], although 
further research is needed.

Overall, studies based on molecular diagnosis identified 
mainly sIgE and BAT as Bms. Actually, CRD is the corner-
stone of precision medicine in FA [107]. The usefulness of 
CRD is unquestionable, leading to a more accurate diag-
nosis, stratifying risk or providing more specific manage-
ment advice [12, 108] and, thus, improving patient safety 
and quality of life. Certain molecular sIgE determinations 
are strongly recommended in clinical guidelines as tolerance 
Bms, such as Ara h 2, Ana o 3 or Cor a 14 sIgE in patients 
with a history of suspected IgE-mediated allergy to peanut, 
cashew or hazelnut, respectively [8]. In our review, the pre-
dictive role of these Bms has been supported not only in tol-
erance, but also in FA severity and threshold, although in 
the latter case only for Ara h 2 and Ana o 3 sIgE, since Cor 
a 14 sIgE was not identified as a threshold Bm. Precisely, 
Cor a 14 sIgE was not endorsed by all the studies focused on 

Discussion

A total of 71 original articles about Bms in plant FA have 
been systematically reviewed and summarized. Surpris-
ingly, although the prevalence of plant FA has been increas-
ing globally [100], the number of studies about Bms seems 
to be limited and has been stable in the last few years. Nev-
ertheless, our vision can be narrowed by the studied time 
range and the terms used as search criteria.

From a geographical perspective, only a restricted num-
ber of countries are researching plant FA Bms, with Europe 
and North America being the main areas where it has been 
investigated. No studies from Africa or South America were 
identified, which may be related to economic constraints or 
lower prevalences, although these are regions where plant-
based foods are commonly consumed. Except for Europe, 
where studies were more relocated, in North America, Asia or 
Oceania research comes predominantly from the USA, Japan 
and Australia, respectively. Moreover, many of these studies 
were conducted using the same cohort of patients, highlighting 
the need for new investigations that include multiple countries 
and diverse geographical regions. On the other hand, most of 
the reviewed articles were focused on peanuts and nuts, indi-
cating a notable lack of research on fruits, vegetables, and 
seeds. However, this may partly be a limitation of the search 
strategy and/or the inclusion and exclusion criteria applied.

Age population is also a relevant factor in plant FA, since 
most of the Bms studies were settled in pediatric populations. 
Comparative studies between children and adults are scarce 
[101–103], despite their potential to provide valuable insights 
on age-related differences in FA manifestations and mecha-
nisms. Importantly, there are also age-related methodologi-
cal limitations that may influence the applicability of Bms, as 
invasive sampling procedures often face greater ethical and 
practical constraints in pediatric settings, which may restrict 
the range of parameters assessed and influence study design. 
Therefore, this review evidences that recently published 
research on plant FA Bms has been largely conducted in pedi-
atric peanut allergic patients from Europe and North America.

To address some of the main clinical questions in plant 
FA, this review has been structured into five thematic sec-
tions (Fig. 3): sensitization acquisition (sensitization), pre-
diction of tolerance (tolerance), susceptibility to develop 
severe reactions (severity), clinical response to different 
threshold levels (threshold) or response to validated or non-
validated treatments (follow-up treatment). Most of the 
studies were related to severity and tolerance, and a few to 
sensitization, suggesting that the classical question of clini-
cal relevance is still a hot topic. However, the low number of 
articles in the sensitization section could also be influenced 
by limitations in the search strategy, as it did not include the 
term “sensitisation”.
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in diagnosis and management of plant FA, “classical” Bms 
have been identified among the most frequent, such as 
whole source sIgE, SPT or tIgE. These types of Bms high-
light the accessibility of characterizing plant FA in many 
populations and locations. Even more, in many cases, the 
Bm identification is determined by the selected studied sam-
ple and requires external validation. For example, severity 
is defined differently in the reviewed articles, and in half of 
them it is based on symptoms reported by patients.

The assessment of risk-of-bias and certainty indicated an 
intermediate level of confidence in the overall conclusions 
of this review. The scope and strength of the evidence were 
considered moderate, consistent with the exploratory nature 
of many of the included studies. For these analyses, a hybrid 
strategy combining AI and human review was implemented. 
This approach demonstrated clear advantages in terms of 
efficiency, reproducibility, and reduction of subjective vari-
ability compared to fully manual assessments. However, 

it. In a Japanese children cohort, Inoue et al. [47] identified 
high Cor a 9 and low Cor a 1 sIgE levels related to hazelnut 
allergy, but Cor a 14 sIgE was not significantly associated 
with hazelnut allergy.

Remarkably, positive results or high levels of the identified 
Bms were related to the pathology with very rare exceptions 
[39, 41, 84, 98], such as sensitization, clinical reactivity, more 
severe reaction or lower threshold. In turn, predominantly 
lower levels of the identified Bms were related to treatment 
response, probably due to the outcomes studied. Moreover, 
Bm identification can be influenced by the selected studied 
sample. Molecular Bms are a clear example, given that they 
can be biased by the predominant patient sample serotype. 
This aspect may potentially compromise the external vali-
dation of Bms and contribute to delaying the global access 
to CRD, although it should not be overlooked that Bms in 
allergy are more probabilistic than determinant [109]. On 
the other hand, although CRD is considered a game changer 

Fig. 3  Comparison of allergenic sources and types of biomarkers (Bm) 
studied across the five thematic sections. Each section includes the 
number and the percentage of articles describing the Bm/allergenic 
sources in that section (most of them describe several Bm/allergenic 

sources). The most frequent Bm/allergenic source is highlighted in 
bold. The radial graph indicates the number of articles covered in each 
thematic section. Image created with Biorender.com
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limitations remain, as linguistic models may misinterpret 
nuanced methodological details or context-specific crite-
ria. Human oversight is therefore essential to ensure accu-
racy and methodological rigor. While this strategy appears 
promising for large-scale evidence syntheses and seems 
encouraging for future reviews, its current role should be 
considered complementary to expert judgment, not a sub-
stitute for it. Future improvements in AI reliability may 
enhance its utility, but consensus-based oversight remains 
indispensable at present.

In conclusion, this systematic review highlights the criti-
cal role of Bms in advancing precision medicine for plant 
FA, while revealing significant gaps that limit their global 
applicability, underscoring that the identified Bms are far 
from meeting the standards required by the in vitro diag-
nostic regulation [110], which entails the use of Bms spe-
cifically validated technically and clinically for a given 
intended use when sample-dependent variations are com-
mon. Despite the recognized utility of CRD, current testing 
remains heavily skewed toward peanut allergy and pediatric 
cohorts in Europe and North America, leaving other plant 
foods and diverse populations underrepresented. Emerg-
ing Bms offer promising avenues for future research but 
require rigorous validation and standardization before clini-
cal integration. Furthermore, the heterogeneity observed 
across studies highlights the need for multicenter, and 
geographically inclusive, research with harmonized meth-
odologies to ensure validity. Bridging these gaps will ulti-
mately be critical to facilitate access to precision diagnostic 
tools and optimize individualized management strategies, 
thereby improving the safety and quality of life for patients 
worldwide.
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