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Preface to ”Food Allergies in Modern Life”

Food allergy is a complex and multifactorial disease whose causes, mechanisms, and effects are

not yet fully understood. Food allergy is an increasing public health problem, affecting up to 10%

of children and causing a significant burden on affected patients due to dietary restrictions, fear of

accidental ingestions, reduced quality of life, and risk of severe reactions. Since there is no specific

food allergy treatment, the only available management for food allergy is limited to strict dietary

avoidance, prompt recognition of adverse symptoms, and emergency treatment of adverse reactions.

This book aims to provide an updated overview of the causes and current management of food

allergy, also reporting original data to improve gaps in knowledge, encourage the implementation

of food allergy management, delineate a roadmap to safety for patients at risk for adverse reactions,

and provide an update on changes in the treatment landscape for food allergy. This book also aims to

provide a practical, readable reference for clinicians, pediatricians, allergists, nutritionists, scientists,

and students to diagnose and manage food allergies accurately in the hospital and private practice

setting. Each of the chapters can stand alone, but when placed together, all chapters show a complete

picture of current food allergy research.

Sara Manti, Gian Luigi Marseglia, and Salvatore Leonardi

Editors
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Abstract: Primary eosinophilic gastrointestinal disorders (EGIDs) are emerging chronic/remittent
inflammatory diseases of unknown etiology, which may involve any part of the gastrointestinal
(GI) tract, in the absence of secondary causes of GI eosinophilia. Eosinophilic esophagitis is the
prototype of eosinophilic gastrointestinal disorders and is clinically characterized by symptoms
related to esophageal inflammation and dysfunction. A few studies have assessed the nutritional
status of patients with eosinophilic gastrointestinal disorders, showing conflicting results. This
review summarizes the current evidence on the nutritional status of patients with EGIDs, focusing
on the pediatric point of view and also speculating potential etiological mechanisms.

Keywords: children; adolescents; eosinophilic esophagitis; eosinophilic gastrointestinal disorders;
growth; failure to thrive; malnutrition; undernutrition; obesity; vitamin

1. Introduction

Primary eosinophilic gastrointestinal disorders (EGIDs) are emerging chronic/remittent
inflammatory diseases of unknown etiology, which may involve any part of the gastroin-
testinal (GI) tract, leading to eosinophilic mucosal infiltration in the absence of secondary
causes of intestinal eosinophilia [1–3]. While eosinophilic esophagitis (EoE) is a well-
characterized disease with established guidelines [4,5], nonesophageal EGIDs, including
eosinophilic gastritis, gastroenteritis, and colitis, remain a clinical enigma [1]. Although
their pathogenic mechanisms are still unknown, EGIDs seems to be commonly associated
with atopy and, to a lesser extent, autoimmunity [1,2]. EoE pathogenesis has been more
extensively studied, and advances concerning the genetic and environmental contributors
and cellular and molecular etiology have been achieved [6]. EGIDs seem to be multi-
factorial diseases resulting from genetic predisposition, environmental risk factors, and
intestinal dysbiosis, leading to the activation of T-helper type 2 (Th2) inflammation and
impaired epithelial barrier [1,7]. To date, no studies have extensively assessed malnutrition
in patients with EGIDs.

In all its forms, malnutrition includes undernutrition, inadequate intake of vitamins
and/or minerals, overweight, and obesity [8]. Undernutrition is a common complication of
several chronic inflammatory GI diseases, mainly coeliac disease (CD) and Crohn’s disease,
often associated with weight loss, failure to thrive, malabsorption, and vitamin deficiency.
However, obesity and overweight are the main comorbidities of gastroesophageal reflux

Nutrients 2021, 13, 128. https://doi.org/10.3390/nu13010128 https://www.mdpi.com/journal/nutrients1



Nutrients 2021, 13, 128

disease (GERD) and functional GI disorders, and are well-known risk factors of hepatic
steatosis [9,10].

This review aims to summarize the current evidence on the nutritional status and
malnutrition in patients with EGIDs, mainly focusing on the pediatric patients’ population
and highlining the lack of nutritional management algorithms.

A review of articles was performed via the online database PubMed (Table 1), fol-
lowing PRISMA guidelines [11]. The literature review was performed in December 2020,
including all publication years. All studies that met the following criteria were included:
(1) case reports, case series, and cross-sectional and cohort studies published in English
in peer-reviewed journals; (2) participants were children and adult patients diagnosed
with EGIDs. Potentially eligible publications were manually screened and reviewed, and
nonrelevant publications were excluded (Figure 1).

Table 1. Search strategy.

PubMed: “Eosinophilic gastrointestinal disorders” AND “malnutrition.” Publication date:
all years.

PubMed: “Eosinophilic gastrointestinal disorders” AND “obesity.” Publication date: all years.
PubMed: “Eosinophilic gastrointestinal disorders” AND “vitamin.” Publication date: all years.

Figure 1. Process of literature screening.

2. Obese and Overweight EGID Patients

Obesity is a global public health problem associated with many chronic diseases,
including type 2 diabetes, arterial hypertension, cardiovascular diseases, and asthma [12].
Growing evidence supports the association between obesity and immune disorders, such as
cancer, autoimmunity, and atopy [13]. Some studies have suggested that pediatric obesity
epidemy and obesity-related inflammation might at least in part be responsible for the
significantly raised prevalence of allergic diseases [13]. The relationship between asthma
and obesity in children is widely demonstrated, and several observational studies have
reported that obese children are more frequently affected by a severe phenotype of asthma,
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refractory to conventional therapies [14–17]. Additionally, data from the National Health
and Nutrition Examination Study III (NHANES III) have described a positive association
between body mass index (BMI) and atopy rates [17]. However, a real link between obesity
and other allergic disorders, such as allergic rhinitis, atopic dermatitis, as well as EGIDs,
has not yet been extensively established [18]. A few studies have assessed the role of body
weight and BMI in children and adolescents with EoE, and no articles were published
on EGIDs distal to the esophagus (Table 2). There is evidence that most adults with EoE
mainly have a good nutritional status and expected BMI values [19–27]. Despite feeding or
swallowing issues, EoE children did not generally report nutritional deficiency or impaired
growth [23]. Rezende et al. found that 82.8% of the enrolled EoE children had a good
nutritional state, 11.4% were overweight, whereas 5.7% were underweight [27]. Moreover,
Jensen et al., 2019 reported that EoE children might present a slight impairment of height at
diagnosis and achieve their expected growth, regardless of treatment modality [21]. Finally,
children with GERD and EoE had a weight-for-length (WFL) Z score at the 18th–13th
percentiles; thus, they did not meet the criteria for failure to thrive (FTT) [24].

Table 2. Studies reporting a normal or high BMI of children and adult patients with EoE. No study has been published on
non-esophageal eosinophilic gastrointestinal disorders (EGIDs).

Author, Year Country Study Design Sample Size Population Outcomes

Zdanowicz et al.,
2020 [19] Poland Single-center

retrospective study
36 EoE

patients Children
No difference was observed in the prevalence

of failure to thrive between children with
EoE and controls (30.6% vs. 19.14%).

Alexander et al.,
2020 [20] U.S.A. Retrospective

cohort study
223 EoE
patients Adults

PPI non-responding EoE patients were
younger (p = 0.001), had a lower BMI (27.3 vs.
28.6 kg/m2, p = 0.04), and higher peripheral
eosinophil count (p = 0.006) than responders,
suggesting that these variables might be risk

factors for PPI non-response in EoE.

Jensen et al.,
2019 [21] U.S.A. Retrospective

multicenter study
409 EoE
patients

Children
(<18 years)

Children with EoE had a slight impairment
of height at diagnosis; thus, they were not

malnourished. Additionally, they generally
maintained their expected growth regardless
of treatment modality. Subtle changes were

noted for patients treated with elemental
diets in combination with other therapeutical

approaches.

Kovačić et al.,
2019 [22] Croatia Cross-sectional

study
32 EoE

patients
Children

(<18 years)

Most of the enrolled patients were
well-nourished, and a normal BMI Z score

was found in 75% of the patients. There was
no difference in BMI Z score between

baseline and 12 months follow-up (median
−0.3 vs. −0.3 SD, p = 0.862).

Tanaka et al.,
2019 [23] Japan Cross-sectional

study
27 EoE

patients Adults

Subjects with EoE had higher BMI values
than those without EoE (23.4 kg/m2 vs.

22.3 kg/m2, p = 0.005). Additionally, they
had a higher proportion of bronchial asthma

and hiatal hernia compared to controls
(25.9% vs. 5.2%; p < 0.00129.6% vs. 14.7%;

p = 0.049).

Mehta et al.,
2018 [24] U.S.A. Prospective study

91 patients
(GERD = 38,

EoE = 53)

Children
(0–7 years)

Children with GERD and EoE had greater
eating issues than healthy controls and did

not report nutritional deficiency or impaired
growth. Additionally, children with GERD
and EoE had a WFL Z score at the 18th and

13th percentiles; thus, they did not meet FTT
criteria.
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Table 2. Cont.

Author, Year Country Study Design Sample Size Population Outcomes

Wolf et al.,
2017 [25] U.S.A. Prospective

case-control study

417 patients
(EoE = 120,

healthy
controls =

297)

Adults

BMI was lower in EoE cases than controls
(25 kg/m2 vs. 28 kg/m2, p = 0.002), but it

was not in the underweight range.
Additionally, BMI was lower in EoE patients
with esophageal narrowing, suggesting that
a low weight in a patient suspected of having

EoE should raise concern for esophageal
remodeling.

Lee et al.,
2015 [26] U.S.A. Cross-sectional

study
57 EoE

patients Adults

The median BMI was 25.5 kg/m2, defined as
overweight. There was no significant
difference between the mean ages at

diagnosis and different BMI categories (<25,
25–30, and >30 kg/m2). Rural and urban

adult groups did not differ in BMI categories
(24 kg/m2 ± 8.2 vs. 27 kg/m2 ± 11.7,

p = 0.271).

Rezende et al.,
2014 [27] Brazil Cross-sectional

study
35 EoE

patients
Children

(<18 years)

A good nutritional state was observed in
82.8% of the enrolled children. In particular,
11.4% of enrolled children were overweight,

whereas 5.7% were underweight.

BMI, body mass index; EoE, eosinophilic esophagitis; GERD, gastroesophageal reflux disease; PPI, proton pump inhibitor; WFL, weight-
for-length.

To date, no research has investigated the possible pathogenetic role of obesity in
EGID development. Putative explanations could probably be found in environmental
and genetic risk factors and EGID-related comorbidities. The overall prevalence of EGIDs
seems to higher in developed Western countries, where childhood obesity and atopic
diseases were significantly increased through time [7,28]. Indeed, obesity and the Western
lifestyle, mainly characterized by high calorie/fat consumption and reduced physical
activity, might be directly related to the increased risk of developing allergic diseases, such
as EGIDs [13]. In a study in mice, Silva et al. demonstrated that obesity aggravated the
immune histopathological characteristics of the EoE experimental model, reducing the
regulatory cytokines profile (low expression of forkhead box P3, FOXP3, and interleukin
10, IL-10), increasing the inflammatory mediators (IL-5 and thymic stromal lymphopoi-
etin, TSLP), and promoting tissue remodeling [29]. These fascinating data might provide
new insights about obesity as a possible EoE risk factor that might impair esophageal
inflammation and symptoms.

Another possible pathogenetic mechanism might be the relationship between EoE and
GERD. Diagnosis of GERD has also increased, especially in developed countries [7]. In half
of the infants with refractory vomiting and regurgitation, GERD was also expressed in the
underlying cow’s milk allergy, and improved with a hydrolyzed formula [30]. Several stud-
ies reported that GERD might play a possible pathogenetic role in esophageal eosinophilia,
more relevant in PPI-responsive patients [31]. Indeed, EoE and GERD are not mutually
exclusive and might coexist [4]. Although there are no exact data, four mechanisms have
been proposed to explain this association: (1) GERD only causes esophageal eosinophilia;
(2) GERD and EoE coexist but are independent phenomena; (3) EoE induces GERD; (4)
GERD contributes to or induces EoE [7,31]. Acid reflux alters the esophageal epithelial
barrier, leading to high intestinal permeability, with a subsequent passage of food allergens
and release of inflammatory and eosinophil chemoattractant molecules might trigger EoE
in susceptible subjects [32].

On the other hand, the esophageal eosinophilic inflammation is also associated with
the production of different proinflammatory cytokines that might impair peristalsis and
the esophageal acid clearance [7,33]. The subepithelial fibrosis, a delayed complication
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of EoE, might also promote esophageal dysmotility and GERD-related symptoms [31].
It is well described that being overweight and obese contribute to the development and
worsening of GERD frequency and symptoms [34,35]. Obesity is notoriously involved
in the pathogenesis of GERD [23]. Visceral fat might mechanically induce reflux events,
increasing the intra-abdominal pressure [36]. Additionally, abdominal fat is metabolically
active, activating macrophages, increasing and releasing proinflammatory cytokines and
adipokines such as leptin [23,36].

Genes, obesity, and atopic diseases are linked. This association is well described
in asthma patients, whereas no studies have been reported on EGID subjects. The β2-
adrenergic (ADRB2) and glucocorticoid (NR3C1) receptor genes have been involved in the
development of asthma and obesity [13]. Similarly, polymorphisms of the fractalkine recep-
tor gene (CX3CR1) have been associated with asthma, atopy, and obesity [16]. However,
no studies have described a genetic correlation between obesity/overweight and EGIDs.

Finally, EoE is characterized by chronic inflammation, specifically affecting the esoph-
agus and generally sparing other GI tracts. This feature could clarify why EoE is not related
to intestinal malabsorption and does not affect the bodyweight of adult patients.

The relationship between EGIDs, overweight, and obesity is still speculative, and
further studies are required to confirm these clinical findings.

3. Undernutrition and Failure to Thrive in EGIDs Patients

Although poorly investigated, EGIDs may also be complicated by undernutrition and
FTT for pathogenetic mechanisms similar to those reported in inflammatory bowel disease
(IBD) patients [37]. FTT is one of the most commonly described clinical complications
in children with EoE [3,38], although the exact prevalence has never been documented.
Retrospective studies have reported that the prevalence of FTT ranges from 10.5% to 24%
of EoE patients with different age-related rates (Table 3) [39–44]. In a large retrospec-
tive study, Spergel et al. demonstrated that FTT mainly characterized young children
(2.8 ± 3.2 years) [44]. Moreover, Alhmoud et al. reported FTT and weight loss only in
children with EoGE, and 15% of these had severe mucosal involvement leading to malab-
sorption [41].

Table 3. Studies reporting underweight and failure to thrive in children and adult patients with EGIDs.

Author, Year Country Study Design Sample Size Population Outcomes

Hoofien et al.,
2019 [39] Europe

Multicentric
retrospective

study

410 EoE
patients Children

The most frequent indications for endoscopy were
dysphagia (38%), gastroesophageal reflux (31.2%),

food impaction (24.4%), and FTT (10.5%).

Chehade et al.,
2018 [40] U.S.A. Multicentric

study
705 EoE
patients

Children and
adults

FTT was present in 21.3% of enrolled subjects and
was significantly common in children. Common

pediatric comorbidities were
neurological/developmental disorders, gastric tube
placement, prematurity, atopic dermatitis, and food

allergy.

Alhmoud et al.,
2016 [41] U.S.A. Retrospective

study
13 EoGE
patients

Children and
adults

FTT and weight loss were observed only in children.
Two children (15%) had severe mucosal involvement

leading to malabsorption, FTT, and weight loss.

Paquet et al.,
2016 [42] Canada Retrospective

study 62 EoE patients Children Sixty-two children were enrolled. Of these, 15 (24%)
met at least one criterion for FTT.

Colson et al.,
2014 [43] France Retrospective

study 59 EoE patients Children

Most children had negative WFH z scores, and 10%
had nutritional indices compatible with moderate
malnutrition. Nutrition therapy (elemental and six
food elimination diets) did not impair nutritional

status.

Spergel et al.,
2009 [44] U.S.A. Retrospective

study
620 EoE
patients Children

FTT/feeding issues and GERD-like symptoms were
the most common presentations in the youngest

children. (118 patients).

EoE, eosinophilic esophagitis; EoGE, eosinophilic gastroenteritis; FTT, failure to thrive; GERD, gastroesophageal reflux disease; WFL,
weight-for-length.
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Several factors may negatively impact the nutritional status of EGIDs patients (Table 4),
mostly children. Firstly, children with EoE more likely present feeding disorders, recurrent
vomiting, or regurgitation due to the esophageal inflammation and dysfunction, which
can severely impair the adequate intake of foods and nutrients [2,3]. EGIDs are emerging
GI disorders, therefore the diagnostic delay was often reported in adolescents and adults,
who can consequently develop esophageal strictures due to the chronic inflammation and
fibrous tissue deposition, prolonging clinical symptoms and patient feeding discomfort [45].

Table 4. Potential factors that may negatively influence the nutritional status of patients with EGIDs.

Chronic esophageal inflammation leading to typical GI symptoms: recurrent vomiting and
regurgitation, loss of appetite, food impaction, GERD-like symptoms

Diagnostic delay may increase the risk of esophageal stricture and prolong GI discomforting
symptoms

The low compliance to therapies may sustain esophageal inflammation, also allowing a low grade
of antigen exposure

Swallowing disorders and fear of food impaction may compromise feeding behavior, allowing the
development of food avoidance, anorexia, and anxiety

Restrictive food-elimination diets may reduce adequate food oral intake and lead to low levels of
vitamins

Atopic (IgE mediated food allergy, atopic dermatitis) and non-atopic comorbidities (CD, IBD,
type 1 diabetes mellitus, ASDs, CF) may be associated with FTT, low growth, reduced food oral

intake, vitamins deficiency, and undernutrition

Multisite GI eosinophilic inflammation with subsequent abnormal permeability may be a possible
reason for nutrients loss and higher caloric and protein requirements in patients with EGIDs

distal to the esophagus

ASDs, autism spectrum disorders; CD, coeliac disease; CF, cystic fibrosis; FTT, failure to thrive; GERD,
gastroesophageal reflux disease; GI, gastrointestinal; IBD, inflammatory bowel disease.

Secondly, low compliance to treatment is one of the main reasons for therapeutic
failure and persistent active EoE, especially in adolescents and adults [46]. Chronic GI
symptoms and impaired oral food intake, due to the sustained esophageal inflammation
and continued low-grade antigen exposure, through limited dietary compliance are other
possible explanations for undernutrition.

Thirdly, children, adolescents, and adults with previous food impaction episodes may
have a high risk of developing anxiety and eating disorders, such as nervous anorexia and
food avoidance, leading to an inadequate nutrient intake [46,47]. In a case-control study,
Wu et al. found that most children with EGIDs had feeding behavioral problems compared
to healthy controls [48]. Another study showed that 16.5% of EGID children had feeding
issues, such as food refusal, low volume, and variety of intake, grazing, and spitting food
out [49]. Moreover, 21% of these children were also complicated by FTT, suggesting that
feeding issues may impair the regular childhood oral intake contributing to undernutrition
and growth failure [49].

Additionally, a retrospective multicentric U.S. study of Consortium of Eosinophilic
Gastrointestinal Disease Researchers (CEGIR) reported that 41% of children and adoles-
cents with nonesophageal EGIDs might have a multisite GI inflammation [50]. This finding
suggests that the persistent GI inflammation and subsequent abnormal intestinal permeabil-
ity may be possible reasons for nutrients loss and higher caloric and protein requirements
in patients with EGIDs distal to the esophagus [24].

Moreover, the association between EoE and other allergic conditions is well established
and might be a potential further reason for FTT and undernutrition in EGIDs children.
Children with EGIDs have an excessive prevalence of atopic dermatitis, IgE-mediated
food allergy, asthma, and allergic rhinitis, potentially affecting the expected growth [51].
Moreover, several reports have suggested that EGIDs may also be frequently associated
with chronic non-allergic comorbidities that might compromise adequate child growth,
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feeding behavior, and quality of life [46]. In a cross-sectional study, Capuccilli et al.
demonstrated that children with EoE also had higher rates of coexisting non-atopic diseases,
including IBD (0.7%) and CD (5.6%), as well as a higher prevalence of autism spectrum
disorders (ASDs) (7.5%), type 1 diabetes mellitus (1.2%) and cystic fibrosis (0.9%) [52].

Finally, an important unanswered question is whether therapies can influence FTT.
Paquet et al. have reported that EoE-related FTT resolved in 62% of affected children,
suggesting that medical interventions might be helpful not only for disease-remission but
also for clinical complications [42]. However, these results cannot be generalized because
this study was retrospective and based on a small number of patients (15 patients with
EoE + FTT). On the other hand, it was widely described that impaired growth and inade-
quate intake of macro- and micronutrients are possible complications of restrictive food
elimination diets, which are pivotal therapeutical approaches of several pediatric illnesses,
including EGIDs [1]. Several clinical factors might induce protein–calorie malnutrition and
impaired food intake with weight loss, FTT, and delayed puberty. These findings underly
the importance of assessing potential risk factors that may bring dietary limitations and
normal growth of children with EGIDs.

4. Vitamin D Deficiency in EGIDs

Low serum vitamin D levels have been proposed to explain the increased prevalence
of atopic and autoimmune diseases in Western countries [53]. Several efforts have focused
on the role of vitamin D in the contribution of chronic dysregulated inflammation and
its modulation [53]. Prevalence of EoE is higher in Western countries and cold climate
zones, suggesting a possible association with low serum vitamin D levels [7]. Increasingly,
significant evidence has shown a consistent link between vitamin D deficiency—due to the
quality of diet, lack of exposure to sunlight—and the risk of atopy, as already described for
asthma, allergic rhinitis, food allergy, and atopic dermatitis [7].

A systematic review has reported that low vitamin D prevalence varied widely in
enrolled studies (0–52%) and did not improve with therapy [24,54] (Table 5). Low levels
of vitamin D were described in 42% of adults and 50% of children with EoE, prevailing in
patients with symptoms of food impaction [54,55]. In a case-control study of 69 children,
Waterhouse et al. reported that patients with EoE and GERD had low vitamin D levels
compared to normal controls, but without a significant difference [56]. To date, no study
assessed other vitamins in EGIDs and serum vitamin D in patients with EGIDs beyond the
esophagus.

Table 5. Studies reporting levels of vitamin D in children and adult patients with EoE.

Author, Year Country Study Design Sample Size Population Outcomes

Mehta et al.,
2018 [24]. U.S.A. Prospective study 91 patients (GERD

= 38, EoE = 53)
Children

(0–7 years)

Enrolled children had adequate
nutrient intakes, except for vitamin D
levels that were low in both groups.

Slack et al.,
2015 [54]. U.S.A. Cross-sectional

study 69 EoE patients Children and
adults

The median vitamin D level was
28.9 ng/mL. Patients with low

vitamin D levels were older
(25.5 years) and had a higher body

mass index (25.2 kg/m2). Vitamin D
insufficiency was not associated with
IgE and surrogate markers of severity
(dilation in adults or hospitalization

or emergency visits in children).

EoE, eosinophilic esophagitis; GERD, gastroesophageal reflux disease.

Although there is emerging evidence of vitamin D in the development of the immune
system and pathogenesis of allergic diseases, such as asthma, atopic dermatitis, and food al-
lergy, no studies have evaluated its possible role in EGIDs development and remission [53].
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Furthermore, based on the design of available studies (cross-sectional data analysis) no
cause–effect relationship can be inferred. It is reasonable to argue that toddlers and young
children with EoE could present with feeding difficulty and refusal, with subsequent nutri-
ent deficiencies, thus malnutrition. Besides, food elimination diets, mostly milk-free diets,
could increase the risk of vitamin D deficiency in EoE patients, as reported in children with
cow’s milk allergy [57,58].

5. Management of EGIDs Patients: From Traditional Tools and Treatments to
Future Insights

Diagnoses of EGIDs are not always straightforward and require chronic GI symptoms,
coupled with suggestive endoscopic findings, prevalent eosinophilic inflammation (≥15
eosinophils/high-power field (HPF) for EoE) in biopsy specimens, and the exclusion of
other causes of GI eosinophilia [1,4,5]. Symptoms of EGID are generally heterogeneous and
often overlap with other conditions and may occur concomitantly. In EoE, the eosinophilic
inflammation leads to progressive esophageal dysfunction, mainly characterized by feeding
refusal and vomiting in children, and dysphagia, heartburn, and food bolus impaction
in adolescents and adult patients [3]. Patients do not always appear to have feeding or
eating disorders; only 24% of younger patients showed a failure to thrive. As reported in
this review, most patients were normal weight or even obese. A meticulous evaluation of
the patient’s symptoms should be recommended, and the clinician should ask the right
questions to detect suspicious eating habits (Table 6) [59].

Table 6. Useful questions to ask patients with EoE (Adapted from Muir et al., 2019) [59].

Does the patient take longer than others to eat?

Does the patient have to be reminded to chew a lot?

Does the patient need to cut food, especially steak, into small pieces?

Does the patient always need to drink during the meals?

Does the patient eat steak or crusty bread?

Although several research efforts have produced fascinating progress in the diagnosis
and management of EGIDs, especially EoE, the only currently available tool to confirm the
clinical suspicion is GI endoscopy with a biopsy [4,5]. Nevertheless, surrogate measures
for EoE activity and response to therapy, such as the esophageal String test, transnasal
esophagoscopy, and Cytosponge, have emerged as effective, less invasive tools for obtain-
ing esophageal tissue samples [60,61].

Since EoE was initially identified in the mid-1990s, multiple EoE treatment strategies
have been developed. Dietary treatment represented the first-line therapeutical approach
for EGIDs [1,4,5]. Elemental (exclusive amino acid-based formulas) and six-food (milk,
wheat, egg, soy, fish and shellfish, nuts) elimination diet (SFED) are the two main nutri-
tional methods for EGID management with high rates of remission [1,4,5]. Trials have
reported that a significant proportion of EoE patients achieved histologic remission on less
restrictive (two/four food elimination) diets. Thus, personalized dietary strategies might
offer the greatest success, improving the nutritional status and quality of life of affected
subjects [60]. Successful targeted removal of specific foods based on allergy tests have been
reported as case reports. However, targeted food removal might not be effective and is not
recommended, because response to therapy did not seem to correspond to food allergies
identified by skin prick testing or measuring serum food-specific IgE concentrations [62].

Swallowed steroids are alternative EGID treatments to diet-based interventions. The
two most common approaches include swallowed fluticasone and viscous budesonide [4,5].
Comparisons between elimination diets and swallowed steroids are difficult, due to the
heterogeneity of available studies. Meta-regression analyses showed that both therapeutical
approaches are generally equivalent at inducing histologic remission in EGIDs patients [63].
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Unfortunately, a significant population of patients with EGIDs has persistent active
disease. Therefore, several ongoing efforts identify promising biological therapies beyond
diet or steroid strategies [60,64]. Future efforts should be targeted to particular EGID
endotypes using traditional and biologic therapies to achieve a new and high disease
control degree.

How to Manage Malnutrition in Children with EGIDs?

This study suggests that a multidisciplinary approach (allergist, gastroenterologist,
nutritionist, psychologist) is a key winner of EGIDs management (Figure 2), especially
in children with allergic and non-allergic phenotypes. Moreover, the nutritional status
assessment may help recognize patients with an inadequate nutrient intake, especially if
they require restrictive food elimination diets (Figure 3).

Figure 2. The multidisciplinary approach of children and adolescents with eosinophilic gastrointesti-
nal disorders.

Figure 3. Nutritional status assessment of children and adolescents with eosinophilic gastrointestinal
disorders.
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This review summarized evidence on pediatric EGIDs malnutrition and underly
conflicting findings. While some studies have reported normal or high BMI, especially
in adults with coexisting GERD, FTT might mostly afflict young children. As reported
for allergic diseases, EGIDs may also show vitamin D deficiency. However, no study has
assessed how intestinal inflammation or EGIDs therapies may impact serum vitamin D and
bone metabolism. Despite an inadequate investigation, EGID malnutrition is a relevant
clinical field that requires further efforts to strengthen the efficacy of therapies and improve
the patients’ quality of life.
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Abstract: non-IgE and mixed gastrointestinal food allergies present various specific, well-characterized
clinical pictures such as food protein-induced allergic proctocolitis, food protein-induced enterocolitis
and food protein-induced enteropathy syndrome as well as eosinophilic gastrointestinal disorders such
as eosinophilic esophagitis, allergic eosinophilic gastroenteritis and eosinophilic colitis. The aim of this
article is to provide an updated review of their different clinical presentations, to suggest a correct
approach to their diagnosis and to discuss the usefulness of both old and new diagnostic tools,
including fecal biomarkers, atopy patch tests, endoscopy, specific IgG and IgG4 testing, allergen-
specific lymphocyte stimulation test (ALST) and clinical score (CoMiss).

Keywords: non-IgE gastrointestinal food allergy; eosinophilic gastrointestinal disorders; fecal biomarkers;
IgG and IgG4; allergen-specific lymphocyte stimulation test; oral food challenge; atopy patch test;
clinical score; endoscopy

1. Introduction

Food allergy (FA) is defined as an adverse health effect arising from a specific im-
mune response that occurs reproducibly on exposure to a given food [1]. Based on the
immunological mechanism involved, FA may be further classified as (a) IgE-mediated,
the most well-understood form, which is caused by immunoglobulin E (IgE) antibodies
against food antigens; (b) non-IgE mediated, in which the immune response is thought to
act mainly through cell-mediated mechanisms; (c) or mixed, in which both IgE-mediated
and cell-mediated immunological mechanisms are involved in the reaction.

Nutrients 2021, 13, 226. https://doi.org/10.3390/nu13010226 https://www.mdpi.com/journal/nutrients13
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IgE-mediated FA are the most common. They are easily characterized by the presence
of specific serum IgE (sIgE) or a positive skin prick test (SPT). They occur most frequently
in the first years of life, giving rise to urticaria/angioedema, oral allergic syndrome, rhinitis,
or acute asthma and anaphylaxis [1].

Non-IgE FA are characterized by cutaneous reactions (such as atopic dermatitis,
contact dermatitis and herpetiform dermatitis), respiratory reactions (such as Heiner’s
syndrome) or gastrointestinal reactions, which we will discuss in more detail below [2].

Non-IgE and mixed FA are less understood, despite their frequency: a Swedish
population study showed that 36% of 118 children diagnosed with cow’s milk allergy
(CMA) by an oral challenge test were negative to specific IgE and SPT for cow’s milk [3].

The diagnosis of non-IgE and mixed FA is mainly clinical and is not always easy.
In contrast with IgE FA, the onset of symptoms is delayed and they may have a chronic
presentation, making their association with the allergen less evident [4]. Furthermore, there
is a lack of laboratory tests to assist in diagnosis. In most cases non-IgE FA are diagnosed
on the basis of compatible symptoms and the demonstration that symptoms disappear
once the suspected food has been eliminated and reappear when it is reintroduced [5].

Oral food challenge (OFC) is considered the gold standard for the diagnosis of IgE and
non-IgE FA [6]. This complex test involves the oral administration of the suspected allergen
in a controlled and standardized setting, thus requiring considerable healthcare resources
(physician, nurse, hospital facilities) and family support (stress, fear). Most children with
non-IgE FA do not need day care hospitalization, since they are not at risk of anaphylaxis.
According to the Adverse Reactions to Food Committee of the American Academy of Al-
lergy, Asthma & Immunology, “if a patient has a negative skin test, undetectable serum food
specific IgE level, and no history of convincing symptoms of immediate FA (e.g., symptoms
limited to behavioral changes or delayed/chronic gastrointestinal symptoms), gradual
home introduction of the food in question may be attempted” [7]. Exceptions are made for
patients with suspected food protein-induced enterocolitis syndrome (FPIES), who require
hospitalized medical supervision for the OFC, as they are at risk of dehydration.

The diagnosis of some forms of non-IgE FA, and especially mixed FA, also requires an
endoscopic examination to reveal any eosinophilic infiltration of gastrointestinal tissue.

Recent years have seen rising interest in non-IgE FA. A search for “non IgE mediated
food allergy” on Pubmed revealed 9 articles published in 2000 and 11 in 2001, compared
with 66 and 67 articles respectively for 2018 and 2019. This has resulted in a large increase
in knowledge of many of its clinical and non-clinical aspects. The aim of this article is
thus to provide an updated review on the different clinical pictures of non-IgE and mixed
gastrointestinal FA in the first years of life. It also focuses on the role of both old and new
diagnostic tools, including fecal biomarkers, atopy patch tests, endoscopy, Immunoglobulin
G, Immunoglobulin G4 (IgG, IgG4), allergen specific lymphocyte stimulation test (ALST),
clinical score, and other novel and future tests for the diagnosis of non-IgE and mixed FA.
Celiac disease, although classified as a non-IgE-mediated food allergy, is not included in
this review.

2. Materials and Methods

Search strategy. A comprehensive search was conducted in September 2020 using
MEDLINE via PubMed (www.pubmed.gov) and Embase databases (www.embase.com).
Searches were not restricted by language of publication, publication type or study design,
but had to have been published in the last 10 years. However, we also considered earlier
relevant studies and guidelines by looking through the references of the reviews and
clinical studies published on this topic. This search found 2176 articles in PubMed and
2800 in Embase. Total non-overlapping record identified in PubMed and/or Embase for
each category was 4145. Of these articles 189 were considered useful and are cited in
the references. The search strategies and results in PubMed (MedLine) and EMBASE are
detailed in Table S1.
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The PICO (Patient, Intervention, Comparison/Intervention and Outcome) system was
used to generate questions in regard to three of the topics: endoscopy and food challenge,
atopy patch test and food challenge, and clinical score and food challenge. Further details
on the methods and results are given in the respective paragraphs.

3. Clinical Features of Non-IgE Gastrointestinal FA

Non-IgE gastrointestinal FA present with specific, well-characterized clinical pic-
tures, such as food protein-induced allergic proctocolitis (FPIAP), food protein-induced
enterocolitis syndrome (FPIES) and food protein-induced enteropathy syndrome (FPE),
eosinophilic gastrointestinal disorders (EGIDs) including eosinophilic esophagitis (EoE),
allergic eosinophilic gastroenteritis (AEG) and eosinophilic colitis (EC) (Table 1), or with
less specific clinical pictures. The latter come with nonspecific symptoms such as repeated
regurgitation, vomiting, and watery or mucous hemorrhagic diarrhea, often in combination
with other symptoms such as poor growth and crying crises (colic). These are not easily
distinguishable from other childhood gastrointestinal diseases or functional disorders.
Furthermore, FA itself can cause gastroesophageal reflux disease (GERD).

3.1. Food Protein-Induced Allergic Proctocolitis (FPIAP)

Notwithstanding a lack of prevalence studies, FPIAP is believed to be the most
common non-IgE FA. It manifests in the first months of life with bloody stools in an
otherwise seemingly well infant, in whom other causes of bleeding (constipation and/or
anal fissures, infections, inflammatory intestinal diseases) have been excluded [8]. In a
recent prospective population study in the USA, FPIAP was diagnosed from the presence
of bloody stools or occult blood in 163 (18%) of 903 infants over a period of 3 years, and
from the presence of occult blood alone in 63 (7%) [9]. The most frequent food trigger is
cow’s milk, followed by egg, soya and corn [10]. Diagnosis was most frequently made at
the age of one month, and it seemed to be the most frequent cause of rectal bleeding in
infants. FPIAP is believed to resolve rapidly: two studies reported that bloody stools or
occult blood disappear in a few weeks, even without an elimination diet [11,12]. However,
a meta-analysis by Lozinsky et al. found that an OFC was still positive in 34/47 patients
(72.4%) after three months of an elimination diet and in 10/47 (21.2%) after 1 year [13].

A recent study of 257 infants with FPIAP showed even less optimistic data: only
60% of children developed tolerance in the first year of life, although 99% did so within
3 years [14].

SPT and sIgE tests for milk are usually negative. However, about 20% of children
with FPIAP may show sensitization or develop IgE-mediated allergy to offending foods
over time [15]. Endoscopy and rectal biopsy may prove inconclusive, with focal erythema
ulceration, diffuse nodularity, or loss of vascular pattern, or they may be normal. For this
reason, and because FPIAP is usually a patchy disease, multiple biopsies are necessary for
diagnosis [16].

For these reasons, it has been suggested, for otherwise seemingly well infants with
suspected FPIAP, to wait 2–4 weeks for spontaneous resolution without initiating an elimi-
nation diet [17,18]. If symptoms continue, an elimination diet is started; if the hematochezia
stops, a specific IgE or SPT test for the suspected food may be useful. If these are negative,
the food may be reintroduced at home, but if positive, an OFC is essential. If symptoms
persist after elimination, other causes of rectal bleeding (fissures, infections, necrotizing
enterocolitis, chronic inflammatory bowel diseases, coagulation defects, invagination,
volvulus, Hirschsprung’s disease) must be excluded to enable diagnosis [19].

An elimination diet (whether for the mother, as most cases arise during breastfeeding,
or the infant) usually leads to regression of symptoms within 3–5 days, although some
children may require a few weeks before any improvement is seen [8]. An OFC should be
performed 2–4 weeks after the regression of symptoms. The first food excluded is usually
cow’s milk, or the food suspected by the mother. If this seems ineffective, other foods (egg,
nuts, etc.) [14] should be excluded [20], following the same diagnostic procedure for each
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food. If the allergen is detected the elimination diet is usually continued until the age of
12 months. An OFC can then be proposed to assess the development of tolerance [2].

3.2. Food Protein-Induced Enterocolitis Syndrome (FPIES)

FPIES usually presents acutely, although a chronic form has also been described. Acute
FPIES is characterized by bouts of vomiting 1–4 h after ingestion of the food responsible [21].
Repetitive emesis is associated with progressive lethargy, which may be associated with
shock, dehydration and acidosis, hypotonia, and hypotension [6]. Episodes of diarrhea
may occur, usually within 24 h. The severity of the symptoms often causes patients to seek
emergency medical care [22]. SPT and sIgE tests for foods are usually negative. However,
over 10% of patients have food-specific IgE (atypical FPIES) and associated IgE clinical
features before or after the onset of FPIES [23,24].

Any food can induce FPIES, but the most common causes vary by age and location.
Rice and oats have emerged as the most common triggers in the USA, followed by cow’s
milk, soya, egg, fish, fruits, and vegetables [22]. In Italy and Spain, fish is the most common
solid food trigger [25,26]. According to a recent international consensus, the diagnosis
of FPIES requires the major criterion and at least 3 minor criteria to be met [6] (Table 2).
Infants presenting with a convincing history of FPIES likely do not require challenges
to confirm their initial diagnosis. If only one episode has occurred, a diagnostic OFC is
strongly recommended to confirm the diagnosis. Differential diagnosis includes sepsis,
necrotizing enterocolitis, anaphylaxis, FPE, intussusception, pyloric stenosis, etc. [22].

A variety of protocols have been proposed in relation to OFCs. A recent International
Consensus suggests administering a dose of 0.06 to 0.6 g (usually 0.3 g) of the food protein
per kilogram of body weight, in three equal doses over 30 min [6]. Lower starting doses,
longer observation periods between doses, or both should be considered in patients with a
history of severe reactions [27]. It is generally recommended not to exceed a total dose of 3
g of protein or 10 g of total food (100 mL of liquid) for an initial feed and to observe the
patient for 4 to 6 h [28].

The severity of chronic FPIES symptoms depends on the amount of food trigger
continuously present in the diet. With low doses (e.g., solid foods or food allergens in
breast milk), they manifest as intermittent vomiting and/or diarrhea and failure to thrive,
without dehydration or metabolic acidosis. More regular intake (e.g., formula milk) is
associated with intermittent but progressive vomiting and diarrhea (occasionally with
blood), sometimes with dehydration and metabolic acidosis, and in about 50% of cases
failure to thrive. Vomiting should regress within 3 days of excluding the responsible food,
and its reintroduction may be followed by the sudden onset of acute clinical signs of FPIES.
Without a confirmation challenge, the diagnosis of chronic FPIES remains presumptive [6].

3.3. Food Protein-Induced Enteropathy (FPE)

The incidence of FPE is unknown, although it seems to be less common than 20
years ago, and today is rather rare. It manifests with chronic diarrhea and consequent
failure to thrive in the first 9 months of life [29]. It most frequently begins in the first two
months of life, some weeks after the introduction of cow’s milk to the diet. More than
half of the affected infants also show vomiting, abdominal distention, poor growth, and
lack of appetite [30]. In a minority of cases it leads to iron deficiency anemia, associated
with the presence of occult blood in the stool. FPE causes a malabsorption similar to
that of celiac disease, with which it has been found in association. It is usually caused
by cow’s milk, but may be due to soya or egg. Elimination of the responsible food leads
to the regression of symptoms within 1–4 weeks, while the patchy villous atrophy it
causes regresses several months after apparent clinical healing [29]. It is diagnosed by the
reappearance of symptoms following the reintroduction of the food after 1–2 months [30].
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3.4. Eosinophilic Gastrointestinal Disorders (EGIDs)

EGIDs are chronic diseases characterized by a range of gastrointestinal symptoms,
eosinophilic infiltration of the gastrointestinal tract and, sometimes, peripheral eosinophilia.
Diagnosis requires the exclusion of other causes of eosinophilic infiltration and the involve-
ment of other organs.

3.4.1. Eosinophilic Esophagitis (EoE)

EoE may Start in the First Years of Life. In a multicentric study of 705 patients with
EoE, about half were under 11 years of age. In this subgroup the median age of diagnosis
was 3 years and median age of the onset of symptoms 1.1 years (interquartile range 0.4–
3 years) [31]. In the early years of life EoE presents as GERD, and it is thought to be
responsible for about 10% of cases of infants requiring treatment for GERD. The clinical
picture includes regurgitation, vomiting, sometimes rumination, lack of appetite, burning,
and pain, causing crying after feeding and sometimes immediately after starting to feed.
This leads to refusal of food and sometimes abnormal posturing of the head and neck and
severe arching of the spine, associated with melena and iron deficiency anemia (Sandifer
syndrome) [32]. In these cases, failure to respond to proton pump inhibitor (PPI) should
increase the suspicion of EoE.

The most common symptoms of EoE, such as dysphagia and food impaction, in-
crease with age and are more common during adolescence. Concomitant atopic conditions
should increase the suspicion of EoE [33]. It is diagnosed on the basis of symptoms of
esophageal disfunction and >15 eosinophils per high power field (eos/hpf) on esophageal
biopsy [34,35]. Other non-EoE disorders that cause or potentially contribute to esophageal
eosinophilia should be excluded. An esophageal biopsy is necessary not only for diag-
nosis but also to monitor the results of treatment. The endoscopic signs of EoE include
esophageal rings, longitudinal furrows, exudates, edema, strictures, or narrow caliber
esophagus [2] Even in the absence of macroscopic lesions, multiple biopsies are needed for
diagnosis: at least 4 biopsies (2 in the proximal and 2 in the distal esophagus) according
to Dellon [36], and at least six biopsies from two different sites (typically the distal and
proximal esophagus) according to Liacouras [37].

Food can be a trigger for children with EoE, especially in the early years of life. Studies
showed that about 70% of children were allergic to one or more food, above all cow’s milk,
egg, wheat and soya. The younger the age, the more foods may be responsible [38,39].

3.4.2. Allergic Eosinophilic Gastroenteritis (AEG)

AEG is much less common than EoE. It affect both adults and children, and is rarely
seen in the first year of life [40,41]. In young children it may cause abdominal pain,
irritability, easy satiety, vomiting, diarrhea, weight loss, anemia and hypoalbuminemia, due
to protein-losing enteropathy. However, symptoms are dependent not only on the patient’s
age but also on the organ affected, as well as the extent (invasion through bowel wall
layers) [42]. Multiple food allergens are often implicated in this condition [42]. Peripheral
eosinophilia is found in approximately 50% of patients with AEG. Serum tests for food-
specific IgE antibodies or SPT reveal a food trigger in less than 50% of cases [43]. The
diagnosis is made following endoscopic examination of the upper gastrointestinal tract,
showing hyperemic edema and plaque in more than 50% of cases and, less frequently,
erosion and ulceration [44]. The hallmark of AEG is marked eosinophilic infiltration of the
gastric and/or duodenal mucosa, amounting to at least 30 eos/hpf [45]. Before initiating
treatment of any AEG eosinophilic gastroenteritis, it is imperative to conduct a differential
diagnosis to exclude other causes of hypereosinophilia with GI localization.

3.4.3. Eosinophilic Colitis (EC)

EC is the least common form of EGIDs [46], although like the other forms, its overall
frequency seems to be increasing [43]. It is usually seen in adolescents in association with
inflammatory bowel disease and/or celiac disease, and more rarely in infants associated
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with other atopic conditions and FA [47]. Its association with FA is unclear, but probably
drops with increasing age. In a retrospective study of 69 children with colonic eosinophilia,
Pensabene found that FA accounted for 10%, inflammatory bowel disease 32%, irritable
bowel syndrome 33%, and other diagnoses 25% of cases of EC. In another retrospective
study of 49 children aged over 3 years, Yang found sIgE for cow’s milk and egg in 59.2%
of cases. Elemental formula, simple elimination diet or combination therapy resulted in
clinical improvement in 75%, 88.2% and 80% of patients, respectively [48].

Even if some studies found that more than half of cases of EC coexist with an allergy
to cow’s milk protein, soya, or peanuts, the elimination diet is not usually sufficient to
treat it [47]. The IgE concentration associated with allergen stimulation does not reflect the
tissue concentration at the location of the ongoing allergic inflammation. This suggests that
most of the eosinophilic inflammation in the colon is associated with an IgE-independent
mechanism [49]. The diagnosis is established by the presence of an increased eosinophilic
infiltrate in the colon wall in symptomatic patients. However, this is problematic, as
different studies have found different numbers of eos/hpf in healthy children, as well as a
decrease in eos/hpf moving further down the colon [50]. Hurrel et al. suggested that more
than 60 eos/10 hpfs in the lamina propria and eosinophilic infiltration in the epithelium or
the muscularis mucosae are suggestive of eosinophilic proctocolitis [51]. However, there is
no consensus on what comprises pathologic colonic eosinophilia versus normal variation
in eosinophil levels [52].

3.5. Less Specific Clinical Features, Other Phenotypes and Associations

Non-IgE FA occur with less specific symptoms. These can include repeated regurgita-
tion, vomiting, crises of crying, gas, poor growth, constipation or diarrhea, and it is not
always possible to frame them in one of the clinical pictures listed above. There also seem
to be some differences in the clinical features and laboratory findings in different ethnic
groups and geographical regions [53,54]. In addition, many of these symptoms are also
present in GERD, gastrointestinal functional disorders (which are much more common in
the first year of life), and irritable bowel disease. Diagnosis is thus particularly difficult
in these cases, not least because the different conditions can coexist in the same child. A
relationship has been hypothesized between GERD and FA, in particular CMA [55,56].
According to Nielsen, 56% of children with severe GERD may also have CMA [57]. The
same association (with percentages ranging from 16 to 55%) was also found in other stud-
ies [58,59]. In addition, response to diet may not help in the diagnosis of CMA, as extensive
hydrolysis can also improve symptoms in functional disorders or GERD regardless of
allergy: gastric emptying time is lower in children fed with extensive hydrolytes than in
those fed with adapted milk [60].
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4. Fecal Biomarkers

Non-IgE FA are characterized by intestinal inflammation and increased permeability,
which leads to migration of granulocytes and eosinophils to the intestinal lumen. Due to
the lack of reliable diagnostic tests, there is growing interest in finding fecal biomarkers.
Several studies have investigated the use of various fecal biomarkers for diagnosis, such as
fecal calprotectin (FC), α-1 antitrypsin (AT), β-defensin, tumor necrosis factor-α (TNF-α),
fecal IgA, eosinophil-derived neurotoxin (EDN) and eosinophilic cationic protein (ECP).

4.1. FC in the Diagnosis of CMA

FC is an S-100 group cytosolic protein. This group comprises calcium- and zinc-
binding proteins, thereby depriving microorganisms of these trace elements and inhibiting
some zinc-dependent enzymes [61]. FC is immunomodulatory, antimicrobic, and antipro-
liferative and is present in the cytoplasm of neutrophils, in the membranes of macrophages,
in activated monocytes and in mucosal epithelial cells [62]. It is a non-invasive marker of
gastrointestinal inflammation, as its release into the intestine is correlated with the move-
ment of neutrophils and mononuclear cells through the intestinal wall and their turnover
and migration into the intestinal lumen [63,64]. Its concentration is correlated with the
level of intestinal mucosal inflammation, as confirmed by endoscopic and histological
examinations of intestinal inflammatory conditions [65–67]. It has been in use for several
years in both the follow-up and remission monitoring of subjects with chronic intestinal
conditions [68].

Other intestinal proteins (AT, β-defensin, TNF-α, fecal IgA, EDN and ECP), as well as
FC, have been studied in non-IgE FA, offering surrogate markers of the cellular response.

To investigate the use of FC in FA (particularly CMA) in infants, we selected 6 studies
conducted in children with non-IgE FA and 3 studies conducted in a population with both
IgE-mediated and non-IgE-mediated forms (Tables 3 and 4). As was reported in a recent
systematic review, some studies evaluated the use of FC as a biomarker for the diagnosis
and monitoring of CMA, while several others investigated its use as a marker of intestinal
response to OFC [69].

Baldassarre et al. reported significantly higher FC values in patients than controls,
with values dropping by 50% after the elimination diet [70].

Beser et al. enrolled 32 infants under two years of age diagnosed with IgE and non-IgE
mediated CMA by OFC. They found higher FC levels in the non-IgE mediated group,
suggesting a possible use for this biomarker in the diagnosis and monitoring of non-IgE
mediated gastrointestinal forms of CMA [71].

A prospective study conducted by Trillo Belizon et al. reported statistically higher FC
values in infants aged 1 to 12 months diagnosed with non-IgE mediated CMA than in both
infants for whom such a diagnosis had been excluded and healthy controls. Furthermore,
there was a progressive decline in FC values after one to three months of a cow’s milk
elimination diet, with significant differences in patients with gastrointestinal symptoms
such as diarrhea or rectal bleeding. The authors concluded that an FC value <138 μg/g
permits the exclusion of a diagnosis of non-IgE mediated CMA, with a sensitivity of 95%
and a specificity of 78.57% [72].

In a study of 46 children with allergic colitis suggestive of CMA, Lendvai-Emmert
et al. found considerably lower FC values in children who had followed a strict cow’s milk
elimination diet for 3 months compared to their value at diagnosis, thereby indicating FC
as a useful parameter for the diagnosis of CMA [73].

Prikhodchenko et al. monitored FC values in 18 children with FPE and 20 healthy
age-matched children over the course of the disease. The mean FC concentration was
higher in children with FPE than in the control group, but dropped significantly during the
course of the disease. The authors concluded that FC shows promise for monitoring the
course of FPE and evaluating treatment efficacy in children with FPE [74].
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However, other studies reported results conflicting with those cited above. Some
studies did not find any statistically significant difference between FC values on diagnosis
of CMA and after a normal diet without cow’s milk, or in comparison with healthy
controls [75,76].

The use of FC as a biomarker of intestinal response to OFC has been investigated in
very few studies. Berni-Canani et al. investigated the presence of subclinical intestinal
inflammation in response to challenge testing of an amino acid-based formula under study
in 60 infants aged ≤4 years with both IgE and non-IgE mediated CMA. FC and ECP were
measured both before and 7 and 14 days after the challenge. Their values were unchanged
in all patients, thereby demonstrating their optimal clinical tolerance of the formula [77].

Merras-Salmio et al. found higher FC values in patients following an elimination diet
with a positive challenge than in patients with a negative challenge (39 children) towards
cow’s milk protein or in the controls (22 children), demonstrating the presence of mild
inflammation of the intestinal mucosa during the challenge. The Mann-Whitney p values
were significantly different between geometric means of FC values in non-IgE-mediated
forms in comparison with IgE-mediated forms (18% versus 15%).

4.2. Other Fecal Biomarkers

Fecal biomarkers can indicate the degree of intestinal inflammation. Quantification of
fecal eosinophils, above all EDN and ECP, reveals the extent of eosinophilic gastrointestinal
inflammation, thus making them a non-invasive clinical biomarker. The feces of patients
with FPIES, FPE and FPIAP show high levels of EDN, which remain stable at room
temperature for at least 7 days, with matching histologic evidence of eosinophilic allergic
colitis [78]. Kalach et al. determined various fecal markers (AT, TNF-α, β-defensin 2,
secretory IgA, EDN and FC) and analyzed fecal microbiota and intestinal permeability in
infants with digestive and non-digestive symptoms of CMA. A cow’s milk challenge was
performed in all children after an elimination diet, with a positive result in 11 patients.
Eight patients presented non-IgE mediated CMA. The EDN cut-off level of 2818 ng/g gave
a sensitivity of 55% and a specificity of 71% and the authors concluded that measurement
of EDN in a single spot sample is promising in the diagnosis of non-IgE CMA [79].

In a child with FPIES, Wada et al. found an increase in TNF-α following sequential
measurement prior to hydrolysate challenge and a paradoxical reduction during the chal-
lenge. After the challenge, it rose again for one month. Similar results were observed with
fecal IgA, which dropped during the challenge, whilst fecal EDN rose during the challenge.
The authors concluded that the sequential measurement of fecal TNF- α, together with
other markers of intestinal inflammation, could offer a sensitive and non-invasive method
to evaluate non-IgE mediated forms of CMA [80].

In a more recent study of eight patients with FPIES and 12 age-matched healthy
infants, Wada et al. determined FC, EDN and fecal IgA levels before and after the OFC,
finding a significant increase in all three fecal biomarkers in all patients after ingestion of
the causative food. However, FC and fecal IgA levels were much lower than EDN, and the
authors suggest that fecal EDN testing after ingestion of the causative food may serve as a
useful diagnostic marker of FPIES [81].

Very recently, Rycyk et al. measured simultaneous FC, EDN and TNFα in 34 infants
with gastrointestinal bleeding and 25 control group infants with functional gastrointestinal
disorders. FPIAP was diagnosed by open OFC in 27 infants, and the offending food was
identified as cow’s milk in 23 and hen’s eggs in 4 patients. Children with FA demonstrated
significantly higher FC and EDN levels than the controls (p < 0.05). The authors found the
best diagnostic performance in a combination of FC and EDN (88.9% and 84%) respectively
and concluded that FC and EDN are reliable tools in differentiating between FPIAP and
gastrointestinal functional disorders in infants [82].

Finally, a prospective case-control study carried out in Chile reported a sensitivity of
84%, a specificity of 66%, a positive predictive value (PPV) of 68% and a negative predictive
value (NPV) of 83% for occult blood in the diagnosis of FPIAP [83].
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In conclusion, the results from the available literature do not permit us to make any
recommendations concerning the use of FC in the diagnosis of non-IgE FA. Further studies
are necessary, involving an adequate number of participants with uniform characteristics
such as age, nutrition, and duration of elimination diet, and, above all, the use of clearly
defined reference values and FC cut-off times. The latter is a problem of great importance,
given that whilst for adults and children over 4 years of age there is a well-defined cut-off
value for FC (50 mg/kg), values in children under 4 years are considerably higher, and no
cut-off values have been established for infants under one year of age [84–89]. EDN values
too are higher in younger children, suggesting the activation and increased degranulation
of intestinal eosinophils in this age group, given the immaturity of their epithelial barrier
and reduced ability to regulate the intestinal microbiota.

Table 3. Fecal calprotectin in the diagnosis of CMA.

Author
Year
Ref

Study
Design

Study Population and Sample
Size

OFC
FC before

Elimination Diet

FC after
Elimination

Diet
p Comment

Baldassarre
2010
[70]

Prospective
cohort study

30 (median age 8.57 months)
with CMA

4 IgE mediated
26 non-IgE mediated
vs. 32 (age-matched)

healthy controls

No

325.89 ± 152.31
vs.

131.97 ± 37.98
p < 0.001

157.5 ± 149.13 p < 0.001

FC useful for
diagnosis and
monitoring of

non-Ige
mediated CMA

Besęr
2014
[71]

Prospective
cohort study

32 (median age
12.5 ± 8.5 months)
IgE mediated CMA

8 (median age
2.8 ± 1.7 months)

non-IgE mediated CMA vs.
39 (median age

11.5 ± 7.6 months)
healthy controls

Yes

392 ± 209
886 ± 278

vs.
296 ± 94
p < 0.001
p = 0.142

218 ± 90
359 ± 288

p < 0.001
p = 0.025

FC useful for
diagnosis and
monitoring of

non-IgE
mediated CMA

Trillo Belizon
2016
[72]

Prospective

40 (median age 3.68 months)
with non-IgE mediated CMA

vs.
12 (median age 3.25 months)
without non-IgE mediated

CMA vs.
30 (median age 3.8 months)

healthy controls

Yes

442.65
vs.

268.58
vs.

100.30
p < 0.0001

228.51 ◦
92.78 ◦◦ p < 0.001

FC < 138 μg/g
rules out non-IgE
mediated CMA.
FC > 138 μg/g

offers sensitivity
95% specificity

78.57%
PPV 80.9%
NPV 94%

Ataee
2018
[75]

Prospective
cohort study

29 (median age 117.2 days)
with non-IgE mediated CMA No 209.1 (SD 387.9)

189.9 §
(SD 382.4)
125.2 §§

(SD 105.4)

p = 0.741
p = 0.284

FC not useful for
diagnosis or

follow-up of CMA

Lendvai/Emmert
2018
[73]

Prospective
cohort study

46 (median age 7.28 years)
with CMA of which

36 following a strict diet
No

61.17
(SD 63.72)

77

68.35
(SD 74.74)

41.69
(SD 34.68)

p = 0.21
p < 0.001

FC useful
parameter in

diagnosing CMA

Diaz
2018
[76]

Prospective
cohort study

17 (13–23 months)
with non-IgE mediated CMA

vs.
10 (age-matched)
healthy controls

Yes

47.25
(28.80–106.10)

vs.
68.4

(30.38–76.73)
p = 1.0

FC not useful

Prikhodchenko/Russia
[74]

Prospective
cohort study

18 (1-2 months) non IgE
mediated

vs.
20 (age matched)

controls

No

384.41 ± 46.05
vs.

58.38 ± 8.05
p < 0.001

186.29 ± 14.16 p < 0.001

FC is the marker of
intestinal

inflammation in
FPE and is useful
for monitoring the
disease course and

evaluating the
treatment

CMA = cow’s milk allergy; OFC = oral food challenge; FC = fecal calprotectin; FPE = food protein enteropathy; IgE = immunoglobulin E;
SD = standard deviation; PPV = positive predictive value; NPV = negative predictive value. ◦ 1 month after diet; ◦◦ 3 months after diet, § 2
months after diet; §§ 6 months after diet.
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Table 4. Fecal calprotectin in OFC.

Author/Country/
Year/Ref

Study Design
Study Population
and Sample Size

OFC
FC before

Elimination Diet
FC after

Elimination Diet

BerniCanani/
Italy
2013
[77]

Prospective

60 (median age 37
months) with CMA

29 IgE-mediated
31 non-IgE mediated

Yes 36.3 ± 21.6

32.5 ± 23.8 *

33.5 ± 21.6 ˆ

FC useful for
monitoring intestinal
response to OFC in

IgE and non-IgE
mediated CMA

Merras-Salmio/
Finland

2014
[90]

Prospective
cohort study

57 (median age 8.7
months) with non-IgE

mediated CMA
vs.

22 (13.2 months)
healthy controls

Yes

18 OFC
positive

52 (33–86)
vs.

39 OFC
negative

28 (24–44)

60(30–122)

33(24–44)

p = 0.5

p = 0.4

FC not useful for
diagnosis in non-IgE

mediated CMA

FC = fecal calprotectin; OFC = oral food challenge; CMA = cow’s milk allergy; IgE = immunoglobulin E. * 7 days after OFC; ˆ 14 days
after OFC

5. IgG, IgG4, Allergen-Specific Lymphocyte Stimulation Test (ALST)

The measurement of food-specific IgG and IgG4 antibody levels is often proposed
for the diagnosis of non-IgE mediated FA, but the results are currently still uncertain. We
performed a search on PUBMED and Embase to establish the diagnostic usefulness of IgG
and IgG4 testing in this type of allergy, particularly in pediatric age (see Table 1). None
of the six articles selected confirmed the diagnostic usefulness of these tests. The lack of
robust evidence leads to uncertainty over their use in childhood, [91,92] therefore this is
not currently recommended [8,90].

Stapel et al. [93] pointed out that the presence of specific IgG and IgG4 antibodies
against a given food is merely an indicator of the immune system’s physiological response
to repeated exposure to its components and a condition of immune tolerance, and it is logi-
cal to expect positive test results for specific IgG antibodies against food in healthy adults
and children. Furthermore, the Canadian Society of Allergy and Clinical Immunology
(CSACI) recently issued a position statement, in agreement with the American Academy of
Allergy, Asthma and Immunology (AAAAI) and the European Academy of Allergy and
Clinical Immunology (EAACI), declaring that there is no evidence of the usefulness of the
IgG or IgG4 assay in identifying and/or predicting the presence of adverse reactions to
foods [94].

The situation for EoE could be different. Recent data have highlighted the presence of
high titers of specific food IgG4 antibodies in sera and esophageal tissue biopsy specimens
from adults with EoE [95,96]. The clinical significance of these results is not yet clear,
nor has the applicability of these findings to pediatric EoE, or their clinical functional
significance in this population, been established. To further investigate this, we selected
two studies.

Schuyler AJ et al. [97] demonstrated that high sIgG4 levels to cow’s milk proteins are
much more common in children with EoE than in the control group and sIgG4/sIgE ratios
were often 10,000:1 or higher, with an OR > 20 to all 3 cow’s milk proteins. Rosenberg CE
et al. [98] reported that esophageal IgG subclasses were increased in pediatric subjects with
EoE relative to controls; with IgG4 showing a 21-fold change, independently of age and
duration of disease. Although more studies are needed, these data demonstrated that high
specific sIgG4 or esophageal IgG4 levels could be useful biomarkers for the diagnosis or
monitoring of EoE.

The allergen-specific lymphocyte stimulation test (ALST), also called lymphocyte
proliferation or transformation test, has also recently been used to improve the diagnostic
work up in non-IgE FA. We selected nine articles from the PubMed and Embase search
(see Table S1).

The ALST analyzes lymphocyte proliferation and cytokine production in a culture
of peripheral blood mononuclear cells after stimulation with food antigen for 3–5 days.
Response is typically reported as the percentage of stimulated cells (stimulation index).
Although this test has long been used in the diagnosis and research of disorders associated
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with immune diseases (immunodeficiencies, cancer, malnutrition, autoimmune diseases,
etc.), its role in allergic diseases is still uncertain [99,100].

Two studies showed the diagnostic utility of ALST in neonates and infants with non-
IgE GI symptoms after ingestion of cow’s milk formula [101,102], but further evaluation of
its sensitivity and specificity is needed in a larger population.

CMA can cause functional bowel disorders, which can create difficulty in managing
pediatric surgical patients who also have CMA.

Ikeda K et al. [103] examined the effect of CMA on the management of 14 pediatric
surgical patients in their institute, finding that a high LST index (normal range < 300%)
was an important diagnostic tool for pediatric surgeons, who are in the front line for the
treatment of neonates and infants with functional bowel symptoms.

Yagi H et al. [54] evaluated the relationship between the severity of non-IgE mediated
gastrointestinal FA and both clinical and laboratory findings in neonates and infants, using
a new symptom severity scale (grade 1–3). All patients tested positive to at least one milk
component on ALST, with the most severely affected group (Grade 3) showing significantly
higher positive levels than the other groups.

Kajita N et al. [104], in a recent case report of a 7-year-old Japanese girl with FPIES to
quail egg, but not to chicken egg, reported that the ALST stimulation index (cut-off value >
180%) for quail egg yolk was higher than for other antigens, suggesting that the yolk might
be a major allergen in quail-egg-induced FPIES.

Overall, all these studies showed that ALST could be a useful tool in the diagnosis
of non-IgE mediated gastrointestinal FA, given that it can be performed regardless of the
patient’s clinical condition and hence enables early diagnosis. Nevertheless, there are a
number of limitations to its use in children: the use of antigens that are not yet standardized,
the significant amounts of peripheral blood necessary for the test and the relatively long
culture times (5–7 days) [105].

To try to improve these limits, Yagi H et al. [106] evaluated a more rapid allergen-
specific lymphocyte stimulation test (IPAST) that detects IL2 mRNA expression by quan-
titative reverse transcription polymerase chain reaction within 24 h, using only small
amounts of blood. Peripheral blood mononuclear cells from 16 young children with non
IgE-mediated gastrointestinal FA and 17 controls were incubated for 24 h with cow’s milk
proteins. All antigens, and especially α-casein, significantly increased IL2RA mRNA ex-
pression in patients with non-IgE-GI FA compared to the controls, with similar results to
those obtained with conventional ALSTs. The authors concluded that IPAST may be a
useful alternative to ALST in the diagnosis of non-IgE-GI FA, due to its high diagnostic
value, small requirements for peripheral blood and rapid analysis.

In conclusion, the possibility of using specific biomarkers in the diagnosis of non-IgE
mediated FA is still uncertain. While ALST and IPAST appear very promising in this regard,
further studies are needed for both tests to improve standardization, to enable their use
for as many antigens as possible and to better understand the mechanisms underlying the
expression of cytokines and/or their receptors.

6. Accuracy of Atopy Patch Test Compared to OFC

The atopy patch test (APT) is an in vivo test that aims to reproduce the allergic reaction
by application of the suspected allergen to the skin. It mimics the cell-mediated immune
responses in which T cells play a prominent role, such as in non-IgE FA. APT has been
included as a potential test to assess suspected FA in subjects with clinical signs of FPIES,
FPIAP, FPE and EGID, as well as those with less specific symptoms [107].

APT is performed by applying the suspected food allergen to healthy untreated
skin [108].The diagnostic accuracy of APT has been reported as higher with fresh foods
than with freeze dried food extracts [109]. Any food can be assessed with patch testing,
although cow’s milk, hen’s egg, wheat, and soya have been studied most extensively.

Reactions are traditionally classified as + in the presence of erythema, slight infiltration
and, possibly, papules; ++ in the event of erythema, infiltration, vesicles and papules; and
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+++ for intense erythema with infiltrate and coalescing vesicles. They are negative if the
skin is unaffected, and doubtful in the event of faint erythema only [110].

APT is not recommended for the routine diagnosis of FA [111]. Certain factors need
to be taken into consideration, such as the lack of standardized test substances and wide
variability in the sensitivity and specificity of results in previous studies. Moreover, there
is no consensus among experts regarding the appropriate reagents, methodology or in-
terpretation of results. The recent EAACI FA and anaphylaxis guidelines [6] states that
APT remains under study, and that to date its use has not been well established. In con-
trast, a systematic review for FA diagnosis published in 2014 by Sampson HA et al. [42]
showed some evidence that APT may be valuable in assessing food triggers in pediatric
EoE. [Strength of recommendation: Moderate; Evidence: C]

We evaluated the accuracy of APT compared to OFC using a PICO system. All eligible
studies had to meet the inclusion criteria: pediatric patients, FA adequately confirmed by
OFC, specific results in relation to the accuracy of APT. Data extraction was developed
on the inclusion criteria, taking in consideration the best available evidence. Studies from
which it was impossible to extract data on the specificity and sensitivity of APT were
excluded. Two reviewers screened all abstracts and full-text articles independently. Any
disagreement was resolved by a third party.

A total of 56 articles were identified by the literature search. Two of these were system-
atic reviews [112,113], and one a meta-analysis. As this kind of study is considered to be the
highest quality evidence, we have provided an overview of the research published since
then. The last comprehensive systematic review searches were conducted in September
and November 2017; we continued the search up to October 2020.

Articles were screened, but no relevant studies were found in addition to those already
included in the systematic reviews, and only two studies published after 2017 were eligible
according to the inclusion criteria.

The methodological quality of one of the systematic reviews [113] is low. The authors
include 37 studies without a specified reference list, the inclusion and exclusion criteria are
not clearly indicated and they did not consider the quality of included studies. Given the
lack of information on the included studies, we have not taken this review into account.

The second systematic review [112] showed a good quality assessment. The authors
indicated the PICO research approach and criteria for selecting eligible studies, and they
included estimates of likely bias to give quality weights. This review evaluated studies of
the diagnostic value of APT compared to OFC in children with FA. A total of 41 studies
were included and their quality was assessed by QUADAS-2.

Most of the included studies investigated both IgE-mediated and non-IgE FA. Sub-
group analyses were conducted in relation to the patients’ age and clinical signs. The
gastrointestinal symptoms analyzed were: vomiting, regurgitation, diarrhea, abdominal
pain, constipation, hematochezia and failure to thrive. In other cases, the enrolled patients
had a specific diagnosis of enterocolitis, enteropathy, gastroesophageal reflux (GER) or
FPIES. Subgroup analyses for gastrointestinal allergic symptoms indicated high specificity
(91.5%) and low sensitivity (57.4%) for APT. The results showed that FA cannot be ruled out
completely in the event of a negative APT, while its high specificity means that a positive
APT indicates a high risk of FA.

It should perhaps be emphasized that four studies in the above systematic review
recruited patients with a non-IgE mediated reaction, a negative SPT and negative specific
IgE to the suspected foods. One of these was a retrospective study on FPIES, [114] while two
were prospective studies conducted on FPIES [115] and on non-IgE-mediated CMA [116].
The prospective FPIES study demonstrated excellent sensitivity and negative predictive
value (both 100%), while the study of children with non-IgE-mediated CMA confirmed that
caution is needed before performing an OFC in children with a positive APT, given their
good specificity and PPV (respectively 88.3% and 82.8%). The last of these four studies [117]
was conducted on patients with non-IgE mediated rectal bleeding. Only 6 of the 31 subjects
enrolled had confirmed food allergy, and none of them had a positive APT.
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Our search identified two relevant studies published after the 2017 systematic review.
In July 2017, Gonzaga TA et al. [118] evaluated the accuracy of APT in predicting the
development of tolerance in non IgE-mediated CMA. The APTs were prepared with
powdered skimmed cow’s milk in isotonic saline solution or in petrolatum vehicle and
with fresh cow’s milk. With all preparation types, APT gave more false negatives than
true positives. These data demonstrate the low sensitivity of APT and its low efficacy in
predicting true negative patients and, hence, the development of tolerance, but also its good
specificity in identifying subjects with a high risk of allergy. Cow’s milk powder in isotonic
saline solution was slightly superior to the other preparations, with 33.3% sensitivity and
96.1% specificity.

The second recent study, by Sirin Kose S et al., [119] aimed to determine the diagnostic
efficacy of APT compared to OFC in 133 patients with gastrointestinal symptoms caused by
cow’s milk and hen’s egg allergy. The authors retrospectively investigated APT reactions
compared to OFC results. APT procedures were performed by applying fresh milk or egg
white and yolk on the patient’s back. The results demonstrated high specificity but low
sensitivity. In patients with milk allergy APT had a specificity of 100%, sensitivity of 9.1%,
PPV of 100% and NPV of 48.7%, and in patients with egg allergy APT had a specificity of
78.6%, sensitivity of 77.0%, PPV of 47.2% and NPV of 75.0%.

The discussed systematic review and our own search excluded studies without an
appropriate diagnosis of FA, namely those that did not compare APT with OFC. For this
reason, EoE was not included in the list of food allergies, because the diagnosis must be
confirmed by the number of eosinophils in the esophageal biopsy specimen [36].

There is little literature evidence in relation to APT and EoE, with only two studies
from the same group evaluated. The first, published in 2007, is a prospective study [120],
while the second is a retrospective data collection [39]. These studies calculated PPV, NPV,
specificity and sensitivity for different foods that caused increased eosinophils in biopsies.
No other studies investigating the accuracy of APT reported specificity and sensitivity data.
The prospective study [12] found PPVs ranging from 53.8% to 94.4%, depending on the
food concerned, with NPVs ranging from 59% to 98.7%. It is important to point out that
the last study [121] by the same authors, published in 2020 on the diagnosis and treatment
of EoE, did not include the use of APT.

In conclusion, APT can be included in the diagnostic workup because it is a safe,
specific diagnostic test that could point to a possible FA, especially in children with non
IgE-mediated gastrointestinal symptoms (above all FPIES, FPIAP and FPE, and probably
EGID too). The predictive capacity of APT can therefore be improved by combining it with
negative sIgE or SPT measurement. However, several aspects require further investigation,
especially to enable the better definition and standardization of the technique.

7. Accuracy of Endoscopy Compared to OFC

Diagnosis of non-IgE FA in clinical practice is challenging, due to the lack of pathog-
nomonic non-invasive laboratory tests. Many non-IgE and mixed FA such as EoE and
FPIAP have typical histological findings which confirm the diagnosis and point to the best
treatment [122,123]. However, endoscopy with tissue sample collection can be difficult to
perform, since it requires trained staff and resources. It can also be technically difficult,
particularly in the first years of life, requiring general anesthesia.

Moreover, with the exception of EoE, these investigations supply data that are not easy
to interpret, and hence do not change the patient’s elimination diet, the timing of trigger
food reintroduction or any strong suspicions of a different diagnosis, such as autoimmune
enteropathy, tufting enteropathy, microvillus inclusion disease, or congenital disaccharide
deficiencies, in the case of persistent symptoms.

We aimed to compare the diagnosis of non-IgE and mixed FA based on histology
and elimination diet vs. OFC. Only a handful of studies satisfied the above-mentioned
diagnostic work-up (Table S1). After excluding repeat results from the two databases or
different searches, case reports, and literature reviews, 3 articles remained.
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Rectal bleeding is common in not-sick newborns and infants [124]. A recent study
by Jang et al. [125] aiming to clarify the etiology of small rectal bleeding in not-sick
newborns demonstrated that FPIAP is a rare cause of small rectal bleeding, while idiopathic
neonatal transient colitis (INTC) is far more prevalent. All 16 patients included in the study
underwent endoscopy with biopsy. A food elimination test was performed in patients who
did not improve spontaneously, and when rectal bleeding resolved an OFC was performed
in order to confirm the diagnosis of FPIAP. Ten patients satisfied the histological criteria
for FPIAP diagnosis but only two cases were confirmed as FPIAP by food elimination
and OFC. One of these presented erosions on endoscopy and 141 eos/10 hpf within the
lamina propria on histology, while the other had ulcers and 260 eos/hpf. Based on these
results, the authors underlined that without OFC testing, INTC is often misdiagnosed as
FPIAP. When the FPIAP diagnosis is based on clinical symptoms, the misdiagnosis rate is
88%, when based on clinical and pathological guidelines it is 80%, and when based on an
elimination diet it is a little lower, at 67%. Most cases proved to be INTC, which has similar
clinical symptoms and histopathological findings to FPIAP but resolves spontaneously
without diet avoidance or medical treatment within the first week of life (average time
4 days). The authors thus suggest the usefulness of waiting for spontaneous remission of
the hematochezia, in agreement with other authors, who suggest a “one month watch and
wait (W&W) approach” [8,36,39,90–125].

With persistent bleeding, a diagnosis of FPIAIP should be confirmed by avoidance
diet and oral food reintroduction at home, or OFC under supervision if SPT and sIgE tests
for food are positive. However, in clinical practice if symptoms disappear and the infant
is well, the confirmatory oral provocation test may be overcome in the first months of
life. It should be periodically performed over the first year of life to test the acquisition of
tolerance.

Given the age of presentation and the favorable course in the majority of cases, biopsies
are generally not recommended, except in cases of unusual or abnormal symptoms such as
constipation, diarrhea with mucus-streaked stools but without grossly visible bleeding, or
severe rectal bleeding complicated with anemia despite a cow’s milk elimination diet.

In EoE the problem is far more complex. EoE is a chronic esophageal inflammatory
disease characterized clinically by symptoms of esophageal dysfunction and histologically
by eosinophil-predominant inflammation [34]. When EoE is suspected, the first diagnostic
test is upper gastrointestinal endoscopy. The role of allergy testing to identify triggering
foods is limited in EoE, and such foods might only be identified by an elimination diet and
reintroduction of single foods under biopsy control. Although no specific recommendations
exist, it is reasonable to recommend sIgE testing prior to food reintroduction under biopsy
control, due to the possible loss of tolerance during the avoidance diet [126].

The search strategy (“GERD and allergy and endoscopy and oral food challenge”)
identified only one study. Yukelsen et al [59]. investigated the relationship between
refractory GERD (defined as the persistence of symptoms despite PPI treatment for at least
8 weeks) and allergy in 151 patients undergoing allergy testing and OFC. Of these, 28 had
positive allergy tests to cow’s milk protein and 7 to egg, and also reacted during cow’s milk
and egg OFC, respectively; 30 with negative allergy tests also reacted during OFC. All of
them underwent endoscopy with sample collection: six patients in the first group and four
in the second were diagnosed with EoE.

These results lead to various observations. First, this study showed the existence of
a relationship between GERD and allergic disease. Second, it underlined that while OFC
and allergy testing can identify many patients with allergic disease, endoscopy enables the
diagnosis of EoE.

The detection of eosinophilic infiltration (>15/hpf) in at least one esophageal biopsy
is the diagnostic hallmark of EoE (35). The recent Joint Recommendations of the North
American Society for Pediatric Gastroenterology, Hepatology, and Nutrition and the Euro-
pean Society for Pediatric Gastroenterology, Hepatology, and Nutrition report a diagnostic
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algorithm addressing gastroesophageal reflux disease (GERD) management in clinical
practice [127].

Upper GI endoscopy with biopsies should be performed in cases of persistent symp-
toms, such as crying, vomiting, anemia, feeding problems and/or failure to thrive, to
identify and characterize esophagitis or enteropathy.

Poddar [128] et al. performed sigmoidoscopy and rectal biopsy in forty children
presenting with a presumptive diagnosis of CMA based on clinical history of diarrhea,
response to cow’s milk withdrawal and exclusion of other disease. Aphthous ulcers were
found on sigmoidoscopy, while rectal biopsy revealed eosinophilia without much change
in the crypt architecture. There was a recurrence of histological lesions in all patients who
underwent challenge after 6 months of exclusion diet, but only 42% were symptomatic. This
study showed that the correlation between histology and clinical features can be slippery:
while all the symptomatic patients had endoscopic/histologic alterations at baseline, after
re-challenge there was a considerable difference between histological recurrence and
clinical symptoms.

8. Accuracy of Clinical Score Compared to OFC

The diagnosis of CMA in the first year of life is often challenging because its presen-
tation is non-specific, especially in non-IgE mediated and mixed forms. A clinical score,
the CoMiSS (Cow’s Milk related Symptom Score), has recently been proposed. According
to the authors, the CoMiSS should be used as an awareness tool to help recognize the
symptoms of CMA in infants and young children [129,130].

In order to review the diagnostic performance of CoMiSS and any other clinical scores,
we carried out a PUBMED and Embase search using the terms listed in Table 1. We
identified 363 and 328 articles in PUBMED and in Embase respectively, of which just 27
were eligible for our purposes. We found only one clinical score (CoMiSS) applicable to
FA diagnosis in the first years of life. The CoMiSS is based on the presence and severity
of five items investigating general clinical signs and dermatological, gastrointestinal and
respiratory symptoms (Table 5).

In the first study, Vandenplas and colleagues evaluated the diagnostic performance
of CoMiSS in relation to an open challenge performed after 1 month of elimination diet
(extensive hydrolysate). A total of 116 infants with symptoms compatible with mild to
moderate non-IgE CMA were included. The challenge was performed in 73% and was
positive in 69% of the infants. The study showed a reduction in the CoMiSS during the
elimination diet, and found that it was correlated to the challenge result. The average score
reduction was 8.07 points; the challenge was positive in 80% of patients in whom the score
was reduced to 6.0 points or less, but only in 48% if it remained ≥7 (p = 0.001). A more than
50% reduction in a baseline score ≥12.0 was the best predictor of a positive challenge [131].

In a later study, Vandenplas calculated the CoMiSS in 413 infants aged ≤6 months
attending for vaccinations or growth examinations, in order to define normal values in
apparently healthy infants and to establish the cut-off to identify those requiring further
evaluation. The median and mean scores were 3.0 and 3.7 respectively, and the 95th
percentile was 9.0, while only 1.5% had a score ≥12.0. Based on these results, a panel of
allergologists, pediatric gastroenterologists and Belgian general pediatricians established a
CoMiSS threshold of 12 or more to consider the diagnosis of CMPA likely [132].

The same authors published data on 333 healthy infants aged <6 months, documenting
mean and median CoMiSS values of 2.77 and 2.83 respectively. These values rose to 3.88
and 4.00 when the analysis was extended to infants initially excluded due to incomplete
data on gender and type of diet.

While no infant in the first sample had a score ≥12, 14 infants (1.9%) in this larger
cohort did [132].

In another study of 226 healthy, mostly (exclusively or partially) breastfed Polish
infants of the same age, the median and average scores were 4.0 and 4.7 respectively, while
the 95th percentile was 11.0. Only 11 infants (4.9%) scored ≥12.0 [133].
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Table 5. CoMiSS®: Cow’s Milk-related Symptom Score.

Symptom Score

Crying (only
considered if the child
has been crying for 1

week or more,
assessed by parents)

0 ≤1 h/day
1 1 to 1.5 h/day
2 1.5 to 2 h/day
3 2 to 3 h/day
4 3 to 4 h/day
5 4 to 5 h/day
6 ≥5 h/day

Regurgitation

0 0 to 2 episodes/day
1 ≥3 to ≤5 of small volumes
2 >5 episodes of >1 coffee spoon
3 >5 episodes of ± half of the feeds in half of the feeds
4 Continuous regurgitations of small volumes >30 min after each feed
5 Regurgitation of half to complete volume of a feed in at least half of the feeds
6 Regurgitation of the complete feed after each feeding

Stools (Bristol scale)

4 Type 1 and 2 (hard stools)
0 Type 3 and 4 (normal stools)
2 Type 5 (soft stools)
4 Type 6 (liquid stools, if unrelated to infection)
6 Type 7 (watery stools)

Skin 0 to 6

Atopic eczema head-neck-trunk arms-hands-legs-feet
Absent 0 0
Mild 1 1
Moderate 2 2
Severe 3 3

Urticaria 0 or 6
YES NO
6 0

RespiratorySymptoms

0 No respiratory symptoms
1 Slight symptoms
2 Mild symptoms
3 Severe symptoms

The most relevant papers dealing with CoMiSS are listed in Table 6. CoMISS: Coe’s Milk Related Symptoms Score.

Table 6. Characteristics of studies dealing with CoMiSS.

Author
(Year)

Study
Design

Number
(Age)

Cases with +ve IgE
and/or SPT

CoMiSS vs. OFC
CoMiSS and

Elimination Diet

Sensitivity/
Specificity
PPV-NPV

Author’s
Conclusions

Vandenplas (2014)
[131] Cohort

116
(2 weeks–
6 months)

sIgE>0.35 KU/L = 8%
+ve SPT = 10%

OFC in 85/116
(73%)

+ve in 59 (69%)

Basal score ≥12 If
reduced to ≤6, 80%
positivity of OFC.

ND

Score ≥12 useful
for CMA diagnosis
If reduction >50%

with diet, high VPP
for positive OFC

Chakrabarty (2017)
[132] Prospective

30
(24–136
days)

ND OFC
+ve in 8/10

Significant score
reduction

(from >12 to 6)
ND

Useful for early
diagnosis and to
monitor response

to therapy

Rigley (2017)
[133] Prospective 58

(<1 year) ND OFC +ve in 2/2
Score reduction in

all (from 16.5 to 3.4,
average values)

ND

Useful for early
diagnosis, may

help reduce
specialist

consultations

Bajerova (2017)
[134] Cohort

121
(6 weeks–

1 year)
ND OFC

+ve in 11/18 Performed in 21 ND

A cut-off of 8
reached much

more frequently in
allergic patients,

but a lower
threshold could

increase sensitivity

Abbreviations: CoMISS: Coe’s Milk Related Symptoms Score; ND = Not Done; +ve = positive; Sens = Sensitivity; Spec = Specificity;
PPV = Positive Predictive Value; NPP = Negative Predictive Value; SPT = Skin Prick Test; OFC = Oral Food Challenge; CMA = Cow’s Milk
Allergy; FA = Food Allergy; GI = gastrointestinal.
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Table 6. Cont.

Author
(Year)

Study Design
Number

(Age)
Cases with +ve IgE

and/or SPT
CoMiSS vs. OFC

CoMiSS and
Elimination Diet

Sensitivity/
Specificity
PPV-NPV

Author’s
Conclusions

Prasad
(2018) [135]

Observational
Cross-

sectional

83
(0–24 months)

+ve sIgE and/or SPT
= 26/83 (31%)

Diagnosis
confirmed in 70: by

OFC in 56%
of cases

ND

CoMiSS>12
Sens = 77%
Spec = 66%
PPV = 93%
NPV = 33%

High PPV
confirming the

reliability of
parameters

included
in CoMiSS

Armano
(2017) [136] Prospective 40

(3–41 months) ND OFC +ve in 40/40 38/40 score
reduction >50%

Score ≥ 12 (in
17/40, 42.5%)
predicted diet
efficacy with

100% PPV and
9% NPV

Selection of
candidate patients

for diet

Salvatore
(2019) [137] Prospective 47

(1–12 months)
+ve SPT in
8/47 = 17%

OFC in 21/39
patients responsive

to diet
+ve in 6 (29%)

In 19/47 (40%)
score reduction

≥50%

Best cut-off = 9
for response to

diet:
Sens = 84%
Spec = 85%
PPV = 80%
NPV = 88%

To predict diet
response in

children with
persistent GI
symptoms.

Vandenplas
(2013) [138]

Prospective
/Multicentric

116
(80-64 days
(median of
two groups

respectively)

sIgE>0.35 KU/L =
7.5%

+ve SPT = 17% (rash);
10.5% (papule)

OFC in 85/116
(74%)

+ve in 69%

Significant score
reduction after 1

month diet
ND

CoMiSS useful for
CMA diagnosis
(OFC positive in

70% with
score ≥12)

Vandenplas
(2014) [139]

Prospective/
Multicentric

40
(3.4 months)
(mean age)

SPT = 15/40 (37.5%)
tested only 17 cases

OFC in 38/40
+ve in 38/40

Score significantly
reduced after 1,3,6

months of diet
ND ND

Vandenplas
(2016) [140]

Prospective/
Multicentric

71
(6 months) ND

OFC in 50/71
(70.4%)

+ve in 34

After 1 month of
diet, score

significantly
reduced in both
confirmed and

unconfirmed CMA
(OFC not

performed
or negative)

ND ND

Vandenplas
(2017) [141]

Aggregate
analysis of the

previous
3 studies

See above See above See above

Both a score <5
(median) and a
score reduction

from 13 to 5
(median) after 1

month of diet
increase likelihood
of CMA (+ve OFC)

See above See above

Kose
(2018) [142] Cohort

112
(5.6 months

(mean)

sIgE and SPT +ve =
66/112 (59%).

OFC in 46/112
(41%)

Significant score
reduction after 1
month of diet in

infants allergic to
milk, egg or both.

Score
reduction after

diet ≥50%:
Sens = 83.7%
84.6%, 87.5%
for milk, egg

allergy or both
respectively

Score reduction
after diet ≥50% to

be used for
diagnosis of FA

Selbuz
(2020)

[143,144]
Prospective 168

(0–12 months)

+ve sIgE = 23/168
(13.8);

+ve SPT = 20/168
(12%).

OFC in 154/168
(91.7%)

+ve in 91/168
(54,2%)

After 4 weeks of
diet, score reduced
by ≥3 points in 154

(91.7%)

Cut-off 12.5:
Sens = 64.8%
Spec = 54.4%

Association of
symptoms in

CoMiSS helps in
recognition of

CM-allergic infants

Vandenplas
(2020)

[145,146]
Cohort

148
2.3 months
(median) =

Spanish
cohort.

72
3 months
(mean) =

Belgian cohort.

ND

Spanish cohort:
OFC in 13, score

≥10
+ve in 10/13 (76%),

score>12
+ve in 7/8

ND ND ND

Kherkhheulidze
(2017) [147] Prospective 34/<1 year ND ND

Significant score
reduction after 2

weeks of diet.
ND ND

Abbreviations: CoMISS: Coe’s Milk Related Symptoms Score; ND = Not Done; +ve = positive; Sens = Sensitivity; Spec = Specificity;
PPV = Positive Predictive Value; NPP = Negative Predictive Value; SPT = Skin Prick Test; OFC = Oral Food Challenge; CMA = Cow’s Milk
Allergy; FA = Food Allergy; GI = gastrointestinal.
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So, the next question was: what is the clinical usefulness of CoMiSS? In particular, what
is its predictive value when compared to the OFC in non IgE mediated CMA diagnosis?

Chakrabarty and Rigley evaluated the diagnostic performance of CoMiSS in two
small studies, comparing it with the outcome of the elimination diet (and, in some cases
only, with OFC). Interestingly, significantly reduced values were found at the end of the
observation period [134,135].

Bajerova et al. used CoMiSS to identify patients at risk of CMA. The authors suggested
that lower cut-offs (threshold value = 8) would increase the sensitivity of the method in
children with non-specific symptoms of milk protein allergy [136].

None of the above studies reported the number of cases with sIgE and/or SPT.
Prasad carried out a study on 83 patients aged between 0 and 24 months with symp-

toms suggestive of CMA. A score >12.0 was obtained in 60 patients (72%). CMA was
confirmed in 70 patients by OFC (performed in only 56% of cases) or ImmunoCAP. In
detail, in 78.6% of patients with CoMiSS >12.0 and in 15% of patients with a value ≤12.0,
the CoMiSS showed a PPV of 93% and an NPV of 33%. According to the authors the low
NPV was probably because many children were already on the elimination diet and this
would have led to a reduction in the score [137].

In two Italian studies, CoMiSS was compared with response to the elimination
diet [138]. In the first, the PPV and NPV for score ≥12 were 100% and 9% respectively.
The second was a prospective open study that investigated 47 infants aged between 1
and 12 months (median 3 months) who were on a cow’ milk protein-free diet due to the
presence of persistent gastrointestinal symptoms. A significant response to the diet, defined
as a ≥50% score reduction from the baseline value and below the median of the control
population, was obtained in 40% of patients. The ROC curve identified a value of 9.0 as the
best cut-off to predict diet response (sensitivity 84%, specificity 85% vs. 37% and 92% with
a cut-off of 12; PPV 80%, NPV 88%) [139,140].

A meta-analysis of 3 studies to investigate the usefulness of CoMiSS as a predictor
of CMA as confirmed by open challenge [141] found that a low score (median 5.0) after
1 month of elimination diet was associated with a higher risk of a positive challenge test
(odds ratio = 0.83). Moreover, a median score reduction from 13.0 to 5.0 after a 1-month
diet was predictive of the appearance of symptoms upon the introduction of cow’s milk as
confirmed by the result of the confirmatory OFC, which was positive in 69% of cases in the
Nestlé Health Science study [142] and in 81% in the other two studies [143,144].

Kose and Seda evaluated the response to the elimination diet according to the CoMiSS
score in 112 children diagnosed with CMA, egg allergy or both. OFC confirmed the
diagnosis in 46 patients (41%), in whom the modification of the score during the 1-month
elimination diet was assessed. A ≥50% reduction corresponded to a sensitivity of 83.7%,
84.6% and 87.5% for milk allergy, egg allergy and both, respectively. According to the
authors, this value could be employed as a cut-off for the diagnosis of the corresponding
allergies [145,146].

A very recent study evaluated 168 children with a baseline score ≥12 who were started
on elimination diet for 4 weeks: children who responded to the diet also underwent the
open challenge. This study has two important strengths: the large number of children
enrolled and the diagnostic confirmation, in all the “responders” to the diet, by open chal-
lenge. The allergy was confirmed in 54.2% patients; the ROC curve showed that the best
cut-off for CoMiSS was 12.5, which corresponded to a sensitivity of 64.8% and a specificity
of 54.4%. The study also showed that some symptoms, such as skin involvement, were
more frequently observed in children with confirmed allergy whose score was significantly
higher. The authors therefore concluded that the systematic evaluation of symptoms asso-
ciated with CoMiSS can aid the selection of infants who might benefit from an elimination
diet [147,148].

A collaborative study by Belgian and Spanish authors on children aged <6 months
assessed the variability of the score when calculated by a pediatrician and by parents, as
well as day to day variability when evaluated by parents over 3 consecutive days. The data
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suggest that CoMiSS can be calculated by parents, before medical consultation, without the
need for special training. In the Spanish arm of the study, the diagnostic performance of
the score was also compared in relation to OFC: 10 out of 13 children (76%) with a score
≥10 and 7 out of 8 with a score >12 were diagnosed as allergic to CM by OFC [149,150].

Finally, CoMiSS was recently included in a computer-based algorithm in which a
score ≥12 increases the likelihood of the diagnosis and supports a dietary prescription
for babies, whether exclusively breast-fed or not [151]. The score was also employed to
evaluate the effect of hydrolyzed formula therapy in a study conducted at the Central
Hospital of Tbilisi (Georgia). After 2 weeks, there was already a significant score reduction
in children fed with hydrolyzed formula, along with a significant decrease in crying and
regurgitation scores and a significant rise in the percentage of children with normal stool
consistency [152].

In conclusion, 14 studies have evaluated the diagnostic efficacy of the CoMiSS. Of
these, 9 were prospective studies, and 5 enrolled less than 50 children. Only about half the
studies reported the percentage of positive specific IgE and/or SPT in the study population;
in these studies, the vast majority seemed to be non-IgE FA. The diagnostic efficacy of
CoMiSS compared to OFC was evaluated in 13 studies. In the 3 studies (Prasad, Armano,
Salvatore) which used a CoMiSS cut-off value of >12, the PPV was between 80 and 100%.
The vast majority of studies found a reduction in CoMiSS after elimination diet and that a
>50% reduction in CoMiSS was predictive of a subsequent positive OFC.

Although further studies are needed to validate CoMiSS in the diagnostic workup
of CMA and, possibly, other types of FA, and to define the optimal cut-off values, it can
already be considered a useful tool, especially for suspected non-IgE mediated FA. As
also affirmed by other authors, it should also be used to monitor response to therapeutic
interventions such as the elimination diet, but at present it is not sufficient in itself to
diagnose FA and cannot replace the OFC [153].

9. Novel and Future Diagnostic Tests for Non IgE-Mediated Food Allergy

Recent years have seen great interest in the search for biomarkers that, supported by
clinical evidence, could facilitate the diagnostic path for non IgE-mediated and mixed FA.
However, results have been poor [154]. Laboratory tests such as blood count, C-reactive
protein (CRP), serum electrolytes and protein profile offer little help with the differential
diagnosis in the presence of diseases with symptoms similar to non IgE-mediated FA
(e.g., sepsis, gastroenteritis). However, testing for specific cytokines produced by cells
involved in the immune response may be useful. A recent study in patients with FPIES
identified TARC (thymus and activation-regulated chemokine) as a potential biomarker.
TARC is produced by eosinophils when stimulated by TNFα and IL4, and it promotes the
expression by Th2 cells of cytokine receptor type 4, which is involved in cell migration
to the inflammation site [155]. TARC was initially proposed as a marker of severity and
for treatment monitoring in atopic dermatitis [156]. It was recently reported that some
patients with FPIES showed an increase in TARC about 24 h after being exposed to the
trigger food, whether accidentally or during OFC. This increase only appears alongside
gastrointestinal symptoms, suggesting that changes in serum TARC levels are likely linked
to allergy reactions in intestinal epithelium cells [157,158]. This study is an example of how
the measurement of cytokines and changes in their levels following OFC may help in the
diagnosis of non IgE-mediated FA.

There is growing evidence that the microbiome contributes to the development and
presentation of allergic diseases. It seems that gut dysbiosis likely precedes the devel-
opment of food allergy, and the timing of dysbiosis appears to be critical [159]. Specific
microbiome signatures have been observed in non-IgE food allergies, such as eosinophilic
esophagitis and FPIAIP and FPIES [160]. This suggests that the microbiome may offer a
simple and non-invasive diagnostic marker for these disorders [159].

Other studies have shown that activation of the innate immune response underlies the
pathogenetic signs of these diseases. Mehr et al. used RNA sequencing and bioinformatic
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approaches to analyze whole blood from children with FPIES before OFC and during any
acute reactions [161]. Patients reacting to the OFC showed an increased expression of the
genes that activate monocytes, neutrophiles and their receptors, which are responsible for
the observed reactions. In contrast, this was not observed in patients showing no reaction
to OFC. In this case too, a better knowledge of the basic pathogenic mechanisms of delayed
FA may contribute to the development of future new diagnostic techniques.

Similarly, Schouten et al. [162] found a high concentration of immunoglobulin free
light chains (Ig-fLC) in patients with non IgE-mediated CMA who, in any case, showed a
type I immediate clinical response. Increased Ig-fLC levels are normally found in chronic
inflammatory diseases such as intestinal diseases, rheumatoid arthritis, Sjogren’s syndrome,
systemic erythematous lupus and multiple sclerosis. Besides confirming that a chronic
inflammatory state underlies allergy, this result may suggest the use of this immunoglobulin
subpopulation for the diagnosis of non IgE-mediated CMA.

A recently proposed ALST measures interleukin 2 α-receptor mRNA expression
within 24 h, using a small amount of peripheral blood. However, tests like these need
further study to adapt their use to as many allergens as possible and to better understand
the mechanisms underlying the expression of both cytokines and their receptors [106].

The basophil activation test (BAT) is a laboratory test for the in vitro simulation of
an in vivo allergenic challenge, using cytofluorometric evaluation of basophil activation
markers (CD63 and CD203c). The BAT is mainly used for IgE-mediated FA, but can also be
used for non IgE-mediated allergies, albeit with a lower diagnostic accuracy; it is in fact
one of the few in vitro techniques currently available for this kind of allergic reaction [163].
Indeed, basophil activation occurs not only through IgE signal transduction, but also as a
consequence of non IgE-mediated reactions [164]. The main advantages of the BAT are its
reliability, the small amount of peripheral blood required (1 mL), and its high specificity
and sensitivity, enabling it to replace OFC for some patients (especially in the case of tests
requiring high allergen dosages). Its limitations are related to possible basophil anergy,
which is responsible for a lack of response in about 10% of cases; in addition, it requires
specialized training and is still not commercially available. Furthermore, it must be carried
out within 24 h (ideally within 4 h) of sampling and, last but not least, large scale validation
is needed [165].

Some promising results are also arriving from the instrumental diagnostics field. To
support the diagnosis of non IgE-FA in symptomatic individuals, a recent study proposed
the use of abdominal ultrasound and Doppler imaging to evaluate intestinal vessel density
(VD) [166]. The authors evaluated the VD of patients with a history of delayed food allergy
and compared it with the VD observed in patients with gastroenteritis and in case controls.
All patients with non IgE-FA showed thickening of the small intestinal wall and reduced
peristalsis, and most also showed thickening of the mesentery and gastric wall. These
findings suggest that non IgE-FA is characterized by a relatively severe involvement of
the gastroenteric segment, as in the case of acute abdomen, gastroenteric perforation and
Crohn’s disease.

In contrast, infectious diseases do not produce the same ultrasound evidence. More-
over, patients with delayed allergy showed a larger VD in the ileum and jejunum than
did the other two groups. These parameters could therefore be used to distinguish a non
IgE-mediated FA from a severe infection. This non-invasive examination is suitable for
use in children, but as with all ultrasound procedures, it is operator-dependent. In any
case, given the low number of cases included in the clinical study and the variation in the
participants’ ages, further investigation is needed [166].

Finally, genetics could be used to identify individuals affected by or at risk of numer-
ous disorders, including allergic diseases. A large number of genes have been identified by
genome-wide association studies for food allergy [167]. Allergic diseases are the result of
a complex interplay between genetic and environmental factors [168]. Epigenetic mecha-
nisms may explain how the environment influences gene expression, modulating immune
responses throughout life, especially early life [169,170].
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Classical epigenetic mechanisms, including DNA methylation and histone modifica-
tions, have been shown to be involved in the development of IgE-mediated food allergies
such as CMA [171–173]. Differences in DNA methylation in different gene pathways have
been observed in children who subsequently developed an IgE-mediated food allergy [174],
suggesting their possible role as potential biomarkers. Although epigenetic mechanisms
have mostly been investigated in IgE-mediated food allergies, they are also likely to play
a role in non-IgE mediated food allergy. The symptoms of non-IgE-mediated allergy to
food proteins are mostly gastrointestinal and the pathogenetic mechanisms are probably
cell-mediated [175].

In recent years, a common inflammatory pathway has been hypothesized for allergic
diseases, characterized by a “type-2 inflammation” involving different cells besides the
classic Th2 cells. These cells, from both the innate and adaptive systems, produce a unique
Th set of so-called ‘type-2′ cytokines, the effectors of the allergic response [172–176]. This
inflammatory pathway has been implicated in a wide range of allergic diseases, including
atopic dermatitis, asthma and eosinophilic esophagitis [176].

Interestingly, a different DNA methylation profile of Th1 and Th2 cytokine genes
and achievement of tolerance has been demonstrated in children with IgE mediated food
allergy [177]. This suggests that epigenetic modifications may be potential biomarkers for
predicting tolerance. The role of epigenetics in this field has been specifically demonstrated
for IgE food allergies, but a similar effect might also be hypothesized for non-IgE food
allergies. Different DNA methylation profiles were in fact recently demonstrated between
patients with EoE who responded to treatment in comparison with non-responders [178],
suggesting that epigenetic modifications may also be biomarkers of treatment response in
some non-IgE mediated food allergies.

In addition to the classic mechanisms discussed above, other epigenetic mechanisms
have also been proposed in non-IgE-mediated food allergy. It has been reported that
post-transcriptional control elements such as miRNAs may be involved in the pathogenesis
of non-IgE delayed cow’s milk hypersensitivity [179], suggesting the possibility that this
reaction could be downregulated.

Although epigenetic research is still in its infancy, especially in the field of non-IgE
mediated food allergies, it may have several promising clinical applications, ranging from
prevention to early prediction of the success of a given therapeutic strategy. Finally, ongoing
progress in molecular biology and omics sciences (e.g., genomics, proteomics, epigenomics,
metabolomics, and metagenomics) may offer new insights into non-IgE food allergies [180].

10. Conclusions

Non-IgE mediated and mixed FA constitute a heterogeneous group of diseases arising
through immunological mechanisms that are not yet well understood. In clinical practice,
diagnosis generally relies on a compatible clinical history and the resolution of symp-
toms upon the elimination of the presumed triggering antigens. Diagnostic confirmation,
however, requires a different approach in the different clinical pictures. An OFC or home
reintroduction of food may be attempted in many cases, while some cases, endoscopy
and biopsy of the affected intestinal tract is also essential for diagnosis. Promising new
diagnostic tools to facilitate diagnosis are being studied, with encouraging results in some
cases, such as CoMiSS, LSTs and IPAST. Further studies are still necessary to fully under-
stand the physiopathology of these diseases and, consequently, improve their diagnosis
and prognosis.
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Abstract: Cow’s milk allergy (CMA) and gastro-esophageal reflux disease (GERD) may manifest
with similar symptoms in infants making the diagnosis challenging. While immediate reaction to
cow’s milk protein indicate CMA, regurgitation, vomiting, crying, fussiness, poor appetite, sleep
disturbances have been reported in both CMA and GERD and in other conditions such as functional
gastrointestinal disorders, eosinophilic esophagitis, anatomic abnormalities, metabolic and neuro-
logical diseases. Gastrointestinal manifestations of CMA are often non-IgE mediated and clinical
response to cow’s milk free diet is not a proof of immune system involvement. Neither for non-IgE
CMA nor for GERD there is a specific symptom or diagnostic test. Oral food challenge, esophageal
pH impedance and endoscopy are recommended investigations for a correct clinical classification
but they are not always feasible in all infants. As a consequence of the diagnostic difficulty, both over-
and under- diagnosis of CMA or GERD may occur. Quite frequently acid inhibitors are empirically
started. The aim of this review is to critically update the current knowledge of both conditions
during infancy. A practical stepwise approach is proposed to help health care providers to manage
infants presenting with persistent regurgitation, vomiting, crying or distress and to solve the clinical
dilemma between GERD or CMA.

Keywords: reflux; GER; GERD; cow’s milk allergy; CMA; eosinophilic esophagitis; infants; hy-
drolyzed formula; alginate; thickened formula

1. Introduction

Gastroesophageal reflux (GER) and cow milk allergy (CMA) occur frequently in the
first year of life [1–4]. The pathogenesis of these two conditions is complex and involves
multiple mechanisms of nutrition, motility, immunology and hypersensitivity. A number
of papers discussed the overlapping symptoms or simultaneous occurrence of CMA and
GERD [1,4–29] Nonetheless, discrimination between both disorders is still challenging due
to the similarity of the symptoms and the lack of accurate and handy diagnostic tests [1,27]).
Although the response to a CM elimination diet and oral challenge are essential to confirm
the diagnosis of CMA [30–33], a positive challenge test does not proof the involvement
of the immune system. Moreover, delayed reactions as occurring in non-IgE mediated
allergy, may be insufficiently recognized with an oral challenge test. Upper endoscopy and
biopsies and esophageal pH-impedance are the recommended diagnostic investigations
for GERD [34]. However, a normal endoscopy and histology does not rule out GERD,
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as is the case in non-erosive GERD. Normal ranges for pH-impedance are missing and
parameters such as symptom association probability have not been validated in children.
Performance of pH-impedance is also hampered by cost and investment of time [34,35].
As a consequence, under- or over-diagnosis of CMA and GERD are likely to occur. CM
protein elimination diet and treatment with acid inhibitors are often empirically initiated
and are, sometimes, excessively protracted.

The aim of this review is to critically update the current knowledge of both conditions
during infancy and to provide clinicians a practical stepwise diagnostic and therapeutic
approach for infants presenting with persistent regurgitation, vomiting, crying or distress.

2. CMA and GERD: A Pathogenic Twist

GER and other persistent gastrointestinal symptoms in allergic patients are predomi-
nantly associated with cellular immune mechanisms and delayed reactions. In non-IgE
mediated CMA, activated mast-cells, eosinophils and Th2 lymphocytes, release histamine,
tryptase, IL-4, IL-5, IL-13, eotaxin and other chemokines that lead to increased permeability,
epithelial dysfunction, inflammatory infiltration in the mucosal, submucosal and, in some
cases, muscle layers and nociception [25,27,28,36].

A migration of activated mast cells in proximity of enteric nervous system has been
demonstrated in allergic children exposed to CM proteins and may determine gastroin-
testinal dysmotility and related symptoms [37].

GER and regurgitation are commonly related to overfeeding, short length of the (intra-
abdominal) esophagus, obtuse His angle, horizontal position of the infant. Inappropriate
relaxations of the lower esophageal sphincter (LES), ineffective clearance and the impaired
resistance of the esophageal mucosa contribute to GERD [34].

Crying and pain in infants and children are determined by interplaying factors such
as esophageal and gastrointestinal distension, dysmotility, visceral hyperalgesia, genetics,
early life events, inflammatory and microbiota components, increased permeability, stress,
parental and individual coping and perception [4,38,39].

GER and CMA can coexist in the same patient and it has been reported that CMA can
induce GER and also be a predisposing factor for gastrointestinal functional disorders [22,27].
Conversely, treatment with acid inhibitors for GERD increase the risk of allergy later in
life [40,41].

3. Functional Disorder, CMA or GERD: The Clinical Enigma

3.1. Definition and Epidemiological Data of Infant Regurgitation and Colic

Infant regurgitation and colic are defined by the Rome IV criteria as functional gas-
trointestinal disorders (FGIDs) of infancy [42]. Diagnostic criteria for infant regurgitation
must include at least due episodes of regurgitation per day for at least three weeks in
an otherwise healthy infant 3 weeks to 12 months of age without retching, hematemesis,
aspiration, apnea, failure to thrive, feeding or swallowing difficulties or abnormal pos-
turing [42]. Infant colic is defined by recurrent or prolonged periods of crying, fussing or
irritability that occur without an obvious cause, that cannot be prevented or resolved by
caregivers in an infant younger than 5 months with no failure to thrive, fever or illness [42].
For clinical research purposes, to fulfill the definition of colic these episodes of crying or
fussiness should last at least 3 h per days, for a minimum of one day when measured by
a prospectively kept 24 h behavior diary or 3 days per week according to a caregiver’s
interview [42]. They affect, alone or in combination and depending on selection and in-
clusion criteria around 20 to 25% of infants all over the world [4,39,43,44]. Neonates born
preterm, small for gestational age or exposed to early life antibiotics have been recently
reported to be at increased risk of infantile regurgitation and colic [45,46]. One fifth to
one third of parents are concerned about their infant’s health condition and consult health
care providers because of regurgitation, fussiness and crying [3,4,39,41,47]. Regurgitation
and infantile colic occur mostly during the first three to four months of life, with a natural
resolution in the vast majority of cases around 4 to 5 months for colic and from 6 months
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onwards for regurgitation [3,42,48–50]. When the onset of regurgitation is in the first two
weeks of life or when projectile vomiting is the predominant symptom, secondary GER
related to anatomic malformations or conditions such as CMA are more likely [42].

3.2. Symptoms and Prevalence of GERD in Infants

When GER is associated with troublesome, persistent severe symptoms or compli-
cations (e.g., respiratory problems or esophagitis) it is referred to as GERD [34]. As the
definition of troublesome is subjective, the distinction between GER and GERD is challeng-
ing in infants and the two terms are often misused interchangeably [34].

The most frequently reported symptom of GER in infants is regurgitation but the
latter is neither sensitive nor specific to diagnose GERD, neither if associated with crying or
fussiness [14,15,34,38,47,51–53]. Thus, acid inhibitors should not be started in these infants
unless an investigation-based diagnosis of GERD is established [34]. The exact prevalence of
GERD in infants is difficult to define because symptoms are not specific, empirical treatment
is often started, many infants are not submitted to pH-impedance and/or endoscopy and
prospective data are limited. The only report in which healthy infants (N = 509), screened
for risk of sudden infant death syndrome, underwent pH-monitoring dates from 1991 [54].
Using a glass microelectrode to detect acid pH, the 95th percentile of esophageal acid
exposure rate, during the first 12 months of life, was about 10% [54]. Hence, 5% of healthy
infants, would present a pathological oesophageal acid exposure when the threshold is
fixed to 10%. In the last 30 years, for ethical reasons, only symptomatic infants suspected
to have GERD were investigated. When 151 infants with persistent crying underwent pH-
monitoring, 17.9% infants had pathological acid exposure time (>10%) and no association
with total crying duration was noted [15]. Regurgitation occurring more than 5 times
daily was the most specific GERD symptom (specificity 70.9%) but had a poor positive
predictive value (22%). In the absence of frequent regurgitation or feeding difficulties,
pathological GERD according to pH monitoring results was unlikely (negative predictive
value 87–90%) [15]. In another study evaluating 100 infants, suspected of having GERD,
a pathological pH tracing was found in 21% of cases and esophagitis was identified in
17 out of 44 infants (39%) underwent endoscopy, with poor correlation between clinical
symptoms, histology and pH results [51]. In a multicenter retrospective cross-sectional
study in the United States using an Endoscopy Database System, emerged that 5.5% of
children aged 0 to 1 year had erosive esophagitis [55]. In another cohort of 245 infants with
symptoms of reflux submitted to endoscopy and esophageal biopsy, 62 cases (25%) had
histological esophagitis [56]. In 8 out of 40 infants (20%) referred for persisting symptoms
attributed to GERD (regurgitation and/or vomiting and inconsolable crying, fussiness,
irritability, sleeping difficulties or respiratory problems for at least 2 weeks, in the absence
of any other identifiable cause) a pathological acid exposure (defined as ≥7%, as measured
by an antimony electrode) was found by pH-impedance [57]. More recently, our group
analyzed impedance-pH tracings of 62 children (ages 15 days to 23 months, median age
3.5 months) with persistent unexplained fussiness or distress and 19% showed an acid
reflux exposure time >7% [58].

3.3. Symptoms and Prevalence of CMA in Infants

The prevalence of hospital based diagnosed CMA in the first year of life ranges from
0.5% to 3% of infants, with the lowest rate when breast feeding and food challenge are
considered [25,28,36,59]. Nonetheless, in a Finnish study, of the 824 exclusively breast-fed
infants, 2.1% had CMA, verified by a CM elimination-challenge test [60].

In the EuroPrevall birth cohort study, 12,049 children with symptoms possibly related
to CMA were enrolled and 77.5% were followed up to 2 years of age. Clinical evaluation
included CM-specific IgE antibodies (IgE), skin prick test and double-blind, placebo-
controlled food challenge. CMA was suspected in 358 (3%) children and confirmed by
the food challenge in 55 cases (0.54%, 95% CI 0.41–0.70). Of all children with CMA, 23.6%
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had negative specific serum IgE and all of them tolerated CM one year after diagnosis
compared to 57% of those children with IgE-associated CMA [59].

According to these epidemiological data, the expected casual coexistence of CMA
and GERD would occur, by far, in less than 1% of the breastfed or formula fed infants. In
breastfed infants, reflux and infantile colic as single manifestations are only seldom caused
by CMA [61].

GERD may be the cause of regurgitation, vomiting, feeding disorders, day and night
crying [34]. Similar symptoms may also be present in CMA and make it difficult to
understand which condition is responsible for the clinical picture, especially in the absence
of other signs of allergy, such as atopic dermatitis or otherwise unexplained rectal bleeding
in the first months of life [1,4,30,31,61,62].

Prolonged crying during or after a meal or in the evening and night are often erro-
neously attributed to both CMA and GERD which seem to be responsible for only 5–10%
of cases of infantile colic [25,27,38].

Repeated episodes of incoercible vomiting, with possible severe dehydration, lethargy
and diarrhea occurring within a few hours from CM intake, can be classified as food protein
induced enterocolitis syndrome (FPIES) [63,64]. Diarrhea, poor feeding, vomiting, failure to
thrive and malabsorption are reported in food protein enteropathy. Food protein induced
allergic proctocolitis typically shows he presence of blood and mucous in the stools and
mild diarrhea in otherwise well-appearing, often breastfed infants [28,31–33,64].

3.4. Literature Data on the Association of CMA and GERD

A number of studies examined the presence of CMA in infants with symptoms
attributed to GERD (Table 1).

Table 1. Summary of the studies evaluating the association of cow’s milk allergy (CMA) and gastro-esophageal reflux
disease (GERD) (modified from Ferreira 2014 [23]).

Author, Year Population Investigation Main Results

Forget, 1985 [5] 15 children with recurrent
vomiting

Contrast X-ray, small bowel
biopsy

All children showed GER on X-ray.
3/15 (20%) had enteropathy with IgE

plasmatocytes, reported no
improvement with GER treatment but
disappearance on symptoms on CM

free diet

McLain, 1994 [6]
10 infants with GERD who
failed to respond to reflux

treatment
pH-monitoring

Symptoms improved in 2/10 (20%)
infants on CM free diet. No infant

showed significant improvement in pH
monitoring indices

Staiano, 1995 [11] 25 infants with recurrent
vomiting

Endoscopy and small bowel
biopsies, permeability test

Primary GERD in 16/25 (64%), GERD +
CMA in 4/25 (16%), CMA alone in

4/25 (16%).
Enteropathy in 19% GERD, 67% CMA.

Abnormal permeability test in 6%
GERD, 100% CMA

Iacono, 1996 [9] 204 infants (median age,
6.3 months) with GERD

pH-monitoring, upper
endoscopy, allergy tests, CM

challenge

93 (45%) had positive allergy tests, 85
(42%) improved with hydrolyzed

formula and reappeared on challenge.
GER + CMA significantly associated

with the presence of diarrhea or atopic
dermatitis
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Table 1. Cont.

Author, Year Population Investigation Main Results

Cavataio, 1996 [8] 96 infants with suspected
GERD, CMA and controls

Serum specific IgE and IgG,
blood eosinophils,

pH-monitoring, endoscopy,
CM challenge

14 out of 47 (30%) infants with GERD
had CMA These infants had similar

symptoms to those with primary GERD
but significantly higher concentrations
of total IgE, circulating eosinophils and
IgG anti-beta lactoglobulin. A specific
phasic pH pattern, with progressive
decrease in pH tracing, occurred in

24/25 infants with CMA, 12/14 GERD
+ CMA and 0 controls. CM free diet

improved only in the ones with CMA

Milocco, 1997 [10] 112 infants with GERD pH-monitoring, CM challenge

18 infants (16%) had CMA, 10/18 had
failure to thrive. A phasic pH-pattern

was present in 1/18 with CMA and in 3
with only GERD

Hill, 2000 [14]

19 infants with persistent
distress and GER symptoms
with no response to eHF and

GERD treatment

Endoscopy, pH-monitoring,
CM challenge

Nine infants had histologic evidence of
esophagitis and 9 had inflammatory

changes in the stomach and/or
duodenum. Symptoms remitted in all
infants within 2 weeks of starting AAF.

On double blind challenge, after a
median period of 3 months of AAF, 12

infants were still intolerant to CM

Ravelli, 2001 [21] 26 vomiting infants (7 CMA, 9,
GER, 10 controls)

Electrogastrography electrical
impedance tomography, CM

challenge

Children with CMA showed more
gastric dysrythmia (67% vs. 29.4% GER
and 30.4% controls) and delayed gastric
emptying (89 ± 26 min) compared to
infants with GERD (54 ± 13 min) and

controls (62 ± 13 min). 7/7 CMA
patients had regurgitation and/or
vomiting, colic and positive family

history of allergy

Garzi, 2002 [12] 10 infants with GER
symptoms, 10 controls

Ultrasonography to measure
gastric emptying time-with

CM formula and protein
hydrolysate

All infants with a clinical diagnosis for
GER showed delayed gastric emptying

vs. normal subjects
(205 vs. 124 min, p = 0.000).

With eHF there was a significant
improvement in gastric emptying time

and symptoms especially in infants
with positive skin-test and RAST

Nielsen, 2004 [17]

18 infants and children
(median age 8.7 years; range
2 months to 14.8 years) with

GERD

Endoscopy, 48-h pH-metry
(Day 1-elimination diet, Day

2-challenge test), 2nd CM
challenge

10 (56%) infants had CMA + GERD
(higher acid exposure time vs. primary
GERD), responded to CM free diet and
had a positive challenge which was not
associated with a significant increase in

the esophageal acid exposure in the
simultaneous pH monitoring

Nielsen, 2006 [18]
17 infants and children (aged
2–178 months) (mean age of

7.8 years) with GERD

Endoscopy and biopsies,
pH-monitoring, allergy tests,

CM challenge

10/17 (59%) were classified as
CMA-GERD.

Two patients showed >15 eosinophils at
biopsies (=EoE) No differences in the
number of eosinophils, mast cells or T

cells were found between children with
CMA and those with primary GERD
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Table 1. Cont.

Author, Year Population Investigation Main Results

Semeniuk, 2007 [19]
and 2008 [20]

264 children with suspected
GERD (mean age

21 ± 17 months) or CMA

Esophageal manometry,
pH-monitoring, allergy tests

and CM challenge

138 children with GERD: 76 only
GERD, 62 (23.5%) GER + CMA/FA,

32 only CMA/FA.
No differences between primary GERD
and GERD+ CMA in reflux parameters,

in the mean values of resting LES
pressure and LES length at baseline and

during 2 years of follow-up

Farahmand,
2011 [13]

81 children (aged 1mo-2 yrs,
median 12.5 mo) with

supsected GERD.
Clinical study 54 (66%) responded to PPI, 27 (33%) to

CM elimination diet

Borrelli, 2012 [22]
17 children (median age:
14 months) with proven f

CMA and suspected GERD

48-h pH-impedance. Day
1-amino acid formula Day

2-challenge with cow’s milk

The total reflux episodes and the
number of weakly acidic episodes were
higher during CM challenge compared

with the amino acid-based formula
period. No differences were found for
either acid or weakly alkaline reflux

Vandenplas,
2014 [24]

72 Infants with suspected
CMA

Clinical study comparing a
thickened and non-thickened
eHF casein formula: results

after one month.

Regurgitation was reduced in all
infants (from 6.4 ± 3.2 to 2.8 ± 2.9,

p < 0.001) but fell more with the
thickened hydrolyzed formula

(−4.2 ± 3.2 regurgitations/day) vs.
non thickened formula, especially in

infants with a negative challenge
(−3.9 ± 4.0 vs. −1.9 ± 3.4, ns). In the
group with positive challenge the two
formulas showed a similar decrease
(−4.4 ± 2.6 vs. 4.7 ± 5.6). The global
reduction of a symptom-based score

was −7.4 points and the non-thickened
hydrolysate was more effective in the

group with a positive challenge
(−9.2 vs. −5.7 points)

Yukselen, 2016 [26]
151 children (aged 3–60 mo)

with GERD resistant to 8 wks
PPI treatment

skin prick test, specific serum
IgE, eosinophil count, atopy
patch test and CM challenge

58 children (38.4%) had positive CM
challenge and 28 (48%) of them had

positive skin prck tests or IgE, 16 (28%)
had positive patch tests. Bloody stools,

atopic dermatitis and recurrent
wheezing episodes were significantly

more common in these children
Vomiting and diarrhea were more
common in non-IgE children. Ten

children who had positive challenge
were finally diagnosed as EoE

Omari, 2020 [29]

50 infants with persistent
crying, vomiting and/or food
refusal (suspected to be GERD

and or CMA related)

48 h cry-fuss chart, I-GERQ-R,
allergy tests, blinded milk

elimination-challenge
sequence, pH-impedance

before and after CM
elimination, 13C-octanoate

breath test for gastric
emptying, dual-sugar
intestinal permeability,

fecal calprotectin

14 (28%) were diagnosed as
non-IgE-mediated CMA, 17 (34%) had
negative challenge, 19 were excluded
for equivocal findings or incomplete

data. No baseline differences in any of
the tests or GERD parameters between
infants with and without CMA. In the

CMA group, CM elimination
significantly reduced reflux symptoms,

esophageal acid exposure, acid
clearance time and increased

impedance baseline
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The association of CMA-GERD was reported in 16–56% of cases with persistent
gastrointestinal symptoms and suspicion of GERD, irrespective of breast or formula feed-
ing [1,17,23,27–29,45,62]. The percentage of infants with persistent GER symptoms with
clinical improvement on diet and worsening on challenge is extremely variable depending
on the population recruited, design of the study and follow up data [27]. In one study, out
of 19 infants with persistent distress and GER symptoms with no response to eHF and acid
suppressive agents, 9 infants had esophagitis, 9 had inflammatory changes in the stomach
and/or duodenum and all 19 improved on amino acid-based formula [14].

4. The Stepwise Approach to Infants with Regurgitation, Vomiting and Crying

In each infant, alarm signals indicative of other conditions such as infectious, neuro-
logical, anatomic, surgical, genetic or metabolic pathologies should be excluded throughout
an accurate medical history and full physical examination (Figure 1).

Figure 1. Simplified stepwise approach and ACTION PLAN for infants with persistent (≥1 week) regurgitation, vomiting
and crying. See text for complete explanation and further details. Legend: US = ultrasound; CM = cow’s milk protein;
AR = thickened; PPI = proton pump inhibitors; GER = gastroesophageal reflux; EoE = eosinophilic esophagitis; HPF = high
power field.

Onset of symptoms in the first week or beyond six months of life is not typical of GER.
The presence of seizure, psychomotor delay, lethargy or hyporeactivity, abnormal head
circumference, abnormal posturing, prolonged inconsolable crying/irritability, muscle
hypo/hypertonia or impaired reflexes should alert for neurological or neuromotor or
metabolic diseases. Fever, recurrent infections, prolonged apneas, recurrent brief resolved
unexplained events (BRUE) or apparent life-threatening events (ALTE), jaundice, pallor,
dehydration, bulging or depressed fontanelle, cyanosis, gastrointestinal bleeding, bilious
vomiting, abdominal mass or tenderness, hepato/splenomegaly, multiple bruising or
hematomas, weight loss or severe failure to thrive should be promptly investigated [34,65].
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Abnormal growth, malformations and dysmorphic features should be considered for
syndromes and genetic disorders.

Differential diagnosis and specific investigations for these different diseases will not
be discussed in this review.

4.1. Management of CMA and GER in Infants

In the absence of warning signs, the first step in the management of infants presenting
with infantile colic and regurgitation fulfilling the Rome IV criteria is to avoid overfeeding
by checking infant’s growth and feeding modalities regarding frequency and duration
of feeding and preparation and volume in formula-fed infants. Parental education and
information on their infant’s symptoms mechanisms and evolution are of outmost impor-
tance [4,34,39]. Reassurance and positive interaction between parents and babies need
empathy and patience and should be reinforced [39,65–67].

4.2. Nutrition, Dietary Modification and Diagnosis of CMA in Infants

Breastfeeding should always be promoted and continued in all infants, even in CMA,
functional gastrointestinal disorders and GERD, as human milk represents the best nutri-
tional option. In formula-fed infants, feeding volume and frequency should be progres-
sively adapted according to age and weight and formula changing should be considered
in cases with persistent (distressing) symptoms and/or poor weight gain. Commercial
thickened formulas provide controlled concentration of various (locust bean gum/carob
flour, tapioca, potato, rice, corn starch) thickening agents and nutritional requirements and
is likely to decrease the daily episodes of regurgitation by half [66] within the first week.

The National Institute for Health and Care Excellence (NICE) GER- guidelines suggest
a greater likelihood of CMA in the presence of regurgitation associated with chronic
diarrhea or blood in the stool, other atopic manifestations (eczema) or a positive family
history of allergy. In the ESPGHAN guidelines [30,34] the involvement of symptoms in
different organ systems in association with the regurgitation increases the likelihood of
CMA. Both regurgitation and atopic dermatitis are common disorders in the first months
of life and their relation (overlapping age, coincidence or comorbidity) still needs to be
further clarified, especially in infants with severe eczema.

Nonetheless, skin prick tests and specific IgE dosage are positive in only a minority
of patients with gastrointestinal symptoms [1,28]. Atopy patch tests and the dosage of
specific IgG antibodies are not well standardized and thus not recommended for diagnosing
CMA [27,30,31,33]. As a consequence, elimination of CM proteins during 2 to 4 weeks is
the recommended approach [30,34].

In breastfed infants, maternal CM free diet can be considered if symptoms are se-
vere enough. In non-breastfed infants with CMA, formulas with CM based extensively
hydrolyzed proteins is indicated as first choice, rice hydrolysates are second options
and amino acid based formulas (AAF) should be reserved for more severe clinical reac-
tions [28,30–33,68]. Soy infant formula could be considered in some cases, particularly in
infants older than six months and in the absence of severe IgE mediated reactions (e.g.,
anaphylaxis) and gastrointestinal symptoms [31]. Other milk substitutes (from other mam-
malian species or plant-based beverages) are not recommended because of possible cross-
reactivity, limited studies and scarce evidence of efficacy and nutritional adequacy [69].
Noteworthy, hydrolyzed formulas may vary considerable in terms of source of proteins,
method and degree of hydrolysis, macro and micronutrients, additional components (i.e.,
pre- and probiotics) and proof of clinical benefit [70]. Thus, the results of one particular
formula cannot be transferred to a “new” or “similar” one.

In one study, the effect of a thickened and non-thickened casein extensive hydrolyzed
formula was analyzed in 72 formula-fed infants (younger than 6 months) with suspected
CMA (including persistent unexplained distress or colic, respiratory and/or dermato-
logical symptoms, diarrhea or constipation or blood in the stools and troublesome re-
gurgitation/vomiting of more than five episodes a day) with no previous anaphylactic
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reactions [24]. The challenge was performed in 52/72 (72%) of the enrolled population
and was positive in 65.4%. All cases tolerated both study-formulas and regurgitation was
reduced in all infants (6.4 ± 3.2–2.8 ± 2.9, p < 0.001). The thickened hydrolysate showed a
higher reduction of episodes of regurgitation (−4.2 ± 3.2 regurgitations/day) in infants
with both a positive and a negative (−3.9 ± 4.0 regurgitations/day) CM challenge after
one month of treatment compared to a minimal effect of the non-thickened hydrolysate
(−1.9 ± 3.4 episode of regurgitation) in the group with a negative challenge [24]. The
global reduction of a symptom-based score (assessing crying time, number and volume
of episodes of regurgitation, consistency of stools, presence and severity of respiratory
and dermatological symptoms unrelated to infections), was −7.4 points, with the highest
efficacy for the non-thickened hydrolysate in the group with a positive challenge compared
to the negative challenge (−9.2 vs. −5.7 points) and versus the thickened formulas between
the two groups (−8.1 and −7.1 points) [24]. To better target and assess the effect of a CM
free diet, based also on the previous study, a Cow’s Milk Related symptom score (CoMiSS)
has been proposed as an “awareness tool” for CMA [71]. This is based on scoring daily
duration of crying, number and volume of regurgitation episodes, stool pattern, presence
and severity of cutaneous and respiratory manifestations, unrelated to infections. The score
ranges from 0 to 33 points [71]. A pooled analysis showed that infants with a CoMiSS > 12
had a 75 % chance to have a positive challenge test [72] and a 89% probability to respond to
CM free diet according to another report [73]. In a presumed healthy population of infants,
the P95 of the CoMiSS was >9 [73,74]. Despite CoMiSS is an easy tool to help identifying
infants who can benefit from CM free diet, it does not replace the need for a diagnostic
challenge and still requires further validation studies.

The importance of a clinical re-evaluation after a 2–4 weeks is emphasized both to
evaluate the clinical benefit and programming the oral challenge in infants who improved
or consider other diagnostic steps for the non-responders (Figure 1). The oral challenge
test is required for diagnostic confirmation of CMA, proving a reaction to CM proteins
after a clinical response to the exclusion diet [31–33,36]. Given the common acquisition
of tolerance in the first year of life, particularly in infants with non-IgE allergy [59], diet
re-evaluation and reintroduction of CM proteins should be considered and scheduled in
order not to prolong unnecessary dietary restrictions. Supervised CM protein challenges
are required; hospital setting and time frame, (after 2, 6 or 12 months of diet) should
depend on the clinical scenario [30], including symptoms at onset and results of allergic
tests [28,31–33,36].

The role of food allergy and the benefit of CM free diet in persistent unexplained
crying classified as infantile colic are still controversial [3,25,75–77]. In an early small
trial enrolling 21 colicky infants, CM free diet was superior to parental education and
counseling [78]. In another study, enrolling 267 colicky babies, a partially hydrolyzed
whey-based formula, containing fructo- and galacto-oligosaccharides and reduced lactose,
showed a significant decrease in crying episodes compared to a standard formula after
two weeks [79]. In 2010 a systematic review did not report evidence of diet efficacy in
colicky infants and highlighted that in most studies data on the reintroduction of normal
protein were lacking [75]. However, in 2012, another systematic review analyzed the
eleven randomized controlled trials considered to be of good quality and concluded that
both breast-fed and formula-fed colicky infants benefited from CM elimination diet [76].
According to the 2018 Cochrane review on dietary modification for infantile colic, including
15 randomized controlled trials and 1121 infants (aged 2 to 16 weeks), a greater reduction
in crying time in the intervention group compared to normal CM protein intake was noted
in 25% of infants with moderate or severe symptoms in many but not all studies [77].
However, the available studies had small sample sizes and most had a significant risk of
bias [77].

Furthermore, symptoms such as vomiting, regurgitation and crying can decrease and
disappear because of the natural evolution or a placebo effect. Nonetheless, symptoms may
reappear when a formula with whole proteins (and normal lactose content) is reintroduced
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for mechanisms other than the immunological ones of allergy, such as the facilitating effect
of gastric emptying of the (partial and extensively) hydrolyzed proteins or less fermentation
in the case of a formula with reduced lactose [1,4,27]. Bradigastria and tachigastria have
been more frequently detected in patients with CMA than in patients with GER or healthy
children [21]. In allergic patients, dysrhythmia, mainly determined by an interaction
between eosinophils, mast cells and nerve fibers [37], can impair gastric emptying causing
vomiting, increasing reflux and possible pain.

4.3. Diagnosis and Treatment of GER and GERD

In both breast-fed and formula-fed infants with persistent regurgitation and distress,
aluminum free alginate-based formulations have been reported to significantly reduce the
number of episodes of GER and regurgitation and associated symptoms [57,67], with no
adverse effects reported in short term trials.

No symptom or cluster of symptoms or questionnaire showed a high sensitivity
and specificity for GERD in infants and young children [34,51]. The revised infant GER
questionnaire (I-GERQ-R) has a controversial diagnostic value for GERD [29,51,80] but it
provides a validated tool to monitor the evolution of symptoms during an intervention
trial [80].

The infants who continue to present inconsolable crying and distress, with insufficient
improvement after parental reassurance, behavioral and dietetic approaches should be
submitted to investigations to identify GERD [34,65].

In some children with GER due to CMA, a particular pH-metric esophageal pattern
with a gradual drop in pH after the meal was noted [8]. However, this finding is not present
in all infants who respond to the diet and has not been confirmed by other authors [10]. The
pH-impedance analysis showed that patients with CMA have predominantly a non-acid
GER component [22] that can be even more painful than acid GER [58] but do not benefit
from therapy with acid inhibitors.

Several clinical trials, two systematic reviews [47,81], one meta-analysis [82] and
pediatric guidelines on GERD [34,83] have shown that treatment with acid inhibitors is
not significantly effective in infants with regurgitation or vomiting and/or protracted
crying without instrumental evidence of GERD. However, proton pump inhibitors are
often empirically prescribed [84] while should be reserved to infants with pathological acid
exposure time or significant temporal association between symptoms and acid GER during
pH-impedance [34,35] or with evidence of esophagitis [34].

Upper endoscopy is indicated for cases with persistent crying, vomiting, anemia,
feeding problems and failure to thrive to identify and characterize esophagitis or enteropa-
thy. Quantification of eosinophils in esophageal biopsies help to differentiate GERD from
eosinophilic esophagitis. The presence of villous atrophy and inflammatory infiltrate in the
lamina propria on duodenal biopsies is characteristic of patients with CMA [11]. Intestinal
permeability tests are also abnormal in these patients [11] but they are not performed in
many hospitals, are non-specific and are of limited sensitivity for cases without enteropathy.
Contrast X-ray is useful to detect anatomical abnormalities but has no role in diagnosis of
GERD [34]. Video fluoroscopy and laryngeal examination by ENT pediatric specialist may
identify abnormal swallowing and malformation determining respiratory manifestations.
Nevertheless, the presence of laryngeal edema and hyperemia has a limited correlation
with pH-impedance results in infants and children [85].

In a recent study 50 infants with persisting crying, vomiting and/or food refusal
attributed to CMA and/or GERD were extensively investigated including atopy patch test
for CM, milk specific serum IgE antibodies, 48 h cry-fuss diary, I-GERQ-R questionnaire,
blinded milk elimination-challenge sequence, 24h pH-impedance monitoring before and
after CM elimination, 13C-octanoate breath testing for gastric emptying, dual-sugar intesti-
nal permeability, fecal calprotectin and serum vitamin D level, Fourteen infants (28%) were
finally diagnosed as CMA. No test or parameter at baseline differentiate infants with and
without CMA. Only one infant had positive atopy patch test, none had positive serum IgE
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and, surprisingly, permeability test was higher in non-CMA infants. In the group with
CMA, elimination diet significantly improved GERD symptoms, esophageal clearance and
baseline, indirect parameters of esophageal function and mucosal integrity [29].

To quantify the evolution of symptoms and the benefit to the individual patient of
any diet or therapeutic intervention, a follow-up visit after 2 weeks should be planned and
the evaluation of a daily diary reporting pattern of stools, duration of inconsolable crying,
episodes of regurgitation, feeding and sleeping disturbs, CoMiSS and I-GERQ-R scores
would be useful to track symptoms.

A simplified stepwise approach and action plan for infants with persistent regurgita-
tion, vomiting and crying is shown in Figure 1.

A correct diagnostic classification is essential to avoid the possible mislabel of “disease”
in a “functional” condition or the use of protracted or unnecessary diets [31] or drugs with
possible adverse effects [84].

5. The Third Wheel: Eosinophilic Esophagitis

The first report of eosinophilic esophagitis (EoE) dates back 1995 [86]. Ten children
(median age 5 years, range 8 months–12.5 years), with intractable symptoms attributed
to GERD but not responsive to reflux treatment (included Nissen fundoplication in 6
of them), showed improvement (in two patients) or complete resolution (in 8 children)
of clinical picture when fed with an amino acid based formula (for at least 6 weeks)
and relapsed on challenge. The striking feature was the detection of a high eosinophilic
infiltrate (median, 41; range, 15–100) in the esophagus in all cases, with mucosal healing
on elemental diet (median, 0.5; range, 0–22) [86]. Since then, EoE has been increasingly
recognized at all ages throughout the world. While in children and adolescents dysphagia,
bolus impaction, vomiting, epigastric pain and selective feeding can be indicators of EoE,
in infants symptoms include regurgitation, vomiting, feeding difficulties, crying, fussiness
and poor growth [86,87].

The overlap with CMA not only results from the clinical picture but also from the
presence of positive family history of allergy, atopic manifestations and positive allergy
tests in about 50% of EoE cases, with a response to a CM and/or other food elimination
diet in 70–90% of patients [88].

The similarity with GERD is mainly based on the possible reduction of symptoms, acid
exposure and esophageal inflammation with PPI [82] (Figure 2). Furthermore, patients with
EoE may present a pathological pH-impedance, esophageal dysfunction and stricture [82].

Moreover, CMA, GERD and EoE can all occur with acute, chronic and relapsing
manifestations which are difficult to differentiate between the three conditions, particularly
in infants and young children [18,26,87,88].

The endoscopic finding of EoE is very variable and can range from normal appearance
(particularly in infants) [86] to one or more of the following suggestive but not specific
features: food bolus impaction, edema, linear furrows, friability, erosions, ulcerations,
concentric rings (up to appearance of trachealization of the lumen), whitish exudates and
stricture. The detection of a marked eosinophilic infiltration (>15 by high magnification
field, HPF) in at least one esophageal biopsy is the diagnostic hallmark of EoE [87].

The exact prevalence of EoE in both breast- and formula-fed infants [61] is difficult
to determine because few infants have endoscopy and esophageal biopsies before been
attempted CM free diet or PPI treatment. Moreover, pediatric EoE case series did not
provide a subgroup analysis of infants [89] and one large report on infant esophagitis did
not detail eosinophilic infiltration [56]. Noteworthy, several early-life factors, including
maternal fever, preterm labor, cesarean delivery, esophageal atresia, antibiotic or acid
suppressant use in the first months of life, dysbiosis, other atopic conditions and celiac
disease have been associated with risk of pediatric EoE [90,91].
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Figure 2. The challenging clinical overlap among Functional Gastrointestinal Disorder (FGID), GERD, CMA and eosinophilic
esophagitis (EoE) in infants (modified from Nielsen 2006 [18].

The natural history and disease progression of EoE, as well as of CMA and GERD,
are not yet well defined because pathogenesis is complex and not fully understood [92].
Therapeutic options for EoE include, as single or sequential intervention: proton pump
inhibitors, elimination or elementary diet to avoid allergenic exposure and related inflam-
mation [88]; topical steroids for anti-inflammatory effects; endoscopic dilations for severe
stenosis. Immunosuppressive agents and immunomodulators have also been proposed,
especially in non-responders adolescents and adults but need further validation [92]. To
date, there is no specific, universally accepted and effective treatment for EoE in all patients;
consequently, in clinical practice, the therapeutic approach is often individually adapted,
especially as regards the choice between dietary or steroid treatment [82,87,92]. On the
contrary, in infants the first and, in almost all cases, the only treatment needed for EoE is
CM free diet with recommended amino acid formula [31,86,87]. In a recent review of ten
studies, enrolling 462 EoE patients (mean age 6.7 years, range, 4 months–20 years), ele-
mental diet resulted in clinical and histological remission (defined as ≤10 eosinophils/hpf)
in 75–100% of children [89]. Despite diagnostic difficulties an early recognition of EoE is
important to resolve or reduce clinical manifestations and possible long term esophageal
complications.

6. Conclusions

Persistent regurgitation, vomiting, distress and crying are common symptoms in the
first year of life, often coexist in the same patient and can be related to CMA, functional
gastrointestinal disorders, GERD, eosinophilic esophagitis and also other different diseases.
The real prevalence and the mechanisms underlying the association between CMA and
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GERD are not yet fully clarified. The lack of an accurate test for non-IgE mediated CMA
and for GERD determines the difficulty of a correct diagnostic classification and carries
the risk of both delayed recognition and overtreatment. After exclusion of alarm signs for
other organic pathologies, a stepwise approach, starting from behavioral and nutritional
intervention moving to selected investigations in infants with persistent symptoms could
better select infants to start diet and drugs. Because the response to elimination diet,
alginate or acid inhibitors may be due to the natural evolution of underlying condition or
other than immune or reflux-related mechanisms, periodic reassessment of the patient is
essential to avoid misdiagnosis and excessive use of the proposed intervention.
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Abstract: Lupine flour is a valuable food due to its favorable nutritional properties. In spite of its
allergenic potential, its use is increasing. Three lupine species, Lupinus angustifolius, L. luteus, and
L. albus are relevant for human nutrition. The aim of this study is to clarify whether the species
differ with regard to their allergen composition and whether anaphylaxis marker allergens could
be identified in lupine. Patients with the following characteristics were included: lupine allergy,
suspected lupine allergy, lupine sensitization only, and peanut allergy. Lupine sensitization was
detected via CAP-FEIA (ImmunoCAP) and skin prick test. Protein, DNA and expressed sequence tag
(EST) databases were queried for lupine proteins homologous to already known legume allergens.
Different extraction methods applied on seeds from all species were examined by SDS-PAGE and
screened by immunoblotting for IgE-binding proteins. The extracts underwent different and succes-
sive chromatography methods. Low-molecular-weight components were purified and investigated
for IgE-reactivity. Proteomics revealed a molecular diversity of the three species, which was con-
firmed when investigated for IgE-reactivity. Three new allergens, L. albus profilin, L. angustifolius and
L. luteus lipid transfer protein (LTP), were identified. LTP as a potential marker allergen for severity
is a valuable additional candidate for molecular allergy diagnostic tests.

Keywords: cross-reaction; flour; food allergy; individualized diagnostics; legumes; lupine; lipid
transfer protein; peanut; profilin
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1. Introduction

Flour from raw lupine seed is used increasingly as a protein source in Australia, New
Zealand, The USA and European countries, where lupine serves as a replacement for
animal proteins, i.e., milk, egg white, and potentially genetically modified soy products [1].
Since lupine lacks gluten, lupine-containing products are recommended for patients with
wheat protein allergy and coeliac disease. Further beneficial effects are increased satiety,
reduced energy intake, hypolipidemia, and a decrease in blood glucose concentration [2].
In addition, lupine is an important protein source in the vegan diet, which is experiencing
a growing interest. The genus Lupinus belongs to the Papilionaceae subfamily in the Legumi-
nosae family, which among others, also contains peanuts, soybean, beans, peas, chickpeas,
lentils, and fenugreek. However, the dietary value of lupine proteins is higher than that
of beans or peas, which is mainly due to high concentrations of the essential amino acids
lysine, leucine and threonine, which are higher only in soybeans. It has relatively high
concentrations of protein and dietary fiber in contrast to digestible carbohydrates and lipids
(summarized in [3]). Three lupine species (Lupinus albus, L. luteus, and L. angustifolius) are
used as food as well as a food additive to fortify wheat flour, which may contain up to 10
or even 15% of lupine flour.

In spite of its nutritional value, lupine is an upcoming food allergen responsible
for severe food allergy. Since the first publication of lupine allergy in a peanut-allergic
child [4] and the systematic review of 151 cases in 2010 [3], further cases were reported
worldwide. It is, therefore, interesting that detailed knowledge on individual lupine
allergens is still sparse and that in vitro allergy diagnostic tests still rely on lupine seed
extract only (Lupinus albus, ImmunoCAP f335, Thermo Fisher Scientific [5]) [3]. This is
in contrast to other relevant allergenic legumes (peanut and soy), for which, besides the
whole extract, individual allergens covering relevant protein families and marker allergens
are available for routine allergy diagnostic tests. As has been shown for other whole
allergen extracts before, it is highly probable that the only available lupine extract lacks
some relevant allergens and, in addition, does not satisfactorily address species-specific
differences. In addition, most patients who are confronted with the question of food allergy
to lupine do not even know that it is a food as well as a food ingredient. Therefore, it
can be safely assumed that not all lupine-allergic patients are diagnosed correctly. Most
clinical studies on lupine allergy vary with regard to design, population, geographic
origin, and endpoints. In general, there are three variants of lupine allergy: primary food
allergy, secondary (pollen-associated) food allergy, and occupational inhalant allergy with
or without associated intolerance of lupine ingestion [3]. Depending on the selection of the
study population, the percentage of clinically relevant (symptoms of allergy after ingestion
or inhalation) and non-relevant lupine sensitization (positive IgE-antibody detection only)
differs. With regard to the data published so far, cross-reactivity between lupine and
soybean, beans, lentils, and peas does not seem to be of much clinical relevance when
compared with the cross-reactivity between lupine and peanut (summarized in [3,6]). The
study of Moneret-Vautrin and co-authors in 1999 had shown that 28% of peanut-allergic
patients also experienced symptoms after lupine ingestion [7], in a study from Peeters and
co-authors in 2009, the percentage of lupine-allergy in peanut-allergic patients was 35% [1].
None of these patients had been aware of their allergy to lupine. This unawareness is a
considerable problem to the present day [8], indicating that peanut-allergic patients are at
risk of reacting to lupine-containing food with severe allergic symptoms. Those patients
will definitely avoid peanut, but not necessarily lupine, when they are oblivious to the
phenomenon of cross-reactivity. In order to understand cross-reactivity and the fact that
raw lupine in the form of seed, flour or dust is known to induce different disease entities
(food allergy as well as occupational allergy like baker’s asthma) [9], several investigations
focus on molecular allergology trying to identify and characterize single lupine allergens
(summarized in [3], updated in [6]). Regarding the identification of clinically relevant single
allergens in lupine species, the storage proteins were the first to be studied, as they are in
other clinically relevant legumes associated with severe allergic reactions. IgE-reactivity
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was demonstrated for the δ-conglutin (9 kDa and 4 kDa), non-reduced γ-conglutin or
α-conglutin with a molecular weight of 43 kDa (glycinin or legumin) (summarized in [3]).
The precursor of the β-conglutin of Lupinus angustifolius (20 kDa to 80 kDa), which is a
vicilin-like storage protein, was the first accepted by the WHO/International Union of
Immunological Societies (IUIS) Allergen Nomenclature Subcommittee as allergen Lup
an 1 [10]. However, since it is not generally documented by the food producers, which
lupine species has been used for flour in foods, and because the phenomenon of clinically
relevant cross-reactivity has not been fully understood, it is necessary that investigations
for species-specific differences should become possible in the future. Based on a German
multicenter study, patients allergic to lupine with and without cross-reactivity to peanut
were included, their clinical data recorded, and their sera investigated for sensitization
profiles with the three lupine species, revealing species-relevant differences. Subsequently,
the sera of these patients were used for the identification of new single lupine allergens,
which were purified (lipid transfer protein) and recombinantly produced (profilin) and
applied in IgE-detection measures.

2. Materials and Methods

2.1. Study Group

A total of 31 individuals have been included: 5 patients with lupine allergy alone
(including one with strongly suspected allergy to lupine-containing foods), 10 patients with
peanut allergy and lupine allergy (including four with strongly suspected lupine allergy),
11 patients with peanut allergy and lupine sensitization, two patients with peanut allergy
without proven lupine sensitization, two patients with lupine and peanut sensitization only,
and one non-allergic individual, whose serum served as negative control were recruited
during clinical work in the allergy outpatient clinics of Borstel and Lübeck, Germany, as
well as in study centers in Schmallenberg, Leipzig, Bonn, Dresden, Berlin, Erlangen, and
Munich, Germany, on an ongoing basis. In addition, the University of Utrecht participated
in this investigation. The patients were characterized by standardized questionnaires and
specified medical history, and the sensitization to lupine and peanut was investigated
via ImmunoCAP (ImmunoCAP, Phadia AB, Freiburg, Germany, and Uppsala, Sweden)
(Table 1). In cases without convincing clinical history for anaphylaxis, an open oral food
challenge was performed with lupine flour [11] in some centers. Three had undergone
double-blind placebo-controlled lupine challenge in Utrecht with positive results and
were included in this study [1]. The study was approved by the ethics committee of the
University of Lübeck, Germany, with approval numbers 10-124, 10-126, and 13-086. All
patients gave informed consent.

2.2. Lupine Extract Production and Protein Identification According to the Molecular Weight

Lupine extracts were produced from dry seeds of Lupinus angustifolius, var. Boregine
(Saatszucht Steinach, Steinach, Germany), Lupinus albus, var. Feodora (Saaten-Union
GmbH, Isernhagen, Germany), and Lupinus luteus, var. Juno ZS (Feldsaaten Freudenberger
GmbH and Co. KG, Krefeld, Germany). For the production of the protein extracts, the
lupine seeds were briefly frozen with liquid nitrogen, then ground in a coffee grinder to
obtain flour, and afterwards extracted at different pH-levels.

In order to identify as many allergens as possible, we performed two extraction
protocols, acidic and alkaline protein extraction, of the three relevant lupine species.
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2.2.1. Alkaline Extraction

Samples of 2 × 4 g lupine flour were dissolved each in 40 mL of 0.2 M ammonium
hydrogen carbonate (NH4HCO3, pH 8.0) and incubated for 30 min at 37 ◦C on a shaker.
The flour was then centrifuged for 30 min at 13,000× g. Afterwards, the dialysis of the
supernatant against Milli-Q water was performed with a dialysis tube, cutoff 3 kDa. The
solution was again centrifuged at 13,000× g, and the supernatant filtered with a 0.45 μm
pre-syringe filter (membrane polyethersulfone (PES)).

2.2.2. Acidic Extraction

2 × 4 g lupine flour was dissolved each in 40 mL of 0.1 M ammonium acetate
(CH3COONH4, pH 5.0) and incubated for 6 h at 4 ◦C on a shaker. The flour was then
centrifuged for 30 min at 13,000× g, and the supernatant dialyzed against Milli-Q water.
The Milli-Q water was changed twice during this process. The solution was subsequently
centrifuged again at 13,000× g for 20 min, and the supernatant filtered with a 0.45 μm
pre-filter for syringes.

2.2.3. Gel Electrophoresis of Different Lupine Extracts

The separation of proteins of a molecular weight between 14 kDa and 100 kDa was
performed via SDS-PAGE according to Laemmli UK (1970) [12].

Depending on the required volume, the samples were taken up 1:2 in 2-fold reducing
sample buffer (200 mM Tris/HCl; 2 mM EDTA; 2% SDS; 25% glycerin; 1% dithiothreitol
(DTT); 0.02% bromophenol blue, pH 6.8), or 1:5 in 5-fold reducing sample buffer (500 mM
Tris/HCl; 5 mM EDTA; 5% SDS; 25% glycerin; 2.5% DTT; 0.02% bromophenol blue (pH 6.8))
and boiled for 5 min at 95 ◦C. Unless otherwise noted in the results section, 40 μg protein
per cm gel were used for SDS-PAGE.

For better separation of proteins in the low molecular range, NuPAGE Bis-Tris 4–12%
and NuPAGE Bis-Tris 12% ready-to-use gels (Invitrogen, Carlsbad, CA, USA) were used.

In combination with the 2-(N-morpholino)ethanesulfonic acid (MES) buffer (50 mM
MES, 50 mM Tris, 1 mM EDTA, 0.1% SDS), these gels provide a high-resolution separation
of the proteins in the low molecular range (<40 kDa).

The proteins in the acidic extracts of L. angustifolius and L. luteus were further sepa-
rated by gel filtration (size exclusion chromatography (Superdex 75)) and ion-exchange
chromatography (source Q) (see below).

2.2.4. In Silico Analysis

Protein, DNA and EST databases were queried for lupine proteins homologous to
already known legume allergens.

IgE-reactive low-molecular-weight (LMW) proteins were further investigated by N-
terminal sequencing and mass spectrometric analysis. Homology search in an expressed
sequence tag (EST) database revealed a cDNA sequence (FG090100), which was used
for expression in E. coli. The resulting recombinant protein was used for immunoblot
inhibition studies.

2.2.5. 2D Fluorescence Difference Gel Electrophoresis (DIGE)

Protein extracts obtained via alkaline extraction of flour from all three lupine species
were studied by 1D- and 2D-SDS-PAGE by means of a Refraction-2D labeling kit (NH
DyeAGNOSTICS, 1 × 1, 8 nmol PR08, Halle, Germany). The extracts were solved in Milli-Q
water, concentrated in a vacuum concentrator and used in the 2D-labeling kit applying
50 μg of each species and filled up to 10 μL of a compatible buffer. The buffer was produced
with Tris (30 mM), urea (7 M), thiourea (2 M), 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) (4%) (pH 8.5). The working solution consisted of the different
dyes (G-Dye 200 (green color), G-Dye 300 (red color), prepared in 4.5 μL G-Dye solvent.
The samples (50 μg each plus buffer, 10 μL) plus 1 μL working solution were briefly stirred
and centrifuged. Two samples of L. angustifolius extracts and one L. albus extract were dyed
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green, and two L. luteus extracts and one L. albus extract dyed red. These samples were
cooled for 30 min on ice, and the reaction stopped with 1 μL of G-Dye stop solution. These
solutions were briefly stirred, put again on ice for 10 min and subsequently investigated or
frozen at −80 ◦C.

The investigation in the first-dimension gel electrophoresis was performed using the
labeled lupine extracts as follows: 5 μL of L. angustifolius extract, dyed green plus 5 μL of
L. luteus extract labeled red. The other samples of different lupine species extracts were
combined accordingly.

The samples were added to 155 μL of rehydration buffer that consisted of 8 M urea
2% CHAPS, 0.5% ampholyte (Servalyt, pH 3–10, Serva, Heidelberg, Germany), 0.002% of
bromophenol blue up to a final concentration of 20 mM DTT to be added directly before use.

The three combinations of lupine extract samples that were to be compared were pipet-
ted into a ZOOM chamber (Invitrogen, Carlsbad, CA, USA), and one Novex™ ZOOM™
IPG-strip pH 3–10 L (Thermo Fisher Scientific, Invitrogen, Carlsbad, CA, USA) each added
to the chamber, and incubated overnight at room temperature. The run of proteins in the
first dimension was performed at 2 W, 2 mA, 200 V for 20 min, 450 V for 15 min, 750 V
for 15 min, 2000 V for 60 min. After discontinuation, the chamber was stored at −80 ◦C.
The second-dimension run was prepared as follows: the ZOOM strips were incubated in
an equilibration buffer I and II for 15 min each in a rolling incubator. Equilibration buffer
consisted of 0.05 M Tris, 6 M urea, 30% glycerin, 2% SDS, 2% bromophenol blue; 5 mL of
equilibration buffer I consisted additionally of 0.05 g DTT; equilibration buffer II (5 mL)
consisted additionally of 0.125 g iodoacetamide. After the incubation was finished, agarose
(0.5 g agarose in 100 mL MES buffer) and marker proteins were prepared by heating, the
strips were added to the gel and sealed with agarose. 10 μL of marker per pocket were
added, and the run was started at 50 V for 20 min, then continued at 200 V. Afterwards,
the gels (4–12% Zoom Gel, Invitrogen) were conserved with 40% ethanol plus 10% acetic
acid. The readout was performed via Chemidoc MP (Bio-Rad, Hercules, CA, USA), Cy
3 adjustment on the Chemidoc for dye 200 (green), Cy 5 adjustment for dye 300 (red).

2.3. Identification and Purification of New Single Allergens
2.3.1. Recombinant Production of the Lupinus albus Profilin

Based on the sequence information obtained from the EST database (accession number
FG090100), the company GeneArt (Regensburg, Germany) was able to identify the gene for
the recombinant synthesis of profilin in E. coli. The gene was present in the vector pMA-T
and thus obtained the antibiotic resistance to ampicillin used for selection. For expression,
the ordered gene first had to be cloned. The transformation into living cells was used
during cloning to propagate the DNA (plasmid).

The transformation was always performed with calcium-competent E. coli cells, first
with TOP10F’ cells (Invitrogen, Carlsbad, CA, USA) and then BL21 DE3 cells (Stratagene,
La Jolla, CA, USA).

After transformation into chemically competent BL21 DE3 cells of E. coli and induction
with isopropyl-β-D-thiogalactopyranoside (IPTG), they produced the protein profilin.

10 mL of nutrient medium were inoculated with a clone picked from an agar plate,
where E. coli cultures were growing, and incubated in an overnight culture at 37 ◦C on
a shaker. The isolation of the plasmid DNA from the bacteria cells was achieved with
the GeneJET Plasmid Miniprep Kit according to the manual (Thermo Fisher Scientific,
Bremen, Germany) [13]. The restriction of the plasmid DNA from the bacteria cells was
made with FastDigest enzymes NdeI and XhoI, according to the manual (Thermo Fisher
Scientific, Vilnius, Lithuania). To analyze the restriction, the samples were separated
in the agarose gel. Afterwards, the DNA was extracted from the gel according to the
manufacturer’s instructions with the GeneJET gel extraction kit (Thermo Fisher Scientific,
Bremen, Germany) [13].

The pET23b vector (Novagen, Darmstadt, Germany), which is required for expression,
contains after the stop codon the information on the synthesis of a His-tag. The His-tag
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consists of six histidine residues and serves for the later isolation of the protein. For ligation,
the pET23b vector was cut with the same restriction enzymes under the same conditions
as the insert for ligation. The ligation of the pET23b vector with the profilin insert was
made with T4-Ligase according to the manual (Thermo Fisher Scientific, Vilnius, Lithuania).
The ligation sample was transformed into new cells, these multiplied in an overnight
culture, and the plasmid DNA was isolated by miniprep (above). Using DNA-sequencing
(MWG, Biotech AG, Ebersberg, Germany), the DNA sequence could be confirmed. This
was followed by the transformation of the Plasmid DNA in BL21 DE3 expression cells.

2.3.2. Expression

10 mL of preculture were infected with a clone picked from the agar plate, incu-
bated overnight at 37 ◦C and transferred on the following day into 1 L nutrient medium
with an additional 1 mL of ampicillin. The culture was incubated to a cell density of
OD600 = 0.6–0.9. By adding IPTG (1 mM, final concentration), the protein biosynthesis of
the recombinant profilin was induced. This solution was incubated for 3 h at 37 ◦C on a
shaker and centrifuged (4000× g, 15 min, 4 ◦C). The supernatant was removed, and the
pellet was processed for purification under native conditions and denaturing conditions.

2.3.3. Purification under Native Conditions

The pellet was dissolved in 27 mL of lysis buffer (native) (300 mM NaCl, 50 mM
Na2HPO4, 10 mM imidazole pH 8.0), 3 mL of buffer for lysis (bug buster, Merck, Darmstadt,
Germany; 100 mg/mL) and 10 μL of benzonase. The bug buster served to break up the
bacterial cell walls in order to facilitate the subsequent isolation of the recombinant profilin.
The mixture was incubated for 1 h at 4 ◦C in a rolling incubator and then centrifuged
(13,000× g, 15 min, 4 ◦C). This pellet was purified under denaturing conditions (see below).
The supernatant was isolated via metal affinity chromatography. The supernatant was
mixed with approx. 5 mL of the column material HisPur™ cobalt resin (Thermo Fisher
Scientific, Rockford, IL, USA) and incubated for 1 h in a rolling incubator. Meanwhile,
the His-tag of the recombinant profilin bound to the cobalt (Co2+) in the column material.
Subsequently, the mixture was transferred to a column and the sample re-collected after
the column material had settled. After the run, the first washing step was performed with
50 mL of lysis buffer (native, 300 mM NaCl, 50 mM Na2HPO4, 10 mM imidazole, pH 8.0),
and a second wash step with 20 mL of wash buffer (native, 300 mM NaCl, 50 mM Na2HPO4,
40 mM imidazole pH 8.0) was carried out. The recombinant profilin was then eluted in
four fractions with 5 mL of elution buffer (300 mM NaCl, 50 mM Na2HPO4, 250 mM
imidazole each. Through the increased concentration of the imidazole, the elution buffer
cleared the recombinant profilin from the column material. All fractions were collected
and characterized by means of SDS-PAGE. The fractions, which contained the recombinant
profilin, were pooled and dialyzed overnight against Milli-Q water. The protein content
was then determined using the Bradford method Pierce™ Coomassie (Bradford) protein
Assay Kit, Thermo Fisher Scientific, Waltham, MA, USA) and the profilin further purified
via preparative SDS-PAGE (Model 491 Prep Cell, Bio-Rad Laboratories, Inc., Model 200/2.0
power supply; wide mini sub cell; Hercules, CA, USA).

2.3.4. Preparative SDS-PAGE

Using preparative SDS-PAGE (prep cell model 491) from Bio-Rad (Hercules, CA, USA),
the recombinant profilin, which was expressed and isolated under native conditions, was
separated from further contaminants. The pooled and washed samples from the elution
(above) were used in a ratio of 1:2 in a 2-fold-reducing, or 1:5 in a 5-fold-reducing sample
buffer and then heated for approx. 5 min at 95 ◦C. For the preparative SDS-PAGE, an 11%
separation gel and a 4% collection gel were used.

The column was constructed and filled with the separating gel. Then the gel was
covered with water-saturated n-butanol and left to polymerize overnight. The gel was
washed with Milli-Q water, and the collection gel was installed onto the separating gel.
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The column with the now polymerized gel was installed in the prep cell, which was filled
with running buffer. The sample was applied and separated in the gel at 150 V for 80 min.
The voltage was increased to 250 V for the remaining electrophoresis time.

After the bromophenol peak became visible, 95 fractions of 6 mL each were collected.
The collected fractions were then investigated for the recombinant profilin.

2.3.5. Separation, Isolation and Purification of Proteins via Different
Chromatography Methods

The Superdex 75 column (10/300 GL, GE Healthcare, Uppsala, Sweden) is suitable for
optimal separation in the range of 3000–70,000 Da.

The acidic lupine extracts were aliquoted at a protein content of 6 mg/mL each, freeze-
dried and stored at −20 ◦C. For the Superdex 75 procedure, the extract was resuspended
in 10 mL Milli-Q water and transferred to the sample loop of the chromatography system
(ÄktaPurifier, GE Healthcare, Uppsala, Sweden). A buffer of 0.2 M ammonium hydrogen
carbonate was used. At a flow rate of 0.5 mL/min, 25 mL per run were collected as
0.8 mL fractions. The detection of the proteins was performed at 280 nm. The individual
fractions were investigated with SDS-PAGE and Coomassie staining and subsequently by
immunoblot. The further natural purification of the L. albus profilin was not successful,
which is why we promoted its recombinant production. Since the purification of the
recombinant profilin via further chromatography steps (size exclusion chromatography
and ion-exchange chromatography (source 15Q 4.6/100 PE, GE Healthcare, Uppsala,
Sweden) were not successful, it was further purified via preparative SDS-PAGE.

2.4. Identification, Isolation and Purification of Natural Lupine Lipid Transfer Proteins

SDS-PAGE and immunoblotting with patients’ sera revealed LMW proteins of about
12 kDa in the acidic extracts (see above) of L. angustifolius and L. luteus. In order to isolate
and purify them, 5 mg of whole lupine acidic extract per run underwent size exclusion
chromatography (Superdex 75; 10/300 GL, GE Healthcare, Uppsala, Sweden) (above).
In total, there were nearly 20 runs, which were performed with ammonium hydrogen
carbonate buffer (0.2 M NH4CO3).

The obtained fractions underwent SDS-PAGE. Those fractions containing LMW pro-
teins were pooled, re-buffered and concentrated by Amicon Ultra-15, (3 kDa, Millipore) and
prepared for purification via ion-exchange chromatography (source 15 S, GE Healthcare,
Uppsala, Sweden). The respective sample was first dialyzed three times against Milli-Q
water so that the buffer that remained in the Superdex 75 was removed, and then three
times against 50 mM sodium acetate buffer (pH 5.5). The run was started using samples
in 100% of buffer A (50 mM sodium acetate pH 5.5). It was rinsed until the baseline was
reached, then a gradient was generated. This spanned from 100% of buffer A to 100%
B (50 mM sodium acetate plus 1 M sodium chloride pH 5.5) within 60 mL. Again, the
obtained fractions were concentrated via Amicon Ultra-15, (3 kDa, Millipore), subsequently
Superdex-peptide (10/300 GL, GE Healthcare, Uppsala, Sweden) was performed in case
the result was not pure enough. SDS-PAGE of the potential L. angustifolius (L. luteus) lipid
transfer protein (LTP) was then performed under reducing and nonreducing conditions.
Immunoblotting revealed a single IgE-reactive band at ca. 12 kDa.

N-terminal sequencing (above) and database research was performed on the respective
single allergens.

2.5. Immunoblotting

For blotting of the recombinant profilin, the method described above was used. For
immunoblot analysis, proteins were transferred to polyvinylidene fluoride (PVDF) mem-
branes (BIORAD, Immuno-Blot PVDF Membranes for protein blotting, BIO-RAD 0.2 μm)
by semi-dry blotting for 45 min at 0.8 mA/cm2 as described previously [14]. Membranes
were blocked for 2 h with SynBlock (Bloomington, IN, USA). The subsequently performed
blots were incubated in TTBS (100 mM Tris/HCl, 100 mM NaCl, 2.5 mM MgCl2, 0.05%
Tween-20, pH 7.4) for 30 min [15].
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For immunoblot analysis, the patient sera were applied in a 1:10, 1:20 or 1:40 dilution.
(For the different detection methods, see below).

2.6. Immunological Antigen Detection on Blotting Membranes

In our study, two different approaches to immune detections were applied:
Staining with NBT/BCIP (TBS-AP: 100 mM Tris/HCl, 100 mM NaCl, 5 mM MgCl2,

pH9.5). The chromogen substrate solution (nitro blue tetrazolium chloride (NBT)/5-
bromine-4-chloro-3-indoxyl phosphate (BCIP)) induces an enzymatic reaction, by which
the binding of the alkaline phosphatase-conjugated antibody to the protein becomes visible
by means of a change in color.

Staining with horseradish peroxidase (HRP): A chemiluminescence reaction is cat-
alyzed by an HRP-conjugated secondary antibody. The HRP catalyzes the oxidation of
luminol (Bio-Rad, Hercules, CA, USA) in the presence of hydrogen peroxide (Bio-Rad,
Hercules, CA, USA), and its luminescence can be detected with a digital imaging system,
the ChemiDoc MP (Bio-Rad, Hercules, CA, USA). The PVDF membranes were first placed
in Tris-buffered saline (TBS)-Tween buffer (pH 7.4) and incubated with gentle shaking.
TBS-Tween buffer was used to block free binding sites on the blotting membrane to prevent
unspecific binding.

The membrane was incubated overnight with the primary antibody, in most cases,
patient serum (diluted 1:20 in TBS-Tween buffer pH 7.4). The membrane was washed three
times with TBS-Tween buffer (pH 7.4) for 10 min each. Each suitable secondary antibody
was incubated for 3 h while softly shaking. For detection with NBT/BCIP and alkaline
phosphatase-conjugated (APC) mouse anti-human IgE antibody (dilution 1:10,000 in TBS-
Tween buffer pH 7.4) (BD Pharmingen Bioscience, Heidelberg, Germany) was used. As a
secondary antibody for the chemiluminescence, an HRP-conjugated mouse anti-human IgE
Fc antibody (diluted 1:10,000 in Tris-Tween buffer pH 7.4 (SouthernBiotech, Birmingham,
AL, USA)) was used. Free secondary antibody was removed by washing three times with
TBS-Tween buffer (pH 7.4). For NBT/BCIP labeling, the membrane was washed a second
time in TBS buffer (pH 9.5) to ensure optimal pH conditions for the enzymatic reaction with
the chromogen substrate solution. During the washing procedure, the individual solutions,
NBT and BCIP, were heated to 37 ◦C and then mixed with the chromogen substrate solution
and applied to the membrane. The solution remained on the membrane until the proteins
were clearly visible, then the reaction was stopped by transfer of the membrane into Milli-Q
water. For the detection of chemiluminescence, the membrane was incubated for 5 min
in 3 mL of luminol/enhancer reagent (Clarity Western ECL Substrat Bio-Rad, Hercules,
CA, USA) and with 3 mL of peroxide reagent. The detection and documentation were
performed with the ChemiDoc MP (Bio-Rad, Hercules, CA, USA).

2.7. Sequence Alignment

Sequence alignment was performed by use of BLAST (Clustal Omega, Wellcome
Genome Campus, Hinxton, Cambridgeshire, CB10 1SD, UK).

2.8. N-Terminal Sequence Analysis

After blotting, the polyvinylidene fluoride (PVDF) membrane was washed with Milli-
Q water, stained with 0.1% Coomassie in 50% methanol, destained in 50% methanol and
air-dried. Protein bands were excised, and microsequencing was performed on a Procise
protein sequencer with an online phenyl thiohydantoin (PTH) amino acid analyzer (PE
Biosystems, Weiterstadt, Germany) [15].

2.9. Mass Spectrometry

The molecular masses of the protein fraction were analyzed using a high-resolution
electrospray ionization (ESI) Fourier transform ion cyclotron resonance (FT ICR) mass
spectrometer (Thermo Fisher Q Exactive Plus serious #387 and Advion NanoMate). For a
straightforward interpretation of the heterogeneous samples, the obtained positive ion mass
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spectra were charge deconvoluted. Mass numbers refer to the monoisotopic mass of the
neutral molecules. Tryptic mass fingerprinting was performed as described previously [16].
Briefly, Coomassie-stained protein bands were excised, destained and digested overnight
with trypsin (trypsin gold, mass spectrometry grade; Promega, Mannheim, Germany) as
described previously [17]. Afterwards, the corresponding tryptic fragments were mixed
with 50% ACN/0.1% FA. The samples were analyzed by Thermo Fisher Q Exactive Plus
serious #387 and Advion NanoMate with MS/MS. External mass calibration was performed
with an appropriate mixture of peptides. Mass spectrometric data were analyzed with
XCalibur Software (Thermo Fisher Scientific, Waltham, MA, USA).

3. Results

3.1. Comparison of Different Protein Extractions of Three Lupine Species

Immunoblots of the different extracts from the three lupine species that are of nu-
tritional and commercial relevance for the community revealed differences between the
species and the method of extraction (data not shown) with regard to the proteins of certain
molecular weight and the respective concentration in the extract (data not shown). Inves-
tigations with sera from lupine-allergic patients revealed that seeds of different Lupinus
species vary quantitatively in their allergen compositions. In order to investigate whether
there were also qualitative differences, a 2D-DIGE was performed, including all three
species, and in a subsequent experiment, peanut extract as well (Figure 1A–C).

3.1.1. Immunoblot Analyses
Comparison of Different Protein Extractions of Three Lupine Species

The seeds of different Lupinus species vary qualitatively and quantitatively in their
allergen compositions (Figure 2).

The patients reveal inter-individually different sensitization profiles and react differ-
ently to acidic and alkaline extractions of lupine flour. This is evident for the sera from P 3
and P 23 reacting to considerably more proteins in the alkaline L. angustifolius extract when
compared to the acidic extraction, indicating the necessity to use more than one extraction
method when searching for new single allergens. IgE-reactivity showed species-specific
differences also for alkaline lupine extracts.

These results confirm on an immunological level the differences between the lupine
species as had been expected based on the proteomic analysis (Figure 1B,C).

Whereas our attempt to isolate lupine storage proteins failed insofar as we could
enrich only gamma conglutin (43 kDa, data not shown), but not in a sufficient amount
for further complex investigations with patients’ sera, we aimed at the characterization of
those proteins instead, that were identified in the low molecular range. We assumed that
in these fractions, proteins of allergen families could be found, which already have some
biomarker quality in other relevant food allergen sources like the closely related peanut
(defensins, LTP, and profilins).

We, therefore, continued working with the acidic extracts of lupine species and more
refined discrimination methods in order to identify, purify, and characterize proteins as
potential allergens that were responsible for the binding of IgE in the sera of patients.

We focused on those reactions in immunoblots that were either close to a monosensiti-
zation in a patient or that stood out as prominent IgE-reactive protein bands. Since these
were to be found in the low molecular range, we suspected LTP or profilin of lupine to
be IgE-reactive.
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A Control experiment: proof of principle 

 
B Comparison of extracts from the three lupine species by 2D-DIGE 

Figure 1. Cont.
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C Comparison of extracts from the three lupine species with peanut extract by 2D-DIGE 

Figure 1. (A–C) Protein extracts obtained via alkaline extraction of flour from all three lupine species were studied by
2D-DIGE. (A) The control experiment shows the complete identity of the differently dyed samples of an alkaline extract of
Lupinus albus by turning to yellow after having overlaid the two complementary colors, red and green. (B) By comparison
of extracts from the three lupine species by 2D fluorescence difference gel electrophoresis (2D-DIGE), it becomes evident
that there is no strong identity. On the contrary, the dominance of the single colors in the overlay speaks in favor of a broad
molecular diversity of the dyed proteins in the different extracts. Whether the diversity is mirrored by immunological
diversity was part of the subsequent investigations. (C) When comparing peanut extract with the extracts from different
lupine species, there are only a few yellow areas. In addition, the differences between the lupine species become evident in
this experiment as well, as there are different distributions of proteins colored green (lupine) when overlaid with peanut
proteins dyed red.

3.2. Identification of an L. albus Profilin

Searches on sequence information of the lupine species revealed a sequence for a
profilin in L. albus with the Accession number FG090100.1:

SWQTYVDEHLLCDIEGNQLTSAAIIGQDGSVWAQSSSFPQFKPEEITAIVNDFAEPG
SLAPTGLYLGGTKYMVIQGEPGAVIRGKKGPGGVTVKKTNQALIIGIYDEPMTPGQCNV
VVERLGDYLIDTGL

The sequence was then used to produce the recombinant profilin of L. albus, to
confirm the sequence after expression and the molecular weight via mass spectrome-
try (Figure S1A–E, Figure S2A–E) and investigate for its allergenicity (IgE-reactivity) using
patients’ sera (Figure 3A,B).
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A B C D 

Figure 2. Immunoblots with acidic extracts (0.1 M CH3COONH4, pH 5.0), TTBS blocking and dilution of sera 1:10 with
two different lupine species, (A) L. angustifolius and (B) L. luteus chosen as examples. (1) Tris control; (2) negative control
serum; (3) lupine and peanut allergy (P 6); (4) legume allergy, suspected lupine allergy, lupine-sensitized (P 2); (5) peanut
allergy, suspected lupine allergy, lupine-sensitized (P 3); (6) lupine allergy (P 23); (7) lupine allergy (P 10); (8) peanut allergy,
lupine-sensitized (P 24); (9) lupine and peanut allergy (P 25); (10) lupine and peanut allergy (P 26); (11) peanut allergy,
suspected lupine allergy (P 27); (12) peanut allergy, lupine-sensitized (P 4); (13) peanut allergy, lupine-sensitized (P 13); (14)
lupine allergy (P 29); (15) peanut allergy and suspected lupine allergy (P 28); (16) suspected lupine allergy, lupine-sensitized
(P 14); (17) peanut allergy, lupine-sensitized (P 12). (C,D) Immunoblots with alkaline extracts (0.2 M NH4HCO3, pH 8.0) of
(C) L. angustifolius and (D) L. luteus with sera from the same patients. For sera from some individuals (P 4, P 10, P 12, P 13,
P 14) differences regarding the IgE-reactivity to different lupine species are detectable. Particularly, sera from P 10, P 12,
and P 13 showed reactivity to one LMW protein in the L. luteus extract, which we decided to work upon further since the
reactivity was dominant when compared to weak or missing reactivity to other proteins in the extract. (P-code corresponds
with Table 1.).

Figure 3. Immunoblot with (A) recombinant L. albus profilin and (B) with natural L. albus extract. (A) (1) Tris (buffer
negative control) (2) negative serum; (3) peanut allergy, lupine-sensitized (P 11); (4) peanut allergy, lupine-sensitized (P 12);
(5) suspected lupine allergy (P 14); (6) peanut allergy, lupine-sensitized (P 13); (7) peanut and lupine allergy (P 15); (8) peanut
allergy, lupine-sensitized (P 16); (9) peanut allergy, lupine-sensitized (P 17). (B) The immunoblot was designed as an
inhibition assay using natural L. albus extract and sera pre-incubated with different concentrations of recombinant L. albus
profilin using one profilin-reactive serum (4). (1) Tris, (2) negative serum, (3) negative serum + 50 μg rProfilin, (4) serum 4
(P 12), (5) serum 4 + 5 μg rProfilin, (6) serum 4 + 50 μg rProfilin, (7) serum 4 + 500 μg lupine extract. Blocking was performed
with Synblock; serum dilution was 1:20, dilution of the HRP-conjugated mouse-anti-human IgE Fc-antibody was 1:5000
(SouthernBiotech, Birmingham, AL, USA). Immunologically, the recombinant profilin performed similarly to the natural
allergen. P-code refers to Table 1.
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3.2.1. Allergen Identification via IgE-Reactivity with Sera from Lupine-Sensitized and
Lupine-Allergic Patients

Sera from lupine- and/or peanut-allergic patients showed an IgE-binding to an LMW
protein of 15 kDa in an acidic extract of L. albus. Mass spectrometric analysis of the
corresponding LMW compound provided the first evidence for the presence of L. albus
profilin. EST database search revealed a cDNA sequence of L. albus, which showed more
than 87% amino acid homology to the peanut (Arachis hypogaea) profilin Ara h 5. Since the
natural profilin could not be purified in a sufficient amount via different serial purification
steps, it was subsequently produced as a recombinant protein. For this, the L. albus cDNA
sequence was used for the expression of a recombinant L. albus profilin. Nucleotide and
protein sequences were taken from the EST sequence using the data (Figure S1A–E) in the
suppository.

Sera from lupine- and/or peanut-allergic patients who showed IgE-reactivity against
the natural LMW compound also reacted with the recombinant L. albus profilin. This was
confirmed by the experiment, where the recombinant L. albus profilin was able to inhibit
the IgE-binding to the natural LMW compound in immunoblot analysis with the acidic
L. albus extracts (Figure 3A,B).

3.2.2. Sequence Alignment

The sequence alignment of the lupine profilin with profilin sequences from other
plants with allergy relevance revealed a 92% identity with Ara h 5 (Arachis hypogaea, peanut
profilin) and a 78% identity with Bet v 2, the profilin from birch pollen (Betula verrucosa).
The newly identified profilin, therefore, is another component that could be responsible
for cross-reactivity with peanut. In addition, the fact that patient sera are IgE reactive to
lupine profilin provides some further evidence for a pollen-induced lupine sensitization.

The recombinantly produced L. albus profilin was consequently submitted by us to and
accepted by the WHO/IUIS allergen nomenclature subcommittee as Lup a 5, isoallergen
No. 0101. The molecular weight was 13.849 kDa (as deduced from the sequence), under
reducing conditions (and still with the His-tag), it was 15 kDa (Table 2). An investigation
for glycosylation was not performed. However, no sequence pattern for a putative N-
glycosylation (NXT/S) was found in the sequence.

Table 2. Synopsis of single allergens in lupine species compared to peanut allergens.

Plant Food Allergens
(Protein Families)

Peanut Allergen
(Arachis hypogaea)

Ara h x

MW
[kDa]

Lupine Allergen
(Lupinus angustifolius): Lup an x

(Lupinus albus): Lup a x

MW
[kDa]

Vicilin-type storage protein;
7S globulin Ara h 1 (IUIS) 64

Lup an 1 β-conglutin
(IUIS)

Lup a 1
55–61

Conglutin-like storage protein;
2S albumin Ara h 2 (IUIS) 17

δ-conglutin
Lup a δ-conglutin

Lup an δ-conglutin

2
4

Legumin-type; 11S globulin Ara h 3 (IUIS) 60
α-conglutin

Lup a α-conglutin
Lup an α-conglutin

43

Profilin Ara h 5 (IUIS) 15 Lup a 5 (IUIS) 15

Conglutin; 2S albumin Ara h 6 (IUIS) 15 n.a.

Conglutin; 2S albumin Ara h 7 (IUIS) 15 Lup a γ-conglutin?
Lup an γ-conglutin? n.a

PR-10 Bet v 1-super family Ara h 8 (IUIS) 17 Lup a 4
Lup l 4

16.5
17

Non-specific lipid
transfer protein

Ara h 9 (IUIS)
Ara h 16 (IUIS)
Ara h 17 (IUIS)

9.8
8.5
11

Lup an 3 (IUIS)
L. luteus

11
11

[3], modified; [18]. Italics: new, but not documented/accepted by the WHO/IUIS Allergen Nomenclature Subcommittee [19]; MW for IUIS
accepted allergens are given as MW (SDS-PAGE); n.a.: not available.
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By tryptic mass fingerprinting and MS/MS analysis from the reduced protein sample
(apparent molecular mass from SDS-PAGE: 15 kDa), the masses given in Figure S1A–E
were obtained and correspond to the calculated masses.

3.2.3. Lupinus albus Profilin Allergenicity

L. albus profilin is an allergen of 15 kDa and was shown to be IgE-reactive. Nine
subjects with a case history of food allergy either to lupine (two, one of them proven by
a food challenge, and one additional individual with strongly suspected lupine allergy)
and/or to peanut with a suspected lupine allergy/lupine sensitization (seven out of nine),
and one individual sensitized to both, lupine and peanut (Figure 3A, Table 1) were tested
IgE-positive by immunoblot analysis with the recombinant profilin.

3.3. Isolation and Purification of a Non-Specific Lipid Transfer Protein from L. angustifolius Seeds

After the detection of an LMW protein of nearly 10 kDa in immunoblot with an acidic
extract of L. angustifolius and L. luteus, this protein was isolated and further purified via size
exclusion chromatography and ion-exchange chromatography from L. angustifolius extract
and investigated for IgE-reactivity (Figure 4A,B). N-terminal sequencing and BLAST re-
vealed that it was an LTP. The database was queried in January 2017 after the LTP sequence
was published in December 2016. The LTP was purified and, after MS/MS analysis, identi-
fied as such. However, it was shown that the LTP was unintentionally co-purified with a
cysteine proteinase inhibitor, both at approximately 11 kDa, and, therefore, indistinguish-
able from each other. This could not be seen in the SDS-PAGE under reducing conditions.
After the existence of cysteine proteinase inhibitor had become known, SDS-PAGE was
performed under non-reducing conditions, where both proteins could be differentiated
(Figure 4C, Figure S3A–D). Under reducing conditions, the patient IgE was directed against
the 11 kDa “protein band”, whereas the immunoblot under non-reducing conditions shows
solely IgE-reactivity to the LTP (16 kDa band) and not to the cysteine proteinase inhibitor
at 11 kDa (Figure 4D).

A B 

Figure 4. Cont.
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C D 

Figure 4. (A) Immunoblot with naturally purified L. luteus LTP; (B) with naturally purified L. angustifolius LTP, using in a
first step Synblock, in a second step anti-human-IgG 1:500. The sera were diluted 1:10. (1) Tris control; (2) negative control
serum; (3) lupine and peanut allergy (P 6); (4) peanut allergy, lupine-sensitized (P 9); (5) peanut allergy, lupine-sensitized
(P 5); (6) peanut allergy, lupine-sensitized (P 4); (7) peanut allergy and suspected lupine allergy (P 3); (8) peanut and
suspected lupine allergy (P 2); (9) peanut and lupine sensitization (P 1); (10) lupine allergy and peanut sensitization (P 8);
(11) lupine and peanut allergy (P 7). (C) SDS-PAGE for MS-analysis: L. angustifolius LTP (1) and L. luteus LTP (2) under
reducing conditions. L. angustifolius LTP (3) and L. luteus LTP (4) under non-reducing conditions. (D) Immunoblot with
natural L. angustifolius LTP (non-reducing conditions) (1) Tris (2nd antibody control) (2) negative serum I (3) negative
serum II (4) negative serum III (5) peanut allergy and lupine-sensitized (P 4); (6) peanut allergy and lupine-sensitized (P 9);
(7) lupine and peanut allergy (P 6). (P-codes refer to Table 1).

MS-analysis revealed the following sequences (similarity calculated in %). XP_0194
46786.1:

Lane 3: ITCGQVTANLAQCLNYLRSGGAVPAPCCNGIKNILNLAKTTPDRRTACN-
CLKAAAANTPGLNPSNAGSLPGKCGVNIPYKISTSTNCASIK: 93.4%

Lane 4: ITCGQVTANLAQCLNYLRSGGAVPAPCCNGIKNILNLAKTTPDRRTACN-
CLKAAAANTPGLNPSNAGSLPGKCGVNIPYKISTSTNCASIK: 33.3%

Investigation for glycosylation of the LTP from L. angustifolius was not performed
in detail. However, one potential glycosylation at position 87 (NPSN, analyzed by http:
//www.cbs.dtu.dk/services/NetNGlyc/) exists. This was not verified by mass spectro-
metric analysis (meaning AAAANTPGLNPSNAGSLPGK was identified without glycosy-
lation). Protein sequence (complete) was: MAGIVKLACAVLICMVVVSAPLTKAITCGQVT
ANLAQCLNYLRSGGAVPAPCCNGIKNILNLAKTTPDRR TACNCLKAAAANTPGLNPS
NAGSLPGKCGVNIPYKISTSTNCASIK (XP_019446786.1). The N-terminal sequencing re-
vealed the following N-terminus ITXGQVTANLAQ, which was confirmed by LC–MS/MS,
and the sequence coverage of the expected full-length protein was 100% (see Supplementary
Figure S3).

Lupinus angustifolius and L. luteus LTP Allergenicity

The investigation for the allergenicity of the newly found LTPs in immunoblot analysis
revealed that eight out of 17 patients with lupine allergy and/or peanut allergy and a
polysensitized individual were IgE-positive for lupine LTPs.

Three of these individuals had undergone an oral provocation test with lupine flour
and developed symptoms [1], and all three were IgE-positive to Lupinus angustifolius-LTP.
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The polysensitized individual was also LTP-IgE-positive. The L. angustifolius LTP was
submitted to and accepted by the WHO/IUIS allergen nomenclature subcommittee in 2019
as Lup an 3 (Table 2).

4. Discussion

Molecular allergology based on many individual allergens belonging to only a few
concise protein families has revolutionized the understanding of the pathomechanism of
allergies and allergy diagnostic procedures considerably. However, there are still important
gaps in diagnostic test sensitivity and specificity [20,21]. Several examples outline the
importance of the inclusion of single allergens of clinically relevant allergen sources into
diagnostic tests either as component-resolved diagnostics or as additional ingredients in
the whole extracts used for diagnostic tests (“spiking” of the extracts with single allergens).
Many single allergens have already gone into routine allergy diagnostic tests; however,
lupine species are not among them. In vitro tests for lupine allergy presently are based only
on lupine seed extract of one species. This is critical because lupine is an upcoming relevant
food, and allergy to lupine can be severe, which is why allergists should be prepared and
diagnostic procedures updated considerably.

The study presented here is, to the best of our knowledge, the first experimental
comparative investigation on potential allergens of all three relevant Lupinus species and
shows qualitative and quantitative species-associated differences in the protein content. In
addition, we achieved for the first time the detection of three single LMW lupine proteins
as new allergens, one pan allergen, the profilin of L. albus, and two LTPs, and thereby
potential marker allergens for severe reactions, a non-specific (ns) LTP of L. angustifolius
and an ns-LTP of L. luteus. The latter could not be submitted as a new allergen to the
WHO/IUIS allergen nomenclature subcommittee as yet because our results could not be
confirmed with a published sequence at that time and are presently being re-evaluated.

Having single allergens available for routine diagnostic tests allows for the identifi-
cation of the primary sensitizing food (primary or pollen-associated lupine allergy), the
detection of potential cross-reactivity, an increase of in vitro test sensitivity in cases where
the extract-based diagnostic test lacks single allergens, and the identification of patients at
risk to suffer from severe reactions.

The reactivity of patients to lupine profilin provides evidence for a pollen-induced
sensitization to lupine. In general, IgE to profilins are associated with mild symptoms in
pollen allergy but can be severe in pollen-associated food allergy [22].

In contrast, severe reactions are mostly associated with storage proteins—which is
also hypothesized for lupine—but there are increasing cases not only in the Mediterranean
but also in Central and Northern Europe, where severe reactions are associated with
ns-LTPs [23]. LTPs are small, lipophilic proteins (91 to 95 amino acids), eight cysteines
forming disulfide bridges, basic isoelectric point, α-helical structure [24], an altogether
stable structure that is resistant to heat and digestion. They are ubiquitous in the plant
kingdom, and investigations regarding potential cross-reactivity revealed that some show
a strong structural similarity even when part of plants with a distant taxonomic relation-
ship [25]. This is particularly relevant for a clinical phenomenon called the LTP syndrome,
where patients characteristically react to LTPs from phylogenetically different plant food
sources [26,27]. Although there is still a clinically silent sensitization to be considered,
there are observations that whenever a food-allergic patient has IgE against more than five
LTPs from different food sources, there is a risk of developing severe reactions [28]. In
addition, there are data on endoluminal food allergy (gastrointestinal symptoms only) as
a sequel to ingestion of LTP-containing food [28–30]. As can be imagined, these isolated
gastrointestinal symptoms are very often not classified as allergic, except an experienced
allergist elucidates this connection and supports it with plausible results of allergy diag-
nostic tests. These are important clinical observations that strongly speak in favor of a
broadening of allergen panels to investigate for sensitization patterns that allow the correct
phenotyping and—in case marker allergens for the severity of a reaction are involved—an
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adequate risk evaluation and management. The first LTP, fully characterized as an allergen,
was Pru p 3 [31]. Presently, this allergen, which is already part of routine allergy tests, is
being used as representative LTP in case a clinician suspects LTP-association of a severe
allergic reaction.

The lupine proteins that have been documented so far by the WHO/IUIS allergen
nomenclature subcommittee as allergens [19] belong to different lupine species. Single
allergens belonging to one protein family have not been isolated from all three lupine
species in parallel yet. It is the same in our study. According to our own experience, this
is due to methodical difficulties in protein isolation and purification, maybe even due to
species-specific differences. In our comparison experiments, we detected a high degree
of molecular diversity between the three lupine species, which partly was mirrored by an
immunological diversity in so far as patients had different IgE-reactivity to different lupine
species. Unfortunately, the 2D-PAGE experiment could not be performed with patient sera
due to the lack of sera volumes. Therefore, the question remains as to whether a patient
allergic to one lupine species may tolerate another.

After we had purified two lupine allergens, we tested more patients and used these
allergens to identify the culprit food in patients with no unambiguous evidence regarding
the cause of their food-associated (severe) symptoms. One source of potentially severe
lupine allergy is a pre-existing peanut allergy. In our study, we also included peanut-
allergic individuals who mostly showed lupine sensitization, but some also suffered from
lupine allergy.

All in all, not many lupine-allergic patients were admitted to our outpatient clinic,
and—although this is a multicenter study—not many could be included in this investi-
gation. Most of them were oblivious to their lupine allergy and did not even know that
lupine is a food, although it must be declared on ingredient lists [32]. Therefore, we believe
that there is a huge number of unrecorded allergic and even anaphylactic cases based on
lupine, which are most probably documented as idiopathic anaphylaxis.

We think that only after the allergen profiles of foods with high anaphylactic potential
have been elucidated, a correct diagnosis accompanied by correctly proposed prophylactic
measures can be made. Apart from Lup an 1, ours are the only two other new lupine
allergens accepted by the WHO/IUIS allergen nomenclature subcommittee presently as
Lup an 3 and Lup a 5. Lup a 4 and Lup l 4 (the Bet v 1-homolog) have already been
described and documented in Allergome only so that, in general, some of the most relevant
allergen families represented in lupine could be detected in case these allergens went
into routine diagnostics. Some research still must be done on the purification of lupine
storage proteins, as they are most probably associated with severe reactions and also
must be included in routine diagnostic measures. Although building slowly, there will be
component-resolved diagnostics for lupine allergy and anaphylaxis in the near future.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-664
3/13/2/409/s1, Figure S1: Identification of the sequence information on L. albus (A) available from
the EST data base, (B) sequence used for recombinant expression of the authentic protein, and (C–E)
preparation for mass spectrometry analysis, Figure S2: Synopsis of the mass spectrometry analyses
of L. albus recombinant profilin and the L. albus profilin purified from the natural source, Figure S3:
Lupinus angustifolius lipid transfer protein (LTP): (A) database protein sequence, (B) molecular weight
determination of the mature protein (under reducing and non-reducing conditions), (C) N-terminal
sequencing, and (D) mass spectrometry.
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Abstract: Hazelnuts commonly elicit allergic reactions starting from childhood and adolescence,
with a rare resolution over time. The definite diagnosis of a hazelnut allergy relies on an oral food
challenge. The role of component resolved diagnostics in reducing the need for oral food challenges
in the diagnosis of hazelnut allergies is still debated. Therefore, three electronic databases were
systematically searched for studies on the diagnostic accuracy of specific-IgE (sIgE) on hazelnut
proteins for identifying children with a hazelnut allergy. Studies regarding IgE testing on at least
one hazelnut allergen component in children whose final diagnosis was determined by oral food
challenges or a suggestive history of serious symptoms due to a hazelnut allergy were included.
Study quality was assessed by the Quality Assessment of Diagnostic Accuracy Studies-2 tool. Eight
studies enrolling 757 children, were identified. Overall, sensitivity, specificity, area under the curve
and diagnostic odd ratio of Cor a 1 sIgE were lower than those of Cor a 9 and Cor a 14 sIge. When
the test results were positive, the post-test probability of a hazelnut allergy was 34% for Cor a 1 sIgE,
60% for Cor a9 sIgE and 73% for Cor a 14 sIgE. When the test results were negative, the post-test
probability of a hazelnut allergy was 55% for Cor a 1 sIgE, 16% for Cor a9 sIgE and 14% for Cor
a 14 sIgE. Measurement of IgE levels to Cor a 9 and Cor a 14 might have the potential to improve
specificity in detecting clinically tolerant children among hazelnut-sensitized ones, reducing the need
to perform oral food challenges.

Keywords: hazelnut; hypersensitivity; component-resolved diagnostics; children; food allergy;
Cor a 1; Cor a 14; Cor a 9; IgE

1. Introduction

Corylus avellana belongs to the same tree family of alders and birches (Betulaceae).
Hazelnut is recognized as a common nut triggering allergic reactions from childhood
and adolescence, and its prevalence varies by region. The self-reported prevalence of
hazelnut allergies is approximately 0.2% in children [1] and up to 4.5% among adults from
birch-endemic areas [2]. Resolution of a hazelnut allergy is rare (9% of cases), and children
tend to have the disease for their whole life [3]. Clinical presentation differs from age [4].
Hazelnut allergies are associated with severe reactions in childhood and are one of the
most common causes of anaphylactic death in adolescents and young adults [5]. On the
contrary, adults mainly experience localized oral symptoms due to cross-reactions with
pollens, in particular birch and alder.

Current management in childhood is based on a strict elimination diet, along with
education of patients, families, and caregivers on managing allergic reactions caused by
accidental ingestion [6], which is frequent in allergic individuals [7,8]. Since hazelnut
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is widespread in many processed foods and bakery products (especially pastries and
chocolates), the dietary restriction and the constant fear of a severe reaction significantly
worsen the quality of life of affected patients and their families. Therefore, it is essential
to correctly diagnose hazelnut allergy with the aim of avoiding unnecessary therapeutic
measures that limit the patient’s quality of life. Hazelnut allergies are diagnosed with a
combination of a convincing clinical history, serum-specific IgE (sIgE), skin prick testing
(SPT), and oral food challenges (OFCs) [6,9–12]. Extract-based hazelnut tests (SPT and
sIgE) have high sensitivity but low specificity (6-28% for SPT, using respectively natural
and commercial extracts; 17–77% for sIgE, depending on the cutoff) [13] due to cross-
sensitization with pollen or other food allergens that present high homology with the
allergen tested. IgE sensitization to hazelnut extract is common, especially in birch endemic
areas, it can occur whether patients react to hazelnut with severe or mild symptoms or even
if no reaction occurs, and it often requires an OFC to assess the clinical significance [4,14–17].
Raising the cut-off values does not increase the sensitivity of SPT and sIgE [18]. OFC is
considered the gold standard for diagnosis [19], even if it is an expensive, time-consuming
test, with the risk for the patient of potentially life-threatening allergic reactions.

Component-resolved diagnostics (CRDs) has been introduced in clinical practice to
more accurately discriminate patients who are not only sensitized to hazelnut but also
allergic, and it is becoming an essential tool able to improve diagnostic accuracy [20].

The allergens of hazelnut belong to the families of seed storage proteins, pathogenesis-
related proteins (PR-10), lipid transfer proteins (LTP), profillin and oleosine.

Genuine allergies to hazelnuts are generally due to sensitization to storage proteins
or LPTs in children. Storage proteins are heat-stable and resistant to gastric digestion.
They are well represented in hazelnuts and may account for more severe reactions, in
particular Cor a 9, 11S globulin; and Cor a 14, 2s albumin. Also, LTPs (Cor a 8) are resistant
to heat and digestion and are correlated with more serious symptoms. [15,17,21]. The
pathogenesis-related class 10 proteins (PR-10) belong to one of the 11 subfamilies of the Bet
v 1 family. Cross-reactive allergy to hazelnuts develops in birch pollen allergic individuals
sensitized to Bet v 1 (PR-10).

Hazelnut contains Cor a 1, a PR-10 labile to heat and digestion that is a highly cross-
reactive allergen shared with the main birch protein, Bet v 1. Cor a 1 was introduced in
2007 by one of the commercial producers of a serum hazelnut-specific sIgE test to improve
the test’s sensitivity for birch-related reactions to hazelnut, but it resulted in positive tests
without clinical relevance [20]. Patients with an allergy to pollen birch generally develop
mild to moderate symptoms. Clinical relevance of other hazelnut components, such as
the 7S-vicilinlike protein Cor a 11 and two oleosins (Cor a 12 and Cor a 13), has not been
confirmed [22]. The aim of this systematic review was to assess the diagnostic accuracy
of sIgE on individual hazelnut proteins in the diagnostic work-up of hazelnut allergies
in children.

2. Materials and Methods

We systematically searched three key electronic databases: MEDLINE (Pubmed),
EMBASE (Ovid) and the Cochrane library. The databases were searched from 2010 to
February 28th, 2020, using the search terms: “IgE”, “prick”, “SPT”, “diagnosis”, “chal-
lenge”, “allergy”, “DBPCFC”, “OFC”, “patch”, “CRD”, “component resolved diagnosis”,
“hazelnut”, “corylus avellana”, and “tree nut” in the title and abstract, aged 0-18. The
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist
was used to report this systematic review [23]. We include clinical trials, case-control, and
cross-sectional studies. Reviews, discussion papers, editorials, qualitative studies, case
reports, case series, conference abstracts and animal studies were excluded. We included
studies that presented sufficient data to calculate sensitivity and specificity for at least one
allergen component (Cor a 1, Cor a 8, Cor a 9, Cor a 14) (index test). Index tests were sIgE
to hazelnut components. All studies were required to have a defined study population,
limited to paediatric patients (0–18 years) who were suspected of hazelnut allergies. The
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reference standard was OFC, open or single-blind or double-blind placebo-controlled food
challenge (DBPCFC). Alternatively, the reference standard was a suggestive history of
anaphylaxis or serious symptoms due to hazelnut allergy confirmed by an allergist. At
least 50% of patients must have performed an oral food challenge.

2.1. Study Selection and Data Collection

Two reviewers (M.C. and M.P.) independently screened titles and abstracts and then
reviewed the full texts of studies that were considered to potentially meet the inclusion
criteria, to identify eligible studies. If a study missed some information necessary to
meet the inclusion criteria, authors were contacted. Where we received no response,
we used data previously provided by the authors to other reviewers [24]. No language
restrictions for included studies were applied: literature in languages other than English
has been translated. Data of the following information were extracted: first author, date of
publication, country, type of study, sample size, age (0–18 years), gender, and diagnostic
tests (sIgE, OFC). Two reviewers (C.C. and M.P.) assessed the quality of the included studies
using the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool [25].
Discrepancies were resolved by discussion and consensus. Measures of diagnostic test
accuracy (DTA) and 95% confidence intervals were calculated if they were not reported in
the papers.

2.2. Statistical Analyses

For each analysis, the cut off threshold was 0.35 kilounits of antibodies per litre
(kUA/L). Given the significant heterogeneity found among the results of the included
studies, quantified by Chi2, a random-effect meta-analysis model using the DerSimonian-
Laird method was run to estimate the pooled test results. The random-effects model was
utilized because it considers the risk of significant heterogeneity among studies and gives
larger confidence intervals (CIs) than fixed-effect models [26]. Diagnostic odds ratios
(DOR), positive and negative likelihood ratios (LR+/LR−), and area under the curve
(AUC) were calculated. Fagan nomograms, which consider the LR+ and LR- obtained
from the meta-analysis, were also used to estimate the clinical value of the index test [27].
Calculation of post-test probabilities was performed by assuming a pre-test probability that
was equal to the prevalence of hazelnut allergies reported in the selected studies. The results
were obtained as follows: pretest odds = prevalence/1-prevalence; post-test odds = pretest
odds x LR- (LR+); and post-test probability = post-test odds/1+post-test odds. Positive
predictive values (PPV) and negative predictive values (NPV) were computed. Publication
bias was assessed with the funnel plot proposed by Egger [28]. Statistical analyses were
performed using StatsDirect Statistical Software(StatsDirect statistical software. http://
www.statsdirect.com. England: StatsDirect Ltd.) and Meta-DiSc Software (Meta-analysis of
studies of evaluations of Diagnostic and Screening tests. http://www.hrc.es/investigacion/
metadisc_en.htm. Spain: Unit of Clinical Biostatistics team of the Ramón y Cajal Hospital
in Madrid.).

3. Results

The literature search found 1609 articles. After removing 199 duplicates, 1410 articles
were reviewed based on their title and abstract. Among them, 24 full texts were assessed
for inclusion, while 1386 articles were excluded based on their title and abstract. Eight
studies (Figure 1) that met the research criteria were identified and included in the analysis.
All the studies recruited pediatric patients only.
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Figure 1. Flow diagram of included studies.

3.1. Risk of Bias

Results of the QUADAS-2 tool are reported in Figure 2. One study was found to have
high risk of bias (ROB) in the patient selection domain because of case-control design [29].
The remaining studies had an unclear ROB because they failed to meet at least one of the
criteria of the domain, mostly the sampling methodology [30–35]. There was no concern of
ROB for applicability in this domain. In the index test domain, two studies were rated as
having high ROB because a pre-specified threshold was not used [31,33]. The remaining
studies were ranked as having unclear ROB because it was undetermined whether index
test results were interpreted without knowledge of OFC results [29,30,32,34,35]. There
was no concern of ROB for applicability. Regarding their reference standard, all studies
were scored as having low ROB [29–35]. There was no concern of ROB for applicability
except in one study with unclear ROB in this domain [29]. In flow and timing domains,
a study had high ROB because it did not use OFC in all patients and did not include all
patients in the analysis [34]. Six studies had unclear ROB because they did not meet a
criterion [16,29,30,32,33,35]. One study had low ROB in this domain [31].
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Figure 2. QUADAS-2 Domain. (A) Risk of bias; (B) Concerns regarding applicability.

3.2. Study Characteristics

Extracted data were summarized in Table 1.

Table 1. Summary of the included studies. In all studies, specific IgE to Cor a 1, Cor a 8, Cor a 9, and Cor a 14 was measured.
DBPCFCF = double-blind placebo-controlled food challenge.

Summary of the Included Studies

Oral Food Challenge

Author, Country,
Year

Study
Population

Age (years)
M/F

Lower limit IgE
Positive Test

(kUA/L)
Participants (%)

Number
Positive (%)

Beyer,
Germany, 2015 [30]

143 children with suspected
hazelnut allergy

Age (median,
quartile) Tolerant 4.7
(2.1–8.1) Allergic 4.3

(2.2–6.1)
−98/45

0.10
143 (100%) of which

46/143 (32%)
DBPCFCF

99 (69%)

Brandström, Sweden,
2015 [31]

40 children referred for oral
challenge for hazelnut

allergy suspicion

Age (median, range)
11 (6–18)

23/17
0.10 40 (100%) DBPCFC 8 (20%)

Buyuktiryaki, Turkey,
2016 [32]

64 children with hazelnut
allergy to determine

resolution of
hazelnut allergy

Age (median,
interquartile) 3.4

(2.1–7.2)
45/19

0.10

56 (87.5%) DBPCFC
8 not performed

because of
anaphylaxis within
the last 12 months

24 (42%)

Eller,
Denmark, 2016 [33]

155 children with suspected
hazelnut allergy

Age 5.1 (0.7–15.5)
100/55 0.35

140 (90%) open
challenge

15 DBPCFC
65 (41%)

Grabenhenrich,
Germany, 2016 [16]

142 children with suspected
hazelnut allergy

Age (median,
interquartile) 4.5

(2.1–7.6)
97/45

>0
142 (100%) open,

single blind, double
blind challenge.

44 (31%)

Inoue,
Japan, 2019 [35]

91 children sensitized
to hazelnut

Age (median,
interquartile) 7.3

(5.9–10.5)
63/28

0.35 91 (100%) open food
challenge 9 (9%)

Kattan,
US,

2014 [34]

33 children with clinical
impression of

hazelnut allergy
9 children with history of
objective symptoms with

hazelnut ingestion

- 0.10

33 (78%) open
challenge

9 not performed
because of a history

of objective
symptoms with

ingestion of hazelnut

4 (12%)

Masthoff, Netherlands,
2013 [29]

81 children Retrospective
equally powered groups

with positive/
negative challenge

Age (median,
interquartile) 8 (7–12)

54/27
0.35 81 (100%) DBPCFC 40 (49%)
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Studies were conducted in Europe (n = 7), Japan (n = 1), and the United States
(n = 1). We found a total of 757 pediatric cases of suspected hazelnut allergy. All studies
measured levels of sIgE to Cor a 1, Cor a 8, Cor a 9, and Cor a 14, using the same assay
(ImmunoCAP, ThermoFisher, Uppsala, Sweden). Studies varied at the lower detection
limit of hazelnut components between > 0 and 0.35 kilounits of antibody per litre (kUA/L)
(Table 1). Regarding inclusion criteria, some studies enrolled children based on clinical
history of a suspected hazelnut allergy [16,30,31,33], while others selected children with
a clinical impression or convincing history of a hazelnut allergy [34]. A trial investigated
children with hazelnut sensitization [35]. Other studies selected children based on the
outcome of a food challenge [29] or to determine whether children had reached tolerance to
hazelnuts [32]. All studies except one [34] reported the age of children, which ranged from
0.7 to 18 years. Median age varied from a low of 3.4 to 11 years. All papers but one [34]
described the gender of recruited children. There were 480 (67%) males. The reference
standard was an oral challenge using hazelnuts in all studies. However, OFCs were
conducted with different protocols, including open, single blind or double blind. When the
OFC was blinded, hazelnut was masked in chocolate products including mousse [16,30],
balls [31], pudding [32], bars [33]) or Nutella [34] (Ferrero U.S.A., Inc., Somerset, NJ). In one
study [29] the challenge was performed with defatted hazelnut flour for the first 9 doses
(blinded) and a portion of 10 hazelnuts for the last dose (unblinded). In one study [35],
roasted hazelnuts were used. The outcome of 741 hazelnut challenges was positive in 293
(39%) instances. In 16 patients, the challenge was not performed, and diagnosis was based
on clinical history or recent anaphylactic reactions to hazelnuts.

3.3. Diagnostic Accuracy

There was variability in the diagnostic accuracy of sIgE to hazelnut components
among studies (Tables 2–4).

Table 2. Diagnostic accuracy of sIgE to Cor a1, Cor a9, Cor a14. DOR = diagnostic odd ratio.

Author Sensitivity (%) (95%CI) Specificity (%) (95%CI) DOR (95%CI)

Cor a 1
Brandström [31] 50 (5.7–84.4) 12.5 (3.5–29.0) 0.14 (0.03–0.81)

Eller [33] 49.2 (36.6–61.9) 58.9 (48.0–69.2) 1.39 (0.73–2.64)
Masthoff [29] 70.0 (53.5–83.4) 9.8 (2.7–23.1) 0.25 (0.07–0.87)

Pooled 56.6 (47.0–65.9) 37.4 (30.0–45.3) 0.42 (0.09–1.89)
Heterogeneity, Chi2 4.60 p = 0.100 43.3 p = 0.000 9.9 p = 0.007

Cor a 9
Brandstrom [31] 100 (63.1–100) 56.3 (37.7–73.6) 21.69 (1.15–407.76)

Eller [33] 74.2 (61.5–84.0) 67.9 (57.1–77.3) 5.94 (2.93–12.06)
Kattan [34] 84.6 (54.6–98.1) 65.5 (45.7–82.1) 10.45 (1.93–56.64)

Masthoff [29] 83.0 (67.2–92.7) 80.0 (65.1–91.2) 19.43 (6.32–59.75)
Pooled 79.5 (71.5–86.2) 68.1 (60.9–74.6) 9.45 (4.92–18.13)

Heterogeneity, Chi2 5.4 p = 0.145 4.9 p = 0.180 3.5 p = 0.320

Cor a 14
Beyer [30] 84.1 (69.9–93.4) 80.8 (71.7–88.0) 22.26 (8.61–57.56)

Brandstrom [31] 100 (63.1–100) 84.6 (67.2–94.7) 85.00 (4.25–1699.61)
Buyuktiryaki [32] 84.6 (65.1–95.6) 88.0 (68.8–97.5) 49.00 (11.14–215.60)

Eller [33] 80 (68.2–88.9) 84.4 (75.3–91.2) 21.71 (9.44–49.96)
Kattan [34] 69.2 (38.6–90.9) 82.8 (64.2–94.2) 10.80 (2.36–49.46)

Masthoff [29] 70 (53.85–83.4) 75.6 (59.7–87.6) 7.23 (2.71–19.32)
Pooled 80.2 (74.0–85.5) 82.4 (77.7–86.4) 18.27 (10.24–32.59)

Heterogeneity, Chi2 8.4 p = 0.135 2.35 p = 0.799 6.92 p = 0.227
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Table 3. Area under the curve (AUC) of sIgE to hazelnut components.

Author AUC 95%CI

Cor a1
Masthoff [29] 0.43 0.3–0.55

Beyer [30] 0.56 0.46–0.66
Grabenhenrich [16] 0.55 0.46–0.65

Inoue [35] 0.72 0.55–0.9
Pooled 0.55 0.46–0.64

Cor a8
Masthoff [29] 0.51 0.39–0.64

Beyer [30] 0.63 0.53–0.73
Grabenhenrich [16] 0.62 0.52–0.72

Inoue [35] 0.58 0.39–0.78
Pooled 0.59 0.54–0.65

Cor a9
Masthoff [29] 0.87 0.79–0.96

Beyer [30] 0.8 0.72–0.88
Eller [33] 0.78 0.7–0.85

Grabenhenrich [16] 0.8 0.72–0.88
Inoue [35] 0.71 0.52–0.89

Pooled 0.81 0.77–0.84

Cor a14
Masthoff [29] 0.8 0.7–0.9

Beyer [30] 0.89 0.83–0.95
Eller [33] 0.85 0.77–0.94

Grabenhenrich [16] 0.89 0.83–0.95
Buyuktiryaki [32] 0.93 0.85–1

Inoue [35] 0.65 0.44–0.86
Pooled 0.87 0.82–0.92

Table 4. Positive predictive value (PPV), negative predictive value (NPV), likelihood ratio (LR) of IgE to Cor a1, Cor a9,
Cor a14.

PPV (%) (95%CI) NPV (%) (95%CI) LR+ (95%CI) LR− (95%CI)

Cor a 1
Brandström [31] 12.5 (1–24) 50.0 (15.4–84.6) 0.57 (0.28–1.16) 4.0 (1.27–2.62)

Eller [33] 46.4 (34.6–58.1) 61.6 (51.4–71.9) 1.2 (0.84–1.7) 0.86 (0.64–1.16)
Masthoff [26] 43.1 (31–55.1) 25 (3.8–46.2) 0.78 (0.62–0.97) 3.08 (1.08–8.74)

Pooled 0.85 (0.58–1.26) 1.99 (0.63–6.21)
Heterogeneity, Chi2 6.0 p = 0.050 11.5 p = 0.003

Cor a 9
Brandstrom [31] 36.4 (16.3–56.5) 100 (100–100) 2.15 (1.42–3.26) 0.1 (0.07–1.5)

Eller [33] 62.3 (51.5–73.2) 78.2 (69–84.4) 2.29 (1.64–3.2) 0.39 (0.25–0.60)
Kattan [34] 52.4 (31–73.7) 90.5 (77.9–100) 2.45 (1.41–4.26) 0.24 (0.06–0.86)

Masthoff [29] 80.5 (68.4–2.6) 82.5 (70.7–94.3) 4.16 (2.20–7.83) 0.21 (0.11–0.43)
Pooled 2.47 (1.93–3.17) 0.31 (0.21–0.45)

Heterogeneity, Chi2 3.6 p = 0.309 3.1 p = 0.377
Cor a 14

Beyer [30] 66.1 (53.7–78.5) 92 (86.2–97.7) 4.38 (2.87–6.70) 0.20 (0.1–0.39)

Brandstrom [31] 61.5 (35.1–88) 100 (100–100) 5.67 (2.60–
12.35) 0,07 (0–1)

Buyuktiryaki [32] 88 (75.3–100) 84.6 (70.7–98.5) 7.00 (2.77–
17.67) 0.14 (0.06–0.36)

Eller [33] 78.8 (68.9–88.7) 85.4 (78.1–92.7) 5.14 (3.13–8.45) 0.24 (0.14–0.39)
Kattan [34] 64.3 (39.2–89.4) 85.7 (72.8–98.7) 4.02 (1.67–9.64) 0.37 (0.16–0.85)

Masthoff [29] 73.7 (59.7–87.7) 72.1 (58.7–85.5) 2.87 (1.61–5.1) 0.40 (0.24–0.66)
Pooled 4.44 (3.48–5.67) 0.26 (0.18–0.37)

Heterogeneity, Chi2 3.9 p = 0.560 7.4 p =0.196

Overall, both the sensitivity and specificity of IgE to hazelnut components were low
(Table 2). The sensitivity and specificity of Cor a 1 sIgE were significantly lower than those
of sIgE to both Cor a 9 and to Cor a 14, since a 95% confidence interval (CI) did not overlap.
There is only one study by Masthoff et al [29] on Cor a 8 sIgE in children. They found
that sIgE to Cor a 8 had a significantly lower sensitivity (5.0 (CI 95%, 0.6–16.9)) than other
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hazelnut components. The specificity of Cor a 9 sIgE [29] was also significantly lower than
that of both Cor a 14 sIgE and Cor a 8 sIgE (95.1 (CI 95%, 83.5–99.4)).

AUC (Table 3) showed that the chance to be able to distinguish between positive and
negative Cor a 1 sIgE was only 55%. For Cor a 8 sIgE, it was 58%. The AUCs of Cor a 9 and
Cor a 14 were higher, 81% and 87%, respectively, and significantly different from those of
Cor a 1 and Cor a 8, as shown by no overlapping 95% CIs. There was no difference between
the AUC of Cor a 9 and the AUC of Cor a 14.

Regarding index test predictivity (Table 4), the LR+ of Cor a 1 sIgE was significantly
lower than those of sIgE to both Cor a 9 and Cor a 14. Cor a 1 sIgE did not increase the
probability of a hazelnut allergy, while sIgE to both Cor a 9 and Cor a 14 slightly increased
it. The LR- of Cor a 1 sIgE slightly decreased the probability of having a hazelnut allergy,
while both Cor a 9 sIgE and Cor a 14 sIgE moderately decreased it. According to the Fagan
nomogram, we fixed the pre-test probability to 39% for hazelnut allergies, which was
estimated by the number of children who reacted to hazelnuts in the selected studies. If
the test result was positive, the post-test probability of a hazelnut allergy was 34% for Cor
a 1 sIgE, 60% for Cor a9 sIgE and 73% for Cor a 14 sIgE. On the other hand, if the test result
was negative, the post-test probability of a hazelnut allergy was 55% for Cor a 1 sIgE, 16%
for Cor a9 sIgE and 14% for Cor a 14 sIgE.

The DOR (Table 2) of sIgE to Cor a1 was 0.42—lower than that of sIgE to both Cor a 9
and Cor a 14. DOR of Cor a 14 sIgE was not significantly higher than that of Cor a 9 sIgE
(18.27 vs. 9.45). Positive predictive value of Cor a 1 sIgE varied from 12% to 46%, Cor a 9
sIgE from 36% to 80% and Cor a 14 sIgE from 61% to 88%. Negative predictive values of
sIgE to Cor a 1, Cor a 9 and Cor a 14, respectively, ranged from 25% to 61%, 82% to 100%,
and 72% to 100%.

Only one study [33] assessed whether IgE to hazelnut components were associated
with the severity of objective symptoms in the hazelnut challenge. They found no correla-
tion between IgE to Cor a 9 and Cor a 14 and the grade of allergic reaction.

Four of the selected studies considered the diagnostic value of combined IgE to hazel-
nut components. Beyer [30], Eller [33] and Inoue [35] did not find that the performance
of diagnostic tests was improved by combining different components. In contrast, Mas-
thoff [29] reported that combined positive IgE to Cor a 9 and Cor a 14 had a sensitivity that
was similar to that of single molecules and a specificity of 98% that was higher than those
of Cor a 9 and Cor a 14.

4. Discussion

This study has provided an assessment of the diagnostic accuracy of sIgE on individual
hazelnut proteins in the diagnostic work-up of hazelnut allergies in children. Available
hazelnut component tests include storage proteins Cor a 9 and Cor a 14, PR-10 Cor a 1, and
LPT Cor a 8 [22,36,37].

The studies included in the present research had sensitivity and specificity varying
from 50% to 70% and 9% to 58%, respectively, for Cor a 1 sIgE; from 74% to 100% and
from 56% to 80%, respectively, for Cor a 9 sIgE; and from 69% to 100% and 75% to 88%,
respectively, for Cor a 14 sIgE. When we performed an overall estimate of sensitivity and
specificity, Cor a 9 sIgE and Cor a 14 sIgE were superior to Cor a 1 sIgE.

AUC that was unaffected by the prevalence of disease, since it was based on combined
sensitivity and specificity, showed a moderate diagnostic accuracy for Cor a 1 sIgE and
Cor a 8 sIgE. The AUCs of Cor a 9 sIgE and Cor a 14 sIgE were significantly more elevated
than those of Cor a 1 sIgE and Cor a 8 sIgE. The AUC of Cor a 9 sIgE was similar to that of
Cor a 14 sIgE. It is unclear why Cor a 1 sIgE had a lower sensitivity/specificity. Several
hypotheses may be offered. Hazelnut sensitization can be genuine or due to IgE-mediated
cross-reactivity to Bet v 1. Children who were primarily sensitized to PR-10 from birch or
birch-related tree pollen [38] can have positive Cor a 1-sIgE as the result of a cross-reaction,
which may be asymptomatic [39]. Since Cor a 1 is sensitive to gastric digestion and heat-
labile, children who are only sensitized to this component often do not develop allergic
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symptoms. However, the severity of positive OFC on hazelnuts was not associated with
positive results for any IgE to hazelnut components. The studies we selected did not allow
us to separately assess the diagnostic accuracy of IgE to hazelnut components in children
with or without Bet v 1 sensitization. Only three of the selected studies considered hazelnut
allergies in children in relation to birch pollen allergies. Buyuktiryaki [32] found that only
4 (7,8%) children with hazelnut allergies were sensitized to tree pollen, and it was not stated
how many children were allergic to birch. Eller found that sensitization to Bet v 1 was
not associated with hazelnut allergies. Masthoff found that most children with subjective
hazelnut allergies were sensitized to birch pollen and Bet v 1. Neither Buyuktiryaki [32],
Eller [33] or Masthoff [29] reported levels of IgE to hazelnut allergen components (Cor a1,
Cor a8, Cor a9 and Cor a14) in children with birch pollen sensitization compared with
those in children who were not sensitized to birch pollen. Other explanations may be the
smaller amount of Cor a 1 available compared with other components in fruit with reduced
recognition, or less induction of IgE production by Cor a 1. These speculations require
confirmation by further studies. There is not sufficient data to consider the specificity
and sensitivity of sIgE to Cor a 8 since we have found only one study. Cor a 8 is more
difficult to evaluate due to its great variability depending on the geographic area considered.
Sensitization to LTP is more common in Mediterranean areas, but its clinical relevance is
still debated. Another question is whether combining the results of studies addressing IgE
to hazelnut components may improve diagnostic accuracy. Since there are contrasting data
on this issue, further studies are necessary.

In clinical practice, it is recommended that children should not avoid hazelnuts
without a clear diagnosis. On the other hand, children with hazelnut allergies should be
carefully identified since serious reactions may develop following hazelnut ingestion. The
gold standard for diagnosing hazelnut allergies is the OFC. However, extensive use of OFC
is not economically sustainable. It requires a large amount of healthcare resources, and it
is a stressful event both for patients and their caregivers. Moreover, OFC is a diagnostic
procedure that involves some risks and requires an appropriate setting with personnel
able to manage severe reactions such as anaphylaxis. Therefore, we have assessed whether
component-resolved diagnosis for hazelnuts might predict hazelnut allergies and reduce
the number of patients who need an OFC. This is of greater importance in the SARS-CoV-2
pandemic context, in which it is necessary to limit hospital tests as much as possible [40,41].

The prevalence of hazelnut allergies varied from 9% to 69% in the populations of the
selected studies, and it is higher than in the general population of children who reported a
hazelnut allergy in 3% of cases [42]. Higher prevalence of the disease increases PPV and
decreases NPV. So, it is better to consider likelihood ratios that are not affected by the
prevalence of the disease in the studied population. We calculated the post-test probability
by using LRs and Fagan nomograms. We fixed the pre-test probability of a hazelnut allergy
to 39%, which corresponds to the number of children with confirmed hazelnut allergies
in the selected studies. We have determined that the post-test probability of a positive
result was 34% for Cor a 1 sIgE, 60% for Cor a9 sIgE and 73% for Cor a 14 sIgE. Therefore,
a positive result of sIgE to hazelnut components is not able to correctly identify children
with hazelnut allergies. Negative hazelnut component sIgEs are more able to predict
tolerance to hazelnuts. However, the post-test probability of negative result is too high for
Cor a9 sIgE (16%), Cor a 14 sIgE (14%), and especially for Cor a 1 sIgE (55%) to reach a
distinct diagnosis.

The results of DOR, which may vary from zero to infinity, are along the same lines.
Higher values of DOR indicate a greater chance of a positive result for the index test in
a person with a hazelnut allergy, compared with children who tolerate hazelnuts. The
DOR of sIgE to Cor a1 was low, while the DORs of sIgE to Cor a 9 and Cor a 14 were
significant. The DOR of sIgE to Cor a 1 was lower than that of sIgE to both Cor a 9 and
Cor a 14. Children with positive Cor a 14 sIgE were at higher risk of having hazelnut
allergies than those with positive Cor a 9 sIgE, but the difference was not significant. To our
knowledge, only one systematic review with metanalysis about hazelnut allergy testing has
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been published until now (24). In agreement with our results, it found that the diagnostic
accuracy of sIgE to Cor a 1 was lower than that of Cor a9 sIgE and Cor a 14 sIgE.

The strength of this study is a highly sensitive research strategy performed without
language limitations, using various databases that permitted a complete literature review.
All the studies included in the metanalysis performed an OFC to reach the diagnosis of
a hazelnut allergy in more than 50% of the patients enrolled. A wide number of children
were included. The strength of the findings can be limited by differences in inclusion
criteria among the selected studies. It was not possible to analyze the diagnostic value
of IgE to hazelnut components in studies with similar inclusion criteria since data were
insufficient. However, we think that the criteria of our study are large enough to comprise
the diversity of studies and the conditions in which the test is used, which also being
satisfactorily narrow to obtain important answers when studies are considered together.
Another relevant limitation is that if children with a genuine allergy to hazelnuts and those
with a birch allergy and cross-reactive allergy to hazelnut are mixed up, the sensitivity and
specificity of IgE components are diluted. As a result, the strength of Cor a9 and Cor a14
assessment in genuine hazelnut allergies in children is lost. A weakness may be represented
by the limited number of studies retrieved. There is especially a paucity of studies on Cor
a 8 sIgE. Another limitation is that there was heterogeneity across the studies on Cor a 1
sIgE. Finally, data were not divided on the basis of other variables, including sex or age,
since information was lacking in the included studies.

5. Conclusions

Our analysis has shown that an OFC will still, in many cases, be necessary to prove
clinical manifestations of hazelnut allergies. Measurement of IgE levels to Cor a 9 and Cor
a 14 might have the potential to improve specificity in detecting clinically tolerant children
among hazelnut-sensitized ones. This may lead to a reduction in the number of OFCs.
Studies on the general population are warranted to elucidate this issue.
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Abstract: A food allergy is a potentially life-threatening disease with a genetic and environmental
background. As its prevalence has increased significantly in recent years, the need for its effective
prevention has been emphasized. The role of diet modifications and nutrients in food allergy
reduction has been extensively studied. Much less is known about the role of other environmental
factors, which can influence the incidence of this disease. Changes in neonates gut microbiome
by delivery mode, animal contact, inhalant allergens, oral and then cutaneous allergen exposure,
air pollution, smoking, infections and vaccinations can be the potential modifiers of food allergy
development. There is some data about their role as the risk or preventive factors, but yet the results
are not entirely consistent. In this paper we present the current knowledge about their possible
role in primary prevention of food allergies. We discuss the mechanisms of action, difficulties in
designing accurate studies about food allergy and the potential biases in interpreting the connection
between environmental factors and food allergy prevention. A better understanding of the role of
environmental factors in food allergies development may help in implementing practical solutions
for food allergy primary prevention in the future.

Keywords: allergy; food allergy; environmental factors; primary prevention

1. Introduction

Food allergy, a potentially life-threatening condition, is defined as an adverse reaction
occurring reproducibly on exposure to a specific food. It can be IgE mediated (an immediate
onset of symptoms caused by mediator release induced by IgE binding antibodies, mast
cells and basophils), non-IgE mediated (delayed onset of symptoms connected with T-cell
inflammatory responses) and also mixed IgE and non-IgE mediated food allergy [1].

Food allergies are diagnosed in up to 10% of the population (mostly children) and the
prevalence has been increasing in the last decades [2]. The disease may affect children’s
growth, patients’ quality of life and can be potentially life-threatening, even after exposure
to a very small amount of allergen. The gold standard for food allergy diagnosis is
the double-blind, placebo-controlled food challenge (DBPCFC) [3]. Despite significant
progress in understanding food allergy epidemiology and involved mechanisms, treatment
remains mainly based on exclusion of the harmful food from the diet. There are also
many questions to be solved about food allergy pathogenesis. Genetic predisposition,
epigenetic modifications and environmental exposures may be the risk factors. However,
the possibility of some environmental interventions seems to be an opportunity for its
primary prevention.

The influence of diet and nutrients on food allergy risk has been extensively studied.
Early introduction of peanuts in the diet of high-risk infants reduced the peanut allergy
rate in the following years [4]. Unfortunately, similar intervention with other food types
gave less certain results [5,6]. The role of vitamin D, antioxidants, vitamins, pre- and
probiotics and other diet ingredients were also extensively studied [7]. In the ‘dual-allergen
exposure’ hypothesis the role of cutaneous contact with allergens rather than oral early
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in life was proposed to increase the harmful effect [8]. Much less is known other than
dietary environmental factors that affect the risk of food allergy and may potentially be the
strategic tool for its avoidance [9]. Modification of microbiome by delivery mode, inhalant
allergens exposure, air pollution, smoking, infections and vaccinations may influence the
immunological system and its reactivity to different allergens. It is known that these factors
can act on different ages (pregnancy, infancy, childhood, adulthood) and modify the risk of
allergic diseases. What is their role in food allergies?

In this review we discuss the possibilities of primary prevention of food allergies
given by environmental factors other than dietary and nutrients (Figure 1). We present the
newest research on potential mechanisms of action and perspectives of implementing their
findings in the practical reduction of food allergy risk.

Figure 1. Primary prevention of food allergy—potential environmental modifiers.

2. Route of Delivery

The role of the gut microbiota in many processes of the human organism has been thor-
oughly investigated. Microbiota is believed to influence the development and maturation of
the intestinal lymphoid tissue, strengthen and maintain the integrity of the mucosa and ac-
tivate the intestinal immune defense [10]. Studies published recently suggest an important
role of the intestinal flora in the development of food allergy. The disruption of the original
microbiota configuration would have been related to higher risk of this disease [11,12]. Gut
microbiota is supposed to have a regulatory role in the manifestation of food allergy but
the exact mechanism of this influence is still under investigation. Presumably, it influences
the immune system by altering the host’s metabolism and altering adaptive immunity [13].
Caesarean section is among the factors potentially responsible for dysbiosis, defined as
a change in the microbiota composition, function and imbalance of the gut microbiota
homeostasis. Therefore, caesarean section is being considered as having the potential to
increase the risk of food allergy [9,14]. Infants who are born through the birth canal are
directly exposed to their maternal gastrointestinal flora by mouth, whereas caesarean born
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infants do not have such a high direct exposure, allowing lower levels of colonization from
maternal skin microbiota and areas of low biomass to colonize the neonatal gastrointestinal
tract. Compared to infants born naturally, babies born by caesarean section have lower lev-
els of Bacteroides, E-shigella and E. coli [15] and higher levels of Clostridium difficile [16] in
the gut microbiota. However, Dominguez-Bello et al. showed that the microbiota of infants’
skin and mouth acquired a more adult-like configuration after the first week of life and
this was independent from the delivery mode. As the difference in microbiota composition
is relatively short-lived, considering its influence on food allergy development should be
explored cautiously [17]. Omission of the maternal flora is suspected of predisposing to a
proallergic Th2 phenotype and to food allergy simultaneously [17]. These observations are
in line with the biodiversity hypothesis assumption that microbial exposure in early life
regulates the immune response and has a role in the prevention of allergic diseases [18].

A Swedish longitudinal cohort study conducted on more than one million children re-
ported an increased risk of food allergy in children born by means of elective or emergency
caesarean delivery compared to those delivered vaginally. Moreover, infants born large for
gestational age or with low Apgar score also had higher risk of developing food allergy.
In contrast, children born <32 week of pregnancy were less likely to be diagnosed with
food allergy in adolescence [19]. In another study, caesarean delivery was connected to an
increased risk of cow’s milk allergy in children, regardless of whether it was an elective
or emergency caesarean section [20]. In the population-based birth cohort, the Pollution
and Asthma Risk: an Infant Study (PARIS) sensitization to food allergens also tended to
be more frequent in children born by caesarean section [21]. Increased risk of food allergy,
but only in predisposed children with a family history of allergies, was shown by Eggesbø
et al. Children whose mothers were allergic and who were delivered by means of caesarean
section had a seven-fold increased risk of parentally perceived reactions to egg, fish or nuts
and a four-fold increased risk of confirmed egg allergy. In contrast, children with no family
history of allergy born by caesarean section did not show a significantly increased risk of
food allergy [22]. Similarly, in a Greek cohort study it was shown that caesarean section
predisposed food allergy development and that risk was more pronounced in children
with allergic family history [23].

In the study of Norwegian children, 6.8% of the study group developed symptoms of
food allergy during the first two years of life. In this group of food allergic children, 7.6%
were delivered by caesarean section and 6.5% were born vaginally. As the difference was
not significant, the authors stated that there was no increased risk of food allergy in the
first two years of life in children born by means of caesarean section compared to those
delivered vaginally [24]. In the Urban Environment and Childhood Asthma birth cohort
study, the children were followed through the age of five years and the influence of many
factors on food allergy to milk, egg and peanut were checked. Type of delivery appeared
to have no effect on the occurrence of food sensitization or food allergy in children [25].
Pyrhönen et al. did not find an association between the mode of delivery and allergy
manifestation, including food allergy during the first four years of life. However, the
authors admit that due to the wide confidence intervals in their study, it is not possible
to completely exclude the existence of a relationship between caesarean section and the
development of allergic symptoms in children [26].

The discrepancies in the studies’ results may be partially explained by the differences
in the study design and enrolled populations (for example, different family histories),
methods of diagnosis and time of observations. Despite the fact that DBPCFC is widely
considered as the "gold standard" for the diagnosis of food allergy [2], the diagnostic proce-
dures varied among studies. Assessing specific immunoglobulin E (sIgE) or conducting
skin prick tests were used, but sometimes the lack of an objective way to measure the
outcomes was applied. The cutoff points when food allergy was diagnosed, or variability
in the food allergen chosen in the diagnostic process, can also be a shortcoming and can
make it difficult to compare different study results. Some studies are also vulnerable to
bias due to missing data from study participants or from conducting the trial using specific
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groups of a population. Women giving birth by cesarean section have easy access to health
care providers, so in the case of allergy symptoms in their child they found a specialist
consultation quickly. On the contrary, people with minimal contact with medical care
may not seek advice from an allergy specialist or some symptoms may be simply ignored.
Interestingly, in the EAT study where the DBPCFC was used to diagnose food allergy,
despite the differences in the composition of infants’ gut microbiota, no difference in the
risk of food allergy was found in children [27].

Considering that most of the studies on the relationship between caesarean section
and food allergy have not reach statistical significance, it is not possible to unequivocally
state the influence of this type of delivery on the occurrence of food allergies in children.
However, as the percentage of caesarean sections (including those based on maternal
request) is increasing nowadays, further studies should be conducted to establish the role
of caesarean section in food allergy development.

3. Animal Exposure

Another factor conceivably related to the onset of food allergy is animal exposure.
Available studies suggest that contact with animals, both pets and farm animals, has
a possible influence on the occurrence of atopic disease. This is based on the concept,
similar in assumptions to the aforementioned biodiversity hypothesis, that early exposure
to animal allergens reduces the organism’s susceptibility to allergic diseases. Keeping
a pet increases exposure to endotoxin and might therefore contribute to a lower risk of
atopy [28]. Most studies focus on the effect of exposure to animals on the development of
atopy, asthma and allergic rhinitis. Numerous studies confirmed the lower risk of atopy
in children living on the farm [29–31]. However, the rural environmental protection may
be connected not only with farm animal contact but also with some dietary habits, like
drinking unpasteurized milk [32].

The role of exposure to pets and food allergies and other allergic diseases has been
studied but the results are conflicting [33,34]. Regarding the interventional Enquiring About
Tolerance (EAT) study participants, Marrs et al. showed that owning a dog is a potential
protective factor against food allergy in children. Researchers enrolled three-months old
infants and then examined the children at one and three years of age, establishing if
the allergy to egg, peanut, milk, wheat, cod and sesame developed in connection to pet
ownership. Having a dog appeared to reduce the odds for food allergy by 90%. Moreover,
the protective effect increased with the number of dogs owned by the child. Keeping a
cat had an effect on reducing the risk of food allergy only if a dog was also present in
the household [35]. In the HealthNuts study population, the relationship between pet
ownership and egg allergy was studied. Keeping a pet appeared to be a protective factor
on egg allergy also in children without a family history of allergic disease [36].

On the contrary, in a study conducted in the United Kingdom, no association between
pets at home and the development of food allergy in children up to two years of age was
shown [37]. Levin et al. revealed that exposure to farm animals was related to a decrease of
food sensitization and food allergy. The authors underlined the difference between urban
and rural environments regarding risk and protective factors of food allergy [38].

A protective effect of animal exposure on developing food allergy has been found
in some studies, whereas others do not show this association. Distinguishing children
with positive allergy family history from those without is important when final conclu-
sions are made about the pet effects on allergy. The potential role of animal exposure
in prevention of food allergy is still inconclusive. The inaccuracy may be a result of the
variety of study designs. Some analyzed infants, while others focused on older children.
Furthermore, the diagnosis of food allergy in the studies was made on the basis of diverse
methodology. The gold standard to diagnose food allergy is DBPCFC [2], but this was used
in just a few studies, such as in the EAT study [35]. In many studies, the diagnosis was
based on parental reports or specific IgE testing or skin prick testing, which may lead to
overdiagnosis of the disease. Not using validated gold standard diagnosis is a weakness of
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these studies and makes the results unreliable and not comparable with the results of other
well-designed surveys.

What is more, distinguishing children with positive allergy family history from those
without is important when final conclusions are made about the pet effects on allergy. The
potential role of animal exposure in prevention of food allergy is still inconclusive.

4. Cutaneous Exposure—Dual-Allergen Exposure Hypothesis

The dual-allergen exposure hypothesis proposed by Lack suggests that low-dose
cutaneous exposure to food allergens is a risk factor of food allergy, while early intake of
an allergen induces oral tolerance [8]. Du Toit stated that this theory is a precise illustration
of one of the mechanisms of developing a food allergy [39]. When the skin barrier is
impaired, such as in atopic dermatitis, this skin exposure might be even greater, which
may also partly explain the frequent coexistence of atopic dermatitis and food allergy. In a
systematic review, a strong association between atopic dermatitis, food sensitization and
food allergy was found. In most cases atopic dermatitis arises before the development
of food sensitization, which supports the theory of a causal relationship [40]. In the
aforementioned population of the HealthNuts study, Martin et al. showed that atopic
dermatitis in infancy, especially with early and severe onset, is a strong risk factor for
IgE-mediated food allergy, and that eczema increases the odds of food allergy nearly five
times compared to children with healthy skin [41]. Similar risk factors of food allergy—
early onset of atopic dermatitis and its severity—were shown in children at three months
of age [42]. Studies demonstrated the risk of sensitization to peanuts or peanut allergy
after skin exposure to peanut allergen in household dust [43]. To determine the route by
which infants become sensitized, the authors observed peanut protein levels in the child’s
environment, household peanut consumption and the development of peanut allergy in
children. They made a conclusion that infant’s environmental exposure to peanut antigens
in the dust through an impaired skin barrier is a probable route for peanut sensitization
and allergy [43]. Another study confirmed the increased risk of peanut food allergy after
environmental exposure in infancy but also stated that consumption of peanuts in these
infants in the first year of life was a protective factor against peanut allergy [44]. Peanut
proteins were also detectable in the house dust of families that restricted peanuts and
peanut products at home [45]. Taking into consideration environmental exposure of other
food allergens, Trendelenburg et al. found that hen’s egg allergen was also detectable
in house dust samples. They concluded that high environmental exposure to hen’s egg
allergens may also be a risk factor for cutaneous sensitization, especially in small children
with atopic dermatitis [46]. As a defect in the skin barrier is proposed to be a risk factor
of development of peanut allergy, attention is also paid to the filaggrin-filament binding
protein in the stratum corneum of the skin. Filaggrin mutations lead to increased skin
permeability and reduced skin barrier function [47]. To investigate the association between
filaggrin loss-of-function mutations and peanut allergy, a case-control study was conducted
and showed a strong and significant association with peanut allergy in the food challenge-
positive patients [48].

The dual-allergen exposure hypothesis suggests that somehow if the skin barrier can
be improved then the risk of food allergy can be reduced. Proper treatment of atopic
dermatitis may lower the risk of food allergy. What is more, actions taken to reduce the
risk of eczema may lead to decreasing the food allergy occurrence, as was shown in case of
reducing bathing frequency and protection against eczema in infants [49]. Therefore, for
primary prevention of food allergy the appropriate skin care should also be recommended.
However, as Perkin et al. found, moisturizing infants’ skin can also promote food allergy.
The authors explained that moisturizers can make it easier for food allergens to break the
skin barrier or damage the skin barrier and enable the penetration of the food allergen [50].
Beyond proper skin care, a second important aspect of dual-allergen exposure theory is
the importance of introducing foods orally at the right time to stimulate tolerance. As it
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is stated, a window of opportunity exists during the child’s first year of life within which
there is a possibility to influence a tolerogenic response [39].

5. Vaccinations

As a Bacillus Calmette–Guerin (BCG) vaccination has the potential to stimulate Th1
action involving cytokine response patterns and simultaneously inhibiting the Th2 immuno-
logic response [51], the association between vaccination and the risk of atopic disorders
has been studied. In the review by Arnoldussen et al., two original studies considering
the association between BCG vaccination and a risk of food allergy were discussed [52].
The results of these studies were too heterogeneous to be pooled as they did not show
statistically significant evidence that BCG vaccination has the potential to reduce the risk
of food allergy or food sensitization [53,54]. However, in one of these studies Steenhuis
et al. presumed that there could be a smaller beneficial effect of BCG vaccination, as in
vaccinated children less eczema and significantly less use of medication for eczema was
shown. The authors paid attention to the timing of when children got a vaccine. It is
likely that BCG vaccination may have a protective immunomodulatory effect when it is
administered in the early neonatal period, but not later [54]. The effect of BCG on the risk
of atopic diseases, time of vaccine administration and also the impact of neonatal vitamin A
supplementation were aims of the study conducted by Kiraly [55]. There is a possibility of
BCG vaccination influencing food allergy occurrence in children under certain conditions,
however, the results of the study are inconclusive [55].

There is little evidence that BCG vaccination may have a potential to reduce a risk of
food allergy. More studies are needed to verify the association between atopic sensitization
and administration of BCG. Therefore the latest guidelines of the European Academy of
Allergy and Clinical Immunology (EAACI) are against recognizing the BCG vaccination
as a method of food allergies prevention [56]. Pertussis vaccine was also considered as
having a positive effect on reducing the risk of allergies, but Venter et al. found no such
association in investigated children [57].

It is worth underlining that the studies conducted on large groups of patients showed
no increased risk of atopic diseases including food allergy, confirming the safety of vaccina-
tions [58,59]. Parents concerned about the possibility of developing atopic diseases in their
children should be reassured about the safety of vaccines given early in life.

6. Smoking

Exposure to tobacco smoke is another factor possibly contributing to the development
of food allergy [60]. The mechanism of action is still unclear, but there are some assumptions.
It is possible that breathing air polluted by tobacco smoke in the first months of life
may disrupt the skin barrier and lead to exposition of food allergens via this way. As it
was described earlier in this article, skin exposition to food allergens may promote food
allergy [6]. Moreover, cigarette smoke reduces the activity of Th1 lymphocytes and thus
may contribute to the development of allergic diseases [61].

The role of exposure to tobacco smoke in utero and postnatally for IgE sensitization to
allergens in children at four years of age was studied. The results were different depending
on the time of exposure. Infants exposed to smoke only during pregnancy did not present
a higher risk of sensitization to food (cow’s milk, hen’s egg, peanut, soy, wheat, cod fish)
and indoor inhalant allergens. However, small children whose parents were smoking
during the first months of the children’s life demonstrated higher risk of sensitization
and the effect was dose-dependent [62]. While examining the same group of patients,
however, conducting a longer follow-up of children up to 16 years of age, Feldman stated
that exposure to tobacco smoke in the second month of life increased the risk of food allergy.
It remained significant for egg and peanuts (OR 1.79 and 1.50, respectively) [63]. Similar
results were presented in a meta-analysis of studies—passive smoking during childhood
but not in utero was associated with an increased risk for food allergy [64].
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In contrast to the results mentioned above, a population-based study conducted
in Sweden revealed a nonsignificant relation between exposure to tobacco smoke and
allergies in children. Only children exposed to secondhand smoke and simultaneously
having a family history of atopic diseases showed an increased risk of developing an
allergy. Researchers emphasized the synergistic effect of inheritance and the influence of
passive tobacco smoke exposure [65].

Smoking is a known risk factor for the development of respiratory tract diseases in
children, and also allergic diseases. Of course, research on the influence of smoking on the
occurrence of allergic diseases has its limitations—the effect of accompanying factors cannot
be ruled out. Moreover, these studies are often based on data collected from an interview
the parent does not always want, or they do not always remember factual information.
Nevertheless, considering that almost every second child is exposed to tobacco smoke [66]
and about 14% of children are exposed to smoking during pregnancy [67], educational
information about the harmfulness of smoking and the effects of passive smoking on
children should be an important part of medical appointments.

7. Air Pollution

Poor air quality indoors may result not only from exposure to tobacco smoke but also
to the quality of the outside air. Traffic-related pollutants, including particles and nitrogen
oxides (NOx), are said to induce inflammation of the airway and may increase airway
responsiveness [68]. Air pollution is also a possible environmental factor playing a role
in food allergy development. Diesel exhaust particles may act as adjuvants to allergen
and in that way escalate the sensitization response. What is more, NOx are associated
with suppressing the Th1 response and promoting the Th2 proallergic response [69]. The
effect of gene–environment interactions in explaining the impact of air pollution on allergic
diseases has been proposed. Melén et al. studied the impact of air pollution on a single
nucleotide polymorphism. They revealed that variants in the glutathione S-transferase
P1 and tumor necrosis factor (TNF) genes modify the result of early long-term exposure
to air regarding the sensitization to allergens in children [70]. Canadian children who
participated in a prospective longitudinal national birth cohort were observed for over
one year and NO2 concentrations in the place of their location were measured. Then
the occurrence of allergy to inhalant and food (milk, eggs, peanuts, soy) allergens was
determined. The authors showed that exposure to air pollution during the first year of life
was correlated with positive results of skin prick tests with the mentioned food allergens
at the age of one year. Similar to tobacco smoke studies, the allergic effect was not seen
when the exposure to traffic took place during pregnancy [71]. Other prospective birth
cohort studies analyzed the impact of air pollution in children from birth to four years of
age [72]. The findings confirmed the positive, however nonsignificant, association between
sensitization to food allergens and pollution exposure.

As the exposure to air of poor quality can be harmful for children’s health, it is
important to prevent this exposure as much as possible. Limiting going outside on days
when the air quality is very poor may even be needed. Actions leading to the improvement
of air quality are also important—limiting car traffic where possible, using public transport
and changing fuel to limit pollution.

8. Obesity

The incidence of both atopic diseases and obesity in the pediatric population is steadily
increasing. Obesity can be described as a chronic systemic inflammation resulting from
the interaction between adipocytes and macrophages recruited to adipose tissue in obesity.
TNF-α, leptin and adiponectin are involved in this inflammation, and an increase in gene
expression of proteins related to inflammation in obese people was shown—including
genes of TNF-α, chemokines, IL8, MCP-1, complement proteins and other acute phase
proteins [73,74]. This inflammatory state connected to obesity may be associated with an
increased risk of atopic diseases, including food allergy. Another possibility is the influ-
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ence of leptin—a hormone derived from adipose tissue. Its concentration is significantly
increased in obese people [75]. It affects lymphocytes and the production of Th1-specific
cytokines, and at the same time inhibits Treg proliferation, which may promote allergic
diseases [76].

In a National Health and Nutrition Examination Survey, a relationship between obesity
and allergic disease including food allergy was shown. Researchers examined children
aged 2–19 years old and tested them for total IgE and specific IgE to i.e., peanut, milk,
egg, and, in the case of six-year-old children or older, also to shrimp. It appeared that
increased weight was associated with higher allergic predisposition and the effect was
more pronounced in obese children compared to those who were overweight. However,
the authors underline that this result cannot be understood unequivocally that obesity is
a certain risk factor of food allergy. There is a possibility of the mutual influence of both
these conditions, and perhaps there are additional issues influencing this relationship [77].

Irei et al. checked the association between overweight and food allergy in a population
of 2027 children aged 9–13 years old from Japan, Taiwan and Vietnam. They showed
inconsistent results in children from different regions—there was an association between
being obese and having food allergy but only in part of the studied population [78].
However, even the authors admit that their study assumed only a questionnaire declaration
of the presence of allergies, which may lead to a distortion of the result. Difficulties
when interpreting the research results may include the different age of the respondents,
methods of assessing the occurrence of food allergy (information from the parent/from the
patient itself/objective sIgE assessment) and differentiated classification of BMI values as
overweight and obesity. Therefore there is no strong evidence to consider obesity as a risk
factor of food allergy.

9. Daycare

Increased risk of food allergy among children attending daycare facilities is also
plausible. In Sweden, over 10,000 children were studied and revealed an association
between daycare attendance and allergy symptoms (including allergic reactions to food).
Children cared at daycare centers were more likely to present food allergy reactions
compared with children cared for at home. It was more pronounced in children who
started daycare before the age of one than in children who started attending daycare after
the age of two [79]. In contrast, a recent study of 5517 participants aged 1 to 18 years did
not show an increased risk of atopic diseases (including food allergy) in children attending
daycare during the first year of life [80]. Similarly, Koplin et al. revealed lower risk of
challenge-proven egg, sesame and peanut allergy in children at daycare in the first six
months of life compared to those cared for at home [81]. This result may be related to the
microbial exposure influence [9].

It could be assumed that attending a nursery or kindergarten could have a protective
effect against allergies in a similar way as some other environmental factors—increasing
contact with infectious agents would reduce the risk of allergies. However, since attending
daycare does not have a clear antiallergic protective effect, the relationship is not unam-
biguously confirmed. It is also possible that the relationship between daycare and food
allergy is not a causative nor protective one. It may be related to the fact that children at
daycare centers are more often offered food that they would not get or try at home. What is
more, they consume the meals because other children do. Sometimes this may lead to the
occurrence of allergy symptoms. Possibly children taken care of at home who refuse some
potential allergens somehow protect themselves against food allergy symptoms. Certainly,
many factors have an influence, as a study of atopic wheezing showed that attending
daycare can have a different effect (protective or not) depending on the varied expression
of TLR2 genes in a child [82].
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10. Conclusions

The knowledge about the role of environmental factors other than food in the devel-
opment of food allergy is still surprisingly scarce. A better understanding of how external
exposures interfere with the immunological system in food tolerance or food sensitization
development is crucial for implementation of prevention methods. In the newest guidelines
from the EAACI on food allergy prevention in infants and young children, none of the
discussed possibilities reached a sufficient level of evidence to be recommended [55]. This
may reflect the difficulties in designing accurate studies about food allergy; the dangers
of elicitation bias, selection bias and losing participants to follow up; the importance of
double-blind food challenges and the importance of ensuring representatives access across
different populations. Therefore, there is an urgent need to conduct further studies orga-
nized on the basis of available guidelines for food allergy diagnosis and with objective
measurements of environmental exposures.
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Abstract: Both functional abdominal pain disorders (FAPDs) and food allergies are relatively common
in children and adolescents, and most studies report an association between FAPDs and allergic
conditions. FAPDs share pathophysiologic processes with allergies, including both immune and
psychological processes interacting with the microbiome. No conclusive data are implicating IgE-
mediated reactions to foods in FAPDs; however, there may be patients who have IgE reactions
localized to the gastrointestinal mucosa without systemic symptoms that are not identified by
common tests. In FAPDs, the data appears stronger for aeroallergens than for foods. It also remains
possible that food antigens initiate an IgG reaction that promotes mast cell activation. If a food
allergen is identified, the management involves eliminating the specific food from the diet. In the
absence of systemic allergic symptoms or oral allergy syndrome, it appears unlikely that allergic
triggers for FAPDs can be reliably identified by standard testing. Medications used to blunt allergic
reactions or symptomatically treat allergic reactions may be useful in FAPDs. The purpose of the
current manuscript is to review the current literature regarding the role of allergy in FAPDs from a
clinical perspective, including how allergy may fit in the current model of FAPDs.

Keywords: functional abdominal pain disorders; functional dyspepsia; irritable bowel syndrome;
food allergy

1. Introduction

Chronic or recurrent abdominal pain is common in children and adolescents, with a
worldwide prevalence estimated at 13.5% [1]. Most youth with chronic abdominal pain
will fulfill the functional abdominal pain disorder (FAPD) criteria as defined by the Rome
criteria [2]. The recognized FAPDs include irritable bowel syndrome (IBS), functional
dyspepsia (FD), abdominal migraine, and functional abdominal pain, with IBS and FD
being the two most common [2–4].

There has been increasing interest in the role of diet in FAPDs. Perceived food
intolerances are common in pediatric FAPD patients, with over 90% identifying at least one
food they associate with worsening symptoms [5]. These patients frequently avoid specific
foods and self-implement dietary strategies [5]. There are a variety of mechanisms by which
specific foods can increase symptoms, including food allergy (immunologic reactions), food
intolerances (non-immunologic reactions, e.g., malabsorption), and reactions created by
hypervigilance and anticipation of symptoms in patients with perceived intolerances that
may increase anxiety with consumption of the suspected food [6,7]. Perceived intolerances
may also be influenced by underlying psychological factors [8].

The separation between food allergy and intolerance has become increasingly blurred
as some food intolerances can start a chain of events resulting in mucosal immune ac-
tivation. For example, lactose malabsorption is a well-recognized food intolerance. In
most studies, lactose restriction does not result in clinical improvement even in patients
with demonstrated malabsorption [9–12]. It is now recognized that this malabsorption
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is associated with increased mucosal mast cells and increased colonic eosinophils and
lymphocytes, which may persist after lactose elimination [13–16]. Non-absorbed sugars
and fructooligosaccharides alter the intestinal microbiome and production of short-chain
fatty acids, both of which affect the development of food allergies [6,13,14,17–20]. The
altered microbiome can interrupt the intestinal epithelial barrier (another factor highly
implicated in FAPDs) with a subsequent increase in the immune system’s exposure to
luminal food and microbial antigens [21]. Lastly, it is recognized that dietary compounds
(or metabolic byproducts) can modulate mast cell function [22]. For example, the benefits
of fiber supplements are in part due to slow fermentation, producing short-chain fatty
acids which preserve the intestinal barrier and decrease inflammation, including inhibition
of MC activation [23–25].

Food allergy refers to developing symptoms resulting from an immune reaction (gen-
erally involving mast cells and eosinophils) to an ingested antigen. Food allergies are
divided into two categories: IgE- mediated and non-IgE-mediated. IgE-mediated reactions
are associated with more rapid onset of symptoms, while non-IgE-mediated reactions typi-
cally result in delayed onset of symptoms [26,27]. Food allergy in children has an estimated
worldwide prevalence of 6–8%, with estimates of 10% in high-income countries [27]. Ap-
proximately 50% of food allergy reactions will produce systemic symptoms (e.g., wheezing,
hives, anaphylaxis), and 50% will produce only or primarily gastrointestinal symptoms [26].
Multiple physiologic factors prevent immune reactions to foods, termed tolerance, includ-
ing microbiome features and the intestinal barrier [28]. Importantly, “outgrowing” a food
allergy is associated with the development of food-specific IgG rather than IgE [29].

Both FAPDs and food allergies are relatively common in children and adolescents
and may be linked in at least a subset of patients. The purpose of the current manuscript
is to review the current literature regarding the role of allergy in FAPDs from a clinical
perspective, including how allergy may fit in the current model of FAPDs. Although the
focus is on pediatric FAPDs, we will also incorporate the more abundant adult literature
relevant to adolescents.

2. Inflammation and the Biopsychosocial Model

The complex nature of chronic abdominal pain has long been viewed within the
context of the biopsychosocial model, which recognizes that various interacting factors
contribute to the initiation and maintenance of pain. These contributors include biologic
factors (e.g., genetics, visceral hypersensitivity, inflammation, dysbiosis), psychologic
factors (e.g., anxiety, depression), and social factors (e.g., poor relationships with parents,
teachers, or peers). There appear to be four main host systems involved in symptom
generation which interact readily with each other, including psychologic, neurologic,
immunologic, and endocrinologic systems, all of which interact with the gastrointestinal
microbiome. A central mechanism appears to be visceral hypersensitivity, an exaggerated
response to stimuli such as gastrointestinal distension. Hypersensitivity to distension has
been demonstrated in youth with chronic abdominal pain [30–32].

Given that allergy involves an immunologic reaction, the role of inflammation, particu-
larly mast cell-related, within the biopsychosocial model appears to be most relevant to the
current discussion (See Figure 1). Mast cells are generally positioned at interfaces between
the host and environment, providing a connecting link between the neurologic and im-
munologic systems and, in part, a link between the enteric and central nervous systems [33].
As will be discussed, mast cells are also an important link to the psychologic system.
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Figure 1. Four primary interacting systems generate the symptoms of functional abdominal pain
disorders (FAPDs). This process can be initiated, maintained, or exacerbated by allergens through
activation of the immune system.

There is considerable evidence implicating inflammation in FAPDs, particularly mast
cells (and to a lesser degree, eosinophils) in IBS and both mast cells and eosinophils in
FD [34–38]. With activation, both mast cells and eosinophils release mediators with biologic
effects relevant to FAPDs. These mediators can stimulate afferent nerves sending a pain
signal, sensitize afferent nerves inducing visceral hyperalgesia, and alter electromechanical
function [36]. Mast cells are highly implicated in IBS, with increased density reported in
the colon and ileum in over 80% of published studies investigating this relationship [34,39].
In addition, IBS is associated with an increased density of degranulating mast cells and
mast cells in proximity to nerves which correlate with abdominal pain frequency and
severity [40]. Both mast cell and eosinophil densities have been shown to be increased
in pediatric IBS [41]. Increased densities of both mast cells and eosinophils have been
demonstrated in FD, as has increased activation of mast cells and/or eosinophils in both
adults and youth with FD [35,42–44]. Mast cell degranulation in the proximal stomach may
be associated with visceral hyperalgesia in adults with FD [45]. To what degree mucosal
inflammation may result from allergic reactions is unclear, but a history of allergy has been
associated with increased duodenal eosinophils in adults with FD [46]. In children with
cow’s milk allergy, mucosal application of milk results in increased mast cell and eosinophil
density and activation, as well as an increase in mast cells in proximity to nerves, findings
similar to those reported in FAPDs in general [47].

Psychologic function is an important component of the biopsychosocial model and
may directly relevant to a discussion of allergy. FAPDs are associated with psychologic
dysfunction, including anxiety, depression, and maladaptive coping [48]. Psychologic
disturbances are associated with greater abdominal pain severity and predict worse out-
comes and persistence into adulthood [48–50]. In addition, asthma, allergic rhinitis, atopic
dermatitis, and food allergy are associated with increased stress, changes in mood, and
emotional dysfunction [51,52]. Psychologic functioning interacts with biologic function-
ing (in a bi-directional fashion) particularly with the immunologic system; anxiety and
depression have been associated with increased mast cell and/or eosinophil density in
youth and adults with FAPDs [41,53–55]. Psychologic functioning also interacts with the
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endocrinologic system as anxiety can trigger a stress response initiated by corticotropin-
releasing hormone (CRH) release. Through activation of CRH receptors, stress results in
mast cell degranulation, disrupting the epithelial barrier, increasing antigenic exposure [56].
As stress can exacerbate symptoms, its presence can also create difficulty determining a
patient’s response to food restrictions. Santos and colleagues studied a group of adults with
documented food allergies [57]. Under conditions of cold stress, these patients exhibited
increased luminal release of tryptase and histamine in the jejunum at a magnitude compa-
rable to that induced by food allergen exposure [57]. Thus, a patient with food allergies
may have symptoms triggered by other factors even after eliminating the food allergen.
While allergies may have a role in FAPDs in at least a subset of patients, it is important to
recognize the complex nature of chronic abdominal pain and the other factors that may be
active in symptom generation.

3. Allergy and Functional Abdominal Pain Disorders

Most, but not all, studies have shown an association between FAPDs and allergic
conditions [58]. FD and functional abdominal pain have been associated with asthma in
adolescents [58]. Likewise, asthma and food allergy, allergic rhinitis, and eczema have
been associated with FAPDs in adults [59–64]. In an extensive primary care study, both
FD and IBS were associated with allergic conditions, and the relationship was partially
explained by a common association with anxiety and depression [63]. Allergic conditions
early in life also appear to predispose to later development of FAPDs. Pre-schoolers with
allergic disease have an increased risk of IBS when they reach school-age, with earlier
development of IBS in those with food allergies [65]. The highest risk was associated
with allergic rhinitis [65]. In another study, the risk of childhood IBS was significantly
increased in those with a history of atopic dermatitis [66]. Allergic proctocolitis early in life
is also a risk factor for subsequent FAPD development [67]. The association of allergies
early in life and subsequent FAPD development is not well understood. Still, there is
some evidence that allergy may alter the microbiome, which could predispose to FAPDs,
or allergy, and FAPD could be epiphenomena related to dysbiosis. Children with food
sensitization have lower microbiota diversity overall with lower Bacteroides and higher
Firmicutes colonization [18]. The microbial signature can distinguish between those with
IgE-mediated and those with non-IgE-mediated food allergies in infants [19].

Interestingly, a placebo-controlled trial of a probiotic (Bifidobacteria) in children with
allergic rhinitis in association with intermittent asthma demonstrated significant improve-
ment in allergic rhinitis symptoms [68]. These findings suggest shared pathophysiology
related to the gastrointestinal microbiome. Lastly, bacteria-derived (and host-derived)
proteases have been implicated in disruption of the intestinal barrier, increasing antigen
exposure, and may also directly stimulate mast cells and sensory neurons [69].

3.1. IgE-Mediated Allergies

No conclusive data is implicating IgE-mediated reactions to foods in FAPDs [70,71].
The gold standard for diagnosis of food allergy is a double-blind, placebo-controlled food
challenge that can be time-consuming and are most likely to be helpful in FAPD patients
who also experience systemic reactions with food ingestion [72]. The only proven clinically
utilized diagnostic techniques for IgE-mediated reactions are skin prick tests (SPT), which
have high sensitivity and low specificity, and measurement of serum food-specific IgE,
which also have low specificity [72]. Both tests are indicative of sensitization but by
themselves are not diagnostic of clinical allergy. The low specificity of food-specific IgE
can be particularly problematic when ordering large panels. In a study of 220 adults with
IBS and/or FD, food-specific IgE tests were positive in 38% [73]. On an elimination diet,
a positive response was seen in 8 of 19 patients, all of whom relapsed on reintroduction,
yielding an overall prevalence of 4% for IgE-medicated food allergy [73]. Not only is this
frequency similar to that seen in the general population, but the study highlights the limited
ability of a positive test to predict clinical symptoms. Another study of adults with FD
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and IBS found no differences in food-specific IgE compared to controls [74]. We previously
found no increase in immunoreactivity (including IgE, SPT, IgG, IgG4, and atopy patches)
to common food allergens in children with FD and duodenal eosinophilia [75].

There may be patients who have IgE reactions localized to the gastrointestinal mucosa
without systemic symptoms who are not identified by SPT or serum food-specific IgE.
Methods are available to evaluate localized reactions in the gastrointestinal tract, including
the colonoscopic allergen provocation test (COLAP; mucosal testing akin to the SPT) and
visualization utilizing confocal laser endomicroscopy (CLE). Utilizing COLAP, positive
reactions to food antigens are recognized by the wheal and flare reactions occurring within
20 min of antigen application. Reactions are associated with mast cell degranulation
eosinophil activation histologically [76]. In a study of 70 adults with gastrointestinal
symptoms suspected to be related to food allergy, COLAP was positive in 97/210 (46%)
of challenges in patients and not in any challenges in controls [76]. Reactions correlated
with patient histories of food reactions but not SPT results or food-specific IgE [75]. In sum,
these findings may indicate a higher rate of IgE-mediated food allergy in FAPD patients
and cast some doubt on the sensitivity of standard allergy tests and their ability to rule out
allergies to specific foods in the absence of systemic symptoms.

Recent studies in a mouse model demonstrate potentially important interactions with
bacterial infection or colonization in predisposing to these localized intestinal allergic
reactions [77]. In this model, the bacterial infection causes a loss of oral tolerance resulting
in mucosal food-specific IgE and increased visceral pain via IgE- and mast cell-mediated
mechanisms [77]. Studies in this model also demonstrate a possible role for superantigens,
which are microbes known to cause non-specific activation of T lymphocytes and which
have been implicated in non-gastrointestinal atopic conditions. The primary superantigens,
Staphylococcus aureus and Streptococcus pyogenes, are more commonly present in the micro-
biome of IBS patients [77]. Skin colonization with Staphylococcus aureus in patients with
atopic dermatitis has been associated with an increased risk of food allergy [78]. Likewise,
a loss of balance and diversity in the intestinal microbiome increases food allergy risk [21].

In FAPDs, the data appears stronger for aeroallergens than for foods [79]. As discussed
previously, FAPD is associated with allergic rhinitis, and allergic rhinitis early in life
increases FAPD risk. In addition, adults with IBS have an increased risk of seasonal allergies
(and consequently pollen-food syndrome), and seasonal allergic rhinitis is associated with
greater IBS severity [61]. Aeroallergens enter the nasal and oral cavities with breathing and
may be swallowed, or they may be ingested following food contamination [58]. In children
with FAPDs, local pollen counts are associated with the onset of pain and are as strong
a predictor as are affect or sleep disturbances [80]. Birch pollen, in particular, has been
well studied. During birch pollen season, adults with birch pollen allergy demonstrate
an increase in duodenal eosinophils and IgE-carrying mast cells along with oral allergy
syndrome [81]. Oral allergy syndrome is a hypersensitivity to raw plant proteins, often
proteins that cross-react with pollen proteins, resulting in oropharyngeal symptoms (e.g.,
itching, tingling, swelling) [26]. In a separate study, birch exposure was associated with
increased intestinal eosinophil and mast cell densities [82]. Patients with gastrointestinal
symptoms had increased IgE to birch (rBet v 1), hazelnuts, and apple [82]. In a study
of patients with birch pollinosis, COLAP with rBet v 1, a positive reaction was seen in
81% where there was a history of gastrointestinal symptoms. There were 22% of those
with pollinosis and no gastrointestinal symptoms and none in the healthy controls [83].
Aeroallergens might not only be a trigger for symptoms in FAPD patients but an indicator
of potential food triggers.

3.2. Non-IgE-Mediated Allergies

Food antigens may precipitate gastrointestinal symptoms through cell-mediated pro-
cesses (type IV hypersensitivity reactions [84]. The classic examples include food protein-
induced allergic proctocolitis (FPIAP), a benign condition generally presenting in early
infancy, and food protein-induced enterocolitis syndrome (FPIES), generally presenting
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with severe symptoms within the first 6 months of life [85]. While not completely charac-
terized, FPIES results from food-induced immune activation, including activation of the
innate immune system limited to the gastrointestinal tract [86,87]. FPIES is associated with
disruption or a lack of development of tolerance [84]. FPIES most often presents with severe
bouts of abdominal pain, nausea, vomiting, and diarrhea, symptoms also seen in FAPDs.
While FPIES most often resolves by one year of age, it can persist into or develop during
adolescence or adulthood [84,87–89]. Reactions in older children, adolescents, and adults
are most frequently described in relation to seafood ingestion, but it is possible that milder
cell-mediated reactions to other foods could contribute to FAPDs [87–89]. Increased density
and activation of T lymphocytes and indirect evidence for TH17 activation have been
demonstrated in adults with FAPDs [38]. While TH17 cells may have a pro-inflammatory
role, they may also serve a protective role, depending on the inflammatory milieu, mi-
crobiome composition, and epigenetic modifications [90–94]. Under specific conditions,
TH17 cells can induce eosinophil infiltration and activation and, potentially, mast cell
accumulation [95–98]. Increased mucosal TH17 density has been demonstrated in pediatric
IBS and pediatric FD associated with chronic gastritis [41,99]. In FD associated with chronic
gastritis (but not in the absence of chronic gastritis), gastric and duodenal TH17 density
was greater than controls and comparable to that seen in Helicobacter-pylori-associated
gastritis and Crohn’s-associated gastritis [99]. Lastly, in another study utilizing confocal
laser endomicroscopy (CLE), 155 adults were challenged with four common food antigens,
all of which were negative on SPT and without elevations of specific IgE. However, a
localized mucosal IgE reaction was not assessed [100]. Of the 108 completers in the study,
70% had a positive test, and patients with positive tests were 4X more likely to have another
atopic disorder than controls [100]. A positive response was associated with increased
permeability, increasing mucosal lymphocyte density, and eosinophil (but not mast cell)
activation [100]. Thus, there appears to be a role for lymphocytes in immunologic food
reactions in the absence of IgE secretion.

There have been multiple studies, primarily in adults, evaluating food-specific IgG
in patients with FAPDs. At present, IgG testing is discouraged by most major allergy
organizations as it lacks proven clinical utility [101]. It is believed to be indicative of
exposure, and as previously discussed, tolerance to a specific food is associated with the
development of food-specific IgG [29,102]. However, the utility of food-specific IgG testing
specifically in FAPDs awaits further evaluation, and, although not proven, there is data
suggesting a potential for clinical utility. Multiple studies have reported increased food-
specific IgG or IgG4 in adults with FAPD, particularly IBS [43,74,101,103,104]. Multiple
studies have also reported clinical improvement on elimination diets guided by IgG or IgG4
testing [104–109]. However, only one of these studies restricted foods in a blinded fashion,
and there were some other significant differences between the true and sham restricted
diets in this study [107]. However, a greater benefit was seen with better compliance [107].
Another study found improvement in both compliant and non-compliant adults [106].

Additionally, while IgG titers are not related to symptom severity, they correlate with
mast cell density and degranulation [74,108]. It remains possible that increase antigen
exposure through an impaired epithelial barrier instigates a food-specific IgG reaction that
promotes mast cell activation. However, further studies are needed before IgG testing
should be considered.

Atopy patch testing is a diagnostic procedure for identifying delayed hypersensitivity
reactions that have been primarily useful in identifying allergens in contact dermatitis [72].
In very limited, uncontrolled studies of adults with IBS, patch testing has been reported to
identify foods that, when restricted, resulted in clinical improvement [110,111]. There is
currently insufficient data to support patch testing in FAPDs.

4. Management

If a food allergen is identified, allergy management is relatively straightforward and
involves eliminating the specific food from the diet. However, it appears quite unlikely
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that many patients with FAPDs will benefit from a standard approach that includes routine
allergy testing to identify the cause of symptoms which, when eliminated from the diet, will
result in the resolution of the FAPD. More likely, indiscriminate testing, particularly utiliz-
ing large panels identifying food-specific IgE (or IgG) elevations, will result in unnecessary
diet restrictions without long-term benefit and could lead to nutritional deficiencies. In pa-
tients with only gastrointestinal symptoms, allergy testing is not likely to be helpful, either
in identifying the culprit or in providing a list of safe foods. Patients who develop systemic
allergic symptoms or those with oral allergy syndrome should be referred to an allergist
for directed testing and management of identified allergens. This should not be a transfer
of care but the formation of a collaboration to manage the patient. Another approach is
an empiric restriction of the most common allergens used in the treatment of eosinophilic
esophagitis. Unfortunately, there is very little data assessing this approach in patients with
eosinophilic gastroenteritis, let alone FAPDs, and no randomized trials [112,113]. Institu-
tion of highly restrictive diets is not without risks, including decreased quality of life and
potential nutritional deficiencies, and should only be instituted long-term in collaboration
with a dietician [114].

While the patient would be expected to benefit from removing food allergens or
managing aeroallergens if identified, it remains unlikely that gastrointestinal symptoms
will completely resolve without addressing other biopsychosocial aspects of these disorders
as allergens are only one trigger for activating gastrointestinal mast cells. See Figure 2
for an overview of therapeutic targets within FAPD pathophysiology. Anxiety/stress
and depression may be important therapeutic targets as both FAPDs and allergies are
associated with psychologic dysfunction, triggering symptoms. Treatment of stress has
been shown to benefit allergic conditions and in children with FD in association with
duodenal eosinophilia [52,115].

Figure 2. Within FAPD pathophysiology, particularly related to allergy, there are several therapeutic
targets, including factors that stimulate or enhance an immunologic response, factors related to
inflammatory cell infiltration or activation, or downstream effects following mediator release, either
blocking receptors for released mediators or counteracting the physiologic effects of these mediators.

For patients with primarily gastrointestinal symptoms who do not have systemic
symptoms typical of allergic reactions or oral allergy syndrome, it is unlikely that specific
triggering allergens will be identified even if they exist as current tests likely lack adequate
sensitivity or specificity. The challenge is that end-organ inflammatory processes do not
necessarily identify patients who specifically have allergic triggers, as mast cells and
eosinophils appear to be a common component of FAPDs. Another approach would be
to direct treatment at the mast cells and/or eosinophils without regard to whether their
activation is due to an allergen. As with non-gastrointestinal allergic diseases, treatment
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can be directed at mast cell activators (e.g., anti-IgE, anti-IL-5), mast cell mediator release
(e.g., mast cell stabilizers, anti-siglec-8), or inhibition of mast cell mediators (e.g., histamine
and cys-leukotrienes) at their effector sites [36]. Most have been studied in the context of
FAPDs or mucosal eosinophilia with some data in patients with demonstrated food allergy.

There are no FDA-approved drugs for the treatment of gastrointestinal eosinophils [116].
Multiple biologics have been developed or are in development, which targets upstream
mediators associated with mast cell and eosinophil infiltration and/or activation [See
Pesek [116] and Wechsler [117] for a full review]. The most studied, in general, are omal-
izumab, a monoclonal antibody directed at IgE, and mepolizumab and reslizumab, mon-
oclonal antibodies directed at interleukin 5. Omalizumab has demonstrated efficacy in
providing a degree of protection from peanut allergy [118]. It has also been studied in
9 patients with FAPD symptoms and mucosal eosinophilia [119]. It was associated with
symptom improvement, but decreases in antral and duodenal eosinophil densities did
not reach statistical significance; the study was likely underpowered for assessment of
changes in eosinophil density [119]. Anti-interleukin 5 antibodies have not been studied
in eosinophilic gastroenteritis. Currently, stress appears to be the most viable upstream
treatment target.

The largest body of data, albeit somewhat meager, exists for mast cell stabilizing medi-
cations, including oral cromolyn and ketotifen. Two placebo-controlled trials have assessed
the response to ketotifen, a mast cell stabilizer and H1 antagonist, in adults with IBS, with
both demonstrating improvement in abdominal pain and other IBS symptoms [120,121].
Visceral hypersensitivity improved in both while decreases in mast cell density and ac-
tivation were seen in only one study [120,121]. Whether effects resulted from mast cell
stabilization or an antihistamine effect, or both is not clear. Oral cromolyn has been studied
in patients with IBS, frequently associated with positive allergy testing, and, in comparison
to restricted diets [122–126]. There have been two pediatric studies [122,123]. In a study
of children with abdominal pain and diarrhea, cromolyn was shown to be as effective as
diet restriction guided by SPT [122]. A study of 10 children with egg allergy found no
benefit from cromolyn in preventing egg reactions [123]. A study of 20 adults with IBS
and documented food intolerances found that oral cromolyn allowed patients to tolerate
their offending foods [124]. Another study in adults found oral cromolyn to be comparable
to an elimination diet, with both treatments performing better in patients with positive
food SPTs [125]. Lastly, another study in adults found oral cromolyn to improve mast
cell activation, abdominal pain, and stool consistency [126]. A newer biologic targeting
siglec-8 (which is present only on mast cells and eosinophils) has been shown to eliminate
eosinophils and inactivate mast cells [127]. It has shown positive results in phase II trials,
decreasing antral and duodenal eosinophils and improving symptoms [127]. Prevention of
mast cell activation may be a viable strategy in FAPDs, including possibly, patients with
food allergies who do not exhibit systemic allergic symptoms.

Medications used in other allergic conditions to inhibit the actions of mediators
released from mast cells and eosinophils may also be beneficial in FAPDs, although the cur-
rent evidence is limited. (See Table 1) Most studies have been undertaken in patients with
mucosal eosinophilia or increased mucosal mast cells. Histamine has received significant
attention as it has been shown to sensitize TRPV1 receptors, promoting visceral hyper-
sensitivity [128]. H1 antagonists alone or in combination with H2 antagonists have been
reported to be effective in children and adults with FD in uncontrolled studies [129–131].
In adults, the response was predicted by elevated duodenal eosinophils [131]. Ebastine,
an H1 antagonist, has decreased visceral sensitivity in adults with IBS [128]. Another
potential downstream target is cysteinyl- leukotriene (cysLT) receptors. Montelukast,
a cysLT receptor antagonist, effectively treats pain in children with FD and duodenal
eosinophilia. However, the effect is independent of changes in mast cell or eosinophil
density or activation [132,133]. While not an anti-allergy drug, per se, proton pump in-
hibitors have proven efficacy in eosinophilic esophagitis and may be effective for treating
duodenal eosinophilia [134–136]. In a prospective study of adults with FD and duodenal
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eosinophilia, treatment with pantoprazole was associated with improved symptoms and
reduced mucosal eosinophil density [136].

Table 1. Trials in functional abdominal pain disorder patients utilizing medications with reported benefits in
allergic conditions.

Medication Mode of Action Population Study Type Result

Diphenhydramine [129] H1 antagonist
Adults with FD and
mucosal mast cell density
elevation

Open-label trial Symptomatic
improvement in 79%

Ebastine [128] H1 antagonist Adults with IBS
Randomized,
double-blind
placebo-controlled trial

Symptomatic
improvement and reduced
visceral sensitivity

Hydroxyzine/Ranitidine [130] H1/H2 antagonists Children with FD and
mucosal eosinophilia Retrospective case series Symptomatic

improvement in 50%

Loratidine/Ranitidine [131] H1/H2 antagonists Adults with FD Retrospective case series Symptomatic
improvement in 71%

Montelukast [132] Cys-Leukotriene
antagonist

Children with FD and
mucosal eosinophilia

Randomized,
double-blind
placebo-controlled
cross-over trial

Superior to placebo in
pain relief

Montelukast [133] Cys-Leukotriene
antagonist

Children with FD and
mucosal eosinophilia Open-label trial

Symptomatic
improvement unrelated to
changes in mucosal
eosinophilia or mast cell
density

Budesonide [137] Steroid Adults with FD and
mucosal eosinophilia

Randomized,
double-blind
placebo-controlled trial

Symptomatic response not
different from placebo

Unspecified PPI [135] Proton pump inhibitor Adults with FD and
mucosal eosinophilia Case-control study

Lower eosinophil density
without symptomatic
improvement

Pantoprazole [136] Proton pump inhibitor Adults with FD Open-label trial

Symptomatic
improvement and
decreased mucosal
eosinophil and mast cell
densities

FD = functional dyspepsia; IBS = irritable bowel syndrome; PPI = proton pump inhibitor.

5. Conclusions

FAPDs share pathophysiologic processes with allergies, including both immune and
psychological processes interacting with the microbiome. Although there is significant
overlap in the medications that can be used for allergic disorders and FAPDs (particularly
IBS and FD in association with mucosal eosinophilia), it is unclear to what degree allergens
play a role FAPDs. In the absence of systemic allergic symptoms or oral allergy syndrome,
it appears unlikely that allergic triggers for FAPDs can be reliably identified by standard
testing. There is a need for high-quality studies assessing dietary strategies and anti-
allergy medication to better understand the efficacy and the value of allergy tests to
predict response.
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Abstract: The soybean allergen Gly m 4 is known to cause severe allergic reactions including
anaphylaxis, unlike other Bet v 1 homologues, which induce mainly local allergic reactions. In the
present study, we aimed to investigate whether the food Bet v 1 homologue Gly m 4 can be a sensitizer
of the immune system. Susceptibility to gastrointestinal digestion was assessed in vitro. Transport
through intestinal epithelium was estimated using the Caco-2 monolayer. Cytokine response of
different immunocompetent cells was evaluated by using Caco-2/Immune cells co-culture model.
Absolute levels of 48 cytokines were measured by multiplex xMAP technology. It was shown that
Gly m 4 can cross the epithelial barrier with a moderate rate and then induce production of IL-4 by
mature dendritic cells in vitro. Although Gly m 4 was shown to be susceptible to gastrointestinal
enzymes, some of its proteolytic fragments can selectively cross the epithelial barrier and induce
production of Th2-polarizing IL-5, IL-10, and IL-13, which may point at the presence of the T-cell
epitope among the crossed fragments. Our current data indicate that Gly m 4 can potentially be a
sensitizer of the immune system, and intercommunication between immunocompetent and epithelial
cells may play a key role in the sensitization process.

Keywords: allergen; sensitization; Gly m 4; Caco-2/Immune cells co-culture; cytokine

1. Introduction

Soy-induced allergic symptoms can be systemic and even fatal in some cases [1]. Gly
m 4, belonging to the family of Bet v 1 homologues, is one of the most clinically signif-
icant allergens isolated from soybeans Glycine max, together with other major allergens,
such as Gly m 8 [2]. The birch pollen allergen Bet v 1 is a sensitizer responsible for the
development of pollen and food allergic cross-reactions. It is known that many other food
Bet v 1 homologues tend to cause mild local symptoms, like oral allergy syndrome, in
Bet v 1-sensitized individuals [3]. However, Gly m 4 is able to induce severe reactions in
allergic patients [4]. That is why Gly m 4 has been selected as a marker allergen for severe
food-allergic reactions to soy [5].

Bet v 1 homologues share common structural features including a large internal
hydrophobic cavity able to accommodate different ligands in vitro [4]. Recently, data
supporting a key role of natural ligands binding to allergens in sensitization were re-
ported [6]. Natural ligands of the birch Bet v 1 and hazelnut Cor a 1 allergens–quercetin-
3-O-sophoroside and quercetin-3-O-(2′′-O-β-D-glucopyranosyl)-β-D-galactopyranoside,
respectively, have been identified [7], and an assumption that the natural Bet v 1 ligand
can play an important role in the inflammation response has been proposed [8].

The present study aims to elucidate whether the soybean Gly m 4 allergen can be a
sensitizer of the immune system. Here, we used quercetin-3,4′-diglucoside (Que-3,4′-di-
Glc) as a ligand structurally close to natural ligands of Bet v 1 homologues to evaluate
its possible role in a sensitization process. In this investigation, we focused on a possible
impact of Que-3,4′-di-Glc on gastrointestinal digestion of Gly m 4 and looked at transport
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of its fragments through the Caco-2 epithelial barrier and cytokine/chemokine production
by immunocompetent cells.

2. Materials and Methods

2.1. Heterologous Expression of Gly m 4 in E. coli

Recombinant plasmid pET-His8-TrxL-Gly m 4 (6231 bp) was constructed by ligating
the 5253 bp BglII/XhoI fragment of pET-31b(+) vector (Novagen) with an insert containing
T7 promoter, the ribosome binding site, lac-operator, and the sequence encoding the fusion
recombinant protein. The last one included an octahistidine tag, TrxL carrier protein (E. coli
thioredoxin A with Met37Leu mutation), and mature Gly m 4.0101 sequence [GenBank
X60043, UniProt P26987]. The culture of BL21(DE3)/pET-His8-TrxL-Gly m 4 was grown in
LB medium with 100 μg/mL ampicillin and 20 mM D(+)glucose at 37 ◦C. When culture
reached OD600 of 0.7, expression was induced by the addition of 0.2 mM isopropyl β-D-1-
thiogalactopyranoside (Sigma-Aldrich, St. Louis, MO, USA), and incubation was continued
for 5 h at 30 ◦C. The cells, harvested by centrifugation at 6000 g, were sonicated on ice
in the binding buffer (50 mM Tris-HCl, pH 7.8, 0.5 M NaCl, 20 mM imidazole and 1 mM
phenylmethylsulfonyl fluoride (Calbiochem, Los Angeles, CA, USA)). After centrifugation
for 20 min at 25,000 g, the supernatant containing the soluble fusion protein was collected
and loaded onto a Ni2+-sepharose (GE Healthcare, Chicago, IL, USA) column, which was
prewashed with the binding buffer. The fusion protein was eluted with 0.5 M imidazole
and dialyzed overnight against deionized water before lyophilization. Cyanogen bromide
cleavage of the fusion protein was performed by using the standard cleavage protocol in
80% trifluoroacetic acid (TFA) (Sigma-Aldrich). In order to purify the target protein from
the carrier and unreacted fusion proteins, a repeated IMAC in the same buffer system
was performed. Then the target Gly m 4 allergen was purified by two steps of reversed
phase high performance liquid chromatography (RP-HPLC). First step was carried out
on Reprosil-Pur C18-AQ, d 5 μm, 120Å, 10 × 250 mm (Dr. Maisch GmbH, Ammerbuch,
Germany) column by using a linear gradient from 5 to 80% acetonitrile for 60 min with
0.1% TFA at a flow rate of 2 mL/min. Second RP-HPLC step was performed on Luna C18,
d 5 μm, 120Å, 4.6 × 250 mm (Phenomenex, Torrance, CA, USA) column by using a linear
gradient: 0–40% solution B (0.1% (v/v) TFA, 80% (v/v) acetonitrile) for 5 min, 40–60% B for
25 min, 60–100% B for 5 min at a flow rate of 0.7 mL/min.

Endotoxin level was evaluated by the Limulus amebocyte lysate (LAL) test using
E-TOXATE Kit (Sigma-Aldrich). The endotoxin level in cell cultures with a final protein
concentration was of <0.02 EU/mL.

2.2. Ligand-Binding Fluorescence Assay

Gly m 4 was tested for ligand binding by displacement of fluorescent 2-p-toluidinonap
hthalene-6-sulphonate (TNS) (Sigma-Aldrich) as previously described [9]. Fluorescence
experiments were performed on F-2710 spectrophotometer (Hitachi, Tokyo, Japan). Concen-
trations of the Gly m 4 and TNS stock solutions were determined spectrophotometrically. A
base-line fluorescence of the initial sample of TNS diluted to the concentration of 4 μM with
10 mM phosphate buffer, pH 7.4, was measured by excitation at 320 nm and the emission
spectrum was recorded from 330 to 550 nm. Contributions of the buffer, Gly m 4, and the
ligand to the measured fluorescence were subtracted. After equilibrating TNS (4 μM) in
10 mM phosphate buffer, pH 7.4, for 2 min with gentle mixing, 2 mM Que-3,4′-di-Glc was
titrated into 2 mL of 4 μM Gly m 4 solution in 1 μL aliquots. A simple binding model was
employed to express the affinity of the ligand:

Fobs = ΔF × (1 − (IC50/(IC50 + [L])) + Fbasiline, (1)

where Fobs is the observed fluorescence, ΔF is the fluorescence change, Fbaseline is the
fluorescence at saturation, and L denotes ligand [10]. IC50, ΔF, and Fbaseline are fitted as
free parameters by non-linear least squares regression analysis.
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2.3. Bioinformatic Approach to Study Interaction of Que-3,4′-di-Glc with Gly m 4

NMR solution structure of Gly m 4 [PDB ID: 2K7H] was used for study in silico of the
interaction between Gly m 4 and quercetin-3,4′-diglucoside. 3D conformer of Que-3,4′-di-
Glc was obtained from the PubChem database [PubChem CID: 5320835]. Preparation of
Gly m 4 and Que-3,4′-di-Glc structures for molecular docking was carried out using the
DockPrep tool of the UCSF Chimera v.1.4 software package (San Francisco, CA, USA) [11].
The docking box was chosen so that the whole protein molecule in the ribbon representation
was entirely inside this box. Blind docking of Que-3,4′-di-Glc based on the Lamarckian
genetic algorithm (LGA) into Gly m 4 molecule was carried out using the AutoDock
Vina tool of the UCSF Chimera v.1.4 software [12]. The structure of the complex Gly
m 4-Que-3,4′-di-Glc was visualized with the Discovery Studio Visualizer v20.1.0.19295
software [13].

2.4. Simulation of Gastrointestinal Digestion In Vitro

Gastrointestinal digestion of the recombinant Gly m 4 in vitro was performed as
previously reported [14]. Briefly, gastric digestion was performed for 2 h using 50 ng
(0.1 U) of pepsin (Sigma-Aldrich) per 1 μg of Gly m 4 in 0.05 M HCl, pH 2.0 (final protein
concentration 0.05 mM). For duodenal digestion, pH of the mixture resulting from gastric
digestion was adjusted to 8.0 by addition of ammonium bicarbonate. The obtained mixture
was incubated for 2 h at 37 ◦C with 2.5 ng (0.03 U) of trypsin (Promega, Madison, WI, USA)
and 10 ng (0.4 × 10−3 U) of α-chymotrypsin (Sigma-Aldrich) per 1 μg of the substrate. In
order to investigate the effect of Que-3,4′-di-Glc on proteolytic cleavage of Gly m 4, the
allergen was preincubated with the ligand at protein-to-ligand molar ratio of 1:4 for 10 min.
The extent of proteolysis was monitored by sodium dodecyl sulfate polyacrylamide gel
electrophoresis [15]. For experiments with cytokines production by cell cultures, 0.5 mg of
Gly m 4 was subjected to proteolysis in a similar manner, except duodenal digestion was
conducted for 1 h. The obtained digest was frozen at −70 ◦C. Afterwards, the frozen digest
was thawed, diluted with the complete culture medium and used in the experiment.

2.5. Human Cell Lines and Cultures

Colorectal adenocarcinoma Caco-2 cell line (ATCC HTB-37) was cultured in complete
DMEM/F12 (1:1) medium containing 10% fetal bovine serum (FBS, Invitrogen, Waltham,
MA, USA) and 1X antibiotic-antimycotic solution (Invitrogen, Waltham, MA, USA) in a
humidified CO2-incubator (5% CO2, 37 ◦C). The acute monocytic leukemia THP-1 line
(ATCC TIB-202) was cultured in complete RPMI 1640 medium, containing 10% FBS, 1X
antibiotic-antimycotic solution, and 0.05 mM β-mercaptoethanol, in the CO2-incubator
(5% CO2, 37 ◦C).

THP-1 cells were differentiated into pro-inflammatory macrophages (MΦ1) and ma-
ture dendritic cells (mDCs) according to previously reported protocols [16,17]. Primary
peripheral blood mononuclear cells (PBMC) collected from healthy donor were purchased
from American Type Culture Collection (ATCC PCS-800-011), thawed, and seeded into
wells of 24- and 96-well plates 2 days prior to the experiment. Two different cell subpopu-
lations (Monocytes and T-/B-/NK-lymphocytes) were isolated from PBMC based on their
adherence ability.

For growing cells, mimicking epithelial barriers in vitro, Caco-2 cells were seeded onto
24-well polycarbonate Millicell cell culture inserts (0.4 μm, 0.6 cm2 surface area) (Millipore,
Burlington, MA, USA), precoated with 0.2% bovine gelatin (Sigma-Aldrich), at a density
of 7.5 × 104 cells/cm2. The cells were grown for 21–29 days in complete DMEM/F12
medium with re-feeding every 2–3 days with a fresh complete medium. The integrity of the
Caco-2 cell monolayer was checked by measuring the transepithelial electrical resistance
(TEER) using a Millicell-ERS Voltohmmeter (Millipore, Burlington, MA, USA). Only cell
monolayers with TEER > 400 Ω cm2 (ohm per cm2, after subtracting TEER in blank inserts
without Caco-2 cells) were used in transport and cytokine production experiments between
the 21st and 29th days.
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2.6. Labeling of Gly m 4 with FITC

The recombinant Gly m 4 was labelled with fluorescein isothiocyanate isomer I (FITC)
(Sigma-Aldrich). For this, 1.5 mg of Gly m 4 was reconstituted in 50 μL of DMSO, then
added to 300 μL of the buffer for coupling (0.1 M sodium carbonate, 0.1 M sodium bi-
carbonate, pH 9.6) and 2.9 mg of FITC in 100 μL of DMSO. The coupling reaction was
conducted for 2 h at 20 ◦C in the dark. In order to purify FITC-Gly m 4, the reaction mixture
was loaded onto PD10 gel-filtration column (GE Healthcare, Chicago, IL, USA) previously
equilibrated with distilled water.

2.7. Transport of FITC-Gly m 4 across the Caco-2 Epithelial Barrier

Transport of FITC-Gly m 4 with or without Que-3,4′-di-Glc across the Caco-2 epithe-
lial barrier in vitro was performed in the transport buffer (Hank’s balanced salt solution,
containing 1 mM MgCl2, 1 mM CaCl2, and 10 mM D(+)glucose, pH 7.4). Bidirectional
“apical-to-basolateral” (A→B) and “basolateral-to-apical” (B→A) transport of FITC-Gly
m 4 with or without Que-3,4′-di-Glc in the transport buffer across epithelial barrier was
investigated. The “apical-to-basolateral” assay was initiated by adding 0.4 mL of 2 μM Gly
m 4 with or without 5 μM Que-3,4′-di-Glc to the apical (luminal) side of the monolayer
and 0.7 mL of the transport buffer (pH 7.4) to the basolateral side of the monolayer. The
“basolateral-to-apical” assay was performed in a similar manner, except that 0.4 mL of
the transport buffer (pH 7.4) was added to the apical side and 0.7 mL of 2 μM Gly m
4 with or without 5 μM Que-3,4′-di-Glc to the basolateral (serosal) side. All solutions
were pre-warmed to 37 ◦C before taking into the transport experiment. Transport in vitro
across Caco-2 barriers was conducted for 90 min in 4 independent inserts for each studied
transport variant (16 inserts in total).

An apparent permeability coefficient (Papp) was calculated for each insert according
to the following equation:

Papp = (V/(A × Ci)) × ΔC/Δt, (2)

where V is a volume of the acceptor chamber, A is the area of the membrane insert, Ci is the
initial concentration of Gly m 4, ΔC/Δt is the solute flux across the barrier. Uptake ratios:

UR = Papp(A→B)/Papp(B→A), (3)

and efflux ratios:
ER = Papp(B→A)/Papp(A→B), (4)

for Gly m 4 with or without Que-3,4′-di-Glc were calculated from averaged apparent
permeability coefficients measured in 4 independent inserts. Monolayer integrity was
checked by measuring TEER before and after the end of the experiment.

2.8. LC-MS/MS

Thawed gastroduodenal digest was loaded on a home-made trap column 20 × 0.1 mm
packed with Inertsil ODS3 3 μm (GL Sciences, Torrance, CA, USA) in the loading buffer
(2% acetonitrile, 97.9% H2O, 0.1% trifluoroacetic acid (TFA)) at 10 μL/min flow rate and
separated at 20 ◦C in a home-packed [18] fused-silica column 300 × 0.1 mm, packed with
Reprosil Pur C18 AQ 1.9 (Dr. Maisch, Ammerbuch, Germany) and pulled into an emitter
using a P2000 Laser Puller (Sutter, Atlanta, GA, USA).

Preparation of each sample from several independent basolateral chambers was
performed in the presence of sodium deoxycholate as follows. The sample solution (500 μL)
was added to 50 μL of the buffer solution containing 100 mM Tris, pH 8.5, 1% sodium
deoxycholate (SDC). The solution was heated at 95 ◦C for 20 min, cooled to 20 ◦C, and
centrifuged at 16,000 g for 15 min. The supernatant was transferred into a preconditioned
VIVASPIN spin filter (Sartorius, Göttingen, Germany) with a 10 kDa MWCO PES membrane
(cat. no. VS0102). The sample was centrifuged at 15,000 g until the volume reached ~50 μL.
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The filtrate was collected to a clean tube and washed with 200 μL of 0.5 M NaCl. The filter
was preconditioned by washing (5 min, 15,000 g) with 400 μL of 100 mM Tris, pH 8.5, and
then with 400 μL of 100 mM Tris, pH 8.5, containing 1% SDC. The ultrafiltrate was acidified
with TFA to the final concentration of 1%. The deoxycholic acid precipitate was extracted
with ethyl acetate (3 × 500 μL) under active stirring. Ethyl acetate and the aqueous phase
were separated by centrifugation (15,000 g, 4 min), upon which ethyl acetate was removed.
The peptides contained in the aqueous phase were desalted on Empore SDB-RPS StageTips
microcolumns (3M, St. Paul, MN, USA) as described earlier [19], with minor modifications.
The samples were applied to a microcolumn (200 g, 10 min), and washed with a mixture of
50 μL of 1% TFA and 50 μL of ethyl acetate, then 100 μL of 0.1% TFA. The peptides were
eluted with 60 μL of solution containing 5% ammonium hydroxide and 80% acetonitrile.
The eluates were spin-dried and stored until the LC-MS analysis at −85 ◦C.

Reverse-phase chromatography was performed with an Ultimate 3000 Nano LC
System (Thermo Fisher Scientific, Waltham, MA, USA), which was coupled to the Q
Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific) via a nanoelectrospray
source (Thermo Fisher Scientific). The peptides were loaded in a loading solution A (0.1%
(v/v) formic acid, 2% (v/v) acetonitrile) and eluted with a linear gradient: 3–35% solution
B (0.1% (v/v) formic acid, 80% (v/v) acetonitrile) for 105 min; 35–55% B for 18 min, 55–99%
B for 0.1 min, 99% B during 10 min, 99–2% B for 0.1 min at a flow rate of 500 nl/min. After
each gradient cycle, the column was reequilibrated with solution A (0.1% (v/v) formic
acid, 2% (v/v) acetonitrile) for 10 min. MS1 parameters were as follows: 60 K resolution,
350–2000 scan range, max injection time—30 ms, AGC target—3 × 106. Ions were isolated
with 1.4 m/z window, preferred peptide match and isotope exclusion. Dynamic exclusion
was set to 30 s. MS2 fragmentation was carried out in the HCD mode at 17.5 K resolution
with the HCD collision energy value of 29%, max injection time–80 ms, AGC target–1 × 105.
Other settings: charge exclusion—unassigned, 1, >7.

2.9. Cytokines/Chemokines/Growth Factors Production by Cell Cultures

PBMC, T/B/NK, Monocytes, MΦ1 and mDCs were seeded into the wells of 24- and
96-well plates in the complete RPMI 1640 medium 48 h prior to the experiment. Caco-2
cells were seeded into wells of a 96-well plate 3 weeks before the experiment. Then, 24 h
after the seeding of all cell lines and cultures, other than Caco-2, into 24- and 96-well plates,
Millicell inserts with Caco-2 monolayers with TEER > 400 Ω cm2 were placed into the wells
of the 24-well plate, containing PBMC, T/B/NK, Monocytes, MΦ1 and mDCs cultures
in their basolateral chambers. Then, media in all basolateral chambers were replaced by
fresh medium, and each well of the 96-well plate or apical chamber of Caco-2-containing
inserts was replaced by fresh complete RPMI 1640 medium with or without compounds
under the investigation: fresh medium alone for the control wells, or fresh medium with
5 μM Gly m 4 for 24- and 96-well plates, or fresh medium with 2.5 μM Que-3,4′-di-Glc for
the 96-well plate or 5 μM for apical chambers of 24-well plate inserts, or fresh medium
with 5 μM Gly m 4 + 2.5 μM Que-3,4′-di-Glc for the 96-well plate or 5 μM Gly m 4 + 5 μM
Que-3,4′-di-Glc for apical chambers of 24-well plate inserts, or fresh medium with Gly m
4 digest corresponding to 5 μM of the intact Gly m 4 allergen (Table 1). Cell cultures were
kept in CO2-incubator (5% CO2, 37 ◦C) for 24 h. Culture supernatants from the 96-well
plate and basolateral chambers of 24-well plate were collected 24 h later and stored at
−70 ◦C degrees less than one week prior to analytes assessment. Monolayer integrity was
checked by measuring TEER before and after the end of an incubation period.
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Table 1. Two stimulation ways, which were applied to each cell culture, except Caco-2 line (only direct stimulation because
Caco-2 cells were on the inserts).

Stimulation Way Control
Gly m 4
Alone

Que-3,4′-di-Glc
Alone

Gly m 4 +
Que-3,4′-di-Glc

Gly m 4
Digest

Direct stimulation
(into 96-well plate) − 5 μM 2.5 μM 5 μM + 2.5 μM 5 μM

Transepithelial stimulation
(into 24-well plate with

Caco-2 inserts)
− 5 μM 5 μM 5 μM + 5 μM 5 μM

2.10. Assessment of Absolute Levels of Cytokines, Chemokines, and Growth Factors in
Cell Cultures

Absolute levels of the following 48 analytes were measured by multiplex xMAP
technology using the MILLIPLEX MAP Cytokine/Chemokine/Growth Factor Panel A kit
(HCYTA-60K-PXBK48, Merck, Darmstadt, Germany): sCD40L, EGF, Eotaxin-1/CCL11,
FGF-2/FGF-basic, Flt-3 ligand, Fractalkine/CX3CL1, G-CSF, GM-CSF, GROα, IFNα2,
IFNγ, IL-1α, IL-1β, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8/CXCL8, IL-9, IL-10,
IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17A/CTLA8, IL-17E/IL-25, IL-17F, IL-18, IL-22,
IL-27, IP-10/CXCL10, MCP-1/CCL2, MCP-3/CCL7, M-CSF, MDC/CCL22, MIG/CXCL9,
MIP-1α/CCL3, MIP-1β/CCL4, PDGF-AA, PDGF-AB/BB, RANTES/CCL5, TGFα, TNFα,
TNFβ, and VEGF-A. Multiplex-based assay was carried out using MAGPIX system (Merck,
Darmstadt, Germany) with the xPONENT 4.2 software (Merck) in accordance with the
manufacturer’s instruction. Final analysis was performed with the MILLIPLEX Analyst
v5.1 software (Merck). Measurements were performed twice for each sample.

2.11. Statistics

Absolute values of the analytes in cell culture supernatants were normalized using
a logarithmic transformation by LN function [20] in Microsoft Excel. LN-transformed
values were used for comparing the analyte levels in control and experimental samples by
unpaired two-sample t-test using Statistica v.10.0.1011.0 analytic package (StatSoft, Tulsa,
OK, USA). The normality of Papp coefficients distribution was assessed using Shapiro-Wilk
(W-test) and Lilliefors-corrected Kolmogorov-Smirnov tests. Papp coefficients for Gly m 4
alone and Gly m 4 with Que-3,4′-di-Glc in both A→B and B→A directions were compared
by one-way ANOVA using Statistica v.10.0.1011.0.

3. Results

3.1. Gly m 4 Is Able to Bind Quercetin-3,4′-Diglucoside

Previously, it has been shown that Bet v 1 homologues can bind different ligands [21].
To substantiate this finding, we tested Gly m 4 binding with Que-3,4′-di-Glc. At the
first stage, the binding of Gly m 4 with Que-3,4′-di-Glc was investigated by means of
blind molecular docking. The AutoDock Vina software calculated 10 conformations of
the ligand with affinity energy ranges between −8.1 and−6.8 kcal mol−1. These two
best conformations differed from the others and had lower affinity energies −8.1 and
−7.9 kcal mol−1, while the rest 8 conformations had affinity energies in the range between
−7.3 and −6.8 kcal mol−1. In the case of these two most energetically favorable confor-
mations, Que-3,4′-di-Glc is located completely inside the hydrophobic cavity of Gly m
4 (purple) or partially immersed in the cavity near its entrance (green) (Figure 1A). To
confirm the ability of Gly m 4 to bind Que-3,4′-di-Glc, we used an extrinsic fluorescent
probe, TNS (Figure 1B). TNS is highly fluorescent when bound to the hydrophobic cavity
of the protein and competed with lipid molecules for binding with the allergen.
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Figure 1. (A) Gly m 4 complexed with two best Que-3,4′-di-Glc conformations calculated by means of
molecular docking. Green conformation has affinity energy −8.1 kcal mol−1, magenta conformation
−7.9 kcal mol−1. (B) Que-3,4′-di-Glc binding to Gly m 4. Titration of 4 μM Gly m 4 and 4 μM TNS
with Que-3,4′-di-Glc in 10 mM phosphate buffer, pH 7.4, 25 ◦C. Fitting the data to Equation (1), IC50

yields Kd of 30.2 ± 0.2 μM for Que-3,4′-di-Glc. TNS was excited at 320 nm; the emission at 423 nm
for Que-3,4′-di-Glc is displayed.

3.2. Gly m 4 Can Effectively cross the Caco-2 Epithelial Barrier

It is known that polarized Caco-2 monolayers represent a reliable model for studies
of absorption of drugs and other compounds after oral intake in humans [22]. Proteins
labelled with fluorescent probes are widely used for an assessment of permeability of
Caco-2 monolayers mimicking the gastrointestinal epithelial barrier [23,24]. Here, we used
the FITC-labelled recombinant allergen Gly m 4 for an assessment of “apical-to-basolateral”
(A→B, absorptive) and “basolateral-to-apical” (B→A, secretory) bidirectional transport of
the allergen across the Caco-2 epithelial barrier. After 90 min around 0.3 μg of Gly m 4 was
transported from apical to the basolateral side of the monolayer. Apparent permeability
A→B coefficients (Papp) for Gly m 4 alone measured in 4 independent inserts were within
the range of 2–4.5 × 10−6 cm/s (Figure 2), which predicts a moderate transepithelial
absorption of the Gly m 4 allergen in human gut. The established relationship between
the in vivo absorption of drugs in humans and Papp values allows to correlate Papp values
~1–10 × 10−6 cm/s with a 20–70% absorption in gut which could be expected in humans,
however, in the case of protein allergens it is still to be validated [25].

The uptake ratios were of 1.88±0.022 for Gly m 4 and Gly m 4 with Que-3,4′-di-
Glc which suggests active transport, e.g., endocytosis, of the allergen across the Caco-2
epithelial barrier [26]. At the same time, in both cases much lower Papp in the B→A
direction was observed. The efflux ratios (ER) of 0.532 ± 0.006 for Gly m 4 and Gly m 4
with Que-3,4′-di-Glc argued for not involving active efflux pumps shown to be present in
Caco-2 cells, such as P-glycoprotein (ABCB1), ABCG2 or ABCC2, in the Gly m 4 transport
across Caco-2 epithelial barrier. The presence of 5 μM Que-3,4′-di-Glc had no significant
effect (p = 0.13) on the Gly m 4 permeability across the Caco-2 epithelial barrier in both
directions (Figure 2). Neither Gly m 4 nor Que-3,4′-di-Glc affected the monolayer integrity
which was checked by measuring of TEER following the end of the experiment.
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Figure 2. Bidirectional “apical-to-basolateral” (A→B) and “basolateral-to-apical” (B→A) transport of
Gly m 4 across the Caco-2 epithelial barrier.

3.3. Gly m 4 Is Susceptible to Proteolytic Cleavage Mimicking Gastrointestinal Digestion In Vitro

It is known that Bet v 1 homologues, such as apple Mal d 1, hazelnut Cor a 1, and
celery Api g 1 allergens, are rapidly degraded by pepsin during gastric digestion and have
moderate susceptibility to trypsin [27]. However, experimental data on the susceptibility
of Gly m 4 to gastrointestinal enzymes were not available untill now. Here, Gly m 4 also
showed a high susceptibility to cleavage with pepsin mimicking the gastric digestion which
resulted in a ~9 kDa fragment that was completely digested by subsequent cleavage with
duodenal enzymes in vitro (Figure 3). Preincubation of Gly m 4 with Que-3,4′-di-Glc did
not affect the rate of gastrointestinal digestion.

Figure 3. SDS-PAGE analysis of proteolytic cleavage mimicking gastrointestinal digestion in vitro
of Gly m 4 with or without Que-3,4′-di-Glc. M—molecular mass standards; C—an intact Gly m 4
(control); 10 s, 30 m, 120 m—the allergen fragmentation after incubation with pepsin mimicking
gastric digestion during 10 s, 30 min, 120 min, respectively, and digests after the subsequent allergen
incubation with the mixture of trypsin and α-chymotrypsin during 30 min and 120 min, respectively.

We also studied whether resulting proteolytic fragments of the allergen can cross
the gastrointestinal epithelial barrier. Gly m 4 proteolytic fragments were analyzed by
LC-MS/MS in samples taken from an apical side before and from a basolateral side 24 h
after loading the resulted digest onto the insert with the Caco-2 monolayer. Eight clusters
of the fragments, covering almost all the amino acid sequence of Gly m 4, have been found
after simulated gastroduodenal digestion in vitro, which revealed the key sites of the gas-
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trointestinal proteolysis (Figure 4, white background). However, only proteolytic fragments
including amino acid residues 4–18, 37–54, 59–77, 91–99, and 104–136 were identified in
basolateral chambers after passing of the digest across the Caco-2 monolayer (Figure 4,
gray background). T-cell epitopes of birch allergen Bet v 1 have been previously reported
by proliferation of short-term allergen-specific T-cell lines (TCLs) derived from a large
number of patients (n = 57) with associated food allergy [28]. 7 distinct T cell-activating
regions within Bet v 1 were recognized by at least 18% of the studied TCLs [28]. Regions,
homologous to two out of these 7 T-cell epitopes, were found among the crossed Gly m 4
proteolytic fragments (Figure 4, in black frames). At the same time, the region, homologous
to the immunodominant T-cell epitope Bet v 1142–156, which was recognized by 61% of the
TCLs, has not been identified in basolateral chambers among the crossed fragments of Gly
m 4 (Figure 4, in red frame). Interestingly, the entire region 142–156 homologous to the
immunodominant T-cell epitope Bet v 1 was not found after simulated gastroduodenal
digestion of Gly m 4 in vitro. Among all the identified fragments V66LHKIESIDE75 had
the highest absorptive capacity (Table 2, Figure 5). As Gly m 4 proved to be susceptible to
proteolytic enzymes, its digest after cleavage mimicking gastrointestinal digestion in vitro
was used in the cytokines/chemokines production experiment.

Table 2. Gly m 4 proteolytic fragments identified by LC-MS/MS in basolateral chambers after passing them across the
Caco-2 monolayer. The table is ranked based on highest-to-lowest peak area from the top to the bottom.

Peptide −10lgP Molecular Mass ppm m/z RT Peak Area

V66LHKIESIDE75 33.48 1181.6292 0.9 591.8224 38.81 1.50 × 108

H68KIESIDE75 22.38 969.4767 0.6 485.7459 23.92 2.07 × 107

L67HKIESIDE75 27.23 1082.5608 1.6 542.2885 33.2 1.76 × 107

E59DGETKF65 23.74 824.3552 2.1 413.1857 28.72 1.51 × 107

N42VEGN(+0.98)GGPGTIKK54 33.21 1270.6517 1.9 636.3344 21.63 1.05 × 107

Y119ETKGDAEPNQDELKTGK136 48.5 2021.9541 3.5 1011.988 27.7 9.75 × 106

K38SVENVEGN(+0.98)GGPGTIKK54 45.73 1713.8896 2.6 857.9543 25.6 9.26 × 106

S39VENVEGN(+0.98)GGPGTIKK54 34.66 1585.7947 2.2 529.6067 30.94 8.78 × 106

N42VEGN(+0.98)GGPGTIK53 27.83 1142.5568 2.5 572.2871 28.81 3.99 × 106

T116VKYETKGDAEPNQDELKTGK136 35.94 2350.1653 4 784.3989 29.17 2.32 × 106

S39VENVEGNGGPGTIKK54 31.09 1584.8107 3.1 793.415 29.33 2.30 × 106

F37KSVENVEGN(+0.98)GGPGTIKK54 39.96 1860.9581 −0.7 466.2465 38.79 2.07 × 106

N108(+0.98)GGSAGKL115 22.71 703.35 1.2 352.6827 23.07 1.86 × 106

N42VEGNGGPGTIKK54 26.72 1269.6677 1 424.2303 18.9 1.47 × 106

K38SVENVEGN(+0.98)GGPGTIK53 41.56 1585.7947 3.3 793.9072 32.29 1.31 × 106

N42VEGNGGPGTIK53 24.76 1141.5728 1.8 571.7947 26.04 1.01 × 106

V40ENVEGN(+0.98)GGPGTIK53 22.11 1370.6677 3.3 686.3434 35.55 9.07 × 105

E120TKGDAEPNQDELKTGK136 46.16 1858.8907 1.4 930.4539 22.67 8.76 × 105

E41NVEGN(+0.98)GGPGTIK53 30.24 1271.5994 1.8 636.8081 30.92 8.76 × 105

V66LHKIESID74 20.04 1052.5865 1.6 527.3014 36.84 8.58 × 105

N128QDELKTGK136 22.69 1031.5247 3.4 516.7714 15.08 7.29 × 105

V40ENVEGN(+0.98)GGPGTIKK54 24.92 1498.7627 3.2 750.391 27.38 7.26 × 105

T4FEDEINSPVAPATL18 36.32 1602.7777 3.6 802.399 97.49 5.50 × 105

G123DAEPNQDELKTGK136 35.57 1500.7056 1.7 751.3613 25.69 5.18 × 105

S39VENVEGNGGPGTIK53 23.14 1456.7157 5.1 729.3688 38.54 5.00 × 105

P91DTAEKITF99 30.33 1020.5128 2.5 511.265 64.51 3.78 × 105

S39VENVEGN(+0.98)GGPGTIK53 27.36 1457.6997 1.6 729.8583 40.55 3.75 × 105

V66LHKIESIDEANL78 33.81 1479.7932 0.9 740.9045 64.96 2.07 × 105

E120TKGDAEPNQDELK133 34.3 1572.7267 1.7 787.3719 24.41 1.43 × 105

Peptide—amino acid sequences of the peptides determined by the PEAKS search workflow. A modified residue is followed by a pair of
parentheses enclosing the modification mass. −10lgP—the peptide −10lgP score. Ppm—the precursor mass error, calculated as 106 ×
(precursor mass − peptide mass)/peptide mass. RT—retention time (elution time).
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Figure 4. The fragments of Gly m 4 resulted from proteolysis mimicking gastrointestinal digestion in vitro (white back-
ground), and those ones crossed the Caco-2 epithelial barrier (grey background). Amino acid regions highlighted in bold
are denoted sequence, covered by identified LC-MS/MS fragments. Regions, homologous to T-cell epitopes of Bet v 1 able
to induce proliferation of Bet v 1-specific T-cell lines from more than 10 patients out of 57 ones, are framed in black, and
the immunodominant T-cell epitope of Bet v 1 is framed in red [28]. The most abundant proteolytic fragments of Gly m 4
identified in basolateral chambers are marked with black lines above its sequences.
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Figure 5. LC-MS/MS chromatogram of the 5 most abundant proteolytic fragments of Gly m 4
identified into basolateral chambers after crossing of the digest through Caco-2 barrier.

3.4. Intercommunication between Epithelial and Immune Cells Changes Cytokine Production in
Response to the Intact Gly m 4 and Its Proteolytic Fragments

A pro-monocytic THP-1 line has proved to be a reliable model for obtaining and
studying macrophages [16] and mature dendritic cells [17]. Here, we used THP-1 line
to differentiate into pro-inflammatory macrophages (MΦ1) and mature dendritic cells
(mDCs). Differentiated cells were observed by light microscopy with a CKX41 microscope
(Olympus, Tokyo, Japan) equipped with a C310 digital camera and shown to have proper
morphological properties (Figure 6). Macrophage MΦ1 polarization was assessed by
expression of several classical pro-inflammatory MΦ1 markers, such as cytokines TNFα,
IL-1β, IL-6, and chemokine CXCL10 (IP-10) [16]. The analyte levels in MΦ1-containing
control well were of 224.9 pg/mL, 119.7 pg/mL, 367.4 pg/mL, and 111.2 pg/mL for TNF-
α, IL-1β, IL-6, and CXCL10, respectively, while for THP-1-derived mDCs they were of
37 pg/mL, 14.4 pg/mL, 1.89 pg/mL, and 8.13 pg/mL, respectively (Table S1).

The experiment on production of the analytes by different cells included two parts.
The first one was focused on the study of cytokines, chemokines, and growth factors
production by Caco-2 cells (Figure 7A) and various immunocompetent cells (Figure 7B)
in response to direct stimulation with Gly m 4, Que-3,4′-di-Glc, the Gly m 4 and Que-3,4′-
di-Glc combination, or the Gly m 4 digest resulted from proteolytic cleavage mimicking
gastroduodenal digestion in vitro. This part of the experiment was carried out into the
wells of 96-well plate.

The second part of the experiment consisted of an evaluation of cytokines/chemokines/
growth factors production by various immunocompetent cells at the basolateral side of the
Caco-2 epithelial barrier after the same studied compounds crossed the barrier from an
apical side in a 24-well plate (Figure 7C). Both parts of the experiment were performed at
the same time in parallel plates.
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Figure 6. (A) Scheme of the differentiation protocol to obtain mature dendritic cells (mDCs) and pro-inflammatory
macrophages (MΦ1) from THP-1 cells; Light microscopy of mDCs (B,C) and MΦ1 (D,E) cells under magnification of 200×
and 400×, respectively.

It was shown that both Gly m 4 and its gastroduodenal digest induced production
of pro-inflammatory chemokine CXCL10/IP-10 by Caco-2 cells from 16.87 pg/mL in
control wells to 44.53 and 43.76 pg/mL in sample wells, respectively (Figure 8A). In
Caco-2/immune cells co-culture system Gly m 4 increased production of several pro-
inflammatory cytokines and chemokines: RANTES/CCL5 by Monocytes (from 161.32 to
541.41 pg/mL, p < 0.005), IL-1α by T/B/NK (from 8.4 to 47.16 pg/mL, p < 0.005), IL-6 by
PBMC (from 3.76 to 15.02 pg/mL, p < 0.01) and T/B/NK (from 130.98 to 769.54 pg/mL,
p < 0.005), MIP-1β/CCL4 (from 67.89 to 123.8 pg/mL, p < 0.005), MIG/CXCL9 (from 80.51
to 114.68 pg/mL, p < 0.005), GM-CSF (from 101.52 to 266.73 pg/mL, p < 0.01) and TNFα
(from 37 to 66.12 pg/mL, p < 0.005) by mDCs, as well as anti-inflammatory cytokines:
IL-4 by mDCs (from 137.49 to 349.49 pg/mL, p<0.001), IL-10 by T/B/NK (from 242.35
to 452.2 pg/mL, p < 0.01), and IL-13 by PBMC (from 13.14 to 36.50 pg/mL, p < 0.005).
Production of the above mentioned pro-inflammatory cytokines and chemokines was not a
result of nonspecific activation by residual LPS, which was checked by comparing IL-1β
levels in control (12 pg/mL) and Gly m 4-containing (16.61 pg/mL) wells with monocytes
in case of direct stimulation, as human monocytes represent a highly pyrogen-sensitive
culture. At the same time, in the co-culture system Gly m 4 digest induced increased
production of mainly anti-inflammatory cytokines: IL-1 receptor antagonist by mDCs
(from 635.14 to 870.41 pg/mL, p < 0.01), IL-5 (from 0.48 to 0.76 pg/mL, p < 0.05) and IL-10
(from 242.35 to 426.28 pg/mL, p < 0.05) by T/B/NK, as well as IL-13 by PBMC (from 13.14
to 27.38 pg/mL, p < 0.05) and MΦ1 (from 38.97 to 50.77 pg/mL, p < 0.001).
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Figure 7. Heat map represented profiles of cytokines/chemokines/growth factors production by (A) Caco-2 cell line
and (B) PBMC, T/B/NK, Monocytes, THP-1-derived MΦ1, and mDCs in response to the direct stimulation, or (C) to the
transepithelial stimulation by incubation of the same cultures in basolateral chambers of 24-well Millicel inserts after the
compounds passed across the Caco-2 epithelial barriers from an apical side.
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Figure 8. Cytokines and chemokines production by the Caco-2 cell line, Monocytes and PBMC (the direct stimulation)
or by PBMC, T/B/NK, Monocytes, MΦ1 and mDCs cultures from basolateral chambers (the transepithelial stimulation).
(A,N,R) represent cytokines and chemokines, which were assessed after direct stimulation; (B–M,O–Q,S) represent cytokines
and chemokines, which were assessed after transepithelial stimulation. Error bars represent standard deviation between
two technical replications (or biological replications for the direct stimulation). Significance levels are: * p < 0.05, ** p < 0.01,
*** p < 0.005, **** p < 0.001.
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Four patterns of production of cytokines/chemokines/growth factors were observed
when comparing the 2 stimulation ways. The first one took place when both direct and
transepithelial stimulations did not result in a significant effect on production of analytes.
The second one occurred when a level of the same analyte was found to be increased by
both stimulation ways compared to control wells. For example, after incubation of PBMC
with Gly m 4, the concentration of IL-8 was elevated from 1613 to 7757 pg/mL in case of
the direct stimulation and from 290 to 677 pg/mL in case of the transepithelial stimulation.
In case of the stimulation with Gly m 4, the same production pattern was observed for
IL-10 and IL-1α production by T/B/NK; for IL-6 production by PBMC and T/B/NK; for
IL-1α production by Monocytes. The third production pattern was observed when a level
of the same analyte was increased by the direct stimulation but remained unchanged when
the transepithelial stimulation was carried out. In case of the stimulation with Gly m 4, this
pattern was observed for G-CSF production by PBMC; for MCP-3 and IL-1β production by
T/B/NK; for IL-6, IL-12(p40) and TNF-α production by Monocytes; for MIP-1α production
by PBMC and Monocytes (Figure 8).

The Gly m 4 digest induced the strongest production of TNF-α by PBMC, Monocytes
and MΦ1 cultures among all studied compounds by the direct stimulation; however,
this effect was not observed in case of the transepithelial stimulation (Table S1). The
last production pattern was observed when production of the same analyte remained
unchanged after the direct stimulation but was increased in response to the transepithelial
stimulation. For instance, in case of the transepithelial stimulation by Gly m 4, this
pattern was observed for sCD40L, EGF-2, IL-1α, and IL-1β production by MΦ1; for IL-13
production by PBMC and MΦ1; and for IL-4, G-CSF, and GM-CSF production, by mDCs
(Figure 7B,C). These changes in cytokines/chemokines production can be explained by
communication between epithelial and immunocompetent cells in the Caco-2/immune
cells system by soluble factors. Thus, using the Caco-2/immune cells co-culture model in
study of food allergens makes the obtained results more reliable in context of the situation
in vivo.

4. Discussion

The soybean allergen Gly m 4 is known to cause severe allergic reactions including
anaphylaxis, unlike other Bet v 1 homologues, which mainly induce local allergic reac-
tions [4]. This work aimed to elucidate mechanisms underlying the unique properties of
this allergen. Complexity of the mucosal immune system causes difficulties in mimicking
its properties in vitro, but a co-culture system makes it possible to elaborate mechanisms
involved in communication between epithelial and immune system cells. The co-culture of
Caco-2/immune cells was used in current study as a model system [29].

The Gly m 4 allergen can effectively pass across the Caco-2 polarized monolayer which
was used in current study as a simplified model of the intestinal epithelium, and then
can activate immunocompetent cells. Sensitization effects of Gly m 4 were interpreted
according to data obtained by using the Caco-2/Immune cells co-culture as follows. First,
passing of the allergen across the Caco-2 barrier activates epithelial cells that resulted
in production of pro-inflammatory chemokine CXCL10/IP-10 (Figure 8A), which could
activate and recruit leukocytes such as T-cells, eosinophils, monocytes, and NK-cells [29].
CXCL10 was previously proposed to play a role in chronic allergic inflammation [30]. Then,
the invaded Gly m 4 might force dendritic cells (DCs), localized underneath the epithelium,
to produce CCL4/MIP-1β (Figure 8C), CXCL9/MIG (Figure 8E), which predominantly
mediated lymphocytic infiltration to the focal sites, as well as to promote TNF-α production
(Figure 8F). These cytokines, apparently, may cause an allergic inflammation in the human
gut after Gly m 4 invasion. The increase of CCL4/MIP-1β and CCL5/RANTES obtained in
the current research was comparable with their observed increase in biological fluids during
allergic inflammation in vivo [31,32]. The Gly m 4-induced inflammation might be sustained
via IL-1α (Figure 8G), IL-6 (Figure 8K,L) and CCL5/RANTES (Figure 8B), produced by
lymphocytes recruited through CXCL10 and CXCL9, and via GM-CSF produced by DCs
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(Figure 8D). Later on, recruited lymphocytes might inhibit pro-inflammatory stimuli by
IL-13 (Figure 8P,Q) [33]. At the same time, Gly m 4-stimulated mDCs produce a key Th2-
associated cytokine—IL-4 at a high level (Figure 8I). Being activated by the Gly m 4 allergen,
IL-4-producing mDCs apparently move to lymph nodes for the antigen presentation
to naïve T-cells with subsequent differentiation of the latter into allergen-specific Th2-
lymphocytes. The suggested mechanism coincides with the assumption that the Gly m 4
allergen is potentially able to induce sensitization in a lymph node after absorption in the
human gut.

However, in this regard, a key question arises: whether Gly m 4 can reach the intestinal
epithelium in its intact immunogenic form? It is known that binding of allergens with
ligands may affect their properties and allergenicity. In our study, Que-3,4′-di-Glc had
no significant effect on gastrointestinal digestion of Gly m 4, its transport across epithe-
lium and production of cytokines, except IL-5 produced by T/B/NK cells. However, this
cytokine by itself can apparently induce only eosinophilic inflammation [34]. Neverthe-
less, the sensitizing capacity of food allergens may depend, on the one hand, on their
susceptibility towards proteolysis in the digestive tract and, on the other hand, on the
abundance of T-cell epitopes with immunostimulating capacity [35]. Gly m 4 proved to be
susceptible to gastrointestinal enzymes, which provided an evidence that it hardly could
reach the intestinal epithelium in vivo in an intact form. However, the question is still
open. Although some proteolytic fragments resulting from the gastrointestinal digestion
of Gly m 4 are capable to pass through the epithelial barrier, they failed to induce IL-4 by
mDCs and most of the abovementioned pro-inflammatory stimuli, except CXCL10/IP-10
produced by Caco-2 cells. Instead, proteolytic fragments of Gly m 4 able to cross the Caco-2
monolayer were found to be responsible for a strong anti-inflammatory response by induc-
tion of IL-1 receptor antagonist (IL-1RA), IL-5, IL-10, and IL-13 by MΦ1 or lymphocytes
(Figure 8H,J,M,P,Q) that can be recruited by CXCL10. These anti-inflammatory stimuli
could be responsible for the differentiation of naïve Th0 cells into Th2 after presentation of
the crossed fragments by macrophages or dendritic cells in the human gut. Interestingly,
Gly m 4 digest induced production of Th2-suppressing cytokines IL-12(p40) and IL-27 by
direct stimulation, while transepithelial stimulation did not result in production of these
cytokines (Figure 8N,O,R,S) [36,37]. It still remains unclear whether the observed suppres-
sion is induced by those Gly m 4 fragments which cannot cross the Caco-2 monolayer
or intermediated by epithelial-immune cells communication. Strong anti-inflammatory
response of immunocompetent cells toward those Gly m 4 fragments which could pass
across the Caco-2 monolayer might speak for the presence of the T-cell epitope among
the crossed fragments. Amino acid residues of several crossed fragments correspond to
previously mapped T-cell epitopes of the birch Bet v 1 but not its immunodominant epitope
Bet v 1142–156 [28]. However, Gly m 4 may contain its own T-cell epitopes. Our current data
argue for an assumption that the Gly m 4 allergen can potentially act as a sensitizer of the
immune system (Figure 9); thus, study of a cohort of Gly m 4-sensitized patients without
sensitization to Bet v 1 is of special interest.

To verify our finding, mice models of sensitization by an intact Gly m 4 and its
proteolytic fragments through oral administration have to be used in further investigation.
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Figure 9. Two possible ways of sensitization with the soybean allergen Gly m 4 based on experimental data obtained in
the current study. (A) If Gly m 4 can reach the human intestine in intact form, it is able to cross the intestinal epithelium
and induce the production of several pro-inflammatory stimuli by different cells, as well as high levels of IL-4 by DCs. Gly
m 4-stimulated DCs migrate to the lymph node from intestinal Th1-inflammatory site and induce there IL-4-dependent
differentiation of naïve Th0 lymphocytes into allergen-specific Th2 lymphocytes. (B) The second proposed mechanism of
sensitization is mediated by proteolytic fragments of Gly m 4 that resulted after gastrointestinal digestion. Some of the
proteolytic fragments are able to cross the intestinal epithelium and induce the production of several anti-inflammatory
stimuli, namely, (IL-1RA), IL-5, IL-10, and IL-13, which leads to the differentiation of naïve Th0 lymphocytes into allergen-
specific Th2 lymphocytes in the intestinal lamina propria.
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Abstract: Introduction: Allergy to nonspecific lipid transfer protein (nsLTP) is the main cause of
plant-food allergy in Spain. nsLTPs are widely distributed in the plant kingdom and have high cross-
reactivity but extremely variable clinical expression. Little is known about the natural evolution of this
allergy, which complicates management. The objective of this study was to assess the development
of allergy to new plant foods in nsLTP-sensitized patients 10 years after diagnosis. Methods: One
hundred fifty-one patients showing specific IgE to nsLTP determined by ISAC (Thermofisher) were
included. After clinical workup (i.e., anamnesis, skin test, and challenge when needed), these patients
were divided into two groups: 113 patients allergic to one or more plant food (74.5%) and 38 patients
not allergic to any plant food (25.1%). Ten years later, a telephone interview was conducted to check
whether patients had developed additional allergic reactions to plant foods. Results: Ten years after
diagnosis, 35 of the 113 (31%) plant-food-allergic patients sensitized to nsLTP reported reactions
to new, previously tolerated plant foods, mainly Rosaceae/Prunoideae fruits and nuts followed by
vegetables, Rosacea/Pomoideae fruits, legumes, and cereals. Five out of 38 (13.2%) patients previously
sensitized to nsLTP but without allergy to any plant food had experienced allergic reactions to some
plant food: two to Rosaceae/Prunoideae fruits, two to Rosaceae/Prunoideae fruit and nuts, and one
to legumes. Conclusion: Patients sensitized to nsLTP developed allergic reactions to other plant
foods, mainly Rosaceae-Prunoideae fruits and nuts. This was more frequent among plant-food-allergic
patients than among those who had never had plant-food allergy.

Keywords: nsLTP; plant-food allergy; Pru p 3; peach; nut; Rosaceae fruit; ISAC

1. Introduction

Food allergy affects around 0.3% to 5.6% of the population, showing substantial
geographical variation in prevalence and in terms of the culprit food [1]. Allergy to plant
foods is the most common food allergy among older children and adults [1].

Nonspecific lipid transfer proteins (nsLTPs) are small, highly stable and conserved
molecules involved in the plant defense against fungi and bacteria [2,3]. nsLTPs are found
in high concentrations in the epidermal tissues of fruits and are the main allergens of fruits
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of the Rosaceae family. In addition, allergenic nsLTPs have been found in nuts, seeds,
vegetables, pollen, and latex from Hevea brasiliensis [4]. Allergy to nsLTP involves several
taxonomically unrelated plant-derived foods and heterogeneous sensitization profiles and
can trigger severe systemic reactions. It has been reported to be responsible for a large
number of plant-food-induced anaphylactic reactions in southern Europe [5–8].

Fruits of the Rosaceae family are the most frequently involved foods in allergic re-
actions among nsLTP-allergic patients [9]. Allergy to nsLTP occurs predominantly in the
Mediterranean area (Spain, Italy, etc.) [5,6], although it has also been reported in other
areas such as Australia [10] and China [11]; in contrast, nsLTP allergy is a rare finding in
northern and central Europe [7,12] and the USA [5].

Patients with allergy to nsLTP exhibit considerable clinical heterogeneity, as some react
to only one food (often peach), while others may experience symptoms to multiple nsLTPs
from allergenic sources that are not taxonomically related and do not follow a defined
pattern [13]. The extreme variability of nsLTP allergy in terms of the culprit plant food and
the clinical expression of the allergy is still unexplained. Strict plant-food avoidance diets
are sometimes recommended due to the unknown clinical course, though these measures
have a significant negative impact on patients’ quality of life and nutrition. Little is known
about the natural evolution of this syndrome.

The management of patients allergic to nsLTP is complex and poses a major challenge
for both allergists and patients. The problem lies in the fact that LTP is a panallergen,
meaning that it is a ubiquitous protein that is widely distributed in plant foods and has
wide cross-reactivity and a highly variable clinical expression, sometimes eliciting life-
threatening reactions. Further complicating this situation is the possibility that patients
sensitized to homologous nsLTPs of other plant foods can progress over time from mere
sensitization (without clinical expression) to severe or even fatal allergic reactions, which
has clear implications for the dietary recommendations given to nsLTP-allergic patients.

On the other hand, the LEAP study revealed that early food introduction can pre-
vent the onset of allergy [14], the STOP study showed that induction of tolerance can
halt allergy [15], and Pru p 3 SLIT induces an improvement not only in peach allergy
but also acts upon other relevant food allergens causing severe reactions, such as peanut
or tree nuts [16–18]. These facts could also have important implications for dietary rec-
ommendations for LTP-allergic patients. In this respect, intake of plant foods containing
cross-reactive proteins that the patient tolerates and to which he/she is sensitized might
improve LTP allergy in the future.

The management of such patient heterogeneity continues to challenge the expertise
of allergists despite the study by Asero et al. [19] and the recommendations given by the
EAACI Task Force on nsLTP Allergy Across Europe [4].

The aim of this study was to assess the development of allergy to new plant foods in
nsLTP-sensitized patients over 10 years. The results reinforce key points that inform
decision-making related to the management of this heterogenous and complex type
of allergy.

2. Materials and Methods

2.1. Study Design

One hundred fifty-one out of 164 patients sensitized to nsLTP as determined by
ImmunoCAP™ ISAC (Thermo Fisher Scientific, Uppsala, Sweden) performed during
2009–2011 in the allergy department of Fundación Jiménez Díaz (Madrid, Spain) were
included in the study. Thirteen patients (7.9%) were excluded because they did not respond
to the follow-up phone call, refused to answer, or did not give consent to participate in
the study. After a clinical study (2009–2011) in real-life conditions (i.e., anamnesis, skin
test or specific IgE and challenge test when needed), patients were divided into 2 groups:
113 patients allergic to plant food (74.8%) and 38 non-food-allergic patients (25.1%). Once
a patient was diagnosed with an allergy to a plant food, they were advised to avoid the
food in question and continue eating those they tolerated. Ten years later, in 2020–2021,
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a telephone interview was conducted to determine whether the patients had developed
new allergic reactions to previously tolerated plant foods (Figure 1).

 

Figure 1. Study flow chart.

2.2. Specific IgE to LTP

All patients showed specific IgE to at least one nsLTP (Pru p 3, Cor a 8, Art v 3 before
2011 and Pru p 3, Cor a 8, Art v 3, Ara h 9, Jug r 3, Ole e 7, Pla a 3 after 2011) measured by
ImmunoCAP™ ISAC following manufacturer recommendations. Results were expressed
in ISU (ISAC standardized units).

2.3. Study Variables

On the one hand, data were collected at the time of diagnosis, including demographic
and clinical characteristics of the patients; sensitization to common allergens (defined as at
least 1 positive skin prick test or serum-specific IgE to common allergens); associated rhinitis
or asthma; specific IgE to different nsLTPs, profilins, and PR-10 proteins as determined by
ImmunoCAP™ ISAC microarray; and data related to plant-food allergy such as the plant
food eliciting allergy and symptoms of the reactions, which were categorized into local
symptoms, systemic symptoms, and anaphylaxis (two or more organs involved).

On the other hand, after the telephone interview, data collected at the time of diagnosis
were re-evaluated to distinguish those patients who had developed allergy to nsLTP-related
foods during follow-up so as to search for characteristics that could predict progression to
allergy in nsLTP syndrome.

3. Statistical Analysis

Statistical analysis was performed with SPSS (SPSS Inc., Chicago, IL, USA). Qualitative
variables were expressed as percentages and confidence intervals were calculated at 95%.
For quantitative variables, means and standard deviation (SD) were calculated, and for
specific IgE results, medians and 25th (Q1) and 75th (Q3) percentiles were given. A χ2 test
was used to compare frequencies. Values were considered significant at a p-value of less
than 0.05.

4. Results

4.1. Patient Characteristics

One hundred fifty-one patients sensitized to nsLTP were selected and analyzed for
this study. Thirty-eight patients were asymptomatic upon nsLTP-related food exposure
and 113 patients were allergic to nsLTP-related plant foods. Characteristics of the patients
are shown in Table 1.
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Table 1. Demographic and clinical characteristics of patients sensitized to nsLTP (baseline data).

Food Allergy Non-Food-Allergy

Group (n:113) Group (n:38)

Sex, male 59 (52.21%) 23 (60.52%)

Age (years) (mean, SD) 31.67 (14.36) 30.87 (12.5)

Previous atopy1 history 94 (83.18%) 28 (73.68%)

Allergic rhinitis 92 (81.41%) 29 (76.32%)

Asthma 58 (51.32%) 18 (47.37%)

Sensitization to common
allergens 102 (90.26%) 35 (92.10%)

Pollen sensitization 101 (89.38%) 34 (89.47%)

Grass 92 (81.41%) 29 (76.31%)

Olive 64 (56.64%) 20 (52.63%)

Cypress 58 (51.33%) 18 (47.36%)

Platanus tree 65 (57.52%) 19 (50.00%)

Mugwort 72 (63.72%) 15 (39.47%)

Animal sensitization 47 (41.59%) 22 (57.89%)

Dust mite sensitization 28 (24.77%) 11 (28.95%)

Mold sensitization 21 (18.58%) 8 (21.05%)

Grass pollen immunotherapy 58 (51.33%) 24 (63.16%)

Panallergen sensitization 71 (62.83%) 22 (57.89%)

Profilin 38 (33.63%) 9 (23.68%)

Bet v 1 19 (16.81%) 10 (26.32%)

4.1.1. Plant-Food-Allergy Group (Baseline Data)

One hundred thirteen patients sensitized to nsLTP were allergic to plant food before
the start of the follow-up period. Characteristics of the patients are shown in Table 1.

The frequency of sensitization to different nsLTPs (ISAC) at the beginning of the study
was as follows: 87.6% to Pru p 3 (n = 99 out 113 patients tested), with a median positive test
value of 3.3 ISU (1.15–5.5 Q1–Q3); 80.6% to Pla a 3 (n = 29/36), median 0.8 ISU (0.6–2.2);
75.9% to Jug r 3 (n = 23/29), median 1 ISU (0.55–1.75); 64.3% to Art v 3 (n = 72/112), median
1.6 ISU (0.6–3.2); 53.1%to Cor a 8 in (n = 59/111), median 1.3 ISU (0.7–3.13); 59.3% to Ara h
9 (n = 16/27), 0.9 ISU (0.5–1.6); and 30.8% to Ole e 7 (n = 8/26), median 1.3 ISU (0.4–2.3).
These results are shown in Figure 2.

Figure 2. Percentage of sensitization to several nsLTPs in different groups of patients.
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Foods eliciting allergy in this patient group are listed in Table 2. Peach and nut were
the most frequently involved plant foods (70 and 54 patients, respectively) followed by
apple (37 patients) and hazelnut and peanut (36 patients in both). Cofactors were associated
in 11 patients (9.7%), 4 of whom had anaphylaxis.

Table 2. Plant foods involved in the allergic reactions of nsLTP allergy group (n = 113) at baseline.
Results are shown in number of patients.

Plant Food Food Allergy Oral Tolerance Not Known

Nuts 77 30 6

Walnut 54 21 38
Hazelnut 36 41 36

Peanut 36 41 36
Almond 29 48 36

Sunflower seed 15 55 43

Fruits 95 18 0

Rosaceae fruits
Peach 70 37 6

Peach (peel only) 35 37 41
Apricot 22 42 49
Cherry 18 45 50

Strawberry 8 58 47
Plum 20 46 47

Pomoideae fruits
Apple 37 50 26

Apple (peel only) 54 50 9
Pear 15 90 8

Other fruits
Kiwi 18 67 28

Banana 11 67 35

Legumes 12 78 23

Lentil 7 95 11
Bean 4 80 29

Soybean 2 109 2
Chickpea 1 100 12

Vegetables 23 89 1

Tomato 12 99 2
Lettuce and derivates 10 84 19

Corn 3 91 19
Eggplant 2 78 35

Cauliflower 2 65 46

Seed 9 64 40

Mustard 8 54 51
Sesame 1 69 43

Cereal (Wheat) 2 111 0

Eighty-five patients (75.2%) developed systemic symptoms, 23 of whom (20%) experi-
enced an anaphylactic reaction. The plant foods responsible for the anaphylactic reactions
were as follows: nuts (39.1%), Rosacea/Prunoideae fruits (21.7%), Rosacea/Pomoideae fruits
(17.4%), lettuce (13.0%), and legumes (8.7%). Sensitization to profilin in this anaphylaxis
subgroup was 26% (6 patients) and 30.4% were sensitized to PR-10 (7 patients). The rate of
anaphylaxis in profilin-sensitized patients was 7.8%, and 22% of profilin-negative patients
presented anaphylaxis.
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4.1.2. Non-Food-Allergy Group (Baseline Data)

At the start of the study, 38 out of 151 patients sensitized to any nsLTP had not
experienced any plant-food allergy. These patients made up the group of non-plant-food-
allergic patients. Characteristics of the patients are shown in Table 1.

The most common allergens identified through specific IgE (ISAC) were the following:
Pru p 3 in 70.3% (26/37) of patients, median 1.85 ISU (0.8–3.4); Art v 3 in 40.5% (15/37),
median value 0.8 ISU (0.6–1.45); Cor a 8 in 37.84% (14/37), 1.05 ISU (0.6–1.4). These results
are shown in Figure 2.

There was no statistically significant difference in specific IgE to different nsLTPS
between the 2 groups (nsLTPS-allergy group and the non-food-allergy group). However,
there was a statistically significant difference between the percentage of positive patients
between the 2 groups to Pru p 3 (p = 0.012) and Art v 3 (p = 0.013), but not to Ara h 9, Cor
a 8, Jug r 3, Ole e 7, and Pla a 3. Comparisons are shown in Figure 2.

4.2. Characteristics of Patients Not Sensitized to Pru p 3

Twenty-five of 156 patients had negative specific IgE to Pru p 3: 14/113 patients
(12.4%) from the plant-food-allergy group and 11/38 patients (28.9%) from the group
without food allergy.

Focusing on the plant-food-allergy group, 5 out of 14 (20%) patients had a systemic
reaction, one of which (4%) was an anaphylactic reaction. Despite the negative value for
Pru p 3, 9 patients had allergy-related symptoms to peach. Sensitization to nsLTP among
Pru p 3-negative patients was as follows: 7 patients (50%) monosensitized to Art v 3,
2 patients to Pla a 3, 1 patient to Cor a 8, and 1 patient to Ara h 9. The other 3 patients were
polysensitized with Art v 3 involved in all cases: 1 patient to Cor a 8 and Art v 3, 1 patient
to Jug r 3 and Art v 3, and 1 patient to Ara h 9, Jug r 3, Art v 3, and Pla a 3. These results
are shown in Table 3.

Table 3. Characteristics of patients non-sensitized to Pru p 3 (n = 25).

Plant-Food-Allergy Group
(n = 14)

Non-Plant-Food-Allergy Group
(n = 11)

Sensitization to nsLTP

Art v 3 7 (50%) 6 (54.54%)

Ara h 9 1 (7.14%) 0 (0%)

Cor a 8 1 (7.14%) 3 (27.27%)

Pla a 3 2 (14.28%) 0 (0%)

Jug r 3 0 (0%) 1 (9.09%)

Cor a 8 + Art v 3 1 (7.14%) 1 (9.09%)

Jug r 3 + Art v 3 1 (7.14%) 0 (0%)

Ara h 9 + Jug r 3 + Art v 3 +
Pla a 3 1 (7.14%) 0 (0%)

Panallergen sensitization

Profilin 6 (42.9%) 1 (9.1%)

PR10 3 (21.4%) 2 (18.2%)

Allergy to new plant food
(clinical progression)

5 (35.7%) 1 (9.1%)

Nine patients non-sensitized to Pru p 3 were positive for other panallergens: 6 to
profilin and 3 to the PR-10 protein family.

In the group without food allergy, 5 patients (55.4%) were monosensitized to Art v 3,
3 patients to Cor a 8, and 1 patient to Jug r 3. The other patient was sensitized to both Cor
a 8 and Art v 3.
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Three patients were sensitized to other panallergens: 2 patients to allergens belonging
to the PR-10 protein family and 1 patient to profilin.

4.3. Follow-Up Study: Allergy to New Plant Foods over the Years

Forty out of 151 patients sensitized to nsLTP (26.5%; 95% CI 20–34%) developed
symptoms of allergy to new (previously tolerated) plant foods during the follow-up period.
Patients in this group had a mean age of 31.4 years (range 2 to 62 years) with a higher
prevalence of female patients (60%). In addition, 95% of patients had a history of atopy
and 90.2% had current atopy.

The frequency of sensitization to different nsLTPs (ISAC) at the beginning of the study
was as follows: 85% of 40 patients were sensitized to Pru p 3, with a median value of 2.4 ISU
(1.04–4.7 Q1–Q3); 50% of 10 patients to Ara h 9, median 0.9 ISU (0.4–1); 52.5% of 40 patients
to Cor a 8, median 1.2 ISU (0.6–0.8); 72.7% of 11 patients to Jug r 3, median 1 ISU (0.9–2.8);
55% of 40 patients to Art v 3, median 1.2 ISU (0.6–2.1); 77% of 13 patients to Pla a 3, mv
1.56 ISU (0.6–2.3); and 11.1% to ole e 7 (one patient). There was no statistical difference in
the specific IgE rate to different LTPs between the group of patients that developed allergy
to new plant foods or not (Figure 2). In addition to nsLTP sensitization, 8 patients (20%)
that developed allergy to new plant foods were also sensitized to PR-10 and 9 patients
(22.5%) to profilin.

4.3.1. Plant-Food-Allergy Group: Allergy to New Foods

Thirty-five (31%; 95% CI 23–40%) of the 113 patients from the plant-food-allergy group
developed allergy to new plant foods: 16 patients to Rosaceae fruits (13 to Rosaceae/Prunoideae
fruits and 3 to Rosaceae/Pomoideae fruits), 16 to nuts (5 patients shared Rosaceae fruits and
nuts), 4 patients to vegetables, 2 to cereals, 1 to legumes, and 1 to seeds. The allergy
symptoms in these patients were local reactions in 37.1% and systemic reactions in 62.9%;
8.6% (of the total) were anaphylactic reactions. All new plant foods that elicited allergic
reactions during the follow-up period are shown in Table 4.

Table 4. Allergy to new plant foods on follow-up study in patients sensitized to nsLTP.

New Plant Food Eliciting Allergy
Plant-Food-Allergy

Group (n = 35)
Non-Plant-Food-Allergy

Group (n = 5)

Rosacea/Prunoideae fruit 7 2

Rosacea/Pomoideae fruit 3 0

Nuts 7 0

Vegetables 4 0

Cereals 2 0

Legumes 1 1

Seed 1 0

Rosaceae/Prunoideae fruit & nuts 5 2

Nuts & vegetables 3 0

Nuts & legumes 1 0

Rosaceae/Prunoideae fruit &
legumes 1 0

Patients from this group had a mean age of 26.9 years (range 2 to 61 years) and were
predominantly female (60%). Sensitization to common allergens was present in 91.43% of
the patients; 85.7% of the patients had associated rhinitis while 62.8% presented asthma.
Sensitization to profilin was 31.4% and 17.1% were sensitized to PR-10. Nineteen patients
received grass pollen immunotherapy and none of them to birch pollen.
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4.3.2. Non-Food-Allergy Group: Allergy to New Foods

Five out of 38 patients (13.2%; 95% CI 6–27%) from the non-food-allergy group,
which comprised patients who had never experienced allergic reactions to any plant foods,
developed allergy to new plant foods. The plant foods eliciting allergy in this subgroup
were as follows: Rosacea fruits in 2 patients, nuts in 2 patients, and legumes in 1 patient.
Two patients from this group developed allergy to both Rosacea fruits and nuts. The allergy
symptoms in these patients were local in 60% and systemic in 40%. None experienced
anaphylactic reactions.

Patients from this group ranged in age from 18 to 50 years (mean age 31.4 years), with
a higher prevalence of females (60%). Sensitization to common allergens was present in
100% of the patients. Rhinitis and asthma were also prevalent comorbidities (80% and
60% of the patients, respectively). Profilin sensitization was not found in any patients and
2 patients were sensitized to PR-10 family protein (40%). Three patients received grass
pollen immunotherapy and none of them to birch pollen.

5. Discussion

The present study focuses on the development of allergy to new plant foods among
nsLTP-sensitized patients. We consider this unresolved issue to be a key point in the
management of nsLTP-allergic patients. Our results reveal that 31% of nsLTP-allergic
patients became allergic to new plant foods that had been tolerated at the time of diagnosis.
We also found that, after 10 years, 13% of patients simply sensitized to nsLTP developed
plant-food allergy.

This is a real-life study based on clinical allergy practice. Ten years following diagnosis,
a telephone interview was conducted to determine whether patients developed allergies to
new plant foods. Real-life studies and the results of the telephone interviews have both
advantages and disadvantages which should be considered when interpreting these results.
However, we found the results to be valuable as they provide interesting information on
the development of allergy to new plant foods, both among patients with nsLTP allergy and
among nsLTP-sensitized subjects who have never been allergic to plant foods (latent atopy).

To our knowledge, the report by Asero et al. [19] is the only study designed to evaluate
the development of new food allergies in the follow-up of patients allergic to nsLTP. The
results of our study, in which 31% of patients developed new plant-food allergies, are in
agreement with those of Asero et al. (27%; 18/67 patients), which reinforces the results
of both.

A literature search revealed no previous studies addressing the development of plant-
food allergy among nsLTP-sensitized patients without previous plant-food allergy. We
found that allergy to new plant foods among patients without previous plant-food allergy
was not only less frequent, but also less severe, as no patients in the sensitized group
had anaphylactic reactions. These data support current recommendations indicating that
patients who experienced systemic reactions should always carry auto-injectable adrenaline
with them.

Another finding of our study, and one that is found throughout the literature on
nsLTP allergy, is that rosaceous fruits and nuts are the foods most frequently responsible
for nsLTP allergic reactions [14,19,20], even when discussing new plant-food allergies in
the evolution of these patients. We consider this issue relevant, as clinicians should not
restrict all nsLTP-allergenic foods in the same way, but rather prioritize the most frequently
involved foods when an avoidance diet is necessary.

We also found that sensitization to profilin and PR-10 allergens appears to decrease
the risk of severe reactions [21,22], and that nsLTP-specific IgE levels do not predict the
occurrence of new plant-food allergy [23], which is consistent with data published in
multiple studies.

Asero et al. [19] provided useful recommendations for the management of patients
with nsLTP-related food allergy, which we support fully. In addition to these recommenda-
tions, we believe nsLTP-allergic patients should undergo risk stratification, as this would
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allow for tailored management of the heterogeneous and highly variable population of
patients with this type of allergy. Specifically, our findings lead us to recommend the
following:

- Patients should avoid plant foods that provoke allergic reactions after an allergy study
based on anamnesis, skin testing, and/or determination of specific IgE and challenge
tests when necessary;

- Patients with systemic reactions should always carry self-injectable adrenaline on
their person;

- Additional dietary restrictions should be based on patient risk stratification, as it is
impossible to predict severity and/or allergy to new plant foods. In our opinion, key
points to stratify the risk of the nsLTP-allergic patients are those appearing in Table 5.
Thus, for patients who have developed a systemic reaction to peach peel but who
tolerate other foods (even peach pulp), it would be sufficient to avoid peach peel
and take self-injectable adrenaline. However, when traveling to the mountains, the
countryside, or other remote locales, they should strictly avoid foods related to the
nsLTP allergy and be vigilant with NSAIDs and other cofactors, since accessibility to
emergency services may be limited and their quality of life would not be significantly
altered by such a one-off situation. This is an example of how allergy-management
recommendations should be adapted depending on risk stratification.

Table 5. Risk stratification of nsLTP-allergic patients.

Key Points.

- Severity of previous reactions

- New foods most frequently implicated

- Accessibility of emergency services

- Sensitivity to PR-10 and profilin

- Cofactors

- Quality of life

6. Conclusions

In summary, one-third of nsLTP-allergic patients developed allergy to novel plant
foods, while one-tenth of nsLTP-sensitized patients without food allergy eventually devel-
oped reactions to novel plant foods, which were milder. Finally, risk stratification should be
a cornerstone of individualized management for highly varied patients with nsLTP allergy.
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Abstract: Food allergy (FA) is a pathological immune response, potentially deadly, induced by
exposure to an innocuous and specific food allergen. To date, there is no specific treatment for
FAs; thus, dietary avoidance and symptomatic medications represent the standard treatment for
managing them. Recently, several therapeutic strategies for FAs, such as sublingual and epicutaneous
immunotherapy and monoclonal antibodies, have shown long-term safety and benefits in clinical
practice. This review summarizes the current evidence on changes in treating FA, focusing on
monoclonal antibodies, which have recently provided encouraging data as therapeutic weapons
modifying the disease course.

Keywords: monoclonal antibodies; food allergy; biologics; children; adults

1. Introduction

Food Allergy (FA) is a pathological and potentially deadly immune response caused
by exposure to an innocuous and specific food allergen [1]. Epidemiological global data
suggest that FA prevalence ranges from 0.45% to 10% among children younger than
five years old. It has been estimated that approximately 40% of patients with FA have
experienced a life-threatening allergic reaction, and that 30% of children with FA show
multiple FAs [2,3].

Based on the underlying immune mechanism, FA is broadly classified into immunoglob-
ulin (Ig)E-mediated (characterized by immediate reactions), non-IgE mediated (charac-
terized by delayed reactions), or mixed (characterized by both IgE-dependent and IgE-
independent mechanisms). The main characteristics of IgE-mediated, non-IgE mediated,
and mixed FAs are summarized in Table 1.

Affecting up to 10% of the pediatric population [4], IgE-mediated FA is the most
common and costly FA subtype. Although the allergens triggering the FA vary with
country and dietary habits, milk, egg, peanut, wheat, soy, and shellfish are currently the
most common foods to induce IgE-mediated FA [5]. After exposure to the offending
allergen, food allergen-derived epitopes bind to the IgE and, by binding with the FcεRI
receptor expressed on the surface of mast cells and basophils, induce the IgE-mediated
degranulation of the immune effector cells. The latter releases preformed histamine,
leukotrienes (LTs), platelet-activating factor (PAF), and cytokines such as interleukin-
4 (IL-4), IL-5, and IL-13, which are able to maintain the allergic immune response [1].
Clinically, early and rapid symptom onset can occur and may involve one or more systems
among the cutaneous system (with flushing, urticaria, angioedema, pruritus), respiratory
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system (with bronchial hyperresponsiveness and/or wheezing), gastrointestinal system
(with nausea, abdominal pain, diarrhea, and vomiting), and cardiovascular system (with
hypotension). Whenever a severe allergic reaction involves multiple organ systems, the
patient experiences anaphylaxis, which can potentially become a life-threatening event [1–6].

Table 1. Main clinical findings of Food Allergies in pediatric population.

Ig-E Mediated Food Allergies

Disorder World Prevalence Common Allergens Description Diagnosis Treatment

Urticaria/angioedema
Contact urticaria

Up to 14.5% for
males and 16.2% for

females
13.3–24.5%

Milk, egg, peanut,
nuts, fish, shellfish

Fresh fruit, fish, milk,
egg

Immediate reaction
to foods with

erythema and wheals
Urticaria resulting
from direct contact

with skin

SPT*, serum IgE *
levels, and OFC *

Elimination diet and
emergency medication
Research: OIT *, SLIT *,

EPIT *, and biologic
drugs

Contact avoidance and
emergency medication

Oral allergy
syndrome 5–8% Fresh fruits and

vegetables
Itching and mild

edema of oral cavity

SPT or PBP *,
serum IgE levels,

and OFC

Elimination diet and
emergency medication

Research: OIT, SLIT, EPIT,
and biologic drugs

Anaphylaxis 0.3% Milk, egg, peanuts,
nuts, fish, shellfish

Rapid reaction with
involvement of skin,
respiratory tract, and

cardiocirculatory
apparatus

SPT, serum IgE
levels, and OFC

Elimination diet and
emergency medication

Research: OIT, SLIT, EPIT,
and biologic drugs

Exercise-induced
anaphylaxis 5–15% Wheat, shellfish,

celery

Food induces
anaphylaxis only if

ingestion is
temporally followed
by physical exercise

Anamnesis

Elimination diet, time
interval between food

consumption and
exercise, and emergency

medication
Research: OIT, SLIT, EPIT,

and biologic drugs

Non IgE-Mediated Food Allergies

Disorder Prevalence Common Allergens Description Diagnosis Treatment

FPIES
Food

protein-induced
proctocolitis

Few data
Few data

Milk, egg, soy, oat,
rice

Milk protein through
breast feeding or egg,

soy, wheat

Immediate reaction
to foods with

vomiting, diarrhea,
pallor, sweating,

hypotension
Mucus in stools

Clinical history
and OFC

Elimination diet
and OFC

Elimination diet and
drugs

Elimination diet

Food protein
enteropathy Few data Milk, egg, soy, and

wheat
Malabsorption

syndrome

Elimination diet
or OFC with

jejunal biopsy
Elimination diet

Mixed Food Allergies

Disorder Prevalence Common Allergens Description Diagnosis Treatment

Atopic dermatitis
Eosinophilic
esophagitis

27–37% of patients
with AD *

Up to 50/100,000
patients

Mostly milk and egg
Egg, milk, beef,

chicken, soy, and
wheat

Immediate reaction
to foods with

erythema and wheals
Reflux symptoms

including vomiting,
dysphagia, cough,

and food impaction

SPT, serum IgE
levels, and OFC

Eosinophil
infiltrates on
esophageal

biopsies

Elimination diet
Research: OIT, SLIT, EPIT,

and biologic drugs
Elimination diet or

topical steroids

Eosinophilic
gastroenteritis Rare

Multiple allergens or
may not have food

allergy etiology

Nonspecific
gastrointestinal

disorders associated
with eosinophilic

infiltrate of
gastrointestinal tract

region and layer

Eosinophil
infiltrates on

gastrointestinal
biopsies,

eosinophils in
ascites

Elimination diet or
topical steroids

* SPT: skin prick test; IgE: immunoglobulin E; PBP: prick by prick; OFC: oral food challenge; OIT: oral immunotherapy; SLIT: Sublingual-
swallow immunotherapy; EPIT: Epicutaneous Immunotherapy; AD: atopic dermatitis.

In addition to the classic IgE-mediated FA, two variants are worthy of consideration:
oral allergy syndrome (OAS) and FA to the carbohydrate galactose-alpha-1,3-galactose
(alpha-gal). OAS is characterized by the immediate onset of oral pruritus, mucosal an-
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gioedema, and/or abdominal pain in patients with allergic rhinitis who produce specific
IgE for aero-allergens cross-reactive with fruit- or vegetable-protein epitopes. As plant-
derived proteins are also sensitive to heat exposure, the same foods are typically tolerated
after cooking. This aspect can help in diagnosing OAS [7,8].

The FA to alpha-gal occurs in patients producing specific IgE for the red meat car-
bohydrate alpha-gal after exposure to tick vectors Dermacentor variabilis (brown dog
tick) and Amblyomma americanum (lone star tick). Although it is an IgE-mediated FA,
unlike the classic IgE-mediated allergic reactions, the FA to the carbohydrate alpha-gal
features a delayed reaction and lacks any relationship with other atopic diseases. Other
mechanisms behind the type-2 immune response have been suggested to be involved in
the pathogenesis of FA to alpha-gal [8].

Food protein-induced enterocolitis syndrome (FPIES), food protein-induced allergic
proctocolitis (FPIAP), and food protein enteropathy (FPE) are the most widely known
non-IgE-mediated FAs [9]. Generally, the median age at FPIES onset is 5.5 months. In
accordance with the symptom onset, clinical features, duration and severity of symptoms,
and offending foods, FPIES is classified into early- (primarily within three months of age)
and late-onset (mostly four to seven months of age); typical or atypical type (in older
patients, positive skin prick test results, and serum-specific IgE levels); acute and chronic
symptoms; and milk or soy FPIES, solid food FPIES, and multiple food FPIES. Clinically,
FPIES is primarily characterized by gastrointestinal symptoms, such as profuse vomiting,
sometimes accompanied by diarrhea; however, a variable and atypical clinical presentation
can also occur. FPIES can occur after the first or second ingestion of the offensive food,
as a result of an inappropriate T-cell activation and proliferation, leading to the release of
pro-inflammatory cytokines, such as tumor necrosis factor-a (TNF-a), interferon-y (IFN-y),
IL-8, and IL-9, which, in turn, impair the permeability barrier, inducing local intestinal
inflammation [10].

FPIAP is characterized by inflammatory injury in the distal colon in response to one
or more offending food proteins, such as cow’s milk or soy. Studies provide evidence
that failure in Th3 cells, low levels of transforming growth factor β (TGF-β), and high
expression of TNF-a may be involved in the pathogenesis of this disease. Patients affected
by FPIAP generally present with red blood and mucus mixed with the stool, with or
without diarrhea; they are generally healthy in appearance and do not report weight
loss. Diagnosis is clinical, and FPIAP diagnosis is confirmed when patients respond
positively to eliminating a suspected triggering food allergen after excluding other causes
of gastrointestinal symptoms, such as necrotizing enterocolitis, intussusception, infectious
colitis, anal fissures, and very early onset inflammatory bowel disease [11].

FPE is mainly characterized by non-bloody diarrhea, malabsorption, and failure to
thrive in the first nine months of life [9]. It is triggered in formula-fed infants, but also
by soybean, wheat, and egg. Diagnostic tests are not available, and diagnosis is based on
clinical history, physical examination, and an oral food challenge (OFC) [9].

Mixed FAs include Eosinophilic Gastrointestinal Disorders (EGIDs), such as eosinophilic
esophagitis (EoE), allergic eosinophilic gastroenteritis (AEG), and eosinophilic colitis, char-
acterized by gastrointestinal symptoms, eosinophilic infiltration of the gastrointestinal
tract, and, sometimes, peripheral eosinophilia [12]. Generally detected in the first year
of life, the clinical picture of EoE includes regurgitation, vomiting, rumination, lack of
appetite, burning, and pain, causing crying after feeding and sometimes immediately after
starting to feed. The suspicion of EoE increases when the response to a proton pump in-
hibitor (PPI) is lacking. The esophageal biopsy shows a diagnostic eosinophilic infiltration
(>15 eosinophils per high-power field (eos/hpf) [13].

Multiple food allergens are implicated in the onset of AEG [14], generally affecting
children and adults. According to the severity of the involvement of bowel wall layers,
abdominal pain, irritability, vomiting, diarrhea, weight loss, easy satiety, anemia, and
hypoalbuminemia range from a mild to a severe degree. The esophageal biopsy shows
eosinophilic infiltration of gastric and/or duodenal mucosa (>30 eos/hpf). Moreover, in
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approximately 50% of patients with AEG, peripheral eosinophilia, positive food skin prick
tests (SPTs), and specific IgE antibodies can be found [15].

Eosinophilic colitis is the less common of the EGIDs. It is generally seen in adolescents
affected by inflammatory bowel disease and/or celiac disease and allergy to cow’s milk
protein, soya, or peanuts. Currently, there is no consensus on the diagnosis of eosinophilic
colitis; however, the detection of >50 eos/hpf in the ascending colon, >42 eos/hpf in the
transverse and descending colon, and >32 eos/hpf in the rectosigmoid colon are considered
suggestive of eosinophilic colitis [16].

The main clinical characteristics of FAs are summarized in Table 1.
Regardless of their pathogenesis and clinical pictures, and due to the lack of definitive

treatment, FAs represent a significant burden on affected children and their families, due to
dietary restrictions, diet adherence, fear of accidental reactions, and the self-management
of anaphylactic reactions. To date, no specific treatment for FAs is available, so their thera-
peutic management is limited to dietary avoidance. However, allergen-specific therapy
(immunotherapy) is showing encouraging results. In parallel, several therapeutic strate-
gies are also emerging that restore immune tolerance against the offending food epitopes
(Figure 1). In this regard, treatment with monoclonal antibodies has recently provided
encouraging results as a therapeutic weapon modifying the disease course.

Figure 1. Developmental timing of monoclonal antibodies used for treating allergic disorders.

2. Monoclonal Antibodies in FA

2.1. Omalizumab

The critical mediator involved in FA is IgE, making it a promising therapeutic target.
As a prototype of an anti-IgE, omalizumab is a humanized IgG1 monoclonal antibody
that acts through various mechanisms. Firstly, it binds to free IgEs, blocking them from
binding with specific high-affinity receptors (FcεRI) expressed on dendritic and mast cells.
Furthermore, it decreases receptor expression on these cells, thus interfering upstream
with the inflammatory cascade. It also leads to a reduction of IgE synthesis by B-cells.
At present, anti-IgE therapy is one of the mainstay treatments for severe asthma, severe
chronic urticaria, and severe chronic rhinosinusitis with nasal polyps (CRSwNP) [17,18].
Omalizumab is administered as a subcutaneous injection; the dosage, time interval, and
frequency are based on a nomogram derived from baseline total serum IgE levels and body
weight (kilograms). The following section is focused on the available literature on anti-IgE
therapy for the management of FA, where anti-IgE is still off label [19].

Eighty-four individuals, aged between 12 and 60 years old, affected by peanut allergy,
were enrolled in a double-blind, placebo-controlled, randomized clinical trial (RCT) to
test the anti-IgE monoclonal antibody TNX-901. Patients were randomized into four
groups, and three different doses of TNX-901 (150 mg, 300 mg, 450 mg) or a placebo were
administered for four monthly doses. Two to four weeks after the end of treatment, the
subjects underwent an OFC, which showed a significant increase of threshold dose for
peanut, compared to screening at enrollment, only in those receiving 450 mg of TNX-901.
Nevertheless, 25% of the patients did not develop tolerance to peanuts, evidencing variable
responses among them [20].

Regarding children, an RCT including patients aged 6–13 years old raised safety
concerns due to the reactions to pre-omalizumab challenges and, therefore, was stopped
early [21].

An open-label study enrolling 14 individuals aged between 18 and 50 years with a
history of peanut allergy evaluated the effectiveness of a six-month treatment with anti-IgE.
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The median threshold tolerated dose for peanut significantly increased from an 80 mg
baseline to 6500 mg after treatment. However, the study had some limitations due to the
small sample size (n = 14 adults) and the need for antihistamines and epinephrine in 10 out
of 14 patients at the third food challenge, after six months of omalizumab [22].

To maximize the development of tolerance and reduce safety concerns relating to
immunotherapy, a synergic effect of combined therapy with anti-IgE and FA-AIT was
hypothesized. Accordingly, 13 children, with a median age of 10 years, suffering from
peanut allergy, were enrolled in a double-blind, placebo-controlled food challenge trial.
Children underwent a course of omalizumab combined with rapid oral food allergy desen-
sitization. Omalizumab was administered during the 12 weeks before and during oral food
desensitization, until a maintenance oral dose of peanut (8000 mg) was reached. Following
the peanut challenge, 92% of patients tolerated an 8000 mg dose of peanut flour, and 39%
reported moderate to severe adverse reactions [23].

Another food challenge trial was conducted on 11 children with cow’s milk allergy.
After nine weeks of omalizumab pretreatment, 9 out of 11 subjects completed an OFC
and received omalizumab until week 16. Few reactions were reported (1.6% of cow’s milk
doses administered), and most were mild [24].

Combined treatment with oral immunotherapy (OIT) and omalizumab has also been
investigated in the setting of multiple FAs, in a phase I clinical trial enrolling 25 children
(median age: 7 years) who were treated with OIT, up to five allergens, and omalizumab. The
omalizumab was started eight weeks before the OIT. The safety outcome was satisfactory:
reactions followed only 5.3% of administered doses, and 94% of these were mild. Only one
child showed a severe reaction, and was treated with epinephrine [25].

The previously mentioned results were consistent with a subsequent phase II RCT of
48 patients aged 4–15 years with multiple FAs. Sixteen weeks of omalizumab treatment
was significantly associated with a higher percentage of tolerance to up to 2 gr of at least
two foods at 36 weeks, compared to a placebo (83% vs. 33%, p = 0.004), in a double-blind
placebo-controlled food challenge (DBPCFC). Furthermore, omalizumab, compared with
a placebo, significantly increased the tolerated dose, reduced the time taken to achieve a
maintenance dose, and reduced the median rate of adverse reactions (27% vs. 68%), with
no severe adverse events reported [26].

Contrary to previous studies, an RCT involving 57 patients aged 7–32 years with
severe cow’s milk allergy did not significantly improve the success rate of OIT in those
treated with omalizumab vs. a placebo over 28 months. However, omalizumab allowed
patients to achieve a maintenance dose with fewer OIT doses and improved the safety of
the OIT. Indeed, the incidence of adverse reactions was significantly lower (2.1% vs. 16.1%
of doses, p = 0.0005) and those that did occur were less severe in the omalizumab group
(2 vs. 18 doses requiring epinephrine) [27].

These findings were consistent with a study of 14 children aged between 4 months and
11 years affected by egg and cow’s milk allergies. The OIT was tolerated by all patients only
if pretreatment and concomitant treatment with omalizumab took place. Nevertheless, a
question arises about when omalizumab should be stopped. Indeed, six patients developed
grade 3–4 anaphylactic symptoms after suspending omalizumab, suggesting the need for
longer maintenance therapy with an anti-IgE [28].

As regards the underlying mechanism of omalizumab-induced desensitization, Bedoret
et al. suggested that milk-specific CD4-T cells might be involved in the development of
anergy. It has been suggested that a combination of omalizumab and oral desensitization
with higher doses of milk is associated with an early reduction in the proliferation of T-CD4
milk-specific cells, through the development of anergy [29]. The underlying mechanism
might be mediated by a reduction in antigen presentation induced by omalizumab [30].
Further, long-term desensitization was found to be associated with an increase in IFN/IL-4
ratio and IgG4, showing a shift in immune response, whose mechanism is still unclear.
IgG4 could act by inhibiting IgE [29].
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In conclusion, these data support the role of omalizumab as a viable therapeutic option
in patients with FA through raising the threshold tolerance dose, thus reducing the risk of
severe adverse reactions in the case of accidental ingestion [23–29,31]. Long-term follow-up
studies are probably needed to strengthen these data. Indeed, only one study showed that,
one year after the suspension of omalizumab, some patients relapsed and their specific
IgE significantly reduced, although IgE levels could not be associated with the response to
therapy or relapse [28].

As yet, omalizumab has not been approved as a treatment for FA, and the optimal
dosage has not been determined. Basophil allergen threshold sensitivity has been suggested
as a monitoring marker of response to omalizumab in patients with severe peanut allergy,
and it might be helpful in individualizing therapy [32]. Currently, several ongoing trials
investigate the role of omalizumab as a monotherapy or in combination with OIT. The
clinical development program for omalizumab as a monotherapy or an adjunctive treatment
in FA is summarized in Tables 2 and 3.
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2.2. Ligelizumab

Ligelizumab, also called QGE031, is a new humanized monoclonal anti-IgE antibody.
It is administered as a subcutaneous injection at a dosage of 24, 72, or 240 mg every two
weeks. It was initially tested in a phase II RCT, parallel design, dose-ranging, multi-
center trial enrolling adult patients (age range, 18–50 years) affected by peanut allergy [56].
However, no results have been posted, as the recruitment was stopped.

2.3. Etokimab

Etokimab, also known as ANB020 (AnaptysBio), is a monoclonal antibody directed
against IL-33, a pro-inflammatory cytokine that promotes B-class switching to IgE. The
terminal half-life of etokimab is approximately 372 hours, with comparable values across
all doses (10–750 mg) and regardless of route (i.v. or s.c.) of administration. In a six-week
placebo-controlled phase II clinical trial enrolling 15 adults (age range, 19–54 years) with
FAs, the authors showed that etokimab was safe and well tolerated. A single administration
of etokimab as a monotherapy was able to induce immune tolerance to peanut, as well as
reduce atopy-related adverse events in the enrolled patients [57].

2.4. Dupilumab

Dupilumab is a fully human IgG4 monoclonal antibody directed against the inter-
leukin (IL)-4 receptor alpha (IL-4Ra) subunit, blocking IL-4- and IL-13-mediated pathways.
By binding to IL-4Ra, a subunit also shared with the IL-13 receptor (IL-13R), dupilumab
blocks the Th2-mediated inflammatory cascade [58,59]. Currently, dupilumab is approved
in Europe for treating adolescents aged over 12 years, affected by severe asthma with
an eosinophilic phenotype, or with oral corticosteroid-dependent asthma. The drug is
available in prefilled syringes and is administered subcutaneously, once at a dose of 400 mg,
then at 200 mg every two weeks; or once at 600 mg, then 300 mg every two weeks. The
latter scheme is approved for patients who have oral corticosteroid-dependent asthma or
comorbid moderate-to-severe atopic dermatitis (AD), for which dupilumab is indicated.
Dupilumab is also indicated as an add-on maintenance treatment in patients older than
18 years with inadequately controlled CRSwNP [59,60]. The positive results of dupilumab
studies in allergic diseases such as asthma, AD, and CRSwNP suggest that this mono-
clonal antibody can positively affect the course of other atopic diseases, including FA.
Rial et al. [60] reported the first evidence of the efficacy of dupilumab in treating FAs in
a 30-year-old woman with a positive history of severe AD and allergic rhinitis without
asthma. Several ongoing clinical trials are evaluating dupilumab as either a monotherapy
or an adjunct to oral immunotherapy for peanut allergy. Specifically, the NCT04462055
trial [54] is a three-year observational clinical trial to evaluate the effect of dupilumab
on change in clinical eliciting dose (i.e., the lowest dose causing an allergic reaction) in
subjects with peanut, hazelnut, walnut, cow’s milk, hen’s egg, and/or soybean allergy. It
was conducted in a cohort of 21 patients (≥12 years) with moderate-to-severe AD. This
study is still ongoing, and no preliminary results have been published. The NCT04394351
trial [55], a prospective phase II, single-center trial, is currently ongoing, and no preliminary
results have been published. In this RCT, the authors aim to demonstrate the efficacy of
dupilumab, compared to a placebo, in treating 110 pediatric patients, aged 6 to 21 years,
with active EoE and multiple allergies. The efficacy of the dupilumab treatment will be
assessed via endoscopic visual measurements of disease activity using the Eosinophilic
Esophagitis-Endoscopic Reference Score (EoE-EREFS) and histologic abnormalities as mea-
sured by the EoE Histology Scoring System (EoE-HSS). Clinical trials on dupilumab’s use
in treating FAs are summarized in Tables 3 and 4.
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Table 4. Clinical development program for Omalizumab and Dupilumab as treatment in food allergy.

Number
Clinical Trial

Status Phase
Estimated

Enrollment
(No. Patients)

Patients’ Age
(Years)

Primary
Outcome

Drugs
Drug

Dosage
Results

1 NCT03679676
[61]

Not
started 2 200 ≥6 and ≤21

The success
rates of passing
a peanut food

challenge

Omalizumab,
placebo,

dupilumab

Not
applicable

Not
applicable

3. Conclusions

The high prevalence of FA, its impact on quality of life, and the risk of life-threatening
reactions have highlighted the need for new treatment strategies other than avoidance of
the involved food allergen alone [62]. Although OIT has shown promising results, the
use of monoclonal antibodies in treating FA has been suggested based on the pathogenic
mechanism. Various trials have highlighted the role of monoclonal antibodies, both as
monotherapies and in combination with OIT, in improving the threshold of tolerated
dose of allergens. Therefore, monoclonal antibodies may emerge as a more effective,
tailored, and potentially disease-modifying therapy for FA. Nevertheless, the application
of monoclonal antibodies in food allergy treatment is rather novel and not many well-
controlled, large-sample-size studies are available to date; therefore, updated reviews of
the literature need to be carried out on a regular basis as more data are published.
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Abstract: Tree nuts are considered an important food in healthy diets. However, for part of the
world’s population, they are one of the most common sources of food allergens causing acute allergic
reactions that can become life-threatening. They are part of the Big Eight food groups which are
responsible for more than 90% of food allergy cases in the United States, and within this group,
almond allergies are persistent and normally severe and life-threatening. Almond is generally
consumed raw, toasted or as an integral part of other foods. Its dietary consumption is generally
associated with a reduced risk of cardiovascular diseases. Several almond proteins have been
recognized as allergens. Six of them, namely Pru du 3, Pru du 4, Pru du 5, Pru du 6, Pru du 8 and
Pru du 10, have been included in the WHO-IUIS list of allergens. Nevertheless, further studies are
needed in relation to the accurate characterization of the already known almond allergens or putative
ones and in relation to the IgE-binding properties of these allergens to avoid misidentifications. In
this context, this work aims to critically review the almond allergy problematic and, specifically, to
perform an extensive overview regarding known and novel putative almond allergens.

Keywords: food allergy; almond; almond allergens; nutrition

1. Introduction

Food allergies are a concerning issue affecting the worldwide population, and their
prevalence has been increasing for the last couple of decades [1–3]. For example, in the
United States, around twenty-six million adults [4] and six million children [1] suffer from
this condition. Although there is no cure to food allergies and food avoidance is considered
the best strategy, vast research has been made in this area and potential therapies can be
generally divided into two categories: allergen non-specific such as the use of monoclonal
antibodies and allergen specific where the treatment is performed using recombined or
native food antigens [5]. However, less commonly, adverse side effects can range from mild
to anaphylaxis or eosinophilic esophagitis [6] and due to their unpredictable character [7],
new and innovating therapies must be pursued.

For scientific research to go further, food allergy, allergic diseases and allergens must
be firstly identified and characterized. For allergens, when new ones from specific species
are identified, a distinctive name is given by the WHO/IUIS Allergen Nomenclature Sub-
Committee alongside the additional information about it. A vast number of allergens from
more than one hundred and sixty species have been identified and most of them belong to a
restricted number of protein families. Among these, the (1) tryp_alpha_amyl protein family
includes the higher number of known food allergens, which includes, for example, lipid
transfer proteins (LTPs) and 2S albumin seed storage proteins; (2) cupin_1 protein family
including the 7S vicilin seed storage proteins and the 11S legumin, and the (3) profilin
family comprising profilins, are the most prominent ones [8]. In almonds, several proteins
of these protein families have been already identified as allergens, namely Pru du 6 (11S
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globulin legumin-like protein), Pru du 4 (profilin) and Pru du 3 (nonspecific LTP) and
several other proteins belonging to other protein families and/or that do not have a name
attributed by the Allergen Nomenclature Sub-Committee.

Great attention has already been devoted to this topic [8–10] and here we intend to
present a comprehensive and updated overview of almond allergens, namely the descrip-
tion of Pru du 10, the most recent almond allergen to be added to the WHO-IUIS list of
allergens. We also reviewed the legal framework of the European Union and the United
States concerning food allergies and labelling, and the methods currently available for
the detection and quantification of almond allergens in food products. All these topics
combined offer a wide, updated, and comprehensive narrative about almond allergies
and allergens. With that, this review aims to provide easy access to updated informa-
tion about almond allergies to researchers, clinicians, and patients to be applied in their
respective manners.

Methods

The research documents analyzed in this work were extracted from the PubMed and
Elsevier Scopus online databases collecting academic documents, both including keywords
such as ‘almond’, ‘almond allergy’ or ‘almond allergens’ or other topics considered relevant.
Only publications in English were included. The articles from the search were assessed
according to document type, language, and inclusion in subject category. They were further
analyzed, and the results were used to write this review.

2. Food Allergy

By definition, a food allergy is “an adverse food health effect arising from a specific
immune response that occurs reproducibly on exposure to a given food” [11]. It is also
important to clarify that the immune reaction is key, otherwise food allergies could probably
be described as food intolerances, which are a non-immune response but may reproduce
food allergy clinical symptoms [12].

Evidence that shows global variation of food allergies as well as changes in their
prevalence associated with migration [13] are increasing the interest on the epidemiological
strand of food allergies and may promote hypothesis for why food allergy is a rising
issue in some parts of the world and not in others [14]. Some authors proposed various
hypotheses on the increasing prevalence of food allergy in association with geographical
sites; the most accepted ones were hygiene increases, which have led to less pathogen
exposure, changes in the human microbiome, avoidance of certain allergens in the early
stages of life causing allergen exposure reduction, obesity, diets lacking antioxidants and
vitamin D deficiency [15,16].

Tree nuts are one of the Big Eight food groups among peanut, milk, shellfish, soy,
wheat, egg and fish which are responsible for more than 90% of food allergy cases in
the United States [8] and, in particular, the number of people sensitized to tree nuts and
peanuts has been growing concerningly in Europe and the United States [17]. In this
group of foods, almond and peanut allergies are persistent and normally severe and life-
threatening in opposition to allergies caused by milk or eggs, which are normally mild and
transient [18–20].

Tree nut allergy prevalence data is very limited and is even more limited for a specific
nut species such as almonds [10]. However, it is known that tree nut allergy rates vary
according to geographical regions, ethnic differences, and dietary habits [21].

2.1. Molecular Pathway of Immunoglobulin E-Mediated Food Reaction

Food allergies can arise through several immunological mechanisms that lead to a
reaction to food allergens. The most common mechanism of food allergy expression is a
hypersensitivity manifestation where specific Immunoglobulin E (IgE) antibodies interact
with mast cells and basophils leading to a rapid physiological response [22]. Usually, food
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allergy symptoms appear nearly immediately, or a few minutes later after food ingestion,
however in exceptional cases it could take several hours for the symptoms to manifest [23].

In people with food allergy disorders, the absorption process of allergens in the in-
testinal epithelium and consequent access to the bloodstream and mucosa is increased [24].
When food allergens are ingested, an interaction occurs between them and IgE and its high-
affinity fragment crystallizable receptor (FCER1) on basophils in circulation, or mast cells
present in mucosal tissues leading to their activation (Figure 1). FCER1 crosslinking leads to
a signaling cascade where tyrosine protein kinase SYK will promote exocytosis of granules
containing mediators of hypersensitivity such as histamine, chymase and tryptase [22]. This
process together with the synthesis of lipid metabolites such as prostaglandins, leukotrienes
and platelet-activating factor (PAF) [25] will result in physiological responses such as the
activation of nociceptive nerves that promote itching and soft muscle constriction, vasodi-
lation, higher vascular permeability and, in the most severe cases, anaphylaxis [26].

Figure 1. General mechanisms of IgE mediated response to food allergens. Interaction between food
allergens and IgE and its high-affinity FC receptor (FCER1) on basophils in circulation or mast cells
present in mucosal tissues leading to their activation and consequent physiological response. Adapted
from Renz, Allen, Sicherer, Sampson, Lack, Beyer and Oettgen [22]. Adapted with permission from
Ref. [22]. Copytright 2018. Springer Nature.

Although this is the generic mechanism after food ingestion, non-IgE mediated reac-
tions such as the inflammatory process subjacent to eosinophilic esophagitis [27] can also
occur [27,28]. The physiological response is dependent of the kind of mediators released
by the mast cells and basophils but is also dependent on tissue location where these me-
diators would act. These two factors combined will directly influence the physiological
response. [22].

2.2. Legal Framework

There are several regulatory frameworks for food allergen labeling according to
countries or regions that differ significantly around the world due to the priority level
that each jurisdiction applies to specific allergens. The criteria for the development of the
allergen’s priority list and the standards for the addition or removal of allergens from the
regulations differ and they are often unclear [29].
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The Regulation (EU) No. 116/2011 sets the regulation on food labelling, forbidding
misleading consumers and any claims that a certain food, such as almonds, can prevent,
treat, or cure human diseases cannot be made. Moreover, nutritional and allergen informa-
tion must be highlighted in the list of ingredients and included in non-packed foods or any
product where they are used as ingredient, with the punishment of being withdrawn from
the market.

Regulation (EU) No 1169/2011 of the European Parliament and of the Council of
25 October 2011 on the provision of food information to consumers states that allergens
should be indicated in the list of ingredients with a clear reference to the name of the
substance or product causing allergies or intolerances and should be emphasized through
a typeset that clearly distinguishes it from the rest of the list of ingredients, for example by
means of the font, style, or background color. In this list of substance or product causing
allergies or intolerances nuts are included, with a clear reference to almonds, hazelnuts,
walnuts and others, cereals containing gluten, crustaceans, eggs, fish, peanuts, soybeans,
milk, celery, mustard, sesame, lupin, mollusks, and products from each one.

In the United States, food labelling requirements are quite similar to the ones applied
in the European Union, where the Food Allergen Labeling and Consumer Protection Act of
2004 states that any food source containing a major food allergen, or protein derived from
them, should be printed right next to the ingredient list, and specifically have the word
“contains” before it. The term “major food allergen” refers to milk, egg fish, crustacean
shellfish, tree nuts (like almonds, pecans, or walnuts), wheat, peanuts, and soybeans,
however any highly refined oil derived from any of the previous foods and products
derived from those oils are considered exceptions.

For the appliance of the food labelling requirements, it is important to defined thresh-
old values which correspond to the minimal concentration of a specific food allergen in a
food able to trigger any reaction in a sensitized individual. However, is very difficult to
establish a threshold, since they vary according to the individual/population, the allergens
itself and the consequent food processing [30]. To get there, wide population tests and data
are needed. For almonds, currently no thresholds are established [10], which shows a clear
sign that further investigations and regulations are imperative.

3. Almond

One of the most important foods in human nutrition are tree nuts, namely due to their
excellence in terms of taste as well as their versatility to be used combined with other foods
and, more recently, their potential health benefits. All these characteristics mean that tree
nuts are consumed all around the world in the most various of forms, according to the
availability in the region and the populational habits [9,31].

The almond (Prunus dulcis Mill.) is a member of the Rosaceae family and is considered
a native plant from Minor Asia [32], being one of the oldest nut trees cultivated worldwide
with special relevance in the Mediterranean warm-arid countries [33,34], namely the
Apulia region on southern Italy [35]. Among tree nuts, almonds present as one of the
most important nuts, which is very noticeable in tree nut production data around the
world (Walnut 3663, Almond 3183 and Hazelnut 864 ktons/year; [36]). Furthermore, its
nutritional properties should be highlighted; high levels of mono and polyunsaturated fatty
acids, phytosterols and a low glycemic index are associated with reduction of some risk
factors for cardiovascular disease and diabetes [37–40]. It has also been described as having
antioxidant and inflammatory activities due to its polyphenol content, including flavonoids,
hepato and neuroprotective potential and, perhaps the most known, cholesterol-lowering
properties [41–44]. Also, almond derived products such as their oils have demonstrated
both antibacterial and antifungal capabilities [45] which makes almond a product of great
interest both to the consumer and producer.

Regarding almond cultivars, European commercial cultivars such as the Spanish
Marcona, Glorieta, Masbovera, Guara and Francolí cvs. and the French Ferrastar, Ferraduel
and Ferragnès cvs. are the main ones produced in Europe. In the United States, the most
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widely produced almond variety in Nonpareil cv. represents near half of the production. On
other hand, in Portugal there is a mix of traditional and local varieties such as Amendoão,
Pegarinhos, Casanova and Refego cvs. [46,47]. However, in a study testing three almond
varieties Nonpareil, Mission and Carmel against eight almond allergic patient’s sera, no
significant differences were found. New similar research must be conducted to correctly
evaluate the allergic potential of each variety of interest [48].

Along with the almond nutritional value comes the agronomical properties of different
cultivars. For example, Bolling et al. [49] described that the individual polyphenols synthe-
sis was only due to the cultivar itself, however total polyphenols and antioxidant activity
were significantly dependent on both genotype and environmental growing conditions.
Pursuing this point of view, Summo et al. [50] performed a study aiming to determine if
either the cultivar or harvest time influence the chemical composition of the fruit. From this,
the team concluded that, in fact, harvest time and genotype both have a strong influence
on the fruit nutritional value.

3.1. Almond Allergy

Nut allergy is associated with clinical symptoms that can range in severity from mild
to life-threatening, and in this sense when a patient is diagnosed with an allergy to a certain
nut it is often advised to avoid the consumption of the entire group [51,52].

Epidemiologically speaking, almond allergies have the fourth highest prevalence
among the tree nuts allergies [53]. Looking at the specific cases of the United States, Korea,
United Kingdom, Mexico and Sweden, almonds present the third most common tree
nut to cause allergies in the United States [10], and between 9% and 15% of people pre-
sensitized to tree nuts also report allergy to almonds [54]. In a study performed in a group
of 134 Korean patients with previous reports of food allergies, 11.2% also reported almond
allergies. Among them, 16.3% were between 19 to 29 years old, 13% in the 40–49 age group
and 9.1% in the 50–59 group. Also, the same study reported that sensitivity to almonds
is lower in females, with 9.8% compared to males at 13.5% [55]. In the United Kingdom,
in pre-sensitized individuals, almonds represent the most common tree nut allergy, with
22% to 33% of the cases [54,56]. The higher rate of sensitization to almonds was reported
in a study performed in Mexico City, reporting a 43% rate in older children with ages
comprised between 6 and 17 years old [57]. A cross-sectional enquiry made in Sweden
with 1042 responses from individuals between 17 and 78 years old concluded that near
32.5% of adults had food hypersensitivity and 3% were sensitive to almonds [58].

Almond allergy can cause several clinical responses. The Oral Allergy Syndrome
(OAS) is a pollen-food syndrome that produces mild oral symptoms in cases of pollen
sensitization triggered by nuts. Although it hardly causes anaphylaxis, it can happen in
the direct confrontation of serum sIgE with PR-10 homologous [59]. Another common
clinical response is allergic rhinitis, that has been associated with almond allergies in a
study performed in southern Taiwan with a group of 216 individuals with ages comprised
between 2 and 93 years old. Most of these people had respiratory and cutaneous symptoms,
and the study reported a 36.97% prevalence of allergic rhinitis caused by almonds in the
group of the non-sensitized patients. Besides allergic rhinitis, asthma has been associated
with almonds with a prevalence of 7.4% in the non-sensitized nut group and 13.70% in the
sensitized one. Also in Taiwan, it was reported that almonds were responsible for 42.47%
of atopic dermatitis cases in a group of 33 nut sensitized individuals [60]. Other symptoms
can emerge, such as gastrointestinal ones. In a group of 1024 sensitive individuals, 15%
reported these, and from those, 2.7% were due to almonds [58].

Regarding strategies for prevention and therapy for an almond allergy, the main
method is dietary avoidance. Individuals sensitive to almonds should take special atten-
tion looking at packages and labels to prevent the ingestion of almond or almond-based
products [59]. However, there are some strategies that seem to prevent the development
of almond allergies, namely the premature consumption of almonds during infancy or
even during pregnancy, or lactation also showed a positive impact on its prevention [61].
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Moreover, there is evidence that about 10% of tree nut allergies are outgrown by young
individuals who develop tolerance due to the rise of T regulatory cells and the consequent
reduction of allergen specific IgE [62]. Immunotherapy, a food allergen-specific therapy,
which refers to the administration of gradual and increasing doses of an antigen over a cer-
tain time [63,64], is considered as a solid option since in the majority of cases the side effects
are mild, such as itching and, if successful, immunotherapy can induce desensitization and
less commonly sustained unresponsiveness, also known as tolerance [5]. Moore, Stewart
and Deshazo [5] believe that tolerance induced by immunotherapy with or without the
administration of monoclonal antibodies could significantly shift the allergic diseases field.

Cross reactivity between almonds and other sources of allergens is a well-known
problem and there are some of these associations (summarily described in Table 1) already
described.

Table 1. Almonds’ most common cross reactions with other relevant sources of allergens. Green areas represent a positive
association between almond allergens and other allergens of the respective sources.

Possible Cross-Reaction Source

Source Allergen Mahleb Peanut Chestnut Hazelnut Walnut Peach Pollen
Profilin-

Containing
Plants

Maze

Almond

Pru du 3 [65]
Pru du 6 [66] [67]
Pru du 1 [59]
Pru du 4 [68]
Pru du

γ-conglutin [69]

Nevertheless, it is still unclear if the taxonomic proximity between tree nuts groups
and peanuts is a key factor for the cross-reactivity between these two, or it comes from
the high structural homology of IgE-binding epitopes [70,71]. In general, tree nut allergies
are caused by non-pollen-mediated food sensitization, however, in cases such as with
almonds and hazelnuts, sensitization to plane tree pollen, birch pollen or mugwort pollen
may induce allergies [72,73] such as those schematically represented in Figure 2. On the
other hand, tree nut allergy cross reaction is highly related to botanical family associations
which, for almonds, is common regarding cross-reactivity between other members of the
Rosaceae family [74,75]. Furthermore, within the Rosaceae family, a strong source of cross-
reaction lies in the structural homology between allergic lipid-transfer proteins (LTP’s).
Specifically, in the tree nut group, almond Pru du 3, chestnut Cas s 8, hazelnut Cor a 8
and walnut Jug r 3 are the most predisposed to show cross-reactivity. Besides these, peach
Pru p 3 holds higher IgE-binding affinity and a higher number of epitopes compared to
other LTP’s, which results in the fact that a peach is a primary sensitizer to LTP’s [65] and
makes it a strong cause for cross-reactivity to other plants, including nuts like almonds [76].
Other studies performed by Kewalramani et al. [77] showed extensive IgE cross-reactivity
between almonds and apricot seeds, and that there may exist some cross-reactive proteins
with pine nut, pecan, walnut, and sunflower seeds.

3.2. Almond Allergens

To date, ten groups of almond allergens have been identified, namely: Pru du 1,
Pru du 2, Pru du 2S albumin, Pru du 3, Pru du 4, Pru du 5, Pru du 6 (amandin), Pru du
γ-conglutin, Pru du 8 and Pru du 10. From these groups, only Pru du 1, Pru du 2, Pru du
2S albumin and Pru du γ-conglutin are not included in the WHO-IUIS list of allergens.
Their corresponding biochemical names, biological functions, GenBank nucleotides and
UniProt annotations, molecular weight, food processing effects and clinical relevance are
summarized in Table 2.
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Figure 2. Most associated allergic cross-reactions with almonds. In orange, allergic cross reactions
between almonds and peaches are most commonly due to high structural homology between allergic
LTP’s present in the Rosaceae family that both belong to; in blue and grey, it is still unclear if cross
reactivity between almonds and other tree nuts groups and peanuts is a consequence of taxonomical
proximity and/or high structural homology of IgE-binding epitopes; finally, in green are represented
three different pollens which, although it is not usual, when sensitized to them allergies to tree nuts
such as almonds could be induced.

3.2.1. WHO/IUIS Designated Almond Allergens
Pru du 6 (Amandin)

Pru du 6 or amandin is the most well and widely studied almond allergen according to
its biochemical function and molecular structure [78–81]. It was first reported as an allergen
in 1999 [77] but was only recognized in 2010 and added to the WHO-IUIS database.

Biochemically, amandin, also known as almond major protein (AMP), is a member
of the cupin superfamily, namely the 11S seed storage globulin family [51,52]. Globulins
are very abundant proteins in legumes and tree nuts, and in almonds they correspond to
roughly 65% of total almond protein content [9].

As an allergen, Pru du 6 have been associated with severe allergic reactions [80].
Studies on the Pru du 6 isoforms, Pru du 6.01 and Pru du 6.02, showed that the 6.01 isoform
is more broadly recognized than the 6.02 isoform. In addition, its denaturation had only
slightly effects on IgE-binding intensity in sensitive subjects [82]. In fact, Pru du 6 polypep-
tides are highly resistant to heat treatment, which is one of the most common strategies
to decrease or even eliminate the allergenic potential of foods. Due to its heat resistance,
contamination of food with Pru du 6 polypeptides presents a serious threat to sensitized
patients [83]. On the other hand, some experiments using in vitro models of gastrointesti-
nal digestion suggested that this allergen is sensitive to pepsin but, interestingly, when
almond flour is added to other foods, pepsin’s action on Pru du 6 is a lot less effective [84].
Holden et al. [85] suggested that the reaction between Pru du 6 and α-conglutin from
lupine, another 11S globulin, may be the cause of it.

Pru du 5 (60S Acidic Ribossomal Protein P2)

Pru du 5, also known as 60S acidic ribosomal protein P2, is encoded by P. dulcis 60S
acidic ribosomal protein gene and was included in the WHO/IUIS allergen list in 2007.
This name comes from the fact that this allergen is an 11 kDa protein which is a member
of the 60S large subunit of the eukaryotic 80S ribosomes [8], and its biological function is
related to protein biosynthesis. Pru du 5 is considered a major almond allergen due to the
presence of specific IgE antibodies in 50% of sensitized patients’ sera [86].

This allergen can exist as a complex with other ribosomal components/proteins or
in its free state [65], with the ability to form homodimers and oligomers [72,74]. On the
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allergenicity front, this data is very important because oligomerization gives the allergen
the capability of cross-linking IgE antibodies on mast cells and/or basophils surfaces, even
if the recognition is made from a single epitope of the allergen [8].

Although being considered a major allergen and present in the WHO-IUIS allergen list,
many authors believe that this classification must be supported by more studies concerning
the IgE reactivity of allergic patients’ sera to this allergen [9,10]. Also, studies regarding the
biochemical and immunological properties of Pru du 5 in its natural state as an allergen
are lacking [8], leading to the conclusion that newer and tougher studies are needed.

Pru du 3 (nsLTP)

Added to the WHO/IUIS database in 2009, Pru du 3 is a non-specific lipid trans-
fer protein 1 (nsLTP1) belonging to the subfamily of nonspecific lipid transfer proteins
(nsLTPs) [75]. This family includes proteins constituted by a hydrophobic core to ease lipid
transference such as phospholipids, steroids, fatty acids, and glycolipids between mem-
branes. Besides that, nsLTPs are also known as pathogenesis-related 14 (PR-14) proteins,
a member of the prolamin superfamily [9,65], which actively participate in plant-defense
mechanisms against fungal and bacterial pathogens and other environmental stresses [76].

In almonds we identified and characterized three nsLTPs [87] with identical molecular
weights (9 kDa) and similar amino acid lengths: 117, 123 and 116 amino acids for Pru du
3.01, 3.02 and 3.03, respectively. In the three isoallergens, there are eight cysteine conserved
residues, which allow the formation of four disulfide bonds [9].

Due to the typical accumulation of this protein family in outer epidermal layers, the
peels are associated with stronger allergenicity compared with the pulps of the fruits in the
Rosaceae family. Regarding allergenicity, this protein family is quite concerning because
of its resistance to abrupt pH changes, pepsin digestion, thermal treatments, and the
ability of restore folding structures and the consequent proprieties after cooling [88]. Cross-
reactivity is also a major concern once the nsLTP family is characterized by a high level of
conserved sequences and tridimensional structures allowing IgE recognition, which in turn
results in cross-reactivity between species [76]. Furthermore, the Rosaceae fruits and seeds
normally present nsLTP proteins, and with that comes a high probability of cross-reactivity
between, for example, apples, peaches, cherries, apricots and almonds [89]. This latest
evidence is the main reason why nsLTPs are included in the panallergens group—allergens
ubiquitously spread throughout nature, showing a high level of conservation besides being
from different and unrelated organisms [8].

Pru du 4 (Profilins)

Pru du 4 proteins are included in the profilin family and are encoded by the putative
genes Pru du 4.01 and Pru du 4.02 [68] which, although present in different size fragments
(1041 and 754 bp, respectively) encode two proteins with similar sequences (131 aa),
molecular weights (roughly 14 kDa) and acidic properties (pI near 4.6) [9].

These proteins can establish high-affinity complexes with monomeric actin, leading to
its polymerization into filaments. Once they are associated with actin, it is not surprising
that profilin allergens are included in the panallergens group with Pru p 4.01 and Pru
av 4 from peaches and sweet cherries, respectively, being the most similar and identical
proteins (99 and 98%, respectively) in relation to almond profilins. In general, profilins
seem to present moderate structural stability, and harsh conditions contribute to their
denaturation and consequent loss of conformational structure. In almonds, Pru du 4
profilins are very difficult to detect by immunoblot screens because of their low levels and
their labile character. Because almond profilins antibodies are detected in 44% of patients’
sera, they are classified as minor allergens [68].

Pru du 8

Pru du 8 is one of the latest allergens included in the WHO-IUIS database. This allergen
was reactive in six of eighteen sera of almond allergic patients [10,84]. Biochemically
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speaking, Pru du 8 is characterized by a signature repeat of a CX3CX10-12CX3C (X being
any amino acid), motif which is also related to the N-terminal or the signal peptide of some
vicilins [90], and it was also reported to maintain antimicrobial function of some peptides
derived from macadamia vicilin [91].

The first nomenclature attempt for this allergen was based on the sequencing of two
short peptides of this allergen to reveal the identity of an IgE-reacting protein several
years ago. Nevertheless, the result was a misidentification of this allergen as an almond 2S
albumin because of the sequence alignment of the two peptide sequences and those in other
2S albumin proteins [92]. More recently, in silico investigations and bioinformatic analyses
reopened the debate, naming this allergen as Pru du vicilin (almond 7S vicilin), although
some authors believe in a second misidentification [8,93]. In fact, the authors claim that
this misidentification is due to the similarity between the signal peptides of vicilins of other
species and Pru du 8. Besides that, it is argued that some Pru du 8 orthologs present in the
NCBI database, most of them predicted by automatic genome annotations, are incorrectly
named as vicilin-like proteins due to the absence of the cupin signature domains of 7S
vicilins [8,90].

All this controversy shows that further studies are needed to better elucidate the actual
protein family of Pru du 8.

Pru du 10

To date, this allergen was the last one to be added to the WHO-IUIS database. This
allergen corresponds to mandelonitrile lyase 2 (formerly hydroxynitrile lyase 2), which is
a highly effective catalytic enzyme [87]. This allergenicity was recognized after allergic
response to almond ingestion where thirteen of eighteen almond allergic patients were
sensitized. Also, the Pru du 10.0101 isoallergen was identified and added to the WHO-IUIS
allergen information.

Besides being identified in raw almond samples, this protein was also identified in
digested samples, which may indicate that this allergen is able to overcome the digestion
process [89]. Still, there is a lack of information regarding this allergen which clearly shows
that more studies should address this issue.

3.2.2. Allergens Not Included in the WHO/IUIS Allergen List

There are two main processes to classify a protein as a food allergen, based on im-
munological data such as the IgE reactivity or based on sequence similarity with proteins of
other species already considered allergens. For an allergen to be included in the WHO-IUIS
database, immunological data is required and because of that, some authors defend that
those which cannot be supported by it should hardly be assumed as an allergen. However,
bioinformatic-based investigation is very important to promote further investigation and
make aware the scientific and industrial community to the dangers of food allergens.

Pru du γ-Conglutin

The IgE and serological reactivity to Pru du γ-conglutins were not associated with
any clinical symptoms and because of that, they are not recognized into standard clinical
nomenclature [10].

After the report and characterization of conglutins in other fruits and seeds such as
lupine [94], peanut [95], soybean [96] or cashew [97], in almonds an N-terminal peptide
sequence of 25 aa belonging to a IgE binding protein with a molecular weight of 45 kDa
was also identified, presenting around a 40% identity rate between the mature forms of
γ-conglutin from wide and narrow-leafed lupine [92]. Moreover, with a high similarity,
approximately 50%, between this almond protein and 7S globulin from soybean, this
allergen was considered a vicilin (7S globulins) of the cupin superfamily [8,9]. Nevertheless,
some authors do not agree with this classification, stating that γ-conglutin is not a vicilin
due to its biochemical properties [8]. In particular γ-conglutin presents sequence and
structural similarities with xyloglucan-specific endo-beta 1,4-glucanase inhibitors, however
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such glucanase inhibition properties are not related to the natural γ-conglutin due to is
peptidase cleavage susceptibility [98].

The same authors believe that more studies regarding immunological and biochemical
properties of this protein are needed, and the confirmation of this assumption would make
this protein the first food allergen from this supposed protein family.

Pru du 1-PR-10 Protein (Pathogenesis Related-10 Protein)

Pathogenesis related proteins are a common group of proteins, generally upregulated
in plants to promote defense mechanisms against pathogens such as viruses, bacteria or
fungi and environmental factors [8]. The PR-10 family is related to the intracellular defense
processes and the response to fungal and bacterial infections. Due to its function, there are
numerous isoforms which promote different IgE-binding capabilities [89]. Furthermore, PR-
10 proteins are constitutively expressed in different plant parts and usually are not related
to other PR proteins [99]. They are commonly seen as pollen or food allergens [100,101] and
because of that they can be considered as panallergens, being responsible for cross-reaction
events [76].

Although there is no immunological data to support their classification as an allergen
and the high similarity and identity between almond PR-10 proteins and the peach coun-
terparts, which are known allergens (Pru p 1), almond PR-10 proteins are assumed as an
allergen and named as Pru du 1 [76].

Pru du 2 (PR-5/Thaumatin-Like Protein)

This allergen group is also known as PR-5 or thaumatin-like proteins (TLPs) and
are responsible for the biological response to pathogen infection, fungal proteins, and
osmotic stress. The TLP’s group is known to be very resistant to proteases, heat-induced
denaturation, and pH variations, possibly because of sixteen conserved cysteine residues
which form eight disulfide bonds [89]. Several isoallergen genes have been identified
which code for TLP, ranging in molecular weight from 23 to 27 kDa. Also, the isoallergens
aminoacidic sequence length ranges from 246 aa to 330 [102].

Like PR-10 proteins, no immunological characterization of PR-5 almond proteins exists.
Although, it is believed that these proteins are almond allergens due to the high sequence
identity with Pru p 2, a peach allergen [103]. Moreover, due to their biochemical properties,
traditional food-processing practices do not significantly influence these protein’s structure
and characteristics, so they could affect sensitive patients [9].

Pru du 2S Albumin

Included in the prolamin superfamily, 2S albumins are an important group of seed stor-
age proteins involved in seed growth and in defense related mechanisms [104,105]. Besides
2S albumin, the prolamin superfamily also includes other protein groups such as the non-
specific lipid transfer proteins (nsLTPs), prolamin storage proteins and α-amylase/trypsin
inhibitors, which may indicate several cross-reactions [106].

2S albumins are thought to be somehow resistant to acidic pH enzyme digestion,
particularly the albumins with proteolytic activity and surfactant denaturation effects.
These conclusions come from the fact that is believed to this proteins cause sensitization
along the intestinal tract, which could only be possible if the previous resistances were
actually accurate [107].

As an allergen, the strongest data that lead to the classification of almond 2S albumins
as almond allergens is the two short partial peptide sequences with high similarity with 2S
albumins of other species [108] that, as discussed in Section 3.2.1, some authors believe to
be a misidentification and really correspond to Pru du 8 proteins [8]. In fact, 2S albumins
of other species, such as Ara h 2 (peanut 2S albumins) for example, are very potent
allergens [109–111] and for this reason the assessment of whether these almond proteins
are allergens or not is required and imperative.
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3.3. Methods for Almond Allergens Detection

Most of the methods used for the detection of almond allergens are based in im-
munochemical properties, DNA techniques and, lately, in Mass Spectrometry (MS) ap-
proaches [9].

The immunochemical methods are based on the interaction between immunoglob-
ulins and epitopes present in the target protein. For almond allergen detection, lateral
flow devices (LFD), immunoblotting and especially Enzyme-Linked Immunosorbent As-
say (ELISA), are very standard methods and the usual techniques for quantitative and
qualitative detection of food allergens [114,115]. This comes from the fact that ELISA tests,
for example, have enough sensitiveness for protein detection (in the orders of ppm), being
the main advantage of the fast assessment, which is important for clinical purposes [115].
Several immunological commercial kits, such as the ones exemplified in Table 3, have been
developed with the objective of delivering the most sensitive result in the shortest amount
of time. As seen in the kit’s characteristics, ELISA-based methods provide more sensitive
results, as their limit of detection is lower than the LFD-based kits. However, the assay
time is longer for the ELISA cases. Taking this into consideration, the assay type should be
taken into serious consideration, according to the situation that are supposed to be used.

Table 3. Example of commercial immunological kits for almond detection and/or quantification and their main characteris-
tics: time for results including extraction times, assay type, limit of detection (LOD), limit of quantification (LOQ) and their
manufacturers.

Kit 1 Assay Time Assay Type LOD (ppm)
LOQ

(ppm)
Company

ELISA-based

MonoTrace ELISA kit 40 min Monoclonal
antibody-based ELISA 0.15 1 BioFront Technologies,

Tallahassee, FL, USA

SENSISpec ELISA
almond 75 min Sandwich enzyme

immunoassay 0.2 0.4 Eurofins Technologies,
Budapest, Hungary

RIDASCREEN FAST
Mandel/Almond 50 min

Polyclonal antibody
specifically for almond

protein
detection, sandwich

ELISA

0.1 2.5 R-Biopharm AG,
Madrid, Spain

AgraQuant® Plus
Almond

30 min
Sandwich

enzyme-linked
immunosorbent assay

0.5 1 Romer Labs®,
Getzersdorf, Austria

LFD-based

AgraStrip® Almond 11 min Lateral flow device 2 __________ Romer Labs®,
Getzersdorf, Austria

Reveal 3-D Almond
Test 10 min Lateral flow device 5 __________ Neogen Corp., Lansing,

MI, USA

Lateral Flow Almond
incl. Hook Line 2 10 min Lateral flow device 1 __________ R-Biopharm AG,

Madrid, Spain
1 Mention of commercial kits and trade names is only for exemplification purposes and the authors declare no competing financial interest.
2 The hook line is included with the purpose of overcoming the hook effect—very high amounts of an analyte in the sample can lead to
falsely lowered or negative results.

Another possible approach, instead of looking directly for the protein itself, is the
DNA-based method where an amplification is performed of the gene fragment responsible
for encoding the allergen by Polymerase Chain Reaction (PCR), allowing quantitative and
qualitative measurement using real-time PCR or endpoint PCR assays, respectively [10].
One of the advantages of these methods is that they rely on the detection of low quantities
of almond DNA even after food processing, which could promote the degradation of
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some allergen proteins and therefore not be detected by immunological approaches [116].
However, the presence of the gene encoding the allergens does not imply its expression
and, because of that, the synergistically use of DNA-based techniques and ELISA could
overcome some of the drawbacks of both techniques [117].

Proteomics play a very important role in the food allergy problematic, firstly on a
fundamental investigation basis to characterize allergens and further to their application
in the diagnostic routines. Namely, a variety of tests and methods must be applied to
characterize allergens according to their allergenic activities, purity and folding properties.
Following this line of thought, SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) is a
reliable technique to determine purity, and following 2 Dimension (2D) electrophoresis,
capillary electrophoresis or High-Performance Liquid Chromatography (HPLC) are great
techniques to access individual isoforms and obtain more additional information in general.
Further, MS techniques are powerful tools to determine protein molecular masses, being
Matrix Assisted Laser Desorption Ionization (MALDI) and ElectroSpray Ionization (ESI), as
the most commonly used [118,119]. MS techniques have been the most recent methods to
be explored for qualitative and quantitative purposes [120,121]. For example, the isolation
and characterization of Pru du 3 allergen was conducted using MS techniques where the
full sequence was obtained by Liquid Chromatography ElectroSpray Ionization Orbitrap
Mass Spectrometry (LC-ESI-Orbitrap-MS) [122]. Mass spectrometry has the advantage
of ELISA tests which can directly identify proteins with a high sensitivity, and therefore
could provide a direct risk evaluation and, besides that, can be used for the detection of
multiple allergens simultaneously [122]. MS could be the chosen technique for a standard
test; however, it is a relatively recent approach which demands expensive equipment and
specialized personnel. At this standpoint, further improvements are required to allow
easier access and profitable use by clinical facilities [10].

Another methodology under development is based on microarrays. Namely, allergen
microarrays such as the MeDALL allergen-chip have been explored for the diagnosis and
monitoring of allergies. The main advantages rely on the simultaneous detection of several
allergens with a minimal amount of sera in a reduced time. The development of this chip
has the purpose of monitoring IgE and IgG reactivity profiles against 170 allergens in sera
collected from European birth cohorts. With that information, it would be possible to make
a geographical association of clinical important allergens in different populations and track
the progress of food allergy itself and would allow clinical therapies to act in a prophylactic
and more personalized manner [123].

It is worth mentioning the basophil activation test (BAT) as a powerful method for tree
nut allergy diagnosing [124]. This is an in vitro assay based on flowcytometry protocols
that, essentially, allows the evaluation of activation and/or degradation levels of basophils
upon the intentional contact with the pretended food allergens [125]. However, it also has
some limitations, mainly because of the level of equipment required which makes difficult
the use of this technique in small medical centers; this could be overcome with the use of
specialized centers and with new research to lower the costs. On other hand, results have
been shown that BAT assays have very strong performances and useful results, including
multi-nut sensitizations and, because of that, medical infrastructures should take this test
into consideration for these kinds of diagnostics [126].

4. Conclusions

Almond production has been increasing for the last years and is currently positioned
as one of the most consumed tree nuts and one of the most likely to cause mild to severe
allergic reactions. Worldwide data regarding the epidemiological standpoint of almond al-
lergies is concerningly scarce. Without this kind of information, it is hard for governmental
and medical institutions to establish personalized and efficient protocols and initiatives to
mitigate this problem.

On the other hand, a lot of almond proteins have been already described as potential
allergens, although only a part of them have been recognized as allergenic and the authen-
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ticity of some designations have been questioned, mainly due to misidentification problems.
It is expected that the development of suitable analytical methods for the efficient detec-
tion of food allergens and its characterization, for example supported by comprehensive
proteomics approaches, will help in the validation of many of these proteins/allergens in
the years to come.

For the near future, the develop of new techniques and the increasing usage of
powerful ones like BAT should happen to take a step forward into the search for a more
permanent solution. In the meantime, accurate characterization of ancient and local
varieties should be made for the possible selection of hypoallergenic varieties, and breeding
programs can be used for the development of varieties with hypoallergenic characteristics.
Moreover, the effort of also evaluating almond-based products must be made to secure
safety for the general consumer.

However, a long way is yet to be made and researchers, clinical institutions and
governmental entities must work together to establish an efficient network covering all
the aspects of almond allergies in order to better understand this problem and enable the
development of new and more efficient preventive therapies.
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