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Abstract

Background: The consumption of lentil is common in the Mediterranean area and is
one of the causes of IgE-mediated food allergy in many countries. Len c 1 is a well-
defined allergen of lentil and approximately 80% of the patients with lentil allergy
recognize the purified Len c 1 protein. We sought to identify IgE and IgG4 sequential
epitopes of Len ¢ 1 in patients with red and/or green lentil allergy. We also aimed to
determine IgE and IgG4 binding differences between those patients who had out-
grown or remained reactive to lentil.

Methods: Children with IgE-mediated lentil allergy were included in the study. We
applied a microarray immunoassay to determine the characterization of positive IgE
and IgG4 binding to Len c 1 epitopes in the patients’ sera.

Results: The peptides specifically recognized by IgE and IgG4 antibodies were mainly
detected between peptides 107 and 135 of Len c 1. The signal intensities of positive
epitopes were significantly greater in reactive patients than tolerant ones (P = .008
for IgE and P = .002 for IgG4). Moreover, IgE and IgG4 antibodies bound largely the
same sequential epitopes in patients who remained reactive or outgrew their allergy.
Conclusion: IgG4-binding epitopes in lentil allergy were identified and IgE and 1gG4
binding to epitopes in both red and green lentils was compared. Our data regard-
ing signal intensity differences between reactive and outgrown patients and overlap
binding of IgE and IgG4 antibodies may be important for the development of more

accurate diagnostic tests and understanding of natural tolerance development.
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Lentils are frequently consumed in the Middle East, Asia, and the

Mediterranean area, such as Turkey.2 However, IgE-mediated lentil al-

Legumes comprise an important part of the human diet in many parts
of the world because they have a high protein content and variable
amounts of lipids and vitamins.! The lentil (Lens culinaris) is a member

of legume family and a major food source in the nutrition of children.

Sackesen and Erman contributed equally to the work and are co-first authors.

lergy iscommon in many countries and affects both children and adults.®
In Turkey, lentils are reported as the sixth most common food allergen
and in Spain, it is fourth in the pediatric population.*> Consumption of
lentils has been increasing in the United States and Northern Europe,

as well. The predominant types of lentils consumed in Turkey are red
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and green lentils, and allergic reactions were described to either or
both. In Spain the most frequently consumed lentils are the green and
brown-red lentil, Pardina, whereas in the United States and in Europe
more diverse lentils were eaten due to the greater heterogeneity in the
populations.® Moreover, allergy to other legumes such as chickpea, pea,
peanut, and tree nuts is common in children with lentil allergy.5

To date, Len ¢ 1, Len ¢ 2, and Len ¢ 3 have been identified as
three major allergens in lentil.> Approximately, 80% of the patients
with lentil allergy recognize the purified Len ¢ 1 which is a vicilin with
a size of 47 kDa.”®

Vereda et al identified the location of IgE-binding sequential epi-
topes of the major lentil protein Len c 1.7 However, there has been no
comprehensive study in the literature regarding IgE and 1gG4 binding
to lentil epitopes in separate groups of red and green lentil allergic
patients. Here, we identified positive IgE- and IgG4-binding epitopes
in patients with red, green, and red & green lentil allergy by using a
peptide microarray-based immunoassay (MIA). We also showed the
differences in IgE- and IgG4-binding patterns between patients who

remained reactive or outgrew their lentil allergy.

2 | METHODS

2.1 | Study population

The study population included children with IgE-mediated len-
til allergy who were followed in the Division of Pediatric Allergy,
Hacettepe University School of Medicine. Demographic information
and physical examination findings of all participants were recorded.?
Children were diagnosed as having IgE-mediated lentil allergy ac-
cording to the following criteria®:

1. A consistent and clear-cut history of lentil-related symptoms
that developed within minutes to hours following the ingestion
of lentils,

2. Positive serum levels of sIgE (>0.35 kU, /L), or

3. Positive skin prick test (SPT) for lentil (a wheal diameter of 3 mm

or greater than the negative control)

To determine the prognosis for lentil allergy, all children whose toler-
ance status was unknown underwent open food challenges (OFCs).
Children with a history of anaphylaxis within the last year and pa-
tients who consumed lentils uneventfully did not undergo OFCs.
The children were grouped as red, green, or both red and green
lentil allergic patients based on the previous history of reaction to dif-
ferent types of lentils, OFCs, and SPT results. Participants were then

grouped as reactive or tolerant according to the outcome of OFCs.

2.2 | Open food challenges and diagnosis of
anaphylaxis

OFC tests were performed according to standard methods as previ-
ously described.? Diagnosis of anaphylaxis was made according to
recently published guidelines.!!

WILEY-%

Key Message

Although identification of IgE and IgG4 binding epitopes
have been shown in different food allergens, the data re-
garding Len c 1 (lentil) binding is very limited. We identified
IgE and IgG4 binding profiles to Len c 1 peptides in patients
with lentil allergy. 1gG4 binding to lentil epitopes and both
IgE and 1gG4-binding patterns in isolated red and isolated
green lentil allergic patient groups have been demonstrated
for the first time. We also determined the signal intensity
differences between lentil reactive and outgrown patients.
These data may be informative for a better understanding of

natural tolerance development to lentils.

2.3 | Study procedures and measurements

SPTs with lentil allergen extracts and other implicated foods were
performed in children (Alyostal ST-IR, Stallergenes SA). Histamine
and saline solution were used as positive and negative controls,
respectively

Total serum IgE and sIgE levels were measured with the
ImmunoCAP system (Phadia AB).

The study was approved by the Ethics Committee of Hacettepe
University. All patient materials were obtained in accordance with
the Declaration of Helsinki. Prior to the initiation of the study, in-

formed consent forms were obtained from parents.

2.4 | Peptide microarray immunoassay

Peptide libraries, slides, and printing were prepared and performed
as described previously.u’13 Immunolabeling was performed as pre-
viously described, with some modifications.”*2141¢ |n brief, 50 pL
of patient serum diluted 1:5 in PBS-T/HSA was applied to slides and
incubated for 24 hours at 4°C. Slides were washed and incubated
for 24 hours at 4°C with a cocktail of two monoclonal biotinylated
anti-human IgE and IgG4 antibodies (Invitrogen and BD Biosciences
Pharmingen) diluted 1:250 each. To test for non-specific binding of
secondary antibody or dendrimers to peptides, two immunolabe-
ling steps were performed without patient's serum. The immuno-
assay was performed as explained above except for substitution
of serum by blocking solution. The slides were then washed and
scanned using a ScanArray®Gx (PerkinElmer). Serum samples ob-

tained from two healthy subjects were used as negative controls.

2.5 | Data analysis

Statistical analysis was performed with SPSS 22.0 for Windows (IBM

SPSS Statistics). Lentil sIgE, age, and age at onset of lentil allergy

were summarized as median with the interquartile range (IQR).
Fluorescence signals from one channel (for IgE and IgG4 bind-

ing) were digitized with the ScanArray Express Microarray Analysis
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TABLE 1 Patient characteristics

Symptoms

Patient Age of after lentil Lentil
No. Age Gender onset intake SPT allergy
1 13 M 9 R? ND Red
2 6 M 1 An® Pos. R&G
3 4 M 1 C Pos. R&G
4 4 B 1 € ND Green
5 5 M 2 C Neg. R&G
6 5 B 1 € Pos. Green
7 12 M 7 C Pos. Green
8 4 B 1 C,G Pos. R&G

11 M 1 An? Pos. Red
10 7 M S (& Pos. Green
11 13 F 2 An Pos. Red
12 2 M 1 Pos. R&G
13 4 F 1 Pos. R&G
14 S M 1 Pos. R&G
15 9 M 1 Pos. Red
16 8 M 1 An Pos. Red
17 3 M 1 Pos. R&G
18 2 M 1 Neg. Green
19 3 M 1 An? ND Green
20 5 F 1 € Pos. Green
21 2 M 1 ND Red
22 2 F 1 Neg. R&G
23 3 M 2 @ ND Red
24 11 F 10 An Pos. Red
25 2 M 1 C Pos. Green
26 1 M 1 C Pos. R&G
27 2 M 1 C Neg. R&G
28 1 M 1 C Neg. R&G

Lentil extract Lentil chal- Symptoms Reactive or
sIgE lenge test from history Outgrown
1.29 ND Tolerated at (0]
follow-up
43.6 ND Anaphylaxis R
0.3 Neg. (0]
3.4 Neg. (0]
2.26 Pos. R
5.75 Pos. R
4.66 ND Tolerated at o
follow-up
61.9 Pos. R
2.56 ND Tolerated at (0]
follow-up
0.3 Neg. (0]
106 Pos. R
23.5 Pos. R
96.5 Pos. R
1.71 Neg. (0]
2.6 Neg. (0]
0.65 Pos. R
10.6 Neg. (o]
6.6 Neg. (o]
1.35 Pos. R
0.3 Neg. (0]
1.38 Neg. (0]
2.18 Pos. R
0.88 Neg. (0]
1.12 Neg. (6]
3.7 Neg. (o]
52.6 ND Anaphylaxis R
1.01 Pos. R
5.07 Pos. R

Abbreviations: An, Anaphylaxis; C, Cutaneous; F, Female; G, Gastrointestinal; M, Male; ND, Not done or not determined; O, Outgrown; R & G, Red

and green; R, Reactive; R, Respiratory; SPT, Skin prick test.
aSymptoms after exposure to steam from cooked lentils.

System (PerkinElmer), exported as comma-delimited (CSV) files and
transformed to z score using R analysis (R development Core Team.
R: A language and environment for statistical computing. Version
2.5.0: R foundation for Statistical Computing, 2007. http://r-proje
ct.org). The differences of binding intensity between reactive and
outgrown patients were determined using T-test and one-way
ANOVA. Pearson's chi-square test was used for the identification of
predictivity values. Intensity signals were calculated as mean values.

The accuracy of selected IgE and IgG4 epitopes for predicting
clinical reactivity was determined by receiver operating charac-
teristics (ROC) curve analysis. For each selected cut-off point that
significantly differentiated between tolerant and reactive patients,

sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) were accordingly calculated. Two-by-two ta-
bles were used to calculate sensitivity, specificity, PPV, and NPV.
Youden index (sensitivity + specificity-1) was preferred to denote

cut-off level of binding intensity of selected IgE and IgG4 epitopes.17

3 | RESULTS

3.1 | Study population

Among the 28 patients in the study population 8 had red lentil al-
lergy, 8 had green lentil allergy, and 12 had both red & green lentil
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FIGURE 1 Mean signal intensity of IgE and IgG4 binding in the patients. A-B, IgE and 1gG4 binding in patients and negative controls.
C-D, IgE and IgG4 binding in patient groups and negative controls. E, Heatmap of IgE signal intensity for each epitope in patient groups. F,

Heatmap of 1gG4 signal intensity for each epitope in patient groups

allergy. The median age of onset of symptoms was 1.2 years (0.9-1.9).
Lentil sIgE levels ranged between 0.3 and 106 kU, /L with a median
of 32.4 kU, /L (IQR: 1.16-9.6). Four patients also reported symptoms
after exposure to steam from cooked lentils, 70% had atopic derma-
titis, and 47% had bronchial asthma. The most frequent symptoms
were immediate cutaneous (97%) and respiratory (30%) symptoms.
A significant number of patients reported symptoms following in-
gestion of other legumes or nuts (Table 1). The other concomitant
food allergies were egg and milk allergies. Fifteen patients outgrew
lentil allergy during the study.

3.2 | Epitope recognition by serum IgE and
IgG4 antibodies

The mean signal intensity present in peaks in distinct regions of the
protein showed that the peptides at the C-terminal side, between 107
and 135 of Len c 1, specifically recognized IgE and IgG4 antibodies
(Figure 1A,B). This positive binding pattern was seen in all patient
groups (red, green, red & green lentil allergy; Figure 1C-F). The signal
intensity of 1gG4 binding was significantly greater (P < .01) than IgE
in isolated patient groups (Figure 1D). The number of positive 1gG4
epitopes was greater than IgE epitopes in overall patients and also

in red and green lentil allergy groups separately. However, overlap

binding between IgE and 1gG4 epitopes was observed, especially at
the C-terminal side of the protein. The number of all positive epitopes
is listed in Table S1.

3.3 | The IgE- and IgG4-binding epitope profile in
red and green lentil allergic patients

While IgE-binding epitopes in red lentil allergic patients were be-
tween peptides 115 and 130, in green lentil allergic patients were
between peptides 107 and 135 (Figure 1C,E); the patients who were
allergic to both red and green lentil simultaneously showed the bind-
ing profile of red and green lentil at the same time. However, IgG4-
binding epitope profiles were almost the same in both red and green
lentil allergic patients (Figure 1D,F).

3.4 | ThelgE- and IgG4-binding profile in
outgrown and reactive patients

First, we observed that IgE and IgG4 antibodies bound largely to the
same sequential epitopes in reactive and in patients who had out-
grown their allergy (Figure 2A,B). The signal intensities of positive
IgE and IgG4 epitopes were significantly higher in reactive patients
than tolerant ones (IgE P < .01; IgG4 P < .01, Figure 2A,B,G and H).
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This significant difference was found at the C-terminal region (pep-
tides 107-135) in red, green, and red & green lentil allergic patient
groups (P = .01, .01, and .04 for red, green, red & green lentil allergic
groups, respectively; Figure 2C-F).

There were several significant informative 1gG4 epitopes in re-
active patients. The intensities of 1gG4 binding to peptides 111
(mean:27.1 £ 9.6), 128 (mean:64.4 + 11.5), and 132 (mean:25.4 + 9.3) in
reactive patients were statistically higher compared to tolerant group
[(mean:4.2 +4.1, P =.03),(mean:32.9 + 7.8, P =.03), and (mean:4 + 3.8,
P =.04) for 111, 128, and 132 I1gG4 peptides, respectively]. We found
five individual informatic epitopes in red lentil allergic and one epitope
in green lentil allergic ones with significantly higher binding intensity

in the reactive group than in the outgrown group (Table S2).

We determined the differences in signal intensity between re-
active and outgrown patients with each positive z score on all Len
c 1 peptides recognized by IgE and IgG4 antibodies. The mean in-
tensities of IgE and IgG4 binding were significantly higher in reac-
tive patients (Figure 3A,B). When we performed the same analysis
for patient groups, we realized that a similar pattern for IgE bind-
ing was seen in only red allergic groups (Figure 3C). The similarity
of 1gG4 binding was observed in red and red & green lentil allergic
groups (Figure 3D). The mean intensity of IgE and 1gG4 signals are
given in Table 2.

Although there was a significant difference in signal intensity, we
did not detect any discrepancy in the number of IgE- and IgG4-bind-

ing peptides between reactive and outgrown patients.
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3.5 | Cut-off levels of lentil extract sIgE, and
IgE- and IgG4-binding epitopes for predicting
clinical reactivity

Receiver operating characteristics (ROC) curve analysis against reac-
tivity was used for predicting clinical reactivity. We determined area
under curve (AUC) values of lentil sIgE and IgE- and 1gG4-binding
intensity to Len c 1 epitopes. While the AUC value of lentil extract
slgE was 0.644 (P = .1), it was statistically significant for the signal

intensity of 1 IgE and 8 IgG4 epitopes (Table S3 and Figure S1). These
data suggest that single epitope values are more useful than sIgE for
predicting clinical reactivity. Then we calculated significant binding
intensity cut-off levels (z scores) of those nine epitopes with sen-
sitivity and specificity (Youden index). The cut-off levels of seven
epitopes were found to be statistically significant. Sensitivity, speci-
ficity, PPV, and NPV of these seven epitopes are listed in Table 3. The
cut-off z score levels of epitope 111 and epitope 131 binding to 1gG4
were 1.56 (sensitivity: 76.9, specificity: 80) and 1.55 (sensitivity:
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TABLE 2 Mean signal intensity of each positive epitope in outgrown and reactive patient groups

All cases Red lentil Green lentil Red & Green lentil
o R P o R P o R P o R P
IgE 7.7 12.9 <.01 2.7 17.9 <.01 9.5 141 .09 11.5 11.5 .9
1gG4 9.73 13.87 <.01 10.5 17.5 .01 10.1 8.7 o 8.5 13.8 .01
Abbreviations: O, Outgrown; P, P value; R, Reactive.
TABLE 3 Different cut-off levels and predictive values of informative epitopes
Epitope Youden index Cut-off z score Sensitivity Specificity PPV NPV P value
18G4-110 1.55 11.8 69.2 86.7 81.8 76.5 <.01
1gG4-111 1.56 1.16 76.9 80 76.9 80 <.01
1gG4-120 1.50 0.03 923 60 66.7 90 <.01
1gG4-125 1.41 0.006 61.5 86.7 80 72.2 <.01
1gG4-131 1.55 1.04 69.2 86.7 81.8 76.5 <.01
1gG4-132 1.43 0.38 76.9 66.7 66.7 76.9 .02
1gG4-133 1.54 0.03 61.5 93.3 88.9 73.7 <.01

Abbreviations: NPV, Negative predictive value; PPV, Positive predictive value.

69.2, specificity: 86.7), respectively. PPV and NPV for IgG4 binding
to epitope 111 were 76.9% and 80%, while those for IgG4 binding to
epitope 131 were 81.8% and 76.5%, respectively.

4 | DISCUSSION

This first detailed research about IgE and IgG4 epitope mapping of
a major lentil allergen identified IgE and 1gG4 sequential epitopes in
lentil allergic patients. IgE and IgG4 antibodies of the patients recog-
nized mainly the C-terminal region of the Len c 1 (peptides 107-135).
Red, green, and red & green lentil allergic patients showed the same
binding patterns. The binding intensity of IgE and I1gG4 antibodies
was significantly higher in reactive patients than in tolerant ones.
Moreover, we determined several individual epitopes for predicting
clinical reactivity in the patients.

Sequential epitope-mapping studies of food allergens have been
of increasing interest to allergologists in the last 10 years because
identification of epitope diversity can facilitate the diagnosis and
predict the prognosis of the disease. There are many studies con-
cerning epitope sequencing of food allergens such as hazelnut, wal-
nut, peanut, egg, milk, and lentil.?*>1823 However, there has been no
comprehensive study regarding the identification of IgE- and IgG4-
binding epitopes of Len ¢ 1 in red and green lentil allergy separately.

The major IgE- and IgG4-binding epitopes specifically recognized
by patients were mainly detected between peptides 107 and 135
of the Len ¢ 1 molecule, which was compatible to the results of the
study by Vereda et al” Analysis of the patient groups led to the dis-
covery of a similar binding pattern for both IgE and IgG4 in all red,
green, and red & green lentil allergy groups. This result was compati-
ble with the previous studies that showed the similar binding pattern

for both IgE and 1gG4 in milk, peanut, and egg allergy.?6?22* Our

result showed that patients with lentil allergy recognize largely the
same IgE and IgG4 epitopes.

The analysis of patients as reactive vs outgrown noted higher
intensity of binding by both IgE and IgG4 antibodies in reactive
than outgrown patients for each positive epitope, particularly at
the C-terminal region of the protein. However, subgroup analysis
showed that the intensity of binding for each positive IgE epitope
was higher in red and red & green lentil-reactive patients compared
to those of tolerant patients. The same intensity difference was
observed in reactive patients of red and green lentil allergic groups
for IgG4 epitope binding. There are only a few studies investigating
IgE and 1gG4 epitope binding profiles in patients with persistent
food allergy and those who naturally became tolerant.1418:22.23.25
All of those publications were carried out in patients allergic to cow
milk. Our findings are in line with the results from previous studies,
as our data showed that IgE- and IgG4-binding intensity decreased
during natural tolerance acquisition. Although the mechanism of
natural tolerance development in food allergy remains poorly un-
derstood, our findings suggest that there is an important associa-
tion between IgE and IgG4 binding in natural tolerance acquisition.
Moreover, overlapping binding patterns between IgE and 1gG4
support the hypothesis?® of blocking 1gG4 in natural tolerance
development.

In our study, even though the patterns of IgE and IgG4 binding to
epitopes were similar between isolated red and isolated green reac-
tive patients, we tried to identify individual epitopes to distinguish
the different profiles of binding by IgE and 1gG4 antibodies in red
and green lentil allergy. We identified several informative epitopes
in reactive patients. We suggest that these specific epitopes may be
useful for the diagnosis or prognosis of the disease. In the report of
Shreffler and colleagues,27 the number of IgE-binding epitopes to
peanut allergen was lower in patients with mild symptoms compared
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to patients suffering from severe symptoms. These data also support
the notion that specific epitopes may be more informative than the
quantity of recognized epitopes.

There are some limitations in our study, such as the small number
of patients. Another probable limitation is the lack of time points
during natural tolerance development. Thus, further studies includ-
ing more patients are needed for a better understanding of tolerance
mechanism in different lentil allergic patients.

In conclusion, 1IgG4 binding to lentil epitopes and both IgE- and
1gG4-binding patterns in isolated red and isolated green lentil al-
lergic patient groups have been demonstrated for the first time.
Our findings revealed significantly stronger binding in reactive
children than in those who are naturally tolerant to lentil aller-
gies. These data are informative for natural tolerance acquisi-
tion. Moreover, we determined several informative epitopes for
the prediction of clinical reactivity in red and green lentil allergic
patients.
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IgE and IgG4 binding to lentil epitopes in children with red and green lentil allergy

Table S1. Positive IgE and IgG4 epitopes

IgE IgG4
Epitope number 7 22 23 38 46 19 22 34 38 41 46
107 108 109 110 111 47 50 82 83 90 108
115 117 121 122 123 109 110 111 112 116 117
124 127 128 129 130 118 120 121 122 123 125
135 126 127 128 129 130 131
132 133 134 135
Bold numbers indicate overlap epitope binding of IgE and 1gG4 antibodies
Table S2. Significantly higher binding epitopes in reactive patient groups
Mean signal intensity (standard error mean)
Epitope Red Red Green Green p value
outgrown reactive outgrown reactive
IgE-109 - - 0 35.6 (1.4-33) 0.05
IgE-117 0.9 81 (1.2-38.8) - - 0.03
IgE-128 0.9 92 (23.9-30) - - <0.01
IgE-129 0 63 (2.4-26.6) - - 0.01
IgG4-127  39.1 113.1 (13.7-24.8) - - 0.03
IgG4-128 315 112.8 (9.1-21.5) - - 0.01

Table S3. AUC values of statistically significant epitopes and lentil SIgE against reactivity

Epitope AUC p value
Lentil slgE 0,644 0,1
IgE-128 0.718 0.04
lgG4-110 0.774 0.01
lgG4-111 0.800 <0.01
IgG4-120 0.759 0.02
IgG4-125 0.779 0.01
lgG4-128 0.723 0.04
lgG4-131 0.795 <0.01
IgG4-132 0.728 0.04
IgG4-133 0.785 0.01

AUC: Area under curve
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Figure S1. Receiver operating characteristic (ROC) curve predicting clinical reactivity for
statistically significant IgE and IgG4 epitopes
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