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Abstract

Background: Currently there is no laboratory test that can accurately identify children at risk of
developing peanut allergy. Utilizing a subset of children randomized to the peanut avoidance arm
of the LEAP trial, we monitored the development of epitope-specific (ses-)IgE and ses-1gG4 from
4-11 months to 5 years of age.
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Objective: To evaluate the prognostic ability of epitope-specific antibodies to predict the result of
an oral food challenge (OFC) at 5 years.

Methods: A Bead-Based Epitope Assay was used to quantitate IgE and 1gG4 to 64 sequential
(linear) epitopes from Ara h 1-3 proteins at 4-11 months, 1 and 2.5 years of age in 74 subjects

(38 of them with a positive OFC at 5-years). Specific IgE (SIgE) to peanut and component
proteins was measured using ImmunoCAP. Machine Learning methods were used to identify the
earliest time point to predict 5-year outcome, developing prognostic algorithms based only on
4-11 months samples, 1-year or 2.5 years, and a combination of them. Data from 74 children were
iteratively split 3:1 into training and validation sets and machine learning models were developed
to predict the 5-year outcome. A test set (n=90) from an independent cohort was used for final
evaluation.

Results: Elastic-Net algorithm combining ses-IgE and IgE to Ara h 1,2,3 and 9 proteins could
predict the 5-year peanut allergy status of LEAP participants with an average validation accuracy
of 64% at baseline. Samples taken at 1 year accurately predicted a 5-year OFC outcome with
83% accuracy. This performance remained consistent when evaluated on an independent CoFAR?2
cohort with an accuracy of 78% for the 1-year model.

Conclusion: IgE antibody profiles at 1 year of age are predictive of peanut OFC at 5 years
in children avoiding peanuts. If further confirmed, this model may enable early identification of
infants who may benefit from early immunotherapeutic interventions.

Capsule Summary:

IgE specific to sequential epitopes and component proteins measured at 1 year of age can predict
peanut allergy status at 5 years.

Keywords

peanut allergy; prognostic biomarkers; sequential epitope; antibody; IgE; 1gG4; Bead-Based
Epitope Assay

Introduction

Peanut allergy is a leading cause of food-related allergic reactions and anaphylaxis [1]. It
is one of the leading food allergies causing fatal anaphylaxis, ranking first in the US and
second after milk in the UK. As the Learning Early About Peanut Allergy (LEAP) [2] trial
demonstrated, early introduction of peanut into the diet of high-risk infants prevents the
development of peanut allergy. Some studies report that 20% of infants and young children
reacting to peanut will outgrow their allergy, while the rest will experience persistent
symptoms throughout their lifetime [3]. These and other studies are strongly supportive

of distinct endotypes of peanut allergy, with most patients belonging to the persistent
phenotype and a minority to the transient phenotype.

Recent studies measuring levels of immunoglobulins binding sequential (linear) epitopes
from milk and peanut allergens using a Bead-Based Epitope Assay (BBEA) revealed
their importance for predicting symptomatic allergy. While sequential epitope-specific
(ses-)IgE antibodies in infants with persistent food allergy are less pronounced compared
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to IgE against a whole peanut extract (conformational plus sequential epitopes) during

the first year of life, ses-IgEs develop as subjects mature, signaling the establishment of
persistent allergy Thus, children developing persistent peanut allergy later in life might

have distinct epitope-specific antibody profiles in infancy, but there has been no laboratory
test that accurately identifies this subset, which would facilitate the earlier introduction of
preventative strategies. BBEA biomarkers have shown great potential in predicting treatment
outcomes [5], allergy endotypes [9], and diagnosis [10]. Recently we evaluated the impact of
peanut consumption and avoidance on the development of ses-IgE and ses-1gG4 in a subset
of 341 high-risk infants who completed the LEAP trial [4]. We found that while subjects had
similar baseline ses-1gE and ses-1gG4 profiles irrespective of their allergy status later in life,
significant ses-IgE expansion was observed only among children who later became peanut
allergic, as determined by an oral food challenge (OFC) at the 5-year visit. In the current
study, our goal was to determine whether ses-IgE and ses-1gG4 antibodies measured during
the first year of life can be used as a prognostic test, to predict the outcome of a 5-year OFC.

Materials and Methods

Methods are described in detail in the Supplementary Methods in the Online Repository.

In brief, we used the subset of children from the avoidance arm of the LEAP trial
(NCT00329784, Fig. S1), with peanut allergy (n=38) or no allergy (n=36) outcome at the
5-year OFC and results of IgE specific to Ara h 1,2,3 and 9 proteins (ImmunoCAP, Uppsala,
Sweden). For each participant, blood samples were obtained at the baseline study visit (V1),
which occurs between 4-11 months of age, at 1 and 2.5 years. The BBEA was used, as
described previously [11], to quantify ses-IgE and ses-1gG4 against 64 peptides representing
sequential epitopes from Arah 1 (n =34), Arah 2 (n = 16), and Ara h 3 (n = 14) proteins at
each time point.

Previous work showed that reactivity to peanut allergens can be explored using various
assays, with antibodies recognizing allergens at different tiers, from epitopes to individual
component proteins to whole peanut antigens. As such, we developed prognostic models
combining 64 ses-IgE and ses-1gG4, specific IgE antibodies to Arah 1, 2, 3, 8 and 9,
collectively referred to as ‘Ara h sIgE’, and IgE to whole peanut extract (‘PN-sIgE’). We
used a machine learning (ML) strategy to identify prognostic biomarkers at 4-11 months,
1 and 2.5 years that could predict the 5-year OFC outcome and tested which combination
of timepoints and antibodies led to the best performance (Fig. 1A). Of note, we developed
models using continuous (quantitative) normalized Median Fluorescence Intensity (MFI)
measures of ses-IgE and ses-1gG4, and binary (qualitative) values indicating a presence or
absence of an epitope-specific antibody, defined by the MFI above the upper level of the
95% confidence interval (Cl) from the background signal. A total of 24 ML models were
developed, each starting with a different set of predictors, including ses-IgEs alone and in
combinations with ses-IgG4 and sIgEs across three time points (Fig. 1AB).

To account for the limited sample size, we used a modeling strategy that allowed us to
estimate the validation performance for small sample sizes, similar to the approach utilized
previously [5]. Briefly, models were developed using 56 randomly selected subjects from the
cohort (training set) and performance was validated on the remainder (validation set, n=18);
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this split was repeated 100 times to produce robust estimates (mean and 95% CI) of the
validation performance. Model hyper-parameters were tuned using 5-fold cross-validation
within the training set. (Fig.S2).

Ninety subjects from the CoFAR2 (NCT00356174) study [6, 12] were used for external
validation (Fig.S1) of our 1-year prognostic model, but was hindered by the differences in
the timing of the visits (3—15 months in CoFAR2 vs 12 months in LEAP) and, differences

in epitope panel between the two cohorts (50 vs 64). To circumvent the later limitation and
based on our observation that maximal correlation between epitope binding decreases with
the distance between them, values of ses-IgE to Arah 1 137, Arah 1 047, Arah 2 _018in
CoFAR2 were imputed using the closest epitopes from the same protein that were available
in the CoFAR’s 50-epitope panel, which were Arah 1_131, Arah 1_045, Arah 2_017. Then
the final model estimated using LEAP cohort was applied to the CoFAR2 subjects.

The LEAP and COFAR studies were registered on clinicaltrials.gov (NCT00329784 and
NCTO00356174) and approved by the local Institutional Review Boards and overseen by the
data, safety and monitoring board of NIAID. The LEAP study was approved by the National
Research Ethics Service Committee London-Fulham and the COFAR by the IRB of each
site. Written informed consent was obtained from the participants’ parent/legal guardian to
participate in the study:.

Results and Discussion

Seventy-four subjects with available data (Fig.S1) were used for the machine learning.

Our computational pipeline indicated that a) simpler qualitative ses-IgE and ses-1gG4
measures produced higher cross-validation performance (Fig.1B) (P<.001), and that while b)
inclusion of ses-1gG4 did not significantly improve performance, c) excluding ses-IgE led to
significantly (P<.001) lower AUC suggesting that the ses-IgE profile is the key component
for predicting a 5-year OFC outcome.

In view of these results, we focused on models including (1) qualitative ses-IgE alone or

by adding (2) sIgE to Ara h 1,2,3 and 9 (‘ses-IgE+Ara h sIgE”), (3) peanut-specific IgE
(“ses-IgE+PN-slIgE’) or (4) both sIgE to component proteins and peanut (‘ses-1gE+Ara

h sIgE+PN-sIgE’), and (5) including ses-1gG4 (‘ses-IgE+Ara h slgE+ses-1gG4’). The
performance of these models on the validation sets, depicted in Fig.1C, shows that predictive
performance is low at 4-11 months but improves with age, with accurate predictions
achieved as early as 1 year. At 1 year, ‘ses-IgE+Ara h sIgE’ outperforms all other models
with the addition of PN-sIgE being a close second (‘ses-IgE+Ara h sIgE+PN-sIgE’). Though
children in this cohort were avoiding peanuts and we would not expect 1gG4 to be needed
for the predictions, this result is consistent with our previous work [5, 6, 9], where the
addition of ses-1gG4 values even in combination with antigen-specific IgEs did not improve
the performance. Prognostic biomarkers chosen by the ‘ses-IgE+Ara h sIgE’ model (Fig.2A)
are consistent with the second-best performing model that includes PN-sIgE (see Fig.S1
AB). Interestingly, this model contains sIgE to Ara h 9, a component not previously reported
to be associated with allergy prognosis. We thus evaluated the impact of excluding Arah 9
and observed a reduction in both AUC (from 0.92 [95% CI 0.91-0.93] to 0.90 [0.88-0.91],
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P<.001) and Accuracy (from 83% [82—-85%] to 79% [77-81%], P<.001) at 1 year, with
similar decreases at other timepoints.

We then compared the performance of our model with that of a simple ImmunoCAP-based
cut off of 0.35 KUA/L of sIgE to peanut and/or components (Fig.2BC) [6, 13, 14]. At 4-11
months, our ‘ses-IgE+Ara h sIgE’ model predicts 5-year OFC outcome with an average
(validation) Accuracy of 64% [62—-66%] which was close to the performance of the cut-off
based PN-sIgE (Accuracy=63% [62—65%]). However, at 1 year of age “ses-IgE+Ara h sIgE”
model achieves an Accuracy of 83% [82%—85%], significantly superior (P<.001) to the
performance of the PN-slIgE-based method (Accuracy of 76% [74%—77%)]).

Lastly, we have validated our 1-year ‘ses-IgE+Ara h sigE” model using the 3-15 months
samples from 90 CoFAR?2 participants (29 Allergic and 61 Non-Allergic, Fig.S1) and
predicted their allergy status after 4 years of age. The performance was consistent, with

an AUC of 0.853 [0.851-0.855], Accuracy of 77.9% [77.5-78.3%], Sensitivity 75.3% [74.7-
75.9%], and Specificity 83.3% [82.6-84.0%)], thus validating the algorithm’s performance
in the LEAP cohort. However, the model excluding sIgE to Ara h 9, which led to lower
performance in the LEAP cohort, showed similar performance in CoFAR2 [AUC 85.9%
[85.6%—86.1%] and Accuracy 78.5% [78.0%—79.0%]. Of note, the LEAP cohort exhibited
higher levels of sIgE to Ara h 9 (and Ara h 2) than the CoFAR2 cohort (Fig.S2C), which
may explain why the models with and without Ara h 9 perform similarly on the CoFAR2
subjects.

Several limitations should be noted. This study included only subjects randomized to peanut
avoidance arm of the LEAP trial and sample size was further limited by the available
sample volumes. Allergy status was determined at the 5-year OFC visit, but some subjects
likely developed allergy well before then. We have used a machine learning pipeline with
boot-strapping to allow us to estimate performance from a small sample size, which was
then validated on an external cohort.

In conclusion

In conclusion, epitope-specific IgE profiles obtained at about 1 year of age in high-risk
children avoiding peanut show promising performance as prognostic biomarkers for peanut
OFC outcome at 5 years of age. Evaluation of ses-IgE is sufficient to create predictive
models without adding ses-1gG4. Models combining ses-IgE and IgE specific to component
proteins performed best at predicting allergy status at 5-year OFC, while adding IgE

to peanut extract did not improve performance. Our model had comparable prognostic
performance when validated on an independent external cohort, despite the need to impute
3 epitopes, which remains a limitation. If our results are confirmed in future prospective
studies with larger sample sizes, this test should enable physicians to identify infants likely
to develop peanut allergy, allowing them to initiate immunotherapeutic interventions early,
which is believed to be more likely to induce permanent tolerance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development of a predictive model.
A. Models built to predict 5 year OFC outcomes. B. AUC of models using qualitative

and quantitative ses-IgE/ses-1gG4 profiles at different ages and their combinations in cross-
validation (top) and training (bottom). C. AUC in cross-validation of models using ses-IgE,
ses-1gG4 along with PN-sIgE and Ara h sIgE. Addition of Ara h sIgE, but not PN-sIgE or
ses-1gG4, to ses-IgE profiles improves 1 year performance.
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Figure 2. Performance of final ‘ses-IgE+Ara h sIgE’ 5-year prognostic model.
A. Prognostic epitopes identified at each age (or its combination) for the ‘ses-IgE+Ara h

sIgE’ model. B-C. Performance in testing set of the ‘ses-IgE+Ara h sIgE’ model and two
ImmunoCAP-based criteria: allergic if PN-sIgE >0.35 (“PN-sIgE™) or if PN-slgE >0.35 and
Arahland Arah2and Arah 3 >0.35 kUa/L (“PN-slge+Ara h sIgE™).
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