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Abstract

Background: In a recent trial of milk oral immunotherapy (MOIT) with or without omalizumab 

in 55 patients with milk allergy treated for 28 months, 44 of 55 subjects passed a 10-g 

desensitization milk protein challenge; 23 of 55 subjects passed the 10-g sustained 

unresponsiveness (SU) challenge 8 weeks after discontinuing MOIT.

Objective: We sought to determine whether IgE and IgG4 antibody binding to allergenic milk 

protein epitopes changes with MOIT and whether this could predict the development of SU.

Methods: By using a novel high-throughput Luminex-based assay to quantitate IgE and IgG4 

antibody binding to 66 sequential epitopes on 5 milk proteins, serum samples from 47 subjects 

were evaluated before and after MOIT. Machine learning strategies were used to predict whether a 

subject would have SU after 8 weeks of MOIT discontinuation.

Results: MOIT profoundly altered IgE and IgG4 binding to epitopes, regardless of treatment 

outcome. At the initiation of MOIT, subjects achieving SU exhibited significantly less antibody 

binding to 40 allergenic epitopes than subjects who were desensitized only (false discovery rate ≤ 

0.05 and fold change > 1.5). Based on baseline epitope-specific antibody binding, we developed 

predictive models of SU. Using simulations, we show that, on average, IgE-binding epitopes alone 

perform significantly better than models using standard serum component proteins (average area 
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under the curve, >97% vs 80%). The optimum model using 6 IgE-binding epitopes achieved a 

95% area under the curve and 87% accuracy.

Conclusion: Despite the relatively small sample size, we have shown that by measuring the 

epitope repertoire, we can build reliable models to predict the probability of SU after MOIT. 

Baseline epitope profiles appear more predictive of MOIT response than those based on serum 

component proteins.
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IgE-mediated cow’s milk allergy typically presents in the first year of life and is one of the 

most common food allergies worldwide, affecting 2% to 3% of infants in developed 

countries.1,2 Fortunately, the majority of children outgrow their milk allergy in the first 

decade of life, and only 10% to 15% remain allergic in their late teenage years.3,4 However, 

those who retain their allergy often experience severe anaphylactic reactions after accidental 

consumption of milk. In surveys of severe and fatal food-induced anaphylaxis, milk ranks 

second to peanut in provoking fatal anaphylactic reactions in the United States and is the 

leading cause in the United Kingdom and Israel.5,6

In the past decade, there have been a number of studies evaluating the efficacy of oral 

immunotherapy (OIT) for the treatment of persistent food allergies. However, milk oral 

immunotherapy (MOIT) has been associated with significant adverse reactions, with some 

experiencing anaphylaxis, and 15% to 20% of patients were forced to discontinue therapy 

because of the adverse reactions.7–11 In addition to the high rate of adverse reactions, the 

response to MOIT is typically not sustained once therapy is discontinued (ie, patients are 

temporarily desensitized but do not achieve long-term tolerance).10,12–16
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In an attempt to reduce adverse reactions and possibly enhance the sustainability of MOIT, 

we previously undertook a placebo-controlled trial of omalizumab.17 Omalizumab has been 

shown to reduce adverse effects in small pilot studies of milk and peanut OIT.18–21 The trial 

randomized 57 subjects to either omalizumab or placebo in combination with MOIT, with a 

primary end point of sustained unresponsiveness (SU) defined as persistence of 

desensitization for 8 weeks after discontinuation of treatment. Overall, 55 of the 57 patients 

with milk allergy were treated for 28 months; 44 (80%) subjects (24 in the omalizumab 

group and 20 in the placebo group) tolerated 10 g of milk protein during an oral food 

challenge (OFC) at the end of therapy, but only 23 (42%) subjects (13 in the omalizumab 

group and 10 in the placebo group) tolerated 10 g of milk protein 8 weeks after 

discontinuing MOIT (ie, SU). In this study we sought to determine whether IgE and IgG4 

antibody binding to allergenic epitopes changed after MOIT and whether baseline profiles 

could be used as predictive biomarkers to identify patients who would achieve SU 8 weeks 

after discontinuing MOIT.

METHODS

Study design

The MOIT plus omalizumab trial design has been described previously.17 In brief, 57 

subjects (age, 7-35 years) with IgE-mediated cow’s milk allergy were randomized 1:1 to 

receive omalizumab (n = 28) or placebo (n = 29) in a double-blind, placebo-controlled trial 

to evaluate whether the addition of omalizumab to MOIT would reduce treatment-related 

adverse reactions and increase the frequency of SU.1 MOIT dosing was administered for 12 

months, after which treatment assignment was unblinded (at month 16). Omalizumab was 

continued for an additional 12 months in the active group, and injections were discontinued 

in placebo-treated participants (see Fig E1 in this article’s Online Repository at 

www.jacionline.org). At month 28, omalizumab was discontinued, and all subjects 

underwent a 10-g OFC. Subjects passing this challenge received 8 additional weeks of 

MOIT and then discontinued treatment for 8 weeks, followed by a final 10-g OFC. SU was 

defined as the persistence of desensitization for 8 weeks after discontinuation of MOIT.

Library of milk peptides

A meta-analysis of data from previously published peptide microarray studies22–26 was 

performed and identified 66 informative and clinically relevant peptides belonging to αS1-

casein (n = 18), αS2-casein (n = 13), β-casein (n = 14), β-lactoglobulin (n = 8), and κ-casein 

(n = 13). Because the peptides have been preselected to represent milk proteins, the terms 

peptide and epitope are used interchangeably.

Luminex-based peptide assay

Milk peptides (CS Bio, Menlo Park, Calif) were coupled to LumAvidin beads (Luminex, 

Austin, Tex) and stored in 1× PBS plus 0.02% Tween 20 plus 0.1% BSA (PBS-TBN) buffer. 

A master mix of peptide-coupled beads was made in PBS-TBN buffer, and 100 μL of the 

master mix was added to filter plates. After washing the beads, 100 μL of the subject’s 

plasma at 1:50 dilution was added to the wells in triplicates. The plates were incubated on a 

shaker for 2 hours at 300 rpm at room temperature. Excess plasma was then removed, and 
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the plates were washed. Mouse anti-human IgE-phycoerythrin (50 μL/well; Clone BE5, lot 

SA2333415, diluted 1:50 in PBS-TBN; Thermo Fisher Scientific, Rockford, Ill) or mouse 

anti-human IgG4 Fc-phycoerythrin (clone HP6025, lot B3317-PN67, diluted 1:400 in PBS-

TBN; SouthernBiotech, Birmingham, Ala) secondary antibody was added, and plates were 

incubated for 30 minutes. After a final wash, 100 μL of PBS-TBN was added to each well to 

resuspend the beads, which were then transferred to fixed-bottom 96-well reading plates and 

quantified on the Luminex 200 instrument (Luminex 100/200 System; Luminex).

Preprocessing of Luminex signal

All samples were processed in triplicates. PBS-TBN buffer was also processed in triplicates 

in each plate to eliminate background intensity. The median fluorescence intensity (MFI) for 

each epitope and sample was obtained directly from Luminex xPONENT software. For each 

sample i and epitope j, the binding measurements Bij was defined as follows:

Yij = log2(MFIij + 0.05); Bij = Yij − 1
Nns k = 1:ns

Ykj,

where ns represents the nonspecific binding (PBS-TBN) samples.

This quantitative outcome denotes epitope-specific antibody binding (ESAB) and was found 

to have essentially a normal distribution. The plate effect was evaluated by using principal 

variance component analysis,27 indicating the presence of a plate effect responsible for 25% 

and 13% of the variance for IgE and IgG4, respectively. This effect was corrected by using 

the ComBat algorithm (sva R package).28,29 Agreement among replicates was evaluated by 

using the intraclass correlation coefficient (ICC).30,31 High reproducibility among replicates 

was observed (ICC > 0.8 for 87% of IgE epitopes and ICC > 0.9 for all but 1 IgG4 epitope, 

see Fig E2 in this article’s Online Repository at www.jacionline.org), and triplicates were 

then averaged for further analysis.

Epitope diversity was estimated as the proportion of epitopes present in each sample. An 

epitope was considered present if its median fluorescence intensity was greater than the 

upper 95% CI limit of the nonspecific binding samples.

Statistical analysis

Descriptive analyses were presented for demographics, clinical characteristics, and serum 

component proteins (SCPs) in the cohort by using summary statistics. SCPs were analyzed 

on a log10 scale; for the ratio analysis, IgE (in kilounits of antigen per liter) and IgG4 (in 

milligrams per milliliter) values were converted to nanograms per milliliter as follows:

IgG4 * 1000/IgE * 2.4 .

Changes induced by MOIT on the ESAB were assessed by using linear mixed-effect models, 

with time, treatment, and their interaction as fixed-effect factors and a random intercept for 

each patient. A model including desensitized and SU outcomes as a fixed effect (and 

interactions) was also considered to evaluate changes in ESAB by using the MOIT outcome. 
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Model estimation used an empiric Bayes approach that allows estimation of the variance 

parameters acquiring information across all peptides and is widely used in high-throughput 

analyses.32,33 Hypotheses of interest were tested by using moderated t tests (or F-tests), and 

P values were adjusted for multiple hypotheses by using the Benjamini-Hochberg approach, 

controlling the false discovery rate (FDR). Differential ESAB was defined as an FDR of 

0.05 or less and fold change of greater than 1.5. Linear mixed-effect models were also used 

for analysis of SCPs, epitope diversity, and ESAB z scores.

Machine learning approach

To identify the baseline epitope signature that would predict SU with MOIT, we used elastic 

net, a machine learning algorithm suitable for classification problems with more features 

(epitopes) than instances (patients). Elastic net is a regularized logistic regression method 

that linearly combines the L1 and L2 penalties (for the selection of covariates) of the lasso 

and ridge methods.34 The regularization parameter is estimated through k-fold cross-

validation, maximizing the accuracy statistics. To compensate for the small sample size 

available for prediction modeling, we conducted a bootstrapping simulation experiment to 

obtain CIs for performance statistics. This allowed us to better evaluate the potential of 

epitope profiling as a base for building predictive models and to compare models built with 

different sets of variables without relying on a point estimate that might be susceptible to 

outliers. Additionally, we coupled the elastic net with a bootstrapping aggregate procedure to 

obtain more robust epitope signatures. In each simulation (n = 300) a balanced random 

sample with replacement is selected from the original cohort and is used for model 

estimation, which includes selection of the predictive epitopes and estimation of the 

predictive model. The bagging frequency (BF) is then computed as the number of times that 

an epitope is identified in the predictive signature. Robust epitopes are then defined as those 

that have a BF of greater than 60% to 80%, and those are used for the final model (see Fig 

E3 in this article’s Online Repository at www.jacionline.org). Model performance was 

evaluated by using performance statistics, including accuracy, specificity, sensitivity, and 

area under the curve (AUC).

RESULTS

Plasma samples were available at baseline and after 2 years of MOIT in 47 of 55 subjects. 

Forty-four (94%) of these 47 subjects completing 2 years of MOIT passed the 10-g milk 

protein OFC and were considered desensitized. After 8 weeks off MOIT, only 50% (23/44) 

of the desensitized patients achieved SU at the final 10-g OFC, with rates of SU being 

similar between the 2 treatment arms (see Fig E1).17

MOIT induces profound changes in ESAB profiles

MOIT induced profound changes in ESAB profiles regardless of the adjuvant treatment, 

with significant changes in 48 (73%) IgE-specific and 60 (91%) IgG4-specific peptides after 

MOIT (Fig 1, A, and see Tables E1 and E2 in this article’s Online Repository at 

www.jacionline.org). There was an overall decrease in IgE ESAB (especially for αS1-casein 

epitopes) and IgG4 ESAB (Fig 1, A and B). Interestingly, subjects treated with omalizumab 

experienced a less pronounced reduction in epitope-specific IgE binding than those treated 
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with placebo, whereas for IgG4 peptides, increased binding was seen in subjects receiving 

omalizumab compared with those receiving placebo (Fig 1, B). Overall, the decreases 

observed in IgE binding after 30 months of MOIT are attenuated when omalizumab is used 

in combination with MOIT, with 19 peptides exhibiting significant differences in MOIT-

induced changes compared with placebo (FDR ≤ 0.05 and fold change > 1.5). In contrast, 

the increases in IgG4 binding to allergenic epitopes are accentuated by the use of 

omalizumab, with 34 peptides showing greater changes than in the placebo group (see 

Tables E1 and E3 in this article’s Online Repository at www.jacionline.org). This IgE 

attenuation with IgG4 accentuation effect of omalizumab was also mirrored in the SCPs of 

milk- and casein-specific IgE and casein-specific IgG4 (Fig 1, C, and see Fig E4, A, in this 

article’s Online Repository at www.jacionline.org).

Overall, changes in ESAB and diversity after MOIT were very similar among desensitized 

subjects and those who achieved SU after 8 weeks off MOIT (Fig 2 and see Figs E5 and E6, 

A and B, in this article’s Online Repository at www.jacionline.org). IgE epitope diversity 

(defined as the percentage of epitopes present) was significantly reduced with MOIT, 

whereas more than 90% of the IgG4 epitopes were present at baseline and after MOIT (see 

Fig E6, A and B). Only a few peptides had greater MOIT-induced changes in binding in 

desensitized patients than in those achieving SU (Fig 2 and see Table E3). Lastly, no 

significant association between MOIT-induced changes and outcomes were found in milk 

SCP IgE and IgG4 levels (see Fig E4, B).

SU to MOIT is associated with lower levels of baseline epitope-specific IgE

Although no substantial association between MOIT-induced changes in ESAB and 

development of SU were observed, there were striking differences in baseline levels of 

epitope-specific IgE binding (Fig 3, B, and see Fig E7 in this article’s Online Repository at 

www.jacionline.org). At a global level, lower levels of IgE binding to peptides were seen in 

subjects who achieved SU (Fig 3, A, and see Fig E6, C), with significant differences in IgE 

binding to 36 peptides (FDR ≤ 0.05 and fold change > 1.5; Fig 3, B) and only one IgG4 

peptide (α-casein.p08; see Fig E7). Subjects achieving SU also exhibited less baseline 

epitope-specific IgE diversity than the desensitized group (76% vs 92%, P < .01; see Fig E6, 

A and B). No outcome differences were observed at baseline in demographic variables 

(Table I),17,35 but subjects achieving SU exhibited significantly lower levels of IgE specific 

to milk, casein, and β-lactoglobulin before MOIT (Fig 3, C, and see Fig E4, C).

Baseline ESAB profiling can predict development of SU and has better predictive ability 
than use of SCPs

Using baseline ESAB profiles from 23 subjects achieving SU and 21 desensitized subjects 

(averaged across triplicates), machine learning algorithms were used to build a model that 

predicted which patients would have SU 8 weeks after discontinuing MOIT. When building 

predictive models, it is common practice to divide the data set in a 3:1 ratio, where 75% of 

the observations are used for model development and 25% are retained for testing the 

performance of the model. However, because of the limited number of patients in the clinical 

trial, such division would greatly reduce the number of samples available for model 

building, and evaluating model performance on the remaining small test set would not reflect 

Suárez-Fariñas et al. Page 6

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 November 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/
http://www.jacionline.org/


its true predictive ability. Therefore we opted to use a machine learning approach that 

combined regularization algorithms (which are more suitable for cases in which the number 

of potential predictors is larger than the number of subjects) and simulation techniques that 

allowed us to evaluate the performance range of the model and to measure the robustness/

importance of each epitope (see Fig E3).

To evaluate the predictive power of ESAB profiles compared with milk component protein 

antibody measurements currently available, (ImmunoCAP assay; Thermo Fisher, Uppsala, 

Sweden), we developed models that considered serum epitope-specific IgE or IgG4 binding 

and serum total IgE, milk-specific IgE, and casein- and β-lactoglobulin–specific IgE, IgG, 

and IgG4, as well as various combinations of these biomarkers. Models built using the 

epitope-specific IgE profiles alone greatly outperformed those using component proteins 

alone based on various performance metrics, including AUC, accuracy, sensitivity, 

specificity, and positive and negative predictive values (Fig 4, A, and see Fig E6, A). 

Additionally, the combination of SCPs and ESAB profiles did not improve the model’s 

predictive ability; the IgE-specific epitope repertoire alone provided maximal model 

performance (Fig 4, A, and see Fig E8 in this article’s Online Repository at 

www.jacionline.org).

When models were fitted using only informative peptides (those that appeared in the 

majority of the bootstrapping runs with BF 60% to 80%), IgE models also performed best in 

terms of cross-validation accuracy, a measure of how well the model might perform in future 

data sets (see Fig E8, B and C). For the model built using informative IgE epitopes, the 

performance statistics improved (see Fig E8, B). Using the 6 most informative (BF > 75) IgE 

epitopes (Fig 4, B), we can predict the probability of SU for each patient (Fig 4, C) with 

86% accuracy, 87% sensitivity, and an AUC of 0.95 (Fig 4, B–D). A model using 12 

peptides was 100% predictive, but the cross-validation accuracy was no better than models 

with only 4 or 6 IgE epitopes (Fig 4, D).

We ran a sensitivity analysis by developing models using one of the triplicates and testing 

them on the remaining 2 triplicates. Performance statistics were very similar to those based 

on triplicate averages (data not shown). This analysis should not be seen as a validation of 

the predictive performance, which requires a true validation set, but supports the internal 

consistency of our approach.

DISCUSSION

In the clinical trial of MOIT plus omalizumab, about 80% of patients with milk allergy 

achieved desensitization, whereas only about 40% achieved SU.17 This indicates that about 

60% of patients treated with MOIT would be at risk for an allergic reaction if they stopped 

therapy for any prolonged period of time (eg, 4–8 weeks). Consequently, it is recommended 

that patients continue daily MOIT administration indefinitely, and if therapy is disrupted for 

any sustained period of time, the daily MOIT dose must be decreased and then re-escalated 

to the maintenance level under a physician’s supervision. In counseling patients about the 

risks and benefits of MOIT before initiating therapy, knowing the likelihood that a patient 

would achieve SU might influence a patient’s willingness to undergo such therapy. Patients 
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achieving this level of protection would have much more flexibility in MOIT dosing and 

would be at less risk of experiencing an anaphylactic reaction if they missed several MOIT 

doses.36 In this study we demonstrated that analyzing IgE binding to specific informative 

milk protein epitopes can accurately predict whether patients with milk allergy will achieve 

SU 8 weeks after discontinuing MOIT.

In previous studies 66 peptides were identified representing sequential epitopes on the 5 

major milk allergenic proteins: αS1-, αS2-, β-, and κ- caseins and β-lactoglobulin222437. As 

depicted in Figs 1 and 2, decreases in IgE binding to milk protein epitopes appeared less 

pronounced in subjects after 30 months of MOIT plus omalizumab compared with those 

receiving MOIT plus placebo, whereas IgG4 binding to these epitopes appeared increased in 

those receiving omalizumab. Overall, IgG4 binding was greater in about one half of the 

allergenic epitopes (34 epitopes) after 30 months of MOIT plus omalizumab compared with 

MOIT plus placebo, but interestingly, IgG4 binding was greater (11 epitopes) in subjects 

only achieving desensitization compared with those achieving SU.

Our results show that MOIT reduces the amount of epitope-specific IgE and increases the 

amount of epitope-specific IgG4 (Fig 1), but we did not find this effect to be associated with 

the treatment response (Fig 2) either for epitope-specific IgE or IgG4 binding. These 

findings were mirrored in a reanalysis of the original serum milk component protein-specific 

data (Fig 1, C, and see Fig E4, A). Our analyses suggest that patients achieving 

desensitization start with greater quantities and diversity of epitope-specific IgE (Fig 3 and 

see Figs E6 and E7) than patients who achieved SU, and this difference appears sufficient to 

predict the response after 8 weeks of MOIT discontinuation. We did not find baseline 

differences in the quantity or diversity of epitope-specific IgG4 (see Figs E6 and E7), with 

similar observations in SCP IgG4 levels (Fig 3, C, and see Fig E4, B).

As depicted in Figs 4, E3, and E8, machine learning algorithms were developed from 

available data to predict the likelihood of achieving SU based on the baseline profiles of 

serum IgE and IgG4 epitope-specific and SCP-specific antibodies. Predictive models using 

informative epitopes identified subjects who would have SU 8 weeks after discontinuing 

MOIT, with an average accuracy of 92% to 95%. Additional models combining baseline 

levels of IgE and IgG4 epitope-specific antibodies did not improve the performance of 

models using IgE epitopes alone (Fig 4). Of note, algorithm-generated models selected IgE 

epitope-specific antibodies over IgG4 antibodies; among the 15 most informative epitopes, 

only 3 were IgG4 specific, and none were selected for the final model (data not shown). 

Collectively, our findings suggest that having both lower binding and lower diversity of IgE 

specific to allergenic epitopes at baseline is the strongest predictor of SU.

Milk component proteins have been previously shown to have some utility in identifying 

patients with persistent or more severe cow’s milk allergy,38 and baseline levels of IgE 

specific to milk, caseins, and β-lactoglobulin had significant association with SU outcome of 

MOIT when adjusted for the adjuvant treatment group.17 However, the epitope-specific IgE 

model outperformed the best model using only standard laboratory data (ie, SCP-specific 

IgE, IgG, and IgG4; AUC = 0.80 and accuracy = 80%). If validated in future studies, these 

epitope-specific IgE algorithms might enable allergists to predict which patients undergoing 
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MOIT will achieve SU and which patients might require other forms of immunotherapy. 

Although nonresponder ESAB profiles were much closer to desensitization than those in 

patients achieving SU, conclusions regarding the ability of our algorithm to predict 

nonresponders are unwarranted (n = 3).

The ultimate goal of developing personalized medicine algorithms is to apply them to 

medical practice. To achieve this, a sizeable data set must be available to train the models 

and validate their performance in an independent data set. The small size of this available 

cohort, the small number of nonresponders, and the lack of an independent validation cohort 

are clear limitations of this study, which cannot be overcome at this point. In this study we 

set out to use the available cohort as a pilot proof of concept (ie, to determine whether 

baseline epitope profiles could be predictive biomarkers of the development of SU with OIT 

treatment). In the classical approach a predictive model would be fit by using a multivariable 

logistic regression starting with a small set of informative epitope-specific antibodies 

identified through a univariate analysis and/or by using a stepwise selection procedure. Such 

approaches have major limitations when the sample size is smaller than the number of 

(possibly correlated) features: collinearity among variables leads to biased model estimators, 

and feature selection steps can lead to overfitting and thus result in overoptimistic 

predictions, which can also be affected by the effect of outliers in a small cohort.39 To avoid 

such pitfalls, we used an analytic pipeline that allowed us to take full advantage of the 

available data by using regularized algorithms and combining computational techniques to 

ascertain the robustness of the predictive performance. This modeling strategy, which was 

previously used by our group to develop predictive models of treatment outcomes in 

psoriasis,40 uses bootstrapping simulations to (1) obtain not only point estimates for the 

performance but also CIs of ESAB’s predictive performance and (2) allow us to identify a 

robust set of epitopes that lead to the most accurate predictions. With this strategy, we found 

that epitope-based predictions are significantly superior to SCPs across all performance 

statistics and that assessing IgE binding to epitopes alone is sufficient to predict the clinical 

outcome. We used a well-known machine learning method, the elastic net, to build our 

predictive models. Although more sophisticated machine learning algorithms could render a 

greater predictive performance in this particular data set, such efforts can lead to 

overoptimistic estimations and should be saved for an adequately powered study with an 

independent validation cohort. Despite the limitations discussed above, our conservative 

analytic pipeline leads to a simple model with a highly predictive performance, showing the 

predictive capacity of IgE epitope profiling as a biomarker of sustained clinical response to 

OIT in patients with cow’s milk allergy.

To our knowledge, this is the first attempt to use epitope profiling and machine learning 

methods to predict OIT outcomes. The results presented in this proof-of concept study will 

hopefully encourage new and greater efforts to incorporate precision medicine in food 

allergy treatment strategies, with studies specifically designed for testing predictive 

performance with a more diverse population in terms of demographics, environmental 

exposures, and OIT outcomes.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BF Bagging frequency
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Key messages

• OIT in patients with cow’s milk allergy induces significant changes in IgE 

and IgG4 antibody binding to allergenic milk protein epitopes.

• Epitope profiles have a better predictive accuracy than models based on SCPs 

alone, and adding the latter will not improve predictive performance.

• IgE-based epitope profiles taken at the beginning of treatment can predict SU 

after MOIT with an AUC of 95%.
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FIG 1. 
Changes induced by MOIT in epitope-specific IgE or IgG4 binding by adjuvant treatment 

arm. A, Heat map representing (standardized) binding of 108 epitopes (48 IgE and 60 IgG4), 

with significant changes (fold change [FCH] > 1.5 and FDR ≤ 0.05) at month 32 from 

baseline. B, Box plot of the MOIT-induced log2 FCHs in epitope binding by adjuvant 

treatment. C, Bar plots of MOIT-induced changes and 95% CIs in log10 levels of SCPs. 

Asterisks represent a significant change at month 32 from baseline: *P < .05, **P < .01, and 

***P < .001. DS, Desensitization; β-LG, β-lactoglobulin.
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FIG 2. 
Changes in ESAB by adjuvant treatment and MOIT outcome. A and B, Bar plots 

representing changes induced by MOIT in patients achieving only desensitization (DS) or 

SU by adjuvant treatment arm for each IgE and IgG4 epitope. The height of the bars 

represents the log2 fold change (FCH) in binding from baseline to month 32. Colors 

represent the direction of change (red, increase; blue, decrease) for the differential epitope-

specific antibody binding (DESAB; FCH > 1.5 and FDR < 0.05). Colored asterisks indicate 

significance in changes between SU and DS outcomes for each adjuvant treatment (light 

blue, placebo; light pink, omalizumab); black asterisks represent DESAB, with significant 

differences between omalizumab and placebo for each outcome. C, Box plot of MOIT-

induced changes in ESAB by MOIT outcome. NR, Nonresponder.
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FIG 3. 
Differences in baseline epitope and SCP levels between groups achieving desensitization 

(DS) or SU 8 weeks after MOIT discontinuation. A, Box plots of the baseline overall (z 
score) epitope-specific IgE binding by MOIT outcome, with significantly different z scores 

between the SU and DS groups. NR, Nonresponders. B, Heat map representing baseline 

epitope-specific IgE binding for each patient for the set of epitopes with significant 

differences (fold change [FCH] > 1.5 and FDR < 0.05) between DS and SU outcomes at 

baseline. β-LG, β-Lactoglobulin. C, Bar plots of the least square mean (Ismean) with the 

95% CI of log10 SCP levels at baseline by MOIT outcome.
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FIG 4. 
Prediction of desensitization (DS) versus SU outcome at month 32 (8 weeks after MOIT 

discontinuation) by using baseline levels with machine learning algorithms. A, Performance 

metrics of models fitted with different features: epitope-specific IgE or IgG4 binding only, 

SCPs (total IgE; milk-specific IgE; casein-specific IgE, IgG, and IgG4; and β-lactoglobulin–

specific IgE and IgG), or the combination of SCPs and IgE and IgG4 epitopes in 300 

bootstrapping simulations. Means and 95% CIs are presented. IgE epitopes are sufficient to 

achieve maximal predictive performance. Accuracy and receiver operating characteristic 

(ROC) curve are presented here; other metrics can be found in Fig E8. B, ROC curve and 

coefficients for the best model with the 6 most robust IgE epitopes identified as important 

predictors in at least 75% of the bootstrapping simulations (BF = 75%). C, Predicted 

probabilities (x-axis) versus actual MOIT outcomes of all subjects (colored bars) as 

predicted by using an IgE-based epitope model with a BF of 75%. If the predicted 

probability is greater than 0.5, the subject is classified as SU and DS otherwise. Pink and red 
bars represent actual MOIT outcomes: DS (pink) and SU (red). D, Performance metrics of 4 

models, including epitopes with BFs of 60% to 80%. Estimates with 95% CIs are presented 

for cross-validation (CV) statistics.
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