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Abstract

Risk-based labeling based on the minimal eliciting doses (EDs) in sensitized populationsisa
potential replacement for precautionary allergen labeling of food alergens. We estimated the
dose-response distribution for peanut alergen using data from double-blind placebo-controlled
food challenges (DBPCFCs) conducted in the US at multiple sites, testing a popul ation believed
to be similar to the general U.S. food allergic population. Our final (placebo-adjusted) dataset
included 548 challenges of 481 subjects. Bayesian hierarchical analysis facilitated model fitting,
and accounted for variability associated with various levels of data organization. The data are
best described using a complex hierarchical structure that accounts for inter-individual variability
and variability across study locations or substudies. Bayesian model averaging could
simultaneously consider the fit of multiple models, but the Weibull model dominated so strongly
that model averaging was not needed. The EDO1 and EDO5 (and 95% credible intervals) are
0.052 (0.021, 0.13) and 0.49 (0.22, 0.97) mg peanut protein, respectively. Accounting for
challenges with severe reactions at the LOAEL, by using the dose prior to the LOAEL asthe
new LOAEL, the EDO1 dropsto 0.029 (0.014, 0.074) mg peanut protein. Our results could aid in

establishing improved food |abeling guidelines in the management of food allergies.
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Abstract

Risk-based labeling based on the minimal eliciioges (EDs) in sensitized populations is a
potential replacement for precautionary allergdrelimg of food allergens. We estimated the
dose-response distribution for peanut allergengudata from double-blind placebo-controlled
food challenges (DBPCFCs) conducted in the US dtipleisites, testing a population believed
to be similar to the general U.S. food allergic wlagion. Our final (placebo-adjusted) dataset
included 548 challenges of 481 subjects. Bayesenmafthical analysis facilitated model fitting,
and accounted for variability associated with vasitevels of data organization. The data are
best described using a complex hierarchical stradhat accounts for inter-individual variability
and variability across study locations or substsidBayesian model averaging could
simultaneously consider the fit of multiple modddat the Weibull model dominated so strongly
that model averaging was not needed. The EDO1 &% Eand 95% credible intervals) are
0.052 (0.021, 0.13) and 0.49 (0.22, 0.97) mg pepruitin, respectively. Accounting for
challenges with severe reactions at the LOAEL, $ipgithe dose prior to the LOAEL as the
new LOAEL, the EDO1 drops to 0.029 (0.014, 0.074)peanut protein. Our results could aid in

establishing improved food labeling guidelineshia management of food allergies.
Keywords:
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Highlights

» Dose-response modeled for peanut DBPCFCs condusied standardized protocols
* The study population was US adults and childremfroultiple geographic locations
* Repeated tests on the same individuals were malerrrelated, with some outliers
» Bayesian hierarchical analysis addressed intex4ddal variability

* The calculated EDO1 and EDO5 were 0.052 and 0.49engut protein, respectively
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1. Introduction

Food allergies constitute a significant public tieésue and are an area where clear
communication with the affected population is intpat. Potential exposure to food allergens in
the United States (US) is currently communicatadgiprecautionary allergen labels (PALS),
such as “may contain allergen X” or “packaged faality that also processes allergen Y.” Such
labels do not include any information about theeptl amount of the allergen in the food, and
thus are not connected to any measure of risk @icenot reflect whether exposure exceeds some
potency-based dose metric). This means that sbeltslamply that the threshold for an allergic
response is zero for all allergens for all indinatiu(since labeling based on the potential
presence of any amount of allergen implies thataangunt could be of concern). This labeling
presents challenges to consumers, food manufastuaed public health authorities, among
others, in understanding and managing the potemglabf exposures in the food supply

(DunnGalvin et al., 2015; NAS, 2017; Madsen et2020).

Recent research, however, has indicated that mirghe#ting doses (EDs) can be identified for
food allergens. The distribution of individual dessponse data can be used to develop a
Reference Dose (RfD) (reviewed by Crevel et all&ZMadsen et al. 2020; NAS, 2017). Since
the first use of dose distribution modeling for teeponse to allergenic foods by Bindslev-
Jensen et al. (2002), a number of papers havepd#ished on such modeling for a variety of
populations and allergens (e.g., Blom et al., 2@&nkestijn et al., 2017; Purington et al., 2018;

Remington et al., 2020; Taylor et al., 2009, 2014).

The results of such modeling (Taylor et al., 2044 incorporated into the Voluntary Incidental
Trace Allergen Labelling (VITAL) program in Australand New Zealand, which uses a risk-

based approach for allergen labeling of food (Aier Bureau, 2020). VITAL 2.0 established
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RfDs for 10 food allergens, and VITAL 3.0 expandled list to 14 allergens (Allergen Bureau,
2019). VITAL RfDs have also been adopted by otlmemtries, including Sweden (Sjogren

Bolin, 2015) and Germany (Waiblinger and Schulf4,8). In the US, the NAS recommended
that a risk-based approach similar to VITAL be addgo replace PALs systems (NAS, 2017).
However, this recommendation has not yet been img@hted, in part due to the limited

modeling information from US populations, as walliacomplete details of the published
modeling results (i.e., the data and methods usechdédeling have not been shared in a manner

that allows for independent verification of theuks).

The purpose of the current paper is to estimatedise-response distribution for peanut allergen,
based on data from double-blind placebo-contrdibed challenges (DBPCFCs) conducted
during oral immunotherapy (OIT) or epicutaneous imatherapy (EPIT) clinical trials in the

US. Data were obtained from baseline DBPCFCs anB@HCs conducted on the placebo arm of
the immunotherapy trials. The modeling approaclvacted for variability between studies,
geographic variability, and inter-individual varigtly. Intra-individual variability was addressed
as a by-product of the probabilistic representatibtne dose-response. We focus on the results
with one allergen, peanut protein, so that closesieration can be given to details of the
modeling results and associated issues of intefiwat The study results provide insight into the
dose-response for peanut allergen in the US popajaind show the importance of accounting
for multiple sources of variability. These reswén be used to improve food labeling guidelines

for peanut allergen, and thereby improve commuiaisatith allergic individuals.

2. Materialsand Methods



2.1 Data

2.1.1 Study Design and Population

Investigators conducting oral food challenges (O peanut protein as part of controlled
clinical trials were identified with assistancerfrivarshall Plaut of the National Institutes of
Health (NIH). All challenges were DBPCFOdiree primary datasets were obtained from
studies investigating potential peanut immunothiesaOne dataset was from a series of studies
led by Kari Nadeau at Stanford University. The otiwe data sets were from the Consortium for
Food Allergy Research (CoFAR), specifically CoFA@kischer et al., 2013; Burks et al.,

2015) andCoFAR 6(Jones et al., 2017). Baseline challenge dataglisas/ data from post-
therapy challenges of the placebo group, when egdgke, were used in the peanut protein dose-

response model. (See Figure 1.)

The test protein used by Stanford Wd3A-standardized and validated GMP-grade peanut
protein. Protein amounts were quantified basedrotem gels and prepared in a GMP facility.
For both CoFAR studies, commercially available pgdlour was used. Oat protein was used as
a placebo for all studies, administered on an adjaday (or potentially the same day, separated
by at least 2 hours, if there was no reaction efitst test), using the same protocol as for the
peanut challenge. Peanut challenges were admigusér20-30-minute intervals (CoFARG) or

15 to 30-minute intervals (CoFAR4, Stanford).

The Stanford data were compiled from a total ofliferent studies. Although some of these

studies were multi-site studies, only data froningsconducted at Stanford were included in the



dataset. There was some minor variability in inidoriteria across the studies; the universal
inclusion criteria were: (1) skin prick test (SRIMerage wheal >3 mm above negative control

and history of clinical reaction to that food, 8) peanut-specific IgE (sIgE)4kUJ/L.

CoFAR4 and CoFARG6 were conducted at five diffesatds in the U.S. (New York, NY;
Baltimore, MD; Little Rock, AR; Denver, CO; DurhaiC)>. The inclusion criteria were: (1)
convincing clinical history or physician’s diagnesif peanut allergy; (2) positive peanut SPT
response (wheal diamete8 mm, saline control corrected) and/or (3) sKJE35 kUn/L

(CoFAR4), sIgE >0.35 kWL (CoFARSG).

All studies required that subjects met the SPTarthe sIgE criteria. Based on meeting these
objective criteria, the subjects were considereshsgtized” and allergic. Therefore, the current
analysis includedll subjects who underwent baseline testing. Thalhésanalysis included
some subjects who were excluded from the clinigal due to their “passing” the baseline test
by not reacting even at the highest dose testedethubjects are in the set of right-censored

observations.

Generally similar exclusion criteria were useddbithree major datasets. The Stanford study
excluded those individuals who had a prior histwirgn allergic reaction requiring intubation,
or with associated hypotension. CoFAR4 and CoFARMSueed subjects with a history of

intubation, or more broadly with a history of anglalxis to peanut, defined as involving

2 The specific sites were as follows: Departmerfediatrics, Mount Sinai School of Medicine, New K,alew
York; Department of Pediatrics, Johns Hopkins Ursitg School of Medicine, Baltimore, MD; Departmenft
Pediatrics, University of Arkansas for Medical $uies and Arkansas Children’s Hospital, Little R@apartment
of Pediatrics, Little Rock, Ark; National Jewish &fth, Denver, Colorado; Department of Pediatriasiversity of
North Carolina, Chapel Hill.



hypoxia, hypotension, or neurologic compromise.tAtke studies also excluded subjects with
asthma with FEV1 <80% of predicted value or clihfeatures of moderate or severe persistent
asthma; and subjects with other significant nongitemedical conditions. All three studies
accepted patients who had experienced allergitiosscrequiring epinephrine. Additional

details on inclusion and exclusion criteria arevpted in the Supplemental data.

2.1.2 Doses Tested

Table 1 shows the doses tested in COFAR4 and CoFAR® initial baseline challenge, and in
the repeat challenge in the immunotherapy placebopg The majority of the doses tested in the
Stanford studies are also shown in Table 1. Howekiere were some variations in the doses
tested in the Stanford studies (and, to a lesggredein the CoFAR studies) beyond what is
shown in Table 1, because the clinician had thereli®n to repeat lower doses rather than
escalating to a higher dose, if there was condeonitaa potential reaction, or to test higher doses

if there was no reaction. The calculation of curtiéadose included all such repeated doses.

Unlike typical dose-response data, where separatgg are exposed to different doses, under
the OFC study design, each person is tested witie@sing doses, until there is one or more
observable challenge-terminating reaction, or uh&lmaximum protocol dose is reached. The
dose prior to the challenge-terminating reactioreferred to as the individual no observed
adverse effect level (NOAEL), and the dose at énminating reaction is referred to as the
individual lowest observed adverse effect level ED). Thus, the actual initial dose that
would elicit a reaction is unknown but is brackeltsrthe NOAEL and LOAEL. Observations of

this nature are referred to as censored. If thgestibesponded at the lowest dose tested, the
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NOAEL is 0, and the data are left-censored. Iflitghest dose tested elicited no response, the
LOAEL is unbounded and the data are right-censakéather cases are termed interval-
censored. The statistical approaches applied atéouall such censoring (left, right, and

interval), as described below.
2.1.3 Challenge Termination Criteria

For all three studies, the definition of a challefigrminating reaction was based on defined
criteria, with additional clinician discretidnChallenges were stopped at the first sign of an
objective symptom, or following significant or petent subjective findings. This discretion is
best illustrated with examples. If isolated vongtiwere attributed to gagging, the challenge
would not be terminated. Isolated transient matatinor isolated transient abdominal pain
would not terminate dosing, but persistent mouth with mild abdominal pain (2 areas
affected) could result in termination. Although abdnal pain is subjective, if it were severe and
persistent with behavioral change such as cryingduced activity, dosing could be terminated.
Mild pruritus without objective rash would not termate dosing but if combined with significant
patient discomfort requiring treatment it would.usaa alone is a subjective symptom that
would not usually terminate a food challenge, kausea with notable distress, for example,
where the subject was clearly holding back from Wi could be considered challenge-
terminating, even without objective observatiorvomit. Any reaction that required treatment,
or where subject discomfort was significant enotigtt the subject refused the next dose, was

also challenge-terminating.

2.1.4 Data Preparation for Modeling

% For CoFARA4, the stopping criterion was “first atijee or significant/persistent subjective” respesmsFor
CoFAREG, the criterion was “symptoms indicate a fposireaction.”
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All analyses were based on cumulative dose (peamplicebo) administered over the timeframe
of the challenge. Two different approaches were tigeccount for responses to the placebo
challenge (oat protein). In the first approach llelnges in which there was a challenge-
terminating reaction to placebo were removed rdgasdof the dose at which the response
occurred or the severity of the response. In tkers# approach, the dose and severity of the
response (based on the type of symptom(s) andisesesymptom(s), as characterized by the
clinicians) were compared for the peanut challesmpbthe placebo challenge, in a manner
similar to that of Westerhout et al. (2019). Thelgaf this approach was to remove only the
challenges where the response could not be dissingd from the placebo response. Thus, the
challenge was removed if the placebo response mtat a dose lower than the dose at which
the response to peanut was observed. In addifitre response to placebo and peanut occurred
at the same dose, then the challenge was remowed tre response to placebo was of the

same or greater severity as the response to peanut.

In order to visualize intra-individual variabilitihe first and second challenge NOAELs were
compared from individuals with multiple challengEgst and second challenge LOAELs were
similarly compared graphically. Spearman’s rankedetation test was used to evaluate the

association between paired NOAELs and betweengai@AELSs.

While the placebo analysis and adjustments usedlitiieian’s severity ratings for comparisons
within a study (as described above), the severity raopgoach of Zhu et al. (2015) was used
for analyses that integrated across studies, $paltyfthe association between LOAEL and
severity (Figure 6), and the “back one down” analgescribed later in this paragraph. For these
latter analyses, the Zhu et al. (2015) approachirtbat the severity of each challenge-limiting

response was defined based on both the clinicarggwf individual reactions, as determined
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by the monitoring clinician, and the number of afésl organ systems or regions of the
respiratory tract. The Zhu approach categorizesgt responses as mild, medium, or severe
based on the nature of the reaction and the nuaflafected organ systems (among skin,
gastrointestinal, upper respiratory, and loweriraspry). Due to concerns about potential for
severe reactions at the challenge-terminating dosapplemental analysis was conducted based
on the dose prior to the challenge-terminating doséhose challenges with severe reactions
based on the Zhu rating system. Specifically, tligests with a severe reaction at the LOAEL
were identified; then this “back one down” analysidbstituted the original NOAEL for the
LOAEL, and identified the dose below the origindDNEL as the new NOAEL. The only
exceptions were for three challenges where thesansevere reaction at the lowest discrete
dose, and so it was not possible to identify a loM@AEL, since the NOAEL was already left-
censored. These challenges were retained for #ek“dne down” analysis using the original
NOAEL and LOAEL. The other alternative would hawe=h to remove these three observations
for the “back one down” analysis, but they providmseful information regarding the potential

for severe reactions at the lowest dose.

The data used for modeling are archived at htgss:i6/2vab4/; additional details of the data

processing and cleaning steps are provided inupplemental materials.

2.2 Modeling Approach

2.2.1 Models.

Based on the general design of OFCs, as descrilmaat athe data were considered to be
analogous to the results of a failure analysis,re/laesequence of stresses, or just time itself, is

thought to incrementally increase the probabilityaeesponse. The models utilized for the
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analyses are based on well-known failure modestsiftherses of survival models) or closely
related functions (Wheeler et al., 2020). The fivey parametric models fit to the data were the
Generalized Pareto, Log-Laplace, Logistic, Logndyraad Weibull. See Table 2 for the
equations for each model. Each of these modelstmparameters, which we will refer to as a

location parameter (I, in Table 2) and a scalempatar (b, in Table 2)
2.2.2 Hierarchical Structure.

The data are grouped in terms of “studies” (i.@F&R4, CoFARG, and Stanford), “centers”
within studies (the five study locations for CoFAdhd the 16studies within the Stanford
dataset), and individuals within centers. The foierarchical structures considered here were

implemented in a stepwise manner, increasing coxiplat each step.

We started with the simplest structure, referreldeiee as the “standard” structure, in which
every observation is assumed to have been gendratedhe same underlying survival
distribution (where the distribution is defined dye of the five models introduced above). This

is not a hierarchical modpkr se

Next, we considered a “study-level” structure inigthobservations within a study were
generated from the same distribution, but the longtarameter in each model under
consideration varied from study to study. Strigiheaking, this was not a hierarchical model; the
study-specific parameter estimates are indeperadente another (as in a fixed-effects modeling

approach).

The next step up included center-specific locagiarameters: every observation within a given

center was assumed to be generated from the satnéution, but the location parameter varied

* The final dataset for modeling was based on 1diesu(“centers”) from Stanford, because all obséoua from
one study were excluded as part of the placebastadgnt described in 2.1.4.
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from center to center. In this case, the centeciSpgarameter values were assumed to vary
according to a normal distribution with a mean atahdard deviation that were themselves
estimated (so-called hyper-parameter). This idlg fierarchical structure, akin to a random

effects approach.

Finally, we considered a structure that hypothekthat individuals varied from one another
with respect to their survival distributions, eweithin a given center. This “individuals-within-
centers” structure had different location paranseter every individual. Those individual
parameters were assumed to be normally distribar@ehd center-specific means and, as in the
center-level hierarchical structure, the centecggemeans were assumed to vary around a

“grand” mean. This structure therefore represemtslévels of hierarchy.

Table 2 displays the inter-relationships amongodw@meters included in each of these
hierarchical structures. Note that, regardlesdrattire, multiple observations from the same
subject, if available, were always assumed to t@en generated from the same survival

distribution.

2.2.3 Bayesian Implementation.

We have adopted a Bayesian approach to modeffigtina estimation for these analyses. In
general, a Bayesian approach proceeds via thevoldpsteps. (1) Candidate data-generation
processes are identified. In this analysis, wecansidering 20 such processes: the five survival
models coupled with the four hierarchical strucsu@) The parameters of those processes are
assigned prior distributions. The prior distribusarepresent one’s understanding of, or belief
about, the likelihood of various values for thosegmeters, prior to the analysis of the data

under consideration. In this way, one can incorfgokaowledge of the system and
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understanding of the biological/toxicological stioa. For the current modeling, fairly diffuse
priors were used, to allow the data to drive theregion more than any particular prior
assumptions. (3) Finally, the likelihood of thealaét under consideration is integrated with the
first two steps. The parameter values that joitghd to yield higher likelihoods for both the
observations and with respect to their priors deaiified. Most typically, the output consists of
a distribution for the parameters, the posteristriiution. This posterior distribution is used to
characterize the uncertainty in the parameter astisnand in the estimates derived from them. In
this analysis, the posterior distributions weredugeestimate the values of eliciting dose (ED),
and the associated credible intervals (Cls, theeBiay analog of confidence intervals) as a

measure of uncertainty.

Table 2 displays the prior distributions used is #nalysis, one set of priors for each of the 20
processes. For convenience (i.e., so as to maksp#ufication of the priors independent of the
actual range of dose values used in any partieualysis), those priors are expressed relative to
doses that have a maximum value of 1; i.e., they@ar“scaled doses.” In order to use those
priors here, all doses in the data set under ceraidon were divided by the maximum observed
cumulative dose (5044 mg) when input into the asialyeD estimates derived in the course of
the estimation were subsequently multiplied by thakimum value to yield values on the

original scale.

The priors listed in Table 2 are largely taken fidrtheeler et al. (2020). There are two
exceptions. Following Gelman et al. (2006), weehased half-Cauchy distributions for the
standard deviation hyperparameters (sigmai andagym all models. Additionally, to improve
performance of the Weibull model with respect taweergence for the individuals-within-centers

structure, the following changes were made. Thieegmrameters for all Cauchy (or half-
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Cauchy) distributions were increased to 5; the ntgahe Normal distribution for model
parameter b was changed from 0 to -0.66 and itslatd deviation was increased to 1. For
consistency, the corresponding changes were maalkttee hierarchical structures for the

Weibull model.

RStan (versions 2.19.2 and 2.21.2) was used tcemmgaht a Markov Chain Monte Carlo analysis
to update those parameters and provide postesuilditions for them and for model predictions
of interest (e.g., estimates of eliciting dose, Ekpressed as cumulative dose of peanut protein).
Results are summarized here primarily in term$efmeans and the 95% Cls for those

predictions.

Model averaging was conducted largely according/beeeler et al. (2020). The methods used
are based on Bayesian model averaging methodso$oa al., 2018). Whenever possible, the
methods used are based on weights computed usig) plackage “LOO.” That package
computes approximate leave-one-out predictive poitibaestimates for each model. Two
methods, “stacking” and “BMA+”", were considered e to compute model weights and to

obtain model-averaged estimates (Vehtari et ally2¥ao et al., 2018).

In the case of the individuals-within-centers hiehgy, the LOO computations were problematic
for estimating model weights, as further addressedlen et al. (submitted). In that case,
alternative metrics were considered for model wiangh The choice of an alternative weighting
was based on comparisons of the weighting resulis the previous, simpler hierarchical
structures. The results of those comparisons stegjésat averaging based on mean log-
likelihood across the samples from the MCMC simatatvas a good stand-in for LOO-based
averaging. Consequently, model predictions forinlésiduals-within-center structure were

averaged based on the model-specific values oéthesan log-likelihoods when applied to the
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individuals-within-centers structure. Additionalpgorting material is provided in Supplemental

Table S-1.

An additional complication was noted in appropiatecounting for the variability in the
location (l) parameter when calculating the EDmates. For the analyses using a hierarchical
structure (i.e., when center or individuals-witltenters levels were in the hierarchy), the “”
parameter varied by individUathis parameter was distributed around the “pdol&d
parameter representing the mean of the distribukionvever, the ED estimates should be

uln

computed using the individual-specific “I” paranmsterather than using the pooled parameter
value. This is because the probability of respass®t a simple linear function of the “I”

parameter, and so computing the probability of eesp using the average of the “I” parameter
estimates is not the same as computing the pratebidbf response from the individual-specific

parameter estimates and then averaging thoskatnilities.

Therefore, ED estimates were computed as followes pyé-selected a vector of cumulative dose
values that spanned the range of cumulative dbsg¢svere administered across all of the studies
under consideration. For each of those cumulatoge values, we computed probabilities of
response. For the standard and study-level stesttlose probability calculations were based
on the iteration-specific values of the model pagtars, | or I(s), respectively, and b. For the
center and individuals-within-center hierarchidalistures, 500 randomly selecte@)

parameter values were obtained according to th@aldatistributions shown in Table 2, again
using the iteration-specific values of the modebpaeter | in conjunction with the iteration-
specific values of sigmac and sigmai. Thb@gvalues were used with the iteration-specific b

parameter value to compute, and average, the pitibleslof response. Those averages

® In the case of the center-level hierarchy, théviddal-specific “/” values are the same for indivials within the
same center (see Table 2).
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represent the means of the probabilities over daenset of individuals in the general
population and thus characterize the expected nsgpat each of those doses. Specific ED
estimates (i.e., EDO1, EDO5, and ED10) were obthbelinear interpolation using the doses
with computed probabilities bracketing the despeababilities (e.g., using the doses that yield
probabilities just below and just above 0.01 to patae the EDO1). As all such calculations are
MCMC-iteration specific, the summary statisticsogpd here (mean and 95% credible
intervals, as noted above) for the ED values wkse @btained directly from the MCMC
samples. Sensitivity analysis confirmed that agieig500 random values was sufficient to yield

estimates stable to at least 2 decimal places.

The model code is archived at https://osf.io/2vab4/

3. Results

3.1 Data Description and Preparation

The total combined data set includes challenge ptatdaded by CoFAR4, CoFARG, and
Stanford. The initial data set included 565 chasnof 498 subjects. The Stanford dataset is
more than twice as large as the sum of the othedatasets, and includes a wider age range of
test subjects, as well as a generally wider dasgeran total, the overall range of cumulative
doses is 0.1-3625 mg peanut protein (with thregestbtested at doses up to 5000 mg protein

and one tested up to 5044 mg protein).

Two approaches were used to account for respoaghs placebo challenge (see 2.1.4), in
addition to an analysis where all challenges witesponse to placebo protein were included.
When challenges in which there was a challengett@tmg reaction at any placebo dose were

removed, the resulting dataset includes a tot&B8fchallenges of 473 subjects. When the
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approach of Westerhout et al. (2019) was usedmove only the challenges where the response
cannot be distinguished from the placebo respdhsagesulting “placebo-adjusted” dataset
includes 548 challenges from 481 subjects, inclyéin repeat challengesummarized in

Table 3).

A sensitivity analysis finds no meaningful diffeoenin the ED values calculated when all
placebo protein responders are included, or usthgreapproach to account for challenges in
which there was a reaction to the placebo protwse Supplemental Table S-2). Since the
placebo-adjusted approach represents the mosededipproach toward considering placebo
responses, the placebo-adjusted dataset was usb@ f@mainder of the analyses presented

here.

For the subjects who underwent two rounds of tgstiigure 2 compares the NOAEL (dose
prior to the challenge-terminating reaction) in finst and second challenges. This approach
allows a direct comparison of multiple response®sting within individuals and therefore
illustrates intra-individual variability. Left-censed data points are not shown in this figure,
because in these cases there is no NOAEL. As shibere is a moderate correlation between
the NOAEL in the first and second challenge (r 48). However, there are some substantial
outliers, by more than an order of magnitude. Simiumbers of subjects fall above and below
the line of unity, indicating that there is no cléc@nd for the NOAEL in the first challenge to be
higher or lower than the NOAEL in the second chegke Similar results are obtained in
comparing the LOAEL at the first and second chaée(r = 0.4, excluding the right-censored

data; see Supplemental Figure S-1).

3.2 Bayesian Hierarchical Modeling Results

® One individual underwent three separate peanuleciyes.
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A Bayesian hierarchical analysis was used to etaliee dose-response. In and of itself, the
Bayesian approach facilitates model fitting andhpaeter estimation through the specification of
priors for potentially numerous parameters, i.dewindividual-level variability is incorporated.
Moreover the priors specified can reflect and aotder biological intuition, for example with
respect to the expected change in response at thoges, or the dose levels likely to yield any
given probability of reaction. The hierarchical js& allows for the modeling to consider the
variability associated with various nested levélthe data organization. Finally, Bayesian
model averaging (BMA) was applied as a way to takelel uncertainty into account more
appropriately than if one were to choose an indigldnodel or models. The advantage of BMA
is that poorly-fitting models and models that asslbiologically plausible receive low weights.
For the less complex hierarchical structures (it@se that did not include individual-level
variability), we applied the two BMA approaches césed in the Methods section

(2.2.3). Those results are discussed further iarAdt al. (submitted). Because the focus here is
on the best-choice individuals-within-centers dtnue, and, as noted in 2.2.3, LOO-based
averaging was not considered appropriate for tinattsire, weights based on mean data log-
likelihoods in the posterior sample were conside@ulthat basis, the Weibull model dominates
so strongly (had a weight of essentially 1 while tither models had weights nearly equal to

zero), that no averaging of model predictions wesessary.

The hierarchical analysis compared the model fihtodata at each successive level of the
hierarchy, starting with the “standard” model (itae model for which it is assumed that each
individual tested has the same underlying probistnli reaction at any given dose level; see
2.2.2). Elaborations of that “standard” model cetesi of models for which the “location”

parameter was allowed to vary in relation to sospeat of the challenges, as described in the
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rest of this paragraph. For example, the firstll@véhe hierarchical structure assessed whether
adding variability related solely to the three s@sr of the data (CoFAR4, CoFARG, and
Stanford) improves the model fits; it does not gigantly do so. However, accounting for
variability across “centers” (level 2) (i.e., thed study locations in CoFAR, and the 15 studies
within the Stanford dataset, after making the gdacadjustment) does improve fits significantly
(see Supplemental Table S-1). Furthermore, additigidual-level variability (level 3) “on top
of” that center-level variability (the hierarchicgttucture referred to herein as “individuals-
within-center”) improves model performance even en@ee Supplemental Table S-1). The
individuals-within-centehierarchical structure is the primary focus of, aodrce of estimates

presented in, this report.

Figures 3-5 present the model-predicted probadslitf response, averaged over all tested
individuals, for the individuals-within-center haechy. It is difficult, however, to compare these
results with the observations (data) graphicallgc&ise of the censored nature of the data
(generally the ED for any individual challenge rdyoknown to fall between certain bounds, the
NOAEL and the LOAEL), the actual response at awgmgidose is not known. Therefore,
Figures 3-5 show the cumulative distributions & MOAELs and of the LOAELS, as a way of

bounding the actual (unknown) response.

As shown (Figure 3), the best estimates for thdipted probabilities from the five individual
models all fall between the NOAEL and LOAEL bouniistact, the model-predicted rates of
elicitation as a function of dose (what we refeasathe “dose-response” relationship) are
generally very similar across models, althoughvrebull model differs a bit from the other
models at the tails of the distribution. In partasyuthe Weibull model predicts slightly greater

response at dose levels below about 2 mg peangipréigure 4 shows the results for the
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Weibull model alone, with its credible intervalsalshown. The Weibull model is emphasized
because, when considering model averaging, thentveadculations for the individuals-within-

center level of hierarchy put essentially all theigit on that model, for the current dataset.

Figure 5 shows the same observations and Weibuehqredictions, but limited to the low-

dose region and plotted on the natural scale fe#tplanatory variable (cumulative mg peanut
protein), rather than the log scale used for thermfigures. This change to the x axis was made
to emphasize that the shape of the curves (andwatgms) is actually moderately steep at low
doses, contrary to the impression conveyed wheregponse probabilities are displayed relative
to the log-transformed doses. The Weibull modediist®ns of elicitation rates are well within

the cumulative distribution curves for the NOAEIsiahe LOAELSs.

In an attempt to provide a refined graphical repnégtion of the data for comparison with the
model estimates, Figure 5 also plots the cumulatis&ibution of the arithmetic average of the
NOAEL and LOAEL for each challenge. This curve\pdes a rough approximation to the
cumulative distribution of EDs, as opposed to bauma the EDs. We say “rough
approximation” because the actual location of tBeifceach challenge is uncertain, as discussed
above. As shown in Figure 5, the average valuefaatg consistent with the model predictions,
although the model predictions are slightly gre#éttan the estimated averages at doses below
about 2 mg. Aside from the fact that the curvetpmsis uncertain, it should be noted that it is
based on relatively few observations. With a toféd48 challenges, an EDO5 corresponds to
only about 27 people, and an EDO1 to about 5 pedplis is why the modeling is important,
since predictions in the lower tail are subjeateiatively large uncertainty when based on

observations alone; small changes in the numbposifive responses, or slightly different doses
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tested, could result in moving the observed aves#us are below the lines to being within the

credible limits.

The numerical estimates and credible intervalfief@D01, EDO5 and ED10 for each individual
model are shown in Table 4. Numerical estimatescaadible estimates for additional ED

values (analogous to the work of Houben et al.02@2e in Supplemental Table S-3.

3.3 Considering Severity

In considering what doses might be appropriatexpesire limits, it is important to consider

both the probability of a response at any giveredasad the severity of the responses. In order to
evaluate severity in a systematic manner, the iated severity grading system developed by
Zhu et al. (2015) was used to categorize the aingdldimiting responses, based on the severity
ratings of the monitoring clinician, and on the rbenof affected organ systems or regions of the
respiratory tract (see Section 2.1.4). Using thigraach, the median doses for mild, moderate
and severe responses for the combined data s2bang, 44 mg, and 133 mg peanut protein,
respectively (Figure 6). The median doses for tild and moderate categories are remarkably
close to those reported by Zhu et al. (2015) ca2® 50 mg, respectively. The median for the

severe category differs by somewhat more, with &hai. (2015) reporting a median of 250 mg.

As noted, the terminating dose (LOAEL) was based clinician evaluation of whether the
reaction was sufficiently severe to stop the desalation. Aimost a quarter of the challenges
(121 out of 548 total challenges) are rated se&@tteough many of those (83 challenges) are
considered severe based on the number of affegsteinss, rather than the severity of a single
effect. Of the challenges that were rated as séhased on a single effect, almost all were based

on wheezing (34 of 38 challenges) or airway obsivaq3 challenges); one severe challenge
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had mild tachycardia. Due to concerns about theratl for severe reactions, the analysis was
repeated based on the dose prior to the challesrgertating dose for the challenges with severe
reaction ratings (the “back one down” dose). Ireothiords, if there was a severe reaction at the
LOAEL, the NOAEL for the main analysis became a LE2Aand the dose below the original
NOAEL became the new NOAELAs expected, the calculated ED values decreaggifor
analysis. For the model-of-choice (Weibull failun@del run on the individuals-within-centers

hierarchy), the EDx values change as indicatecainld 5.
3.4 Sensitivity Analyses

Sensitivity analyses were also conducted to detexmwihether the EDx values varied by sex or
age. There is no substanfidifference when the data are stratified by sexpfBmental Table
S-3). There is also no substantial difference wtherdata are stratified by age, either
considering 18 and older as the breakpoint, orgus@x-specific breakpoints (13 and older for
females, 15 and older for males) (Supplemental & 8b#l). The relatively small number of
adults in the sample population (49 subjects, Z8lehges) is reflected in the wide confidence

limits for the adult population ED values (Tabl8}-

4. Discussion

We conducted dose-response modeling on a dataB&REFCs conducted in the US, including
a total of 548 peanut challenges and 67 repeat &$er adjusting for placebo responses. Testing

was conducted using standardized approaches, amththset used came from four locations

’ For three challenges, there was a severe reattitre lowest dose, and so it was not possibleentify a lower
NOAEL. These challenges were retained for the “lmok down” analysis using the original NOAEL andAEL.
8 Although visual examination of the data suggesisesapparent differences, the Cls overlap and &&m
estimate for any one category is included withim @is for the other categories.
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within the US, and so reflected some regional wéitg. Multiple sources of variability were
considered in the analysis, including variabiligtween studies (not significant), between sites or
“centers” within a study (significant), and betweedividuals (significant). The impact of intra-
individual variability was not a separate consitlerain the modeling, but was reflected in the
probabilistic nature of the dose-response analgsis though each individual has an individual-
specific dose-response curve, each challenge éosame individual is conditionally independent
and could result in responses occurring at diffedeses, including falling between a different
NOAEL-LOAEL pair, as dictated by the probabilitidsfined by that dose-response curve.
Additional strengths of the study included testiloges as low as 0.1 mg peanut protein, and
testing a broad age range of subjects (0-54 ilstheford dataset).

Like all studies of this sort, our study had selim@tations. The number of challenges in adults
was relatively small, limiting our ability to evalte age-specific differences. Similarly, as
discussed further below, there are only a few ehgls with responses in the low-dose region. In
addition, although the clinicians strove to be uisole (e.g., by holding office hours on weekends,
decreasing the need to take time off to come telih), the studies were limited to those who
came to allergy clinics. In general, the samplegutetion appears to be comparable to the
general population with food allergies. We harmedithe categorization of symptoms of food
challenges across the studies to optimize comperiy our analyses.

A Bayesian hierarchical approach was used for tia¢yais. The Bayesian approach both
facilitated the estimation of a large number ofgpaeters, and allowed the use of parameter priors
consistent with biological intuition. The hierarchi modeling was important for capturing key
systematic sources of variability. For example, mmgortant advance of the modeling conducted

by Remington et al. (2020) was consideration ofality among studies. This was important
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because Taylor et al. (2010) observed a substgrdiffierent dose-response in the high-dose
region for a diagnostic challenge trial in Nancsariee, compared with data gleaned from
publications. We did not find similar significantfdrences among our data sources (CoFARA4,
CoFARG and the Stanford data), but did find thadeddit was significantly improved by
considering the variability among centers and anguigects. Our approach also included
Bayesian model averaging, to avoid having the tesidpendent on model choice, although all of
the model weight ended up being on the Weibull hade so formal model averaging was not
conducted. This finding that all of the model wetiglas on the Weibull model is specific to the
dataset analyzed here, and there is no expectatthis result should generally apply to
modeling of the response to other allergens, on etieer data sets of the response to peanut
allergen (e.g., Taylor et al., 2014; Puringtonlet2®18; Remington et al., 2020; Houben et al,
2020). We do note, however, that the Weibull maded chosen as the best-fitting model (based
on the Akaike Information Criterion, AIC) by Puritog and colleagues, in a deterministic
evaluation of much of the Stanford data, and thatW/eibull model received almost all of the
weight in the Bayesian analysis of peanut respbgdgemington and colleagues. We also note
in passing here that the modification of the pfasrthe Weibull model location parameter
appears not to be the reason that model gets ¢épemiderance of the weight. As discussed in
detail in Allen et al. (submitted), little sensitiwto prior definition was evidenced and the dsga
is large enough to dominate over the prior speifinis that were investigated (including the
original one from Wheeler et al., 2020).

Consistent with results from other studies (e.gyldr et al., 2010), we observed a wide range of
eliciting doses, reflecting the wide inter-indivadwariability in sensitivity. Indeed, even though

all subjects were confirmed as sensitized to pearatein, some subjects did not react even at the
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highest dose tested (i.e., there were 59 obsensatitat were right-censored and included in the
modeling, but had no LOAEL). Conversely, 54 (ned®yo) of the challenges included in the
modeling were left-censored (i.e., resulted in tieas even at the lowest dose tested, with no

NOAEL).

An important contribution to the uncertainty in BB values in Table 5 is the coarseness of the
“grid” of tested doses in the low-dose range. @f%d left-censored challenges, 45 (8% of all
challenges) had a LOAEL of 5 mg (which is substdiytiabove the ED10); three of these 45
responses were rated “severe”. The remaining riintenges (nearly 2%) had LOAELSs between
0.1 and 2 mg (with the variation in this lowest @osflecting variability in study design). There
were an additional eight challenges that did nicttel response at 0.1 mg, but elicited responses
at a cumulative dose of 1.7 mg. Overall, a totdl bthallenges (about 3% of all challenges,

including both left-censored and interval-censareallenges) had a LOAEL less than 2 mg.

Despite these uncertainties, there was a gengyadig fit of all the models to the data. The
Weibull model, which received all the weight in tim@del-averaging, appears to overpredict
slightly the response below about 2 mg (FigurdH®wever, there are important considerations in
interpreting the visual presentation of the datchHchallenge has its own NOAEL and LOAEL,
and the actual threshold for that challenge isiatr&known point between the NOAEL and
LOAEL. Figure 5 approximates that threshold byngkihe average of the NOAEL and LOAEL
for that challengeThis average is different from the average cutivddrequencies of the
NOAELs and LOAELs at a given dose (since the lattenulative frequencies accumulate values
that come from different challenges). This is wihg tata points for the average of the NOAEL
and LOAEL do not fall directly in the middle betwethe NOAEL and LOAEL cumulative

response curves. These considerations illustratartportance of evaluations based on the
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mathematical fit to the data, and not solely viditalhis is the first publication that we are aea

of that provides detailed fit information for mouhg) of peanut allergen dose-response.

4.1 Comparison to Other Studies

The ED estimates returned by our analyses are shatéower than other recent modeling
results. There are several potential reasons i®dtfierence, including differences in the study
populations, differences in the analytical approacid differences in the actual dose-response
data. We calculate an EDO1 (95% credible intervb().052 mg cumulative dose of peanut
protein (0.021, 0.13) for the primary analysis ar@?9 mg (0.014, 0.074) for the back-one-down
analysis that takes into account severe respohsies BOAEL. Remington et al. (2020)
conducted an analogous analysis using a hierat@agesian analysis with Bayesian model
averaging, and calculated an EDO1 of 0.7 (0.5,4a8¢d on cumulative dose and 0.2 (0.1, 0.4)
based on discrete dose. Although our crediblevatetoes not overlap with the EDO1 credible
interval for cumulative dose from the Remingtonlgsia, it does overlap with the credible
interval for their analysis based on discrete d¥$EAL 3.0 reported an EDO1 and EDO5 of 0.2
mg and 2.1 mg, based on thresholds for 1306 indalgd(Allergen Bureau, 2019). The RfD
derived in that analysis based on the EDO1 wasdhe as that reported by VITAL 2.0 (Allen et
al., 2014; Taylor et al., 2014), which was alsoeolasn an EDO1, but considering multiple models
and results in adults vs. children. In previouskamy one of the collaborating groups on the
current paper (KN) with a related dataset, an E@D% 95% confidence interval) of 0.49 mg
(0.24, 0.73) was calculated based on cumulative @@srington et al., 2018); this value was
comparable to our calculated EDO5 of 0.49 mg (002%5). This similarity between our results
and those of Purington et al. (2018) suggeststieadifference between our work and that of the

Taylor group may be related to differences in theanlying dose-response data, rather than the
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mathematical analysis approach. However, we algothat calculating the ED estimates using
the individual-specific “I” parameters (see Sect.3), substantially reduced our calculated ED
estimates compared to preliminary analyses usigdoled parameter value. If Remington et al.

(2020) used pooled “I" parameter values, this caxplain at least some of the difference.

There are a number of aspects to consider in cangpaur results with those of previous
evaluations. It is possible that the differencée$ differences between the US population and
the European and Australian populations that férendasis for much of the VITAL database.
However, it is noted that early introduction of peghas been found to desensitize children,
rather than sensitizing children (reviewed by Kusaal., 2018; Agyemang and Sicherer, 2019),
and peanut consumption is common in the US. Alteal.€2014) reported that populations with
peanut allergy from the United Kingdom, France, Natherlands, and the United States were
significantly different based on the generalizegitank test (GLRT). They did not find
“substantial” differences in the EDO5 estimatestfar latter three countries (which fell between
2.0 and 4.0 mg of peanut protein), but it appdaatthe number of tested subjects from the US
was relatively small. We note that part of the omathat our results are so similar to those of
Purington et al. (2018) is because the datasetlms#tbse authors comprises a large portion of
our current dataset. However, approximately 30%unfdataset was not included in the Purington
et al. (2018) analysis, and we did not find anysigant impact of the source of data (CoFAR4,
CoFARG, or Stanford), indicating that the overaltd-response from the CoFAR studies is

comparable to that from the Stanford dataset.

It is also possible that there are other waystti@populations we studied differ from those in the
VITAL analyses, based on study design. Althoughdbse-response was based on testing at

allergy clinics, we consider the test populatianikir to that of the general U.S. food allergic
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population, although this similarity has not beemdnstrated. It is important to note that many
individuals wanted to participate in the screerorgclinical trials and this was based on the
subjectivity of the parent, not a referral by a bian, and so the test subjects should not be
assumed to be a sensitive subset of the allergiclation. Houben et al. (2020) calculated that
500 mg of peanut protein (the highest dose testesidme of our data sets) is approximately the
EDG65 for the general population studies that thegated.If our study had only included people
who reacted at 500 mg and below, then we would ireskeded only 65% of the allergic
population, based on the Houben study. Howevet witha not the case. We included everyone
in our analysis who met the criteria based on SRITIgE, even if they did not react at the high
dose in the baseline food challenge, and so thidduoot have been a reason that we captured a
sensitive portion of the populationke other DBPCFC studies used for dose-responsehing,
the studies analyzed here excluded people witktarliof severe anaphylaxis (involving
hypoxia, hypotension or neurological compromisewiver, note that this criterion is based on
the severity ofesponsewhich is, at most, only partially related to these-response, since the
magnitude of the dose that precipitated the semeaphylaxis is not known. Furthermore, since

this is a standard exclusion, it would not leadifterences from other modeling studies.

With regard to the analytic approach, our comparfecuses on a comparison with the Bayesian
analysis of Remington et al. (2020). However, adicomparison is not possible. Their data set
included the “study” level of hierarchy, but it ag&ps that there were not additional substudies
(“centers”) in their study design. In our analysgtudy” was not significant, but variability

among “centers” alone was significant in our analyls addition, individual-level variability was
not part of the Remington study analysis. The a®asypon which the current estimates are based

built on the code supplied by a coauthor of thadgi{M. Wheeler), but that code was extended
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S0 as to include modeling of the variation from owvidual to another. We believe
consideration of inter-individual variability ineéhmodeling is important for the derivation of
health-protective standards or labeling, since xpezet each individual to have their own dose-
response curve, with potentially different curvapss and potencies. However, in preliminary
modeling analyses, inclusion of the individualshivitcenters level of the hierarchy did not
necessarily result in lower ED values comparethéocenters-alone level of hierarchy for
individual models. Because the individuals-withemters was preferred over the centers-level
hierarchy, the centers-level results were not &rrflursued or carried to the level of evaluating

model weighting, and so those model results ar@restented here.

There are also some differences between our watlpeevious studies in the responses modeled.
We modeled cumulative dose based on the NOAEL &WHL for the clinician-determined
challenge-terminating reaction, where these reasticere either objective symptoms or
significant or persistergubjective findings. As described in detail by WYédsout et al. (2019),

even objective symptoms may be intermittent ordiemt. While Westerhout and colleagues
developed a systematic approach toward identifd@ELs and LOAELSs for such datasets, the
observation of an intermittent response suggeatdifferent results could be obtained on repeat
testing. The primary purpose of the data usedudomoalyses was in support of the development
of OIT or EPIT, rather than being primarily for @sesponse analyses. Thus, although consistent
stopping criteria were used, clinician judgemens &kso involved. Our analyses find significant
center-to-center variability. To the extent thas trariability reflects, at least in part, the etfef
different practices/judgments of clinicians acritgsse centers, there may be some suggestion that

those practices/judgments affect determinatioredioting doses. The preferred hierarchy for the
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current analysis was individuals-within-centersamiag that any such center-to-center

differences have been captured in the modeling.

In summary, it appears that the differences betvoeemesults and those of Remington et al.
(2020) are related to differences in the underlyloge-response data, although methodological
differences are also possible. The differenceendita is less likely to be due to differencedien t
sampled population, but may relate to cliniciarggithent, or to specifics of the study design,
including the doses tested or dose spacing. Withpertific details on the underlying dose-
response data analyzed by Remington et al. (202@her evaluation of the differences is not
possible. It is also unclear based on the availdbdeimentation whether Remington et al. (2020)
used only the center of the distribution of whattfeem would have been study-specific location
parameters, or whether they considered the fuilatran of that parameter among individuals, as

we have done here.
4.2 Repeat Challenges

With regard to repeat challenges, although we tiad results of the repeat tests are moderately
correlated with the initial testing, several of tepeat test NOAELSs differ by an order of
magnitude or more from the original test, and sawdiffer by several orders of magnitude
(Figure 2). We find no trend for lower NOAELs or ABLs in the initial or repeat testing,
consistent with the results of Purington et al1@& The Purington study also found a significant
increase in severity on the repeat trial, a retatigp that we did not evaluate. The high intra-
individual variability is also consistent with preus reports, which noted that allergen reactivity

might be affected by circadian, menstrual, andrdvf@ogical cycles; activity (including

° The conclusions of Purington et al. (2018) areebam evaluation of a total of a total of 21 pesitiepeat
challenges, including 16 to peanut. Our datasétidied] 67 repeat challenges, including both thefStdrdataset
(overlapping with the Purington data) and repeatlehges from CoFAR4 and CoFARG.
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exercise); infections; alcohol status; medicaticteep deprivation and many other factors
(Crevel et al., 2014; NAS, 2017; Dua et al., 201®pne of the few studies quantitating such
differences, Dua et al. (2019) noted that exeraigesleep deprivation both lowered the mean
threshold for response. Opinions in the literatlifier as to whether such response modifiers
should be accounted for in the RfD (Dua et al. 2@k instead in clinician advice to individual

patients (Crevel et al., 2014).

4.3 Use of Cumulative Dose

The analyses in this report were all conducteddasecumulative dose. This was based on the
observation that cumulative dose is more stable tiiscrete dose, and more biologically
meaningful. Taylor et al. (2014) calculated RfDsdanumber of different food allergens and
noted that ED values based on discrete dose aezalgrsomewhat lower than those based on
cumulative dose, but overall the differences wenals Small differences between ED values
based on cumulative and discrete doses were aled by Westerhout et al. (2019), although
Remington et al. (2020) noted somewhat larger idiffees. Biologically, higher ED values might
be calculated based on cumulative dose if thedalttion is manifested after the time to the next
dose increment. Blumchen et al. (2014) found a ntegancy to reaction of almost an hour, but
our investigators have found that >80% of reactmewur within 15-20 minutes of dosing. NAS
(2017) suggested that the dose escalation appooadth result in some desensitization to the
allergen, and thus higher thresholds based on ativeithan discrete doses, but Hourihane et al.
(2017) observed fewer subjects than predictedirgpaftter a single dose at the EDO5 for peanut

protein, indicating that the ramp-up design mayrestilt in higher ED values.

4.4 Considering Severity of Response
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An important consideration in setting RfDs is tleeexity of response. Considering this issue
from a risk perspective, there are several ovengpgsues that need to be teased apart. The first
is the relationship between a prior history of sewesponses and the observed dose-response.
Results have been mixed regarding whether thexeetationship between this prior history and
the reactive dose (Wensing et al., 2002; Houritedrad., 2005; Taylor et al., 2010; Eller et al.,
2012). However, as noted, this consideration dbhysdoes not explicitly address the dose that
caused the severe reaction. Without informatiothersize of that dose, it is not surprising that
there are inconsistencies in the literature regarthe correlation with the reactive dose in

controlled studies.

A second issue is whether higher dosesaverageresult in more severe responses, where
again, results have been reported to be mixedefnead by Dubois et al., 2018). Evaluation of
this issue is complicated by the typical desigibBPCFCs, which usually terminate dosing
when objective or significant subjective resporsasir. Thus, even though it would be
expected thatn individual’sresponse would get more severe with increasing,dash higher-
dose data (for responses above the eliciting dose)ften not available. Given the wide
variability in individual EDs, it is not surprisirtfpat severe reactions can occur at any dose, but
this does not address the question of whether ibgwer averagencreases with dose. In a rare
study that continued dosing above the usual cyt@fsnstein et al. (2010) continued dosing at
higher levels beyond those causing mild reactiand,observed anaphylaxis in a number of
subjects. The nature of the response at the alicitose depends on both the shape of an
individual’s dose-response-severity curve, andsiecing between doses. Because log-dose
spacing is common, this means that the incrementda® successive doses is typically larger at

higher doses, which could also be a reason for s@vrere responses at higher doses. That is,
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this larger increment means that there is a laiigee interval between the higher doses, and so
there is a larger dose range where the respongearesition from no response to mild response
to a severe response. This means that observieggaesresponse at the LOAEL at these higher
doses does not necessarily mean that a subjastsdsponse as dose increases would be severe

if there were additional intermediate doses.

Similarly to the results of Zhu et al. (2015), wedfthat the median LOAELSs increase with the
severity of response, although there is substaoviallap across categories, consistent with the
issues noted related to study design. This is@ssistent with the results of Pettersson et al.
(2018), who developed a multiple linear regressimmuel that predicted severity in a DBPCFC
based on lower ED, along with age, SPT ratio, sagtel, a shorter reaction time in the DBPCFC.
Pettersson et al. (2018) found that their modelamred 23.5% of the severity, and ED only
contributed 4.4% to the explained variance, perlaesto the inclusion of biological predictors
of response (SPT, sigE) and the design issues abtaee. Sicherer et al. (2000) reported a weak
correlation to no correlation between reactive das# severity of reaction, and Wensing et al.
(2002) reported an inverse correlation. Ballmer-¥redi al. (2015) found that subjective
responses typically occurred at lower doses thgrcbbe responses, but did not further evaluate

dose-response by severity.

A third issue related to severity is the severityasponse for those sensitive individuals with
low eliciting doses. This relates to the conceroubvhether the most sensitive allergic
individuals are protected at an RfD, and if theereva reaction at the RfD, whether it would be
severe. In order to evaluate the protectivenes¥D$ determined in DBPCFCs, Hourihane et al.
(2017) treated 381 children at an allergy clinithwa single dose of the previously-calculated

EDO5 of 1.5 mg peanut protein (Allen et al., 2014dylor et al., 2014). Subjects in the single
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dose study were included regardless of the previeadtion severity, unlike some of the studies
used in calculating the EDO5, which have excludeate who had experienced severe
anaphylaxis. Only 2.1% of the subjects (Cl 0.6-3.4#d an objective reaction (compared with a
prediction of 5%), and all reactions were clasdities mild. The study authors interpreted the
results as indicating that any reactions at the E&f®.2 mg (i.e., the RfD) would be mild. In

our study, almost a quarter of the subjects haeliare reaction at the LOAEL, but these
reactions were generally at relatively high doseegared to our ED10 (i.e., >5 mg). Of seven
subjects in our study with severe reactionsbaimg, four had NOAELs of 0.1 — 1 mg. The other
three subjects had severe reactions at the lowssttésted, but that dose was 5 mg for all three
subjects. To address the concern about a potémtialsevere response at the challenge-
terminating dose, we also modeled the data fostifigects with a severe response by shifting
down one dose group for these subjects, so thaaribeNOAEL became a LOAEL. This

approach decreases the EDO1 to 0.029 mg.

Conclusion

Our analysis was based on three datasets thatoaleeted as part of the placebo arms of
OIT/EPIT trials, using standardized approachedijfdrent geographical locations in the US.
Our modeling accounted for variability across stgdcenters, and individuals, as well as model
uncertainty. Our EDO1 value of 0.052 mg peanutgnotalculated in the primary analysis is
somewhat lower than those that were the basi©®WiTAL RfD for peanut protein, most

likely reflecting differences in the underlying @egesponse data. We have noted a number of
uncertainties in the model results. Many of thaseettainties are likely to apply to other
allergen dose-response modeling, but are more apiplaere because of the level of detail

provided for the input data and modeling methodi®e @inderlying data that we modeled and the
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model code are also publicly available, in ordealtow others to reproduce our results. Our
analysis with a US population enrolled in OIT/ERiigls provides an improved approach and
benchmark for the development of labeling guidaiimethe US. We believe that this additional
level of detail and transparency, as well as actogtior multiple sources of variability will

help to provide additional confidence in the hegltbtectiveness of the modeling results, and

result in improved management of food allergy.
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FigureLegends

Figure 1. General study design. All subjects who met theusidn criteria underwent a
DBPCFCat baseline. Some of the subjects (see Table @atails) in the placebo treatment arm
underwent a second DBPCFC. Note that the placehmbthe OIT refers to placebo therapeutic

treatment, which is different from the placebo tasexposure to oat protein in the DBPCFC.

Figure 2. Comparison of the NOAELSs in the first and seconalleimges for subjects that were
tested twice. Note that left-censored challengalteare not included in this display of the data,
because there is no NOAEL for such results, althdabgy were included in the dose-response
analysis. Each point represents one individuavim ¢hallenges. The unity line is shown as a

solid line. r=0.48

Figure 3. Mean response probabilities for all models, comghémedistributions of NOAELs and
LOAELSs; individuals-within-centers hierarchy. Retsuhre shown for each model fit to the data.
Note that the NOAEL and LOAEL data points represbatcumulative probability distribution

at the corresponding dose. Note that the LOAELesponding to the NOAEL in a given
challenge would be at a different dose (by defini}j and the LOAELSs corresponding to a given
NOAEL may vary, depending on the exact dosing seéhgae Table 1). This means that the
cumulative probability of the NOAELSs at a given das not directly related to the cumulative

probability for the LOAELSs at the same dose. .

Figure 4. Weibull model mean response probabilities (with 9%G#dible intervals), compared to
distributions of NOAELs and LOAELSs; individuals-wit centers hierarchy. Ib =lower bound;

ub = upper bound.
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Figure 5. Weibull model mean response probabilities (with 9&5%dible intervals), compared to
distributions of NOAELs and LOAELSs, low-dose regiamdividuals-within-centers hierarchy.

Ib =lower bound; ub = upper bound. Note that, umBigures 3 and 4, the x axis is on a linear
scale. The average values are computed as thegaieraeach challenge, not as the average of
the two cumulative distribution curves. Because NEDAnd LOAEL values were not “drawn”
from the same set of possible values for eachehgdl (e.g., the dose intervals differed across
studies), the cumulative distribution of the averdges not fall exactly in the middle of the

NOAEL and LOAEL curves.

Figure 6. Box and whiskers plot of the association betwee®ED (mg peanut protein) and

reaction severity.
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Table 1. Primary Dosing Schemes

Study Challenge | Doses (mg peanut protein)
CoFAR4 | Basdline Individual doses: 0.5, 2.5, 7.5, 25, 37.5, 50, 125, 250, 500
Possible cumulative doses: 0, 0.5, 3, 10.5, 35.5, 73, 123, 248, 498, 1000"
Week 44 Individual doses: 0.5, 2.5, 7.5, 25, 37.5, 50, 125, 250, 500, 625, 875
Repeat Possible cumulative doses: 0, 0.5, 3, 10.5, 35.5, 73, 123, 248, 498, 1000",
chalenge | 1623, 2500°
CoFARG°® | Baseline Individual doses: 1, 3, 10, 30, 100, 300, 600
Possible cumulative doses: 0, 1, 4, 14, 44, 144, 444, 1044
Week 52 Individual doses: 1, 3, 10, 30, 100, 300, 600, 1000, 3000
repeat Possibl lative doses: 0, 1, 4, 14, 44, 144, 444, 1044, 2044, 5044
challenge ssible cumulative doses: 0, 1, 4, 14, 44, \ ' ' \
Stanford | Genera Individual doses: 5, 20, 50, 100, 100, 100, 125, with possible additions of
design 400, 1000, 2500
Possible cumulative doses: 0, 5, 25, 75, 175, 275, 375, 500, and higher doses
varying with the dosing pattern
Alternative | Individual doses: 0.1, 1.6, 6, 25, 50, 100, with possible additions of 400,
design 1000, 2500

Possible cumulative doses: 0.1, 1.7, 7.7, 33.1, 83.1, 183.1, and higher doses
varying with the dosing pattern.

TActually is 998 mg protein, but was sometimes rounded by the researchers to 1000 mg protein, and was
treated as 1000 mg protein in the current analysis. There were a so two subjects who received a
cumulative dose of 5000 mg protein during the baseline challenge; they were not randomized into the
study, but were included in the current analysis.

Actually is 2498 mg protein, but was sometimes rounded by researchersto 2500 mg protein, and was
treated as 2500 mg protein in the current analysis. There was aso one subject who received a cumulative

dose of 5000 mg protein.

*There was a so one challenge with a cumul ative dose of 2 mg protein and two challenges with a
cumulative dose of 9 mg protein. In CoFARG, one individual received a dose of 5044 mg protein.




Table 2. M odel Equationswith Parameter Priors

Hierarchical Parameters (priors) | Transformed Model equation for Individua i
Structure parameters
Generalized Pareto
standard | ~C(0,1) M) = exp(-1)
b~G(2,1)
studies [(s) ~C(0,1), s= 1,2,3 | A(i) = exp(-I(s(i)))
b~G(2,1)
centers | ~C(0,5) (i) = exp(-lc(c(i))
sigmac ~ C*(0,5)
Ic(c) ~ N(l,sigmac) d
b~G(2,1) Fd)=1-(1+ ="
individuals- I~ C(05) ) = exp(i() A®D)
within-centers | sigmac ~ C*(0,5)
Ic(c) ~ N(I, sigmac)
sigmai ~ C*(0,5)
lii) ~
N(lc(c(i)),sigmai)
b ~N(0,1)
Log-Laplace
standard | ~C(0,1) Ai) =1 In(d) — A(Q)
b~N(O.1) B = exp(b) Fild) = 05exp(——5g—")
studies I(s) ~C(0,1),s=1,23 | A®i) =I(s(i)) forIn(d) < A(i)
b~N(0,1) B = exp(b)
centers | ~C(0,5) () =Ie(c(i) Fi(d)
sigmac ~ C*(0,5) B = exp(b) A(D) — In(d)
Ic(c) ~ N(I,sigmac) = 1= 05exp(———F—)
b ~N(0,1) ;
individias: | 1~C(0,5) YORIH0) for n(d) > A
within-centers | sigmac ~ C*(0,5) B = exp(b)
Ic(c) ~ N(I, sigmac)
sigmai ~ C*(0,5)
lii) ~
N(lc(c(i)),sigmai)
b ~N(0,1)
Logistic
standard | ~C(0,1) Mi) = exp(l)
b~N(0,1) p = exp(b)
studies [(s) ~C(0,1), == 1,23 | A(i) = exp(I(s(i)))
b~N(0,1) p = exp(b)
centers | ~C(0,5) (i) = exp(le(c(i)))
sigmac ~ C*(0,5) B = exp(b) F(d) = 1 — 1
lc(c) ~ N(I,sigmac) i(d) = 1+ A() - dP
b~N(0,1)
individuals- | ~C(0,5) M) = exp(li(i))

within-centers

sigmac ~ C*(0,5)
Ic(c) ~ N(I, sigmac)

sigmai ~ C*(0,5)

B = exp(b)




li(i) ~

N(lc(c(i)),sigmai)
b~N(0,1)
Lognormal
standard | ~C(0,1) i) =1
b~G(1,1)
studies I(s) ~C(0,1),s=1,2,3 | A(i) =I(s(i))
b~G(1,1)
centers | ~C(0,5) () =le(c(i)
sigmac ~ C*(0,5)
Ic(c) ~ N(l,sigmac) o
b~G(L1) Fi(d) = (p(w)
individuals- | ~C(0,5) M) =1i(i) b
within-centers | sigmac ~ C*(0,5)
Ic(c) ~ N(I, sigmac)
sigmai ~ C*(0,5)
li(i) ~
N(lc(c(i)),sigmai)
b~G(1,1)
Weibull
standard | ~C(0,1) i) = exp(-l)
b ~ N(-0.66,1) B = exp(b)
studies [(s) ~C(0,1),s=1,2,3 | A(i) = exp(-1((i)))
b ~N(-0.66,1) B = exp(b)
centers | ~C(0,5) (i) = exp(-lc(c(i)))
sigmac ~ C*(0,5) B = exp(b)
Ic(c) ~ N(l,sigmac)
b ~ N(-0.66,1) Fi(d) = 1 — exp(—A(i) - dP)
individuals- | ~C(0,5) i) = exp(-li(i))

within-centers

sigmac ~ C*(0,5)
Ic(c) ~ N(I, sigmac)
sigmai ~ C*(0,5)
li(i) ~
N(lc(c(i)),sigmai)

b ~ N(-0.66,1)

B = exp(b)

S(i) = study for individua i; c(i) = center for individual i.
C(x,y) = Cauchy distribution centered at x with scaley.

C*(x,y) = Half-Cauchy distribution centered at x with scale y (restricted to positive values).

G(a,B) = Gamma distribution with parameters o and .

N(m,s) = Normal distribution with mean m and standard deviation s.




Table 3. Summary of Study Data (Placebo-adjusted)

CoFAR4 CoFARG6 Stanford

Number of challenges 65 106 377

Number of repeat tests 19 22 26

Doserange (mg peanut 0.5-1000"/ 1-1044/ 0.1-3625

protein cum doses, 0.5-2500° 1 - 5044

baseline/ repeat test)

Challengeswith No 6 10 43

Allergic Reaction

Challengeswith Allergic | 59 96 334

Reaction

% of Challengeswith 90.8 90.6 88.6

Positive Reactions

Patient Demogr aphics:

Agerange 12-37 4-20 0-54
Pre-pubescent® males | 10 46 182
Post-pubescent males | 20 7 34

Pre-pubescent® females | 0 24 106
Post-pubescent females | 16 7 27

"There were two additional challenges up to 5000 mg peanut protein

*There was one additional challenge up to 5000 mg peanut protein
3Pre-pubescent: <15 for males, <13 for females




Table4: ED Estimates by Model (Meansand 95% Credible I ntervals)

Failure M odel
Generalized . )
Pareto L og-L aplace L ogistic L ognor mal Weibull
Model
Wis 0 0 0 0 1
EDOL 0.090 0.075 0.10 0.12 0.052
(0.040,0.19) | (0.031,0.18) (0.05, 0.23) (0.05, 0.27) (0.021, 0.13)
EDOS 0.62 0.62 0.66 0.67 0.49
(0.30, 1.19) (0.30, 1.21) (0.32, 1.27) (0.33, 1.27) (0.22,0.97)
ED10 1.63 1.66 1.68 1.65 144
(0.80, 2.98) (0.82, 3.05) (0.84, 3.04) (0.83, 2.95) (0.69, 2.70)

Individuals-within-centers hierarchy. Note: Weibull model gets all the weight; its ED estimates
are bolded to emphasi ze that.

Table5: Sensitivity to Severity of Response. ED Estimates for Weibull Mode (Individuals-
within-Centers Hierar chy) by Treatment of Severe Responses (M eans and 95% Credible

Intervals)
Treatment of Sever e Responses’
Standard Back-one-Down
EDOL (0.0%355 13) (o.off%?om)
EDOS (0.2%,43.96) (0.0%?%.54)
ED10 (0.6%).,423.69) (0.4%,818.75)

& Standard treatment leaves NOAEL and LOAEL as recorded by clinicians (basis for primary
analyses). Back-one-down moves NOAELs and LOAELSs to preceding doses if the response at

the LOAEL was severe. Individuals-within-centers hierarchy.
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Mean Response Probabilities for All Models, Compared to Distributions of NOAELs and LOAELs;
Individuals-within-Centers Hierarchy
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Weibull Model Mean Response Probabilities (with 95% Cls), Compared to Distributions
of NOAELs and LOAELs;
Individuals-within-Centers Hierarchy
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Highlights

* Dose-response modeled for peanut DBPCFCs conducted using standardized protocols
* The study population was US adults and children from multiple geographic locations
* Repeated tests on the same individuals were moderately correlated, with some outliers
* Bayesian hierarchical anaysis addressed inter-individual variability

* Thecaculated EDO1 and EDO5 were 0.052 and 0.49 mg peanut protein, respectively
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Supplemental

Tables

Table S-1. Model Comparison Fit Statistics for Varying Levels of Hierarchy: Difference in
Expected Log Predictive Density, elpd (SE of difference)

. . Failure Model
Hierarchical Generalized

Structure Pareto Log-Laplace Logistic Lognormal Weibull
Study vs -0.7 2.0 0.8 0.7 4.9
standard (2.3) (3.6) (2.7) (2.6) (4.5)
Center vs 19.6 26.1 21.5 18.7 29.7
standard (8.3) (8.4) (7.4) (6.9) (8.7)
Individuals-
within- « 24.1 15.9 * x
Centers vs N (7.4) (6.7) h h
Center

Positive values favor the first listed model. “Substantial” improvements in elpd (difference

greater than twice the standard error of the difference) are indicated by bolding.

*Not computed due to poor approximations in elpd estimation for the individuals-within-center
structure in these models.

Table S-2. Variation in ED Estimates by Data Set Inclusion Criteria

Inclusion Criterion with respect to Placebo
Responders
Placebo-
Adjusted ggspgar?degfs Full Data Set
(Standard) P
0.052 0.055 0.056

EDO1
(0.021, 0.13) (0.023, 0.14) (0.024, 0.13)
0.49 0.51 0.51

EDO5
(0.22, 0.96) (0.23,0.99) (0.25, 1.00)
1.43 1.47 1.49

ED10
(0.69, 2.69) (0.72, 2.76) (0.75, 2.71)

Results shown for Weibull model run on individuals-within-centers hierarchy.




Table S-3. Variation in ED Estimates by Demographic Characteristics

Demographic Subset
All Older Younger Female Male
(Standard) (>18) (<18)

EDO1 0.052 0.008 0.063 0.040 0.061
(0.021, 0.13) | (<0.001,0.12) | (0.025,0.16) | (0.010,0.15) | (0.023, 0.16)

EDO5 0.49 0.14 0.56 0.39 0.56
(0.22, 0.96) (0.015, 0.92) (0.26, 1.13) (0.14,0.96) | (0.25,1.16)

ED10 1.43 0.56 1.60 1.18 1.61
(0.69, 2.69) (0.073, 2.71) (0.77, 3.04) (0.47,2.60) | (0.76,3.12)

Results shown for Weibull model run on individuals-within-centers hierarchy.

Table S-4. Variation in ED Estimates by Puberty Status

Pre- Pre- Post-
Pre-Pubescent Pubescent Pubescent Pubescent Post-Pubescent

Both Sexes Female Male Female Male

EDOL 0.057 0.050 0.057 0.053 0.078
(0.022, 0.15) (0.020, 0.13) | (0.024,0.14) | (0.020, 0.16) (0.029, 0.23)

EDO5 0.50 0.45 0.52 0.49 0.72
(0.23, 1.03) (0.20, 0.96) (0.25, 1.05) (0.19, 1.27) (0.30, 1.79)

ED10 1.45 1.32 1.50 1.42 2.07
(0.70, 2.77) (0.63, 2.68) (0.74, 2.87) (0.59, 3.45) (0.88, 5.02)

Pre-pubescent: <15 for males, <13 for females.

Results shown for Weibull model run on individuals-within-centers hierarchy.
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Figure S-1. Comparison of the LOAELSs in the first and second challenges for subjects that were
tested twice. Note that left-censored challenge results are not included, because there is no
NOAEL in that case. Each point represents one individual in two challenges. The unity line is
shown as a solid line. r=0.4



Supplemental Information — Description of Data Processing

This text describes the general process for CoFAR 4, CoFAR 6, and Stanford data for the ILSI
allergen project. It is not a step-by-step description of the data pipeline, which would require
many more detailed step descriptions for each dataset. Initial processing steps for each dataset
are provided to account to for some individual differences.

l. Dataset management - Data were provided by study centers as
excel files.

Il. Dataset modifications in Excel
A. CoFAR 4 dose modifications

1. CoFAR cumulative peanut doses were divided by 2 to convert from
peanut powder to peanut protein
a) “Cumulative SCD g powder”: This dose is taken as the challenge
NOAEL [successfully consumed dose]
b) “Cum. dose 1st symptom g powder”: This column is regarded as the
“first dose LOAEL”.

c) “Cum. Term dose g powder”. This value in this column represents the
highest dose [terminating dose] administered to subjects. It is either the
cumulative LOAEL or NOAEL, depending on whether or not there was a
reaction at the terminating dose.

2. Placebo dose and response. Amounts are in terms of g oat powder

3. First-reaction NOAEL is calculated to identify the dose at which no
observed reaction occurred in the CoFAR 4 patient population. The actual
reactions themselves cannot be distinguished from terminating reaction(s)
because only the dose at which first reactions occurred are provided. The
observed reactions are binary (Y/N) for the entire challenge; reactions are not
provided on a dose-level basis. The cumulative and discrete dose escalation
scheme for CoFAR 4 is in Table 1.

Table 1. CoFAR 4 dose progression used to calculating 1°
dose NOAEL. (Doses in g peanut powder)
Dose Cumulative dose Discrete dose
sequence progression Progression
(g) (g)

0 0 0

1 0.001 0.001

2 0.006 0.005

3 0.021 0.015

4 0.071 0.05




B.

5 0.146 0.075
6 0.246 0.1
7 0.496 0.25
8 0.996 0.5
9 2 1.004
10 3.246 1.246
11 5 1.754
12 10 5

CoFAR 6 dose modifications

1.

2.

CoFAR 6 peanut doses were provided as g protein

a) “Cum. SCD g protein”: This dose is taken as the challenge NOAEL.
b) “1st Rxn LOAEL (g Prot)”: This column is taken as cumulative dose at
which the 1% reaction sign(s) or symptom(s) were observed/reported.

c) “Cum. dose termination g protein”. This value in this column
represents the highest dose [terminating dose] administered to subjects. It is
either the cumulative LOAEL or NOAEL, depending on whether or not there
was a reaction at the terminating dose.

d) Columns used for analysis of placebo dose and response are exactly
analogous to columns for peanut powder. Amounts are in terms of g oat
powder.

First-reaction NOAEL is calculated to identify the dose at which no

observed reaction occurred in the CoFAR 6 patient population. The actual
reactions themselves cannot be distinguished from terminating reaction(s)
because only the dose at which first reactions occurred are provided in the
dataset. The observed reactions are binary (Y/N) for the entire challenge;
reactions are not provided on a dose-level basis.

The cumulative and discrete dose escalation scheme for CoFAR 6 is in Table 2.

Table 2. CoFAR 6 dose progression used to calculating 1°
dose NOAEL. (doses in g peanut protein)
Dose Cumulative dose Discrete dose
sequence progression Progression
(g) (g)

0 0 0

1 0.001 0.001

2 0.004 0.003

3 0.014 0.01

4 0.044 0.03

5 0.144 0.1

6 0.444 0.3

7 1.044 0.6

8 2.044 1

9 5.044 3




Stanford dose modifications

1. Stanford cumulative doses were provided as g. Columns are identical
for all treatments including placebo, peanut protein and other allergens. Units
of dose are mg protein.

2. First-reaction NOAEL and NOAEL are calculated manually

3. Two subjects (record id’s 71-0151 and P020) were described as having
a positive challenge outcome, but the NOAEL was listed as the highest dose
(cumulative dose). For both subjects, there was a comment that the reaction
was observed after discharge. Therefore, the terminating dose was labeled a
LOAEL and the prior cumulative dose was labeled a NOAEL.



[I. Process dose and response data in R software.
A. CoFAR 4 and 6

1.

3.

Cumulative dose data processing.

a) Check each dataset for duplicate or repeat subject records
(1) Tabulate repeated subjects and non-repeated subjects
(2) Ensure there are no true duplicates

b) Convert CoFAR4 doses from peanut powder to equivalent peanut
protein. Divide powder dose by 2 (powder is ~ 50% peanut protein).

c) In both datasets, convert doses in grams to milligrams, consistent with
Stanford.

d) Evaluate data with plots:

(1) Histograms of Peanut NOAEL, LOAEL, Cumulative dose, 1
Rxn NOAEL, 1%t Rxn LOAEL, Placebo Cum dose

(2) Histograms of Placebo NOAEL, LOAEL, Cumulative dose, 1°
Rxn NOAEL, 1% Rxn LOAEL.

CoFAR 4 and 6: processing of allergic response data

a) In the CoFAR dataset peanut and placebo reaction data are in
different columns, so there is a toggle to download the correct data depending
on if peanut or placebo is being analyzed — same code works for both.

Combine dose and reaction datasets

B. Stanford

1.
2.

Allergen and placebo had same format, different rows

Stanford data processing of allergic response data (applies to allergen

and placebo)

a) Check for and remove rows with ID number but no doses given (e.qg.
subject was enrolled in study but never came to the clinic or withdrew before
any dose was given).

IV.  Merge dose response data with demographic data for each dataset and
then all datasets together.

A. Merge Stanford dataset with dose and response data together with
demographic data

1.

2.

Stanford demographic data processing:

a) There can be multiple SPT data for each subject. Mean (arithmetic) is
obtained for each subject (based on ID)

b) Extract allergic history data, specifically history of asthma, pruritis and
rhinitis.

Merge demographic data with extracted SPT, IgG and history data into

a dataframe, apply standardized column names.



B.

Merge CoFAR4 and 6 dataset with dose and response data together with

demographic data.

C.

Binding dose- response and demographic data from Stanford, CoFAR 4

and 6 into a single dataset — “Combined_OFC_Data”

D.

Variable modification on full datasets.

1. Standardize race terms (e.g. black/African American):

2. Standardize and factorize sex terms:

3. Three category severity level using “zhu_rating” contained in furnished
crosswalk.

V. Adjustment of NOAEL and LOAEL for placebo reactions for full dataset
(CoFAR 4, 6 and Stanford).

A.

Placebo comparison analysis.

1. Match placebo terminating reaction subjects to allergen-treated
subjects.
2. Identify subjects who had reaction to peanut (or any allergen) who also

had a reaction to placebo
3. ID which allergy reactions in the placebo reaction dataset are also in
the allergen dataset.
4, Placebo adjustment of doses using the above dataframes
(implemented).
a) STEP 1. ID subjects that were more sensitive to placebo than active
Based on terminating NOAEL dose in placebo < NOAEL in active. For this step,
used NOAEL or SCD b/c some LOAEL are rt censored.
b) Step 2. Identify all subjects who have placebo reactions that are more
severe (placebo dose lower than allergen) than allergen reactions.
c) Step 3. Compare placebo and allergen doses and ID reactions where
allergen reaction dose is < placebo reacting dose (terminating).
d) Step 4. Remove and tabulate subjects who reacted to placebo at dose
< allergen from dataset



Inclusion and Exclusion Criteria by Study

CoFAR 4 - Fleischer et al. 2013

Fleischer, D.M., Burks, A.W., Vickery, B.P., Scurlock, A.M., Wood, R.A., Jones, S.M., Sicherer, S.H., Liu,
A.H., Stablein, D., Henning, A.K. and Mayer, L., 2013. Sublingual immunotherapy for peanut allergy: a
randomized, double-blind, placebo-controlled multicenter trial. Journal of allergy and clinical
immunology, 131(1), pp.119-127.

Inclusion criteria required:
1. aclinical history or physician’s diagnosis of peanut allergy,

2. apositive peanut SPT response (wheal diameter >3 mm after subtracting saline control) or
detectable peanut-specific IgE (PN-IgE; >_0.35 kilounits of antibody per liter [kUA/L]), and

3. a positive baseline double-blind, placebo-controlled food challenge (DBPCFC) result to peanut
(defined as objective allergic symptoms at a cumulative dose of <_ 2g of peanut powder)

Exclusion criteria included:

1. a history of severe anaphylaxis to peanut, which was defined as involving hypoxia, hypotension,
or neurologic compromise

2. asthma with FEV1 of less than 80% of predicted value or clinical features of moderate or severe
persistent asthma and greater than 500 mg/d fluticasone or fluticasone equivalent

3. ahistory of intubation or other significant nonallergic medical conditions.

CoFAR 6 - Jones et al. 2017

Jones, S.M.,, Sicherer, S.H., Burks, A.W., Leung, D.Y., Lindblad, R.W., Dawson, P., Henning, A.K., Berin,
M.C., Chiang, D., Vickery, B.P. and Pesek, R.D., 2017. Epicutaneous immunotherapy for the treatment of
peanut allergy in children and young adults. Journal of Allergy and Clinical Immunology, 139(4), pp.1242-
1252.

Inclusion criteria

Participants who met all of the following criteria were eligible for enrollment as study participants:
e Age 4-25 years, all of either sex and any race and ethnicity at enrollment

e Physician-diagnosed peanut allergy OR convincing history of peanut allergy

e Positive SPT response to peanut (wheal diameter 23 mm larger than that elicited by the saline
control) OR detectable peanut-specific IgE (ImmunoCAP >0.35 kUA/L)



e Positive reaction to a cumulative dose of <1044 mg of peanut protein in the initial qualifying OFC*

o Use of an effective method of contraception by female subjects of childbearing potential to prevent
pregnancy and agreement to continue to practice an acceptable method of contraception for the
duration of their participation in the study

o Ability to perform spirometric maneuvers in accordance with American Thoracic Society guidelines:
children aged 4-11 years who have documented inability to adequately perform spirometry can be
enrolled if peak expiratory flow is greater than 80% of predicted value.

e Provision of signed informed consent forms and assent, where indicated

Exclusion criteria; Participants who met any of these criteria were not eligible for study enrollment:

e History of anaphylaxis to peanut resulting in hypotension, neurological compromise, or requirement
for mechanical ventilation

e Participation in a study using an investigational new drug in the last 30 days

e Participation in any interventional study for the treatment of food allergy in the past 6 months
e  Pregnancy or lactation

e Current or known allergy to the Viaskin Peanut/Viaskin Placebo patch or excipients

e Current or known allergy to the placebo allergen (oat flour) in OFCs

e Currently in a build-up phase of any allergen immunotherapy

e Severe or poorly controlled atopic dermatitis or greater than a mild flare of active disease at
enrollment

e FEV1 <80% of predicted value or an clinical features of moderate or severe persistent asthma at
baseline (as defined by the 2007 National Heart, Lung and Blood Institute guidelines) and greater
than high daily doses of inhaled corticosteroids (>500 ug of fluticasone or equivalent)

e Use of steroid medications in the following manners:
o history of daily oral steroid dosing for >1 month during the past year,
o burst of steroid in the past 3 months,

o or>1 burst oral steroid course in the past year or any use of oral or parenteral steroids for a
nonasthma indication within the past 30 days

e Asthma requiring >1 hospitalization in the past year for or >1 emergency department visit in the
past 6 months for asthma

1 Subjects who met the other criteria and underwent the initial OFC but did not have a positive reaction at a dose
<1044 mg of peanut protein were still included in the data analysis in this paper



e Any previous intubation/mechanical ventilation caused by allergies or asthma

e Use of omalizumab or other nontraditional forms of allergen immunotherapy or immunomodulatory
or biologic therapy in the past year

e Use of B-adrenergic blockers, angiotensin-converting enzyme inhibitors, angiotensin receptor
blockers, or calcium-channel blockers in the past 30 days

e Inability to discontinue antihistamines for skin testing and OFCs
e History of alcohol or drug abuse

e History of cardiovascular disease, uncontrolled hypertension, arrhythmias, chronic lung disease,
active eosinophilic gastrointestinal disease, or other medical conditions, including immunologic
disorders or HIV infection, which, in the opinion of the investigator, make the participant unsuitable
for treatment or at increased risk of anaphylaxis or poor outcome

Stanford — MAPX Study - Andorf et al. 2018

Andorf, S., Purington, N., Block, W.M., Long, A.J., Tupa, D., Brittain, E., Spergel, A.R., Desai, M., Galli,
S.J., Nadeau, K.C. and Chinthrajah, R.S., 2018. Anti-IgE treatment with oral immunotherapy in multifood
allergic participants: a double-blind, randomised, controlled trial. The Lancet Gastroenterology &
hepatology, 3(2), pp.85-94.

Inclusion Criteria — MAPX Study
Individuals who meet all of the following criteria were eligible for enrollment as study participants:

1. Participant and/or parent guardian must be able to understand and provide informed consent and/or
assent as applicable.

2. Age 4 to 55 years with moderate to severe allergy to milk and/or egg and/or peanut and/or almond
and/or wheat and/or cashew and/or sesame seed and/or soy and/or walnut and/or hazelnut.

3. Positive skin prick test result greater than or equal to 6 mm wheal diameter to each allergen OR
4. ImmunoCAP IgE level >4kU/L for each allergen and

5. A clinical reaction (as defined in Appendix 4 of Andorf et al. 2018) during a DBPCFC to small doses of
food defined as < dose of 500 mg food protein.

6. No clinical reaction observed during the placebo (oat) challenge and

7. If female, must have a negative urine pregnancy test on the same day (using a CLIA approved urine
test).

8. If female, of child-bearing potential, must agree to be compliant with a medically-approved method of
contraception (as described in section 4.4 of the protocol).

9. Plan to remain in the study area of the research center during the trial.

10. Be trained on the proper use of the Epinephrine Autoinjector.



11. Avoid open or blinded food challenges to other allergens outside this study.

Participant Exclusion Criteria — MAPX Study
Individuals who meet any of these criteria are not eligible for enrollment as study participants:

1. Inability or unwillingness of a participant/parent/guardian to give written informed consent or comply
with study protocol.

2. History of cardiovascular disease.

3. History of other chronic disease (other than asthma, atopic dermatitis, or rhinitis) requiring therapy
(e.g., heart disease, diabetes) that, in the opinion of the Principal Investigator, would represent a risk to
the participant’s health or safety in this study or the participant’s ability to comply with the study
protocol.

4. A total IgE at screening of >1,500 kU/L.
5. Previous adverse reaction to Xolair.

6. A history of severe anaphylaxis (defined as requiring intubation or admission to an ICU) to food
allergens that will be used in this study.

7. Unstable angina, significant arrhythmia, uncontrolled hypertension, current smokers, chronic sinusitis,
or other chronic or immunological diseases that, in the judgment of the investigator, might interfere
with the evaluation or administration of the test drug or pose additional risk to the participant.

a. Current use of oral, intramuscular, or intravenous corticosteroids, tricyclic antidepressants, or
betablockers (oral or topical)

b. Routine use of medication that could induce adverse gastrointestinal reactions during the
study (EX/ use of anti-depressants).

c. Refusing to sign the Epinephrine Autoinjector Training Form.
d. Pregnant or breast-feeding women.

8. A history of oat allergy (since oat is the placebo agent in the DBPCFC), or an objective reaction to the
screening DBPCFC to oat.

9. Unwilling to avoid any food allergen containing items except those used for the OIT and any other
food allergens to which the participant is sensitive but which are not being included in the OIT in this
study

10. Concurrent/prior use of immunomodulatory therapy (within 1 month). ) ie, omalizumab, non-
traditional forms of allergen immunotherapy (e.g., oral or sublingual) Confidential Page 44 of 99 IND
14831, Omalizumab in a Rush Multi OIT Pilot in Multi Allergic Patients Version 3.0 January 24, 2016

11. Severe asthma (2007 NHLBI Criteria Steps 5 or 6) at time of enrollment.



12. Mild or moderate asthma (2007 NHLBI Criteria Steps 1-4) at time of enrollment with any of the
following criteria met:

a. FEV1 < 80% of predicted, or FEV1/FVC < 75%, with or without controller medications (only for
age 6 or greater and able to do spirometry) or

b. ICS dosing of > 220 mcg daily fluticasone (or equivalent inhaled corticosteroids based on
NHLBI dosing chart) or

c. 1 hospitalization in the past year for asthma or
d. ER visit for asthma within the past six months.
13. Use of steroid medications (IV, IM or oral) in the following manners
a. History of daily oral steroid dosing for >1 month during the past year or
b. Steroid burst course ( 5 or more days) of 1 mg/kg prednisone) course in the past 3 months or
c. >2 steroid burst courses in the past year.

14. Use of complementary and alternative medicine (CAM) treatment modalities (e.g., herbal remedies)
for atopic and/or non-atopic disease within 90 days preceding Initial Dose Escalation Day (IDED) or at
any time after the IDED.

15. Inability to discontinue antihistamines for the initial day of escalation, skin testing or OFCs.
16. Use of investigational drugs within 24 weeks of participation.

17. Past or current medical problems or findings from physical assessment or laboratory testing that are
not listed above, which, in the opinion of the investigator, may pose additional risks from participation
in the study, may interfere with the participant’s ability to comply with study requirements or that may
impact the quality or interpretation of the data obtained from the study.

Stanford — MTAX Study - Andorf et al. 2019

Andorf, S., Purington, N., Kumar, D., Long, A., O'Laughlin, K.L., Sicherer, S., Sampson, H., Cianferoni,
A., Whitehorn, T.B., Petroni, D. and Makhija, M., 2019. A phase 2 randomized controlled multisite study
using omalizumab-facilitated rapid desensitization to test continued vs discontinued dosing in multifood
allergic individuals. EClinicalMedicine, 7, pp.27-38.

Subject Inclusion Criteria

e Aged 4 to 55 years with moderate to severe allergy to at least two of the following: milk and/or egg
and/or peanut and/or almond and/or wheat and/or cashew and/or sesame seed and/or soy and/or
pecan and/or walnut and/or hazelnut and/or shrimp and/or cod and/or salmon and

e Sensitivity to food allergens documented by a positive skin prick test result greater than or equal to
6 mm wheal diameter to each allergen or

¢ ImmunoCAP Igk level >4 kU/L for each allergen and



e Aclinical reaction during a DBPCFC to small doses of food defined as <125 mg dose of food protein
or a cumulative dose of 500 mg food protein and

e Noclinical reaction observed during the placebo (oat) challenge and

e |f female, willing to provide a human chorionic gonadotropin urine sample for pregnancy testing and

e |f female of child bearing potential, a negative urine pregnancy test 60 hours before being allowed
to participate in the study (week 0) and

e Aplantoremain in the study area of the research center during the trial and

e Be trained in the proper use of the Epinephrine autoinjector and agree to follow epi training to be
allowed to enroll in the study and

o If female of child-bearing potential, willing to be compliant with medically-approved method of
contraception and

o Agree to eliminate other known food allergens from subject’s diet so as not to confound the safety
and efficacy data from the study and

e Avoid open or blinded food challenges to other allergens outside of the study

Exclusion Criteria

e Atotal serum IgE at screening of >2000 kU/L

e Atotal serum IgE and weight combination that is not in the Omalizumab dosing parameters per the
U.S. product insert dosing schedule.

e Previous anaphylactic reaction to Omalizumab

¢ A history of severe anaphylaxis to food allergens that will be desensitized in this study requiring
intubation or admission to an ICU, frequent allergic or non-allergic urticaria, or history consistent
with poorly controlled persistent asthma

e Unstable angina, significant arrhythmia, uncontrolled hypertension, chronic sinusitis, or other
chronic or immunological diseases that, in the judgment of the investigator, might interfere with the
evaluation or administration of the test drug or pose additional risk to the subject (e.g.,
gastrointestinal or gastroesophageal disease, chronic infections, scleroderma, hepatic and
gallbladder disease, chronic non-allergic pulmonary disease)

e Anaverage FEV1 or PEF less than 80% predicted (moderate persistent asthma) with or without
controller medication (if able to perform the maneuver) at screening, an oral desensitization visit, or
a food challenge visit

e Current users of oral, intramuscular, or intravenous corticosteroids, tricyclic antidepressants, or are
taking a beta-blocker (oral or topical)

¢ Routinely using medication that could induce adverse gastrointestinal reactions during the study

e Refusing to sign or follow the Epinephrine autoinjector Training Form

* Pregnant or breast-feeding women

e A history of oat allergy (since oat is the placebo agent in the DBPCFC, as per IND 14477)

e An objective reaction to the screening DBPCFC to oat

¢ Unwilling to avoid other allergens outside this study

e Concurrent/prior use of immunomodulatory therapy (within 6 months)

e Adiagnosis of eosinophilic esophagitis, eosinophilic colitis, or eosinophilic gastritis.



Stanford — 22871 - Begin et al. 2014a

Bégin, P., Winterroth, L.C., Dominguez, T., Wilson, S.P., Bacal, L., Mehrotra, A., Kausch, B., Trela, A.,
Hoyte, E., O’Riordan, G. and Seki, S., 2014a. Safety and feasibility of oral immunotherapy to multiple
allergens for food allergy. Allergy, Asthma & Clinical Immunology, 10(1), p.1.

Inclusion Criteria:
(1) were older than 4 years old;

(2) had proven sensitivity to peanut documented by both a skin prick test (with neat extracts from Greer
Laboratories, Lenoir, NC) greater than 7mm (wheal), PN-IgE greater than 2ku/L (ImmunoCAP) [E1]; and

(3) had clinical reactivity proven by positive allergic reaction in a double-blind placebo-controlled oral
food challenge (DBPCFC).

Exclusion Criteria:

(1) eosinophilic oesophagitis;

(2) autoimmune or

(3) severe cardiac diseases;

chronic treatment with

(4) beta-adrenergic antagonists or

(5) steroids;

(6) a history of severe anaphylaxis requiring admission to an ICU;
(7) frequent allergic or non-allergic urticaria;

(8) poorly controlled asthma.

Stanford — POISED Study - Chinthrajah et al. 2019

Chinthrajah, R.S., Purington, N., Andorf, S., Long, A., O'Laughlin, K.L., Lyu, S.C., Manohar, M., Boyd,
S.D., Tibshirani, R., Maecker, H. and Plaut, M., 2019. Sustained outcomes in oral immunotherapy for
peanut allergy (POISED study): a large, randomised, double-blind, placebo-controlled, phase 2
study. The Lancet, 394(10207), pp.1437-1449.

Inclusion Criteria
Individuals who meet all of the following criteria are eligible for enrollment as study participants:

1. Subject and/or parent guardian must be able to understand and provide informed consent and/or
assent as applicable.

2. Peanut-allergic subjects between the ages of 7-55 years old.



3. Weight equal or greater than 17 kg.

4. Sensitivity to peanut allergen as documented by a positive skin prick test result (5 mm or greater
diameter wheal relative to negative control) within 6 months preceding enrollment.

5. Allergy to peanut based on a double-blind placebo-controlled oral food challenge (DBPCFC) failed at a
cumulative dose <500 mg peanut protein within 6 months preceding enrollment.

6. All female subjects of child-bearing potential will be required to provide a blood sample for pregnancy
testing that must be negative one week before being allowed to participate in the study.

7. Subjects must agree to remain in the study area during the trial.

8. Subjects must be trained on the proper use of the EpiPen and patient comprehension should be
confirmed to be allowed to enroll in the study.

9. Subjects with other food allergies must agree to eliminate these other food items from their diet so as
not to confound the safety and efficacy data from the study.

10. Female subjects of childbearing potential must agree to use birth control for the duration of the
study.

Exclusion Criteria
Individuals who meet any of these criteria are not eligible for enrollment as study participants:

1. Inability or unwillingness of a participant to give written informed consent or comply with study
protocol

2. History of uncontrolled cardiovascular disease

3. History of other chronic disease (other than asthma, atopic dermatitis, or rhinitis) requiring therapy
(e.g., heart disease, diabetes) that, in the opinion of the Principal Investigator, would represent a risk to
the subject’s health or safety in this study or the subject’s ability to comply with the study protocol

4. History of eosinophilic gastrointestinal disease
5. Current participation or participation within the last 6 months in any other interventional study.

6. Subject is on ‘build-up phase” of immunotherapy to another allergen (i.e., has not reached
maintenance dosing)

7. Severe asthma (2007 NHLBI Criteria Steps 5 or 6) at time of enrollment

8. Mild or moderate (2007 NHLBI Criteria Steps 1-4) asthma at time of enrollment with any of the
following criteria met:

a. FEV1 < 80% of predicted, or FEV1/FVC < 75%, with or without controller medications (only for
age 6 or greater and able to do spirometry) or

b. ICS dosing of > 220 mcg daily fluticasone (or equivalent inhaled corticosteroids based on
NHLBI dosing chart) or



c. 1 hospitalization in the past year for asthma or
d. ER visit for asthma within the past six months

9. Use of steroid medications (IV, IM or oral) in the following manners for asthma
a. history of daily oral steroid dosing for >1 month during the past year or
b. burst or steroid course in the past 3 months or
c. >2 burst steroid courses in the past year

10. Use of complementary and alternative medicine (CAM) treatment modalities (e.g., herbal remedies)
for atopic and/or non-atopic disease within 90 days preceding Initial Dose Escalation Day (IDED) or at
any time after the IDED

11. Inability to discontinue antihistamines for the Initial Dose Escalation Day, skin testing or OFCs

12. Use of omalizumab within the past six months, or immunomodulator therapy (not including
corticosteroids)

13. Use of B-blockers (oral)
14. Pregnancy or lactation
15. History of sensitivity to oat

16. History of severe anaphylaxis to peanut with symptoms including hypotension requiring fluid
resuscitation and/or the need for mechanical ventilation

17. Use of investigational drugs within 24 weeks of participation

18. Past or current medical problems or findings from physical assessment or laboratory testing that are
not listed above, which, in the opinion of the investigator, may pose additional risks from participation
in the study, may interfere with the participant’s ability to comply with study requirements or that may
impact the quality or interpretation of the data obtained from the study.

Stanford — PRROTECT - MacGinnitie et al. 2017

MacGinnitie, A.J., Rachid, R., Gragg, H., Little, S.V., Lakin, P., Cianferoni, A., Heimall, J., Makhija, M.,
Robison, R., Chinthrajah, R.S. and Lee, J., 2017. Omalizumab facilitates rapid oral desensitization for
peanut allergy. Journal of Allergy and Clinical Immunology, 139(3), pp.873-881.

Inclusion Criteria

1. Age7to 25 years
2. Baseline levels of peanut-specific IgE of 10 kUA/L or greater
3. Total IgE level of 50 IU/L or greater but 2000 IU/L or less, and



4. A positive SPT response to peanut with a wheal diameter of 6 mm or greater compared with
that elicited by the saline control

Exclusion Criteria

1. ahistory of severe anaphylaxis requiring intensive care unit admission or intubation

2. chronic immunologic disease that might interfere with the study or pose additional risk to
subjects

FEV1 or peak flow of less than 80% of predicted value

ongoing use of systemic corticosteroids, tricyclic antidepressants, or B-blockers

previous exposure to experimental peanut immunotherapy

a positive pregnancy test result

or a reaction to placebo during the DBPCFC.

No ukWw

Stanford — Wheat OIT - Nowak-Wegrzyn et al. 2019

Nowak-Wegrzyn, A., Wood, R.A., Nadeau, K.C., Pongracic, J.A., Henning, A.K., Lindblad, R.W., Beyer,
K. and Sampson, H.A., 2019. Multicenter, randomized, double-blind, placebo-controlled clinical trial of
vital wheat gluten oral immunotherapy. Journal of Allergy and Clinical Immunology, 143(2), pp.651-661.

Inclusion Criteria:

1. Any subject 4 to 30 years of age with suspected wheat allergy

2. apositive skin prick test (SPT) response to wheat of 3 mm or greater compared with control
and/or a wheat sIgE level of greater than 0.35 kUA/L

3. apositive baseline challenge result to wheat (successfully consumed dose [SCD]

Exclusion Criteria:
Subjects were ineligible for any of the following reasons:

1. History of anaphylaxis to wheat resulting in hypotension, neurological compromise, or mechanical
ventilation

2. Known allergy to corn (placebo)
3. Known celiac disease

4. Chronic disease (other than asthma, atopic dermatitis, or rhinitis) requiring therapy (e.g., heart
disease and diabetes)

5. Active eosinophilic gastrointestinal disease in the past 2 years
6. Participation in any interventional study for treatment of food allergy in the past 6 months

7. Subjects on “build-up phase” of aeroallergen immunotherapy (i.e., has not reached maintenance
dosing)



8. Severe asthma (2007 National Heart, Lung, and Blood Institute [NHLBI] Criteria Steps 5 or 6)
9. Uncontrolled mild or moderate asthma (2007 NHLBI Criteria Steps 1-4)

10. A burst of oral, intramuscular, or intravenous steroids of more than 2 days for an indication other
than asthma in the past 1 month

11. Inability to discontinue antihistamines for initial-day escalation, skin testing, or oral food challenge

12. Use of omalizumab or other nontraditional forms of allergen immunotherapy (e.g., oral or
sublingual) or immunomodulatory therapy (not including corticosteroids) or biological therapy past year

13. Use of B-blockers (oral), angiotensin-converting enzyme inhibitors, angiotensin-receptor blockers, or
calcium-channel blockers

14. Use of investigational drug within 90 days or plan to use investigational drug during the study period

15. Pregnancy or lactation
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