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Abstract (246 wor ds):

Background: Oral food challenge (OFC) is the gold-standardgsess peanut allergy (PA) but involves a

risk of allergic reactions of unpredictable sewerit

Objective: To identify biomarkers for risk of severe reactoor low dose threshold during OFC to

peanut.

Methods: We assessed LEAP, LEAP-On and PAS participants béasophil activation test (BAT), skin
prick test (SPT), peanut-specific IgE (sIgE) ané Ar2-sIgE and peanut-specific IgG4 and analyzed th
utility of the different biomarkers in relation BA status, severity and threshold dose of alleegctions

to peanut during OFC.

Results: Using a previously defined optimal cut-oBAT diagnosed PA with 98% specificity and 75%
sensitivity. BAT identified severe reactions withi% specificity and 100% sensitivity. SPT, Ara h 2-
sIgE, peanut-sigE and 1gG4/IgE ratios also had 1@@¥sitivity but slightly lower specificity (92%,
93%, 90% and 88% respectively) to predict seveRrticipants with lower threshold of reactivitydha

higher basophil activation to peanut in vitro. SBAd BAT were the best individual predictors of
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threshold. Multivariate models were superior toividlal biomarkers and were used to generate

nomograms to calculate the probability of seriadiease events during OFC for individual patients.

Conclusions: BAT diagnosed PA with high specificity and iderdii severe reactors and low threshold
with high specificity and high sensitivity. BAT wdke best biomarker for severity, surpassed only by
SPT in predicting threshold. Nomograms can helpmasé the likelihood of severe reactions and

reactions to low dose of allergen in individual petzallergic patients.

K ey messages:

» The basophil activation test was useful to diagmesnut allergy, predict severity and threshold
of reactivity to peanut in the LEAP studies.

e Skin prick test and Ara h 2-specific IgE were alseful biomarkers of severity and threshold in
the LEAP cohorts.

e Multivariate models combining basophil activatioithnother tests using a nomogram identified
children with severe allergic reactions and lowetiirold of reactivity during oral peanut

challenges.

Capsule Summary (32 wor ds): Combinations of skin prick, specific IgE and badbphtivation tests in
multivariate models predicted severe reactionslawdhreshold dose during peanut challenges ané wer

used to build nomograms for clinical practice.

Keywords: basophil, basophil activation test, diagnosis, fadérgy, LEAP Study, peanut allergy,

severity, threshold, adverse events
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Abbreviations:

BAT, basophil activation test

CTCAE, Common Terminology Criteria for Adverse Eten
HR, hazard ratio

IQR, interquartile range

LEAP, learning early about peanut allergy study

OFC, oral food challenge

PAS, peanut allergy sensitization study

slgE, specific IgE

SPT, skin prick test

Word count: 4274
Table count: 3 tables
Figurecount: 5 figures

Onlinerepository: 12 tables and 14 figures
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I ntroduction:

Oral food challenge (OFC) is the gold-standardiagmose and assess resolution of food allergie§€ OF
is also the gold-standard to confirm the eligiiliof food allergic patients for clinical trials of
experimental treatments for food allergy and teaspatients’ clinical response to such treatm@gE

can result in potentially severe allergic reactiansl requires an experienced and highly skilleqliai
team with the ability and equipment needed to teetphylaxis. Although rare, two deaths have been
reported in children undergoing OE€ A biomarker that could identify individuals atghirisk for
severe allergic reactions and/or for reacting t@lsmmounts of the allergens would ensure patients’

safety, comfort, and improve current managemefaad allergic patients.

Peanut is one of the main culprits of fatal andrfietl food-induced allergic reactiohd he prevalence

of peanut allergy (PA) is increasing, and some istudhave reported an increase in food-induced
anaphylaxis fataliti€'s Evidence about the utility of skin prick test {§Pand specific IgE (sIgE) to
predict the severity of allergic reactions to padswonflicting™®. Ara h 2-sIgE is a discriminative marker
to diagnose PA and an association with severitybeas observéd® The basophil activation test (BAT)
has shown the highest accuracy to diagnose PA, avittigher proportion of activated basophils (as
measured by %CD63-positive basophils) being astwastisith more severe allergic reactions during
OFC” ** 2 and the cumulative threshold dose being associatéd the concentration at which the
basophils reacteth vitro® > Despite the need for fresh blood samples andtistence of a subset of
individuals with non-responder basophils, the BAAsemerged as a promising biomarker to identify

high-risk allergic patients.

The LEAP Studyf conferred a unique opportunity to perform the Bad other tests in a large number
of well-characterized children who were being assdsfor PA. We aimed to assess their utility in
diagnosing PA and in predicting severity and thoéstdose of allergic reactions during oral peanut

challenges in this cohort.
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M ethods:
Study cohorts

Participants in the Learning Early About Peanuergy (LEAPY®, LEAP-Or® and peanut allergy
sensitization (PAS) studies were included (Tabl® Ehe LEAP study was a large interventional study
that assessed the effect of early peanut consumptiothe development of peanut allergy by age 5
years®. LEAP participants (Groups Il and Il of the LEARreening studf) were followed up after one
year of peanut avoidance in the LEAP-On stfidghildren who had been excluded from the LEAP $tud
as infants were included in the PAS Stifdyn additional cohort of children recruited fromesialized
Paediatric Allergy clinics in Londdrwas included for external validation (Table E2)l gtudies were
approved by the relevant Research Ethics Committedhe UK - references: 04/Q0403/13 (LEAP),

10/H0711/77 (LEAP-On), 11/LO/0045 (PAS) and 10/HB8@4 (clinic cohort).

We aimed to perform BAT in LEAP participants whagled evidence of peanut sensitization at any time
point in the LEAP study either on SP¥ I mm) or serum sIgE>(0.10 kU/L) to peanut, and in 50 LEAP
participants who showed SPT to peanut of 0 mm #gig ® peanut < 0.1 kU/L at all time points of the
study prior to their assessment. We aimed to repAdt to peanut at the end of LEAP-On study in the
same patrticipants. In the PAS study, we aimeddbatié participants who were assessed at approglynat

60 months of adé

Skin prick testing and determination of IgE and 1gG4 levels

SPT and BAT were performed on the same day as H@. ®Geanut-specific IgE and IgG4 levels were
determined using samples collected when blood whacted for BAT. Skin prick testing was performed

using a commercially available peanut extract (AABell6, Denmark), as previously describedrhe
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levels of sIgE to peanut and to peanut allergema bAL, rAra h 2, rAra h 3, rAra h 8 and rAra hri@l ghe
levels of peanut-specific IgG4 in the serum wereasneed using an immunoenzymatic assay

(ImmunoCAP, ThermoFisher).

Basophil activation test

Whole blood was collected into lithium heparin tsltzand used to perform the basophil activationttest
peanut extract on the same day and within 4 houogood collection, as previously describedriefly,
100ul of whole blood was incubated with the samieime of peanut extract (ALK-Abello) diluted in
RPMI (GIBCO, Paisley, United Kingdom), anti-lgE @/ml, Sigma-Aldrich, Poole, United Kingdom),
anti-FceRI (2.5pg/ml, eBioscience, San Diego, ©giifa), formyl-methionyl-leucylphenylalanine
(fMLP, 1uM, Sigma-Aldrich) or RPMI alone. Cells veerstained with CD123-FITC (eBioscience),
CD203c-PE, HLA-DR-PerCP, and CD63-APC (Biolegendn Piego, Calif). Flow cytometry was
performed using FACS Cantoll with FACSDiva softwéB® Biosciences, San Jose, Calif). A mininum
of 500 basophils was acquired. The flow cytometyadvere analyzed using FlowJo software (version
7.6.1; TreeStar, Ashland, Ore). Basophils were dyaie SS€"/CD203c+/CD123+/HLA-DR Y7
Basophil activation was expressed as %CD63+ balsopidividuals with non-responder basophils were
defined as having %CD63+ basophils below 5% to bgEymediated positive controls (anti-IggE and
anti-FGRI) and were excluded from statistical analyses.-8bs was calculated by for each BAT
estimating the parameters of a logistic growth fiom; one of which is the reciprocal of CD-sensngsa

non-linear model (Figure E1).

Oral peanut challenges

Oral peanut challenges were performed accorditigetd EAP Study protocol as previously repotte@
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Participants who were not IgE-sensitized to peandthad no history of reaction to peanut, no diagn

of or suspected allergy to sesame or tree nutarfdstory of anaphylaxis underwent an open chgéen
up to a cumulative dose of 5g of peanut proteiregias a single dose. Open challenge is the gold-
standard to confirm peanut tolerance and all ogallenges were indeed negative for PA. All other
participants underwent a double-blind-placebo-ailetd-peanut challenge up to a cumulative dose of
9.35 g of peanut protein given as incremental dfBakle E3). Participants with suspected PA, hjstdr
life-threatening food-induced anaphylaxis or SPTm received an additional lower starting actiosel

of 0.033g of peanut protein. Some doses may haee bepeated at the discretion of the investigator
performing the OFC. The challenge was consideresitipe only when objective signs of an allergic
reaction developed (Table E4), and the symptoms werated according to local guidelines, which
follow the recommendations of the UK Resuscitatiouncil of administering epinephrine to patients
with life-threatening airway (swelling, hoarsenestsidor) and/or breathing (tachypnoea, wheezeat
cyanosis, Sp02<90%, confusion) and/or circulatipald, clammy, hypotension, faintness, drowsiness,
coma) problent. For participants for whom the outcome of OFC \anclusive or not available,
peanut allergy was assessed by a diagnostic dlgonitsing SPT and specific IgE to peanut. The
procedure for OFC in the cohort used for exterradidation was similar to the described above far th

majority of study subjects and was previously ph#id".

The severity of allergic reactions during OFC wetfassified according to different severity scores
represented in Table E5%° The threshold dose was determined as the cumelathount of peanut
protein (in grams) tolerated during the challendé&e cumulative tolerated dose was set to 9.35g@lfor

participants who passed the OFC.

Statistical analyses
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Continuous variables were summarized by quantilescategorical variables were summarized by counts
and percentages. Comparisons of continuous peoeglicise either Student’s t-test or Wilcoxon's rank-
sum test. ROC curve analyses were performed &sagthe diagnostic performance of each individual
biomarker to predict severe reactions. The perdmte of the optimal cut-offs was described using

sensitivity, specificity, positive predictive valuend negative predictive value.

CD-sens, the reciprocal of Ef§) was estimated by first fitting a hierarchical Bayn non-linear model
(Figure E1) to the BAT curve for each sample. Thisdel assumes that each BAT curve follows the
form of a 3-parameter logistic growth curve. Theuténg logistic curve midpoint parameter estimates
from this model were used to estimate CD-sens. Miitieg was performed using MCMC, which was

performed using the Stan softwére

Proportional odds logistic regression models wereated for prediction of reaction severity. The
predictors used in these models were chosen baseding established predictors of reaction to peanu
and no further variable selection was done basetbsts of statistical hypotheses. Model perforreanc
was described using bootstrap bias-corrected cdanoe probabilities (C-statistics) and calibration
accuracy measurements (mean absolute prediction and 98 percentile of absolute prediction error).
External model validation was done using data abel from participants in a separate clinic cohort
(Table E2). Statistical analysis was done in Rvemfé (Version 3.5.2) and JMP Pro (Version 14).
Datasets are available through TrialShare, a putiosite managed by the Immune Tolerance Network

(https://www.itntrialshare.org/LEAP_JACI_BAT.url).

Results:

Study population
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There were 468 individual subjects enrolled actds&P, LEAP-On and PAS studies, and from these the
BAT was performed in 706 blood samples (335 LEA®S REAP-On and 76 PAS participants) on the
day of the study visits when allergic status torpgavas assessed (Tables | and E6). An additide@l 1
subjects were eligible for BAT but were not testlest to logistical reasons (Tables E7 and ES8). @n th
BAT, in 93 (13.1%) samples basophils did not reacthe IgE-mediated positive controls and were
excluded from statistical analyses, including 1bjects who were peanut allergic (10.8% of non-
responders were PA and 6.7% of PA were non-respepdalso excluded were 5 samples whose
response status could not be determined due tdngigeta. Subjects with undetectable peanut-sigE
(<0.10 kU/L) who were not tested on the BAT (n=3W&re imputed to have a BAT result of 0, since all
patients with undetectable IgE had negative BAThhntthis and in previous studfésA total of 981
performed or imputed BAT cases were available faitding predictive models and 558 independent
samples from LEAP and PAS were used for all otmadyeses. Fourteen percent were peanut allergic.
The threshold cumulative dose ranged between A @rid) of peanut protein (between 5 to 10.1g in non-
allergic and between 0 to 4.5g in allergic partcifs, respectively). The cumulative dose exceedgih9

in participants who were given repeat doses atdikeretion of the investigators. According to the
CTCAE scale, 15%, 3%, and 16% patrticipants in LEABAP-On, and PAS studies had severe
reactions, respectively. There was some degreerafozdance with other severity scales (Kendallsta

0.12 to 0.64, Figure E2).

BAT confirmed its high specificity to diagnose peanut aller gy

Basophil activation to peanut was higher in peatlletgic compared to non-allergic subjects (Figures
and E3), with risk of peanut allergy at the"%#ercentile of BAT being 3.85 fold higher than ®&"
percentile BAT (95% CI HR 3.2 to 4.7, P < 0.001king data from participants in the LEAP and PAS

studies, we applied the optimal diagnostic cutpsBfviously identified for BAT to peantt(i.e. 4.78%
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CD63+ basophils for average BAT at 10 and 100ng/fhpeanut extract), which had 74.7% sensitivity,
98.7% specificity, 95.4% NPV, 91.5% PPV and 57.8 &8 positive and negative likelihood ratios,
respectively, to diagnose PA. Basophil activationrésponse to anti-IlgE, anti-FceRI and fMLP was

similar across allergic status (Figure E4).

BAT and other testsidentified participants with severe or life-threatening allergic reactions during

oral peanut challengeswith high accuracy

Participants with severe/life-threatening reactiahging OFC had higher proportions of activated
basophils in response to peanut compared to paatits with mild or moderate reactions (Figure 24 an
Table E9). Basophil activation in response to &eg8R| and anti-IgE (but not fMLP) was higher for
severe reactors compared to non-severe reactaysréFiE4). Figure 2B-D illustrates the results foe t

other biomarkers according to allergic status hgdtiing participants with severe/life-threatening

reactions.

BAT showed high accuracy in identifying subjectsthwiseverel/life-threatening allergic reactions
according to the CTCAE severity score and was thgles biomarker with the largest area under ROC
curve (0.985 — Figure E5A) and therefore with tlesthdiscriminatory ability. The optimal cut-off for
BAT had 100% sensitivity and 97% specificity toritiey high-risk subjects (Table II). SPT, Ara h 2-
specific IgE, peanut-specific IgE and |gG4/IgE @atiall had 100% sensitivity but lower specificity t
predict severity (92%, 93%, 90% and 88% respedfivalhe performance of various tests to identify
severe reactors was similar using different systemdassify the severity of allergic reactionsgiitie
E5B and Table E10). A multivariable model of reantseverity suggests that, after adjusting for SR

Ara h 2-slgE, BAT still contributes significantlg the prediction of reaction severity (Table E11).
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SPT and BAT were the best predictors of the threshold dose of reactivity to peanut during oral

challenges

Participants reacting clinically to lower doses pafanut protein had higher proportions of activated
basophils (Figures 3 and E6-E9) and higher basaehisitivity, as measured by CD-sens (Figure EB8).
There was no association between lower threshadé dmd basophil activation to the positive controls
fMLP, anti-IgE or anti-FceRI. Figure E7 shows th&timated proportion of participants who remain
reaction-free as a function of cumulative peanutedand reinforces the concept that the higher the
proportion of activated basophils, the lower theselof peanut protein the patients react during OFC.
Using ROC curve analyses, the optimal cut-offsS&T, Ara h 2-specific IgE and IgG4/IgE ratios also
had a very good performance in identifying patiamith a cumulative threshold dose of 0.1g or lower

(Table 11).

M odels combining different biomarkersto predict severity and threshold dose of allergic reactions

during oral peanut challenges

We designed multivariate models combining differparameters to determine the risk of a severe
reaction and, with the application of our findings routine clinical practice in mind, we used these
models to generate nomograms (Figures 4A and ER).ANe performed internal validation of these
models using bootstrap to correct for the biassiigithe same data to fit and validate the modéiiléV
the performance of both multivariate models is gdgddble 111A), based on calibration, the model
including BAT predicts the probability of severtdithreatening reactions more accurately compaved t

the model without BAT or to individual tests.

A multivariable model for threshold built using thest predictors for cumulative threshold dose and
including BAT (SPT, BAT, Ara h 2-specific IgE, padrspecific IgE and IgG4/IgE ratio) was superior to

the model without BAT and outperformed models baseadny of the predictors individually (Table III).
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The nomogram in figure 4B depicts this multivaralhodel and can be used to make predictions of
threshold of future reactions during peanut allgrgting. A similar nomogram without BAT is shown i

Figure E11.

Internal validation reflects mostly the performaméehe model within a population similar to thegent
study, and external validation is important to assthe model in more general settings. External
validation of the severity and the threshold modes performed using an independent cohort recruite
from two specialized Paediatric Allergy outpatiehihics in London (Table E2). While this datasethwi
limited by not having severe cases, the model didumately predict those without allergy and

mild/moderate reactions - for more details seelt@ssection of online repository and Table E12.

We observed a relationship between clinical seyexnitd cumulative threshold dose in peanut allergic
patients: the lower the cumulative dose of peamatepn tolerated the greater the severity of alterg
reactions to peanut during an incremental pearaitestge (Figure 5). A test of the association betwe
the risk of having a reaction during OFC and peiags of CD63 positive basophils was found to be

significant (P < 0.001).

Discussion:

The OFC is the gold-standard to diagnose PA, tdirroreligibility for clinical trials and to assedhe
response to treatments of patients who are knowmetallergic. Although OFC is generally safe, the
severity of allergic reactions is unpredictable aitdrgic symptoms can cause significant discondiod
anxiety to patients and familfeé_Furthermore, OFC are costly, time-consuming andireca lengthy
visit that may be obviated by objective, safer,agfe@ and more convenient biomarkers. Herein, wiedes
a large number of very well-characterized subjegts) participated in the LEAP and associated stjdie
and confirmed that the BAT is an excellent biomarké peanut allergy and that BAT and other

biomarkers are able to identify patients at riskredicting to small amounts of peanut protein and of
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developing severe symptoms during peanut OFC. Thétivariate model that combines various
biomarkers can be computed using nomograms to ifgentdividuals at high-risk of a severel/life-
threatening reaction or with low threshold of réatt during OFC in clinical practice. There is ydittle
data in the literature combining different biomaskéo determine diagnostic accuracy and we have
demonstrated in this paper that a multivariate rhquledicts severity and threshold. We have also

demonstrated an inverse correlation between thiestmal severity of allergic reactions to peanut.

We show, for the first time, that SPT, specific Jg&a h 2-specific IgE and BAT are predictors of
severity of allergic reactions during OFC. The mati cut-offs for these tests showed 100% sensittoit
identify severe reactors, meaning that all subjedtis severe reactions had results for these tstse

the defined cut-off. Furthermore, this is the latgeohort tested on BAT to peanut using a methad th
was previously validatéli Study participants were very well characterizéthwigorous methodolody

6 BAT proved to be an accurate diagnostic tese #blconfirm PA with high specificity, in agreement
with our previous findings. Being able to identify peanut allergic patierttsisk of reacting to low dose

of the allergen and/or of developing life-threatgnireactions can improve current management of
patients with PA. Previous studies, including ownopeanut study using the exact same BAT
methodology, have shown a direct correlation between the #gwefrsymptoms and basophil activation
and an inverse correlation between the thresholdeattivity and basophil activation?® ** More
recently, another study of patients undergoing @&-@eanut identified BAT as the best biomarker for
severity of allergic symptorfis using the same BAT parameter that we had preljiatimosen as the
preferred outcome for the BATIn the present study, we also assessed baseapisitisity as expressed
by CD-sens, which previously was the marker thatt beflected low threshold dose, and found that
basophils of patients reacting at lower doses ahpeprotein in the OFC reacted to lower conceioimat

of peanut extracin vitro thus displaying a higher CD-sens. Of note, th®@ations between SPT and
threshold and between SPT and severity may be digseards a stronger association given that the

clinician knows the results of the SPT before ddimg challenge. Conversely, since the cliniciands
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aware of the BAT results, the BAT may have lesamintrinsic bias and may constitute a more robust
biomarker of severity and threshold compared withifistance skin prick test that was known to the

clinical team performing the OFC.

The observation that a higher proportion of attidabasophils is associated with more severe oeacti
and a lower threshold raise the question as toheineseverity is linked to threshold. Although dtially
this association is difficult to establish due thieal constraints of continuing an OFC after dergic
reaction has started, we have previously shownithetro BAT markers of severity and threshold are
strongly correlated. This strong correlation ishably due to the ability to stimulate basophfsvitro
with higher concentrations of allergen than is paesn vivo during OFC, for ethical reasons. In the
LEAP protocol, the OFC started at a relatively higee of peanut protein (0.1g in most patients and
0.033g in high-risk patientS) > because this was a diagnostic OFC, while most 6t&& below 10mg
of peanut protein and 100 mg approaches the alicibse for 30-50% of the peanut allergic popufatio
based on other threshold studies; thus, the LEA&yss poorly designed to look at threshold. Howeve
because OFC started at a relatively high dose, ere able to see a strong correlation between tbiesh
and severity that would not have been otherwissiptesas the OFC would have been stopped at tbte fir
signs of an allergic reaction at lower doses. Hut that BAT in this study is related to both séyeand
threshold further indirectly supports a link betwdew threshold and increasing severity of allergic

reactions.

Having a high proportion of activated basophilgésponse to the allergen does not necessarily mean
that the patient will have a severe allergic reactvhen accidentally exposed to the allergen hotvalto
identify high-risk patients who deserve a closdiofe-up. This is in line with other studies and thation
that severity of allergic reactions depends on #itade of factord’, of which the effector cell biology is
only one of them. The fact that the basophil respaio IgE-mediated positive controls (but not te th

non-lgE mediated positive control fMLP) was highiersevere reactors than in patients with mild-
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moderate reactions may suggest that differencesasit to the basophil effector cells can influenie
severity of symptoms. The same was not observetthfeshold dose or for allergic status to peanut.

Previous studies investigating SPT and specifictigiiing as biomarkers for severity showed corfiict

& 9 %539 gnd others with negatité ***findings, possibly due to differences

results, some with positiv
in study design, patients included and OFC protodalcontrast, in our study, tests other than B#ch

as SPT, Ara h 2-sIgE, peanut-sige and IgG4/Igibsatperformed well identifying severe reactors. For
instance, a SPT of 8 mm or above can be usefitalin to identify patients at greater risk. SPTswa

fact the best biomarker for threshold followed b&TB However, better than any individual test were t
multivariate models, as shown by the higher C-valMye would like to underscore that, statistically
speaking, improving on an already high c-indexnisre significant’ than the same level of improvemen
of a lower c-indexMultivariate models take into account the corretati@tween metrics and this adds
robustness to predictions of individual tests. \Walded the results of tests in a multivariate nhdde
generate user-friendly nomograms to predict thdaidity of a serious adverse event during a peanut
OFC for a given patient. This may be different fraliergic reactions in the community, where addiilo
factors that are controlled for in the context of@FC can contribute to the outcome (e.g. uncdettol
asthma, concomitant infection and other co-factofsfhe nomograms can be very useful clinically, with
the ability to identify high-risk patients who mégnefit from a different OFC protocol, starting hwit
lower doses with more careful clinical monitoriregg. cannulation prior to start of OFC, higheraadf
clinician: patient during OFC) or who should bepdissed of an OFC. Instead, confirmation of PA could
be done with ain vitro test such as the BAT, or a combination of tesksguie homogram. Due to the
limitations of the external validation cohort usadhe present study, further rigorous externaidetion

is needed before applying these results more brpadimely with other food allergens and in other

patient populations.
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A proportion of participants could not be testedBAT for logistical reasons, namely failure to eul
blood, appointments too late in the day or too magryday to allow for performance of BAT in a timel
fashion. This limitation highlights the need to plify the BAT procedure and have an organized syste
to transpose these barriers in clinical practibeutd BAT be used as a biomarker in a real-lifenacie.
The differences observed between patients who amatevho were not tested on BAT reflect the fact tha
tested patients were more likely to be peanutgilieAs non-allergic patients do not ever have sitp@
response to allergen on the BAT, we believe thiemttal bias has not affected the results but rathe

granted the ability to capture a high risk popolati

Fourteen percent of samples were not considerdekianalyses due to non-responder basophils, vidich
a known limitation of BAT. However, non-respondewsuld not lead to misdiagnosis of high-risk
patients as these patients required an OFC toroomfi exclude PA and thus, we would not exclude
allergy based on non-responder status. In clinicattice, there are cases for whom we do not have
results for the other tests. For instance, a figgmit proportion of children do not react on SPhew,
during the pollen season, they cannot stop ant@misies and, in such situations, BAT is particylarl
useful because BAT is not affected by anti-histasiin The non-responder status was not consistent
over time, with some participants having non-resfgorbasophils at one time-point (LEAP/LEAP-On)
and not the other, which is in line with experira@rdata showing that the non-responder statustsesul
from transient changes in cell signalling proteamsl can be reversed in different culturing conditio
namely in the presence of 1%3** The model without BAT could be used to identifytipats at risk of

severe reactions and low threshold, in the casemfresponders.

In summary, using a large cohort of well-charaztstipatients we confirmed that BAT is a biomarkier o
PA and of the severity and threshold of allergact®mns to peanut during OFC. All other markers aad
very good sensitivity but lower specificity to pretdseverity whereas SPT was a better biomarker for

threshold. The best predictive approach both feesty and for threshold was to combine tests in a
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multivariate model. Using novel models that intégr&arious biomarkers, we are able to generate
nomograms that could be used in clinical practioeidentify allergic patients at higher risk of
experiencing severe allergic reactions or of regctd low dose of peanut protein and offer themaasiem

personalized management plan and follow-up.
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551 Tables

552 Tablel. Demographic and clinical characteristics of pgtiats in the LEAP, LEAP-On and PAS studies incthigtethe analyses. OFC, oral food

553 challenge; CTCAE, common terminology criteria fdvarse event&

LEAP LEAP-On PAS
Peanut Avoid Peanut Overall Peanyt Peanut Overall Group | Group IV Group V Overall
Consume Avoid Consume

(N=252) (N=222) (N=474) (N=219) (N=204) (N=423 (N=36 (N=45 (N=3) (N=84)
Male gender 164 (65%) (Slj;) ) (6233, | 136(62%) 112(55%) 248(59%) 24(67%) 3L(69%) 1(33%) 56 (67%)

184 . . . o 44144 . 78/82
(Gow)  BL(7%)  79(39%) 160(38%) 32/35(91%) (yonoe  2(67%)  (gge

Atopic eczema 104 (41%) 80 (36%)

Participants

withpeanut — eonn agor g SYA72 42 (1ow) 0203 (aw) U422 0 (0%) 36/44 ) 3300 33/79

allergy (11%) (12%) (82%) (42%)
diagnosed
Participants
articipar 71221 49/469  26/202 33/402 34/42 35/81
with positive  42/248 (17% 7/200 (4% 0 (0% 1 (33%
R i (17%)  (306) (10%) (13%) (4%) (g (€779) (81%) (33%)  (4300)
14/48 B 8/32
Ewansevere  12141(29%) 2/7(29%) oo U25(4%) 17 (14%) 232(6%)  (N=0) (oo O/L(0%) B33 (24%)
Medication 9/48 _ 7132
A TAL(T%) 207(29%) oy  L25(4%)  07(©O%) U2(E%  (N=0) (2o OL(O0%) 7133 (21%)
CTCAE severe  7/41 (17%)  0/7 (0%) (Ig‘f,z) 124 (4%)  0/7 (0%)  1/31(3%) (N =0) (ig/f)) 0/1 (0%) 5/32 (16%)
Threshold dose
Sremion . 04[00,08 0100 01000, o0, 12(04, 0800, ) 0.0[0.0, 04[04,  0.0[0.0,
i Wi 0.1] 0.8] P 3.1] 4.3] (N = 0) 0.1] 0.4] 0.2]
i (N=7) (N=49) (N=7)  (N=233) (N=34) (N=1) (N=35)

1 Eczema based on SCORAD score of more than zero
2 Median [IQR]
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554  Tablell. Optimal cut-offs to classify subjects at high-rfsk severe allergic reactions and for reactintpte dose (0.1g or less) of peanut protein
555 during the oral peanut challenges. Severity wagsasssl according to the CTCAE séaléptimal cut-offs were determined based on the
556  Youden’s index which is the distance between thetgd inflexion of the ROC curve and the referefice (see E-methods in the supplementary
557 material). Sensitivity, specificity, positive pretive value (PPV) and negative predictive value\YINRith 95% confidence intervals are indicated
558 for each cut-off.
Sever e versus non-severe allergic reactions Threshold <0.1g versus >0.1g of peanut protein
Cut-off Sensitivity Specificity PPV NPV Cut-off Seitivity Specificity PPV NPV
BAT
(% CD63+ 48 100 (100 - 100)) 97 (95-98) 41 (32-6Pp) 10W0(1100) 1.7 95 (89 - 100)| 91(86-96) 43(35-62) 100 (9®OY
Basophils)
Aré(‘khuﬁ 9E 1.4 100 (100 - 100) 93 (91-9d) 22(18-4B8) 1000(- 100)| 0.1 97 (90 -100) | 89 (87-95) 38(34-57) 100 (9906)1(
Pe?lr(‘ﬂt/fggE 5 | 100(100-100) 90(87-98) 18(15-48) 1000(1000)| 0.4 | 95(88-100)| 79 (76-86)| 25(23-34) 100 (99 - 100)
Peanut-
slgG4 175 75 (17 - 100) | 46 (30 - 99 3(2-29 99 (990) 75 82(67-89) | 34(32-45 8(8-10 96 (94 - 98)
(ng/L)
'gsgt’i'gE 16 | 100(92-100)| 88(86-98) 16(14-6p) 1000(1100)| 2.1 | 91(86-100)| 87 (78-92) 35(25-46) 99 (99 )10
SP T(nfff;””t 8 100 (100-100)| 92 (89-94) 21 (17-2F) 10001Q00)| 6 | 98(97-100)| 95(91-96) 59 (45-66) 100 (10DE)

559
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560 Tablelll. Model performance measures for (A) reaction seyearitd (B) cumulative dose threshold. The
561 C-index measures the model's rank-discriminatitwe, ability of the model to correctly rank subjects,
562 with 1 being perfect discrimination and 0.5 indiegta coin-toss model. The calibration error measu
563 how far apart in percentage points model-basediqiteds are from true predictions, as in a calilorat
564 curve, for each ordinal model cut-point. The mebhgotute calibration error is the absolute predictio
565 errors averaged across all predictions made, withamalogous definition for the $0percentile of

566 absolute prediction error. In each case, the snthkéeerror the better.

567 A. Severity
Absolute calibration error
M oderate or higher Sever e/Life-threatening
M odel C-Index M ean 90th %ile M ean 90th %ile
Multivariable (BAT) 0.991 0.t 0.c 0.2 0.2
Multivariable (No BAT 0.98¢ 0.2 1 0.t 0.2
SP1 0.98¢ 0.t 1.€ 0.t 0.€
Ara h2-specific IgE 0.951 4.1 7.2 0.2 0.1
BAT 0.95] 1.€ 4 0.3 0.2
IgE to peant 0.91¢ 4.4 14.5 0.€ 1.7
IgG4 to peant 0.56: 1.1 1.7 0.4 1
568
569 B. Threshold
Absolute Calibration Error
0.1 mg 5.0 mg 9.35mg
C-index Mean 90th%ile Mean 90th %ile Mean 90th %ile
Multivariable 0.981 1.€ 5.€ 0.6 2.7 0.2 0.z

Multivariable (no BAT 0.9¢ 2.2 5.1 1 3 0.7 1.2
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SP1
BAT
Ara h Zz-specific IgE

IgG4/Ige  ratio  tc
peanut (log 10)

IgE to peant
IgG4 to peant

0.97:
0.93¢
0.93¢
0.93:

0.89¢
0.56¢

1.4
1.€
3.€
3.1

8.¢
7.€
13.£

10.1
2.1

16.€
4.

2.8
12.¢
2.8
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Figurelegends:

Figure 1.  Mean basophil activation (measured as %CD63+ dhdlso corrected for spontaneous
activation, i.e. minus %CD63+ basophils in the emlog® ofin vitro stimulation) to increasing
concentrations of peanut extract in LEAP, LEAP-@mg PAS study participants by allergic status. BAT
and allergic status were determined at approximasgje 5 in LEAP and PAS studies and at
approximately age 6 in the LEAP-On study. Each easgion line represents a smoothed mean dose
response curve using a cubic spline with 95% biagped confidence intervals for each combination of

allergic status and reaction severity group.

Figure 2. Basophil activation to peanut in peanut allergicsus non-allergic participants (Median [IQR]
58.1 [51.2 — 74.2] vs 10.3 [1.9 — 24.2], respedyivp<0.001) in the PAS and LEAP studies (A) and
receiver operator characteristic (ROC) curve farasophil activation test (BAT) and other biomaske
to identify LEAP and PAS subjects at high-risk efvdloping severe or life-threatening reactionsrdyri

oral food challenges, using the CTCAE score Byan & Clark grading (C) or medication grading (D).

Figure 3. Threshold dose of peanut protein. Extinction cumating the cumulative peanut threshold
dose with the proportion of activated basophiléofeing peanut stimulation (A), showing the estinthte
mean (and 95% confidence band) cumulative amounpezinut tolerated as a function of BAT

measurement, and ROC curve for different biomarkargredicting threshol&0.1g of peanut protein

(B).
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Figure 4. Nomogram for predicting reaction severity using BAPT and Ara h 2-specific IgE (A) and
nomogram for predicting cumulative dose threshaichgi BAT, SPT, Ara h 2-specific IgE and IgG4/IgE
ratios, based on the LEAP and PAS studies at appataly age 5. Predictions from the models can be
made in a clinical setting by simply adding up peiearned from each of the variable axes and thieig u

that total to read estimated probabilities from phebability axes.

Footnote for figure 4A: For example, if a participant is encountered vaithrArah h 2 of 1.5, a peanut SPT of 8,
and a BAT of 53, we first find the value 1.5 alahg axis associated with rArah h 2 (second fromtape and read
vertically up to the corresponding point along the Points axis (blue arrow). Similarly, we firttetvalue 8 along
the Peanut SPT axis and follow vertically to thénBoaxis to find that a Peanut SPT of 8 earns gBéypoints (red
arrow). Similarly, a BAT value of 53 earns abo8t points (green arrow). Totalling the points edrfrom each
variable gives 155 points for this participant. V&l this total points value on the Total Pointgsa(fourth from
the bottom) and imagine a vertical line extendirogvd from that point intersecting each of the pralitgbaxes.
These points of intersection are the predicted airdities of falling into each of the severity cgteies. Given the
values from the hypothetical participant above, egémate a <10% chance of having a severe reacio0%
chance of having a moderate reaction and < 10%cehaino reaction.

Footnote for figure 4B: For example, if we suppose that in addition tolifamarker values seen in figure 4A, the
participant has a lqglgG4/IgE ratio to peanut of 1.6. The nomogramweoan be used if we wanted to estimate
the mean cumulative tolerated dose, or the proitiabilof having mean cumulative doses greater tharg or 9.35

g given these biomarker values. With a BAT of 58aecrue about 62 points, with an arah2 of 1.5 @bguoints, a
peanut wheal of 8 gives about 85 points, and adg& ratio of 1.6 gives about 95 points. This indual then has
about 247 total points, which gives an estimatedm=umulative tolerated dose of less than 1 g,% dbance of
tolerating more than 0.1 g peanut, and less thafi% chance of tolerating more than 9.35 g peamutadt, this
individual had a severe reaction during the pe®BRPCFC and tolerated 0 g of peanut.

Figure 5. Relationship between severity and threshold @rgit reactions to peanut. Points represent
individual subjects submitted to either double-thlilacebo-controlled (blue points) or open (rechts)i

peanut challenges in the LEAP studies. The Spearardncorrelation between cumulative tolerated dose
and CTCAE graded reactions severity is -0.96 (P.60T) at 60 months and -0.94 (P < 0.001) at 72
months. When computing these correlations openlasigés not ending in a reaction were given an

imputed tolerated cumulative dose of 9.35 g.
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