Journal Pre-proof

°
e 9
Sensitization to grass pollen allergen molecules in a birth cohort — Phl p 4 as early 5
indicator of grass pollen allergy s
viny

Marit Westman, MD, PhD, Karin Aberg, MD, Danijela Apostolovic, PhD, Christian
Lupinek, MD, Pia Gattinger, MSc, Irene Mittermann, PhD, Niklas Andersson, MSc,
Erik Melén, MD, PhD, Anna Bergstrém, PhD, Josep M. Anté, MD, PhD, Jean
Bousquet, MD, PhD, Rudolf Valenta, MD, Magnus Wickman, MD, PhD, Marianne van
Hage, MD, PhD, On behalf of the MeDALL consortium

PII: S0091-6749(20)30040-3
DOI: https://doi.org/10.1016/j.jaci.2020.01.006
Reference: YMAI 14370

To appearin:  Journal of Allergy and Clinical Immunology

Received Date: 28 June 2019
Revised Date: 19 December 2019
Accepted Date: 9 January 2020

Please cite this article as: Westman M, Aberg K, Apostolovic D, Lupinek C, Gattinger P, Mittermann |,
Andersson N, Melén E, Bergstrom A, Anté JM, Bousquet J, Valenta R, Wickman M, van Hage M, On
behalf of the MeDALL consortium, Sensitization to grass pollen allergen molecules in a birth cohort —
Phl p 4 as early indicator of grass pollen allergy, Journal of Allergy and Clinical Immunology (2020), doi:
https://doi.org/10.1016/j.jaci.2020.01.006.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Inc. on behalf of the American Academy of Allergy, Asthma &
Immunology.


https://doi.org/10.1016/j.jaci.2020.01.006
https://doi.org/10.1016/j.jaci.2020.01.006

O 0o NO UL A~ W N B

WWWRNRNNNNNNNNNRPRPPRRRR PR R RPB Rp
NPRPOWOKONODUDNWNRPOWVLONOODTUDNWNIER O

33
34
35
36
37
38
39
40
41
42
43
44

Sensitization to grass pollen allergen molecules in a birth cohort — Phl p 4 as early

indicator of grass pollen allergy

Marit Westman, MD, Ph®F, Karin Aberg, M, Danijela Apostolovic, Phf) Christian
Lupinek, MO¥, Pia Gattinger, MSt Irene Mittermann, Ph)Niklas Andersson, MScErik
Melén, MD, PhB3", Anna Bergstrom, PHS, Josep M Anté, MD, Ph¥, Jean Bousquet,
MD, PhD, Rudolf Valenta, MB™" Magnus Wickman, MD, PhiDMarianne van Hage, MD,

PhD?

On behalf of the MeDALL consortium

a)
b)

c)
d)

e)

f)

)
h)
i)
)
k)
1)

m)
n)

Immunology and Allergy Unit, Department of MediciBelna, Karolinska Institutet and
University Hospital, Stockholm, Sweden

Department of Ear, Nose and Throat Diseases, Kesta@i University Hospital, Stockholm,
Sweden

Department of Clinical Science, Intervention andhrelogy, Division of Ear, Nose and
Throat Diseases, Karolinska Institutet, Stockhd@nveden

Division of Immunopathology, Department of Pathagiblogy and Allergy Research, Center
for Pathophysiology, Infectiology and Immunologyedcal University of Vienna, Austria
Institute of Environmental Medicine, Karolinska tigtet, Stockholm, Sweden

Sachs’ Children’s Hospital, and Department of ClhiScience and Education
Sodersjukhuset, Stockholm, Sweden

Center of Occupational and Environmental MedicRegion Stockholm, Stockholm, Sweden
Centre for Research in Environmental Epidemiold@REAL)

IMIM (Hospital del Mar Research Institute)

Universitat Pompeu Fabra (UPF)

CIBER Epidemiologia y Salud Publica (CIBERESP),d&$ona, Spain

University Hospital of Montpellier, Hépital Arnawtk Villeneuve, Montpellier, INSERM
1018, Villejuif, France

NRC Institute of Immunology FMBA of Russia, MoscoRussia

Laboratory for Immunopathology, Department of Glalilmmunology and Allergy,
Sechenov First Moscow State Medical University, béng, Russia.

Corresponding author:

Marit Westman, MD, PhD

Dept of ENT-diseases

Karolinska University Hospital, Huddinge
141 86 Stockholm, Sweden
marit.westman@ki.se

+4670-6513052

Sour ces of funding: the Acta Oto-Laryngologica foundation; Stockholimu@ty Council; the
Swedish Asthma and Allergy Research FoundationSthedish Heart-Lung Foundation; the Swedish



45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

Westman et. al

Research Council; the European Commission’s Se¥athework 29 Program MeDALL under
grant agreement No. 261357.

Disclosure of conflicts of interest: Dr. Westman reports personal fees from ALK, peaséees from
Mylan, outside the submitted work; Dr. Lupinek reggersonal fees from Thermo Fisher, outside the
submitted work; Dr. Mittermann reports grants frémmstrian Science Fund (FWF), outside the
submitted work; Dr. Melén reports personal feeaififthermo Fisher Scientific, personal fees from
Novartis, outside the submitted work; Dr. Bousqegirts personal fees from Chiesi, Cipla, Hikma,
Menarini, Mundipharma, Mylan, Novatrtis, Purina, 8&wf\ventis, Takeda, Teva, Uriach, other from
KYomed-Innov, outside the submitted work; Dr. \fakereports grants from Austrian Science Fund
FWEF, grants and personal fees from Viravaxx, Viemasstria, outside the submitted work; Dr. van
Hage reports personal fees from Biomay AG, Viednsstria and Hycor Biomedical LLC, CA, US.,
personal fees from Thermo Fisher Scientific and ALKutside the submitted work; The rest of the
authors declare no conflicts of interest.



60
61

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

Westman et. al

Abstract

Background: Grass pollen allergy is one of the most commornrgiks worldwide.

Objective: To evaluate the usefulness of grass pollen allengalecules for prediction of
grass pollen allergy during childhood up to adctese.

Method: Questionnaire data and sera obtained at 4, 8 aydd® from the population-based
BAMSE birth cohort were used. Sera from 763 reprega/e subjects with serum samples
available at all three ages were analysed for Egetivity to 8Phleum pratense allergens
(MeDALL-chip) and to timothy extract (ImmunoCAP)lIérgic rhinitis to grass pollen (ARQ)

was defined as upper airway symptoms during graésrpexposure.

Results: The prevalence of sensitization to any Phl p mdéwas higher compared to
timothy extract at all three ages; 4 (9.7% vs. §,88428.4% vs 15.3%) and 16 (37.1% vs.
27.1%) years. General estimating equations (GE&lyaes revealed that among children
sensitized at 4 years, the overall odds ratio (Gfffater ARg (up to 16 years) was increased
only for IgE-reactivity to Phl p 1 (OR=4.9) and niph4 (OR=6.9). The likelihood of later
symptoms increased with the number of allergen ocuids; at 4 years2 molecules predicted
ARg to 78% an&3 molecules 95%. A positive test for timothy extraedicted ARg to

70%.

Conclusions: nPhl p 4 is a hitherto unrecognized early indicafiograss pollen allergy, in
addition to Phl p 1. To identify grass pollen sémation and predict later ARg, allergen
molecules are of added value to timothy extractraag help clinicians improve prediction of

grass pollen allergy.
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Clinical implications. Measuring IgE-reactivity to grass allergen moleswaring
childhood, may help clinicians improve detectiorgadss pollen sensitization and prediction

of later grass pollen allergy.

Capsule summary: Early IgE detection is important for predictiongyiss pollen allergy.
Measuring IgE-reactivity to grass allergen moleswuaring childhood, may help clinicians

improve detection of grass pollen sensitization aredliction of later grass pollen allergy.

Key words: allergen molecules; allergic rhinitis; BAMSE; gsapollen; cohort; IgE;

MeDALL; microarray; Phl p 4

Abbreviations:

» ARg - Allergic rhinitis to grass pollen

BAMSE - Barn/Children Allergy/Asthma Milieu Stockino Epidemiologic study
» CCD - cross-reacting carbohydrate determinants

* IgE — Immunoglobulin E

* ISU-E - ISAC standardized units for IgE-detection

 MeDALL - Mechanisms for the Development of ALLergie

* GEE analysis - general estimating equations arsalysi

* OR - odds ratio

Word count: 3900
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I ntroduction

Grass pollen is a ubiquitous allergen source irperate, subtropic and tropic regions
of the world and the most common sensitizing aédargource in Europe (1). In temperate
climates grasses from the Pooideae subfamily iikethy (Phleum pratense) are dominating
(2-3). Allergen molecules from the Pooideae sublaarie highly cross-reactive amileum
pratense can be used for diagnostic and therapeutic puspas®ng patients with grass pollen
allergy in the temperate regions of the world (3, 4

At present 13 allergen molecules have been idedtifiomPhleum pratense (Phl p),

Phl p 1-13 (2). Phl p 1 has been reported to benth&t prevalent sensitizing allergen among
grass pollen allergic patients and it is suggekidae used as a marker for primary grass
sensitization. Phl p 2, 5 and 6 are other maj@rgdns specific for the Pooideae subfamily of
which Phl p 5 seems to be the most potent grassrpallergen due to structural features
facilitating effector cell activation (5). Phl p & polcalcin, Phl p 12, a profilin, are minor
grass pollen allergens but are highly cross-reaand Phl p 11, a minor allergen, shows
some sequence homology with soybean trypsin irdritike pollen but there is only limited
IgE cross-reactivity among the members of thisgarotamily (6). Natural Phl p 4 (nPhl p 4)
is a glycosylated protein with cross-reacting caslutvate determinan{CDs) which may
lead to IgE cross reactivity to other plants. Aligb nPhl p 4 is a major allergen with a high
prevalence of IgE reactivity, its clinical relevangeems to be low because it only poorly
induces effector cell degranulation and immedigpe symptoms in patients (7-9). It seems
that the majority of Phl p 4-specific IgE is diredtto poorly allergenic carbohydrate epitopes
(7, 10).

Previous data have demonstrated that grass satisitizs heterogeneous (11-13) and
several molecular profiles have been presentedld)3,In a cross-sectional study Cipriani et
al. proposed Phl p 1, 7 and 12 to be relevant hikens for grass pollen allergy among Italian
children with defined grass pollen allergy (11)rthermore, among 82 grass pollen allergic
adult patients from Austria the relevant allergavienules for allergen immunotherapy for
grass pollen allergy were shown to be Phl p 1,&1&6 (8).

The aim of this study was to evaluate the clinics®fulness of molecular-based
allergy diagnostics for grass pollen allergy inldghood up to 16 years in a population-based
setting. In particular, we address the associaif@arly sensitization and later onset of

symptoms of allergic rhinitis to grass pollen (ARQ)
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Methods

The BAMSE cohort

We used data from the population-based birth cdBANISE (Barn/Children, Allergy,

Milieu, Stockholm, Epidemiology). The details oktktudy have been previously published
(15). In brief, the cohort consists of 4089 childrecruited shortly after birth when baseline
data was obtained and repeatedly thereafter up y@dars using parental questionnaires on
symptoms of allergy-related disorders. The respoatgeat the latest follow up at 16 years
was 78% from baseline. At ages 4, 8 and 16 yearicjpants who completed the
guestionnaire were invited for blood sampling. Tlnenber of children with blood samples
obtained at all three time points was 1699. In joev studies, no significant differences have
been found regarding background characteristiogdst the 1699 children and the BAMSE
cohort (16, 17). The BAMSE cohort is part of theAd_L collaboration, the European
Union funded project Mechanisms for the DevelopnwiLLergies. Permission for the
study was obtained from the Regional Ethical Revweard at Karolinska Institutet,
Stockholm, Sweden throughout the study years arghggmgave informed consent for each

follow up.

Sudy population

Eight hundred of the 1699 children with availaldeasfrom all three time points were
randomly sampled for microarray testing (16, 18)il@en with results from the microarray
testing and complete information from the pareqtastionnaires on AR symptoms at
exposure to grass pollen at 4, 8 and 16 years, welteded in the study (N=763).

Definition of symptoms

Grass pollen-related AR (ARg) was defined as sneezing, runny, itchy or kdaokcnose, itchy
eyes when exposed to grass pollen, reported ipahental questionnaires at ages 4, 8 and 16
years (16).

Incident symptoms were defined as symptoms as above reported fdiriteime at the

particular age, but not at previous time points.

Specific IgE-reactivity
Serum samples were analyzed for IgE-reactivity iroarrayed allergen molecules using the
MeDALL chip which is based on the ISAC microarrdgtform (Phadia
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181  Multiplexing/Thermo Fisher Scientific, Uppsala, Slea), but differed from the

182 commercially available ISAC regarding layout and ttumber of allergen molecules. The
183  technical details and features of the MeDALL clugdther with the cut off 0.3 ISAC

184  Standardized Units (ISU-E) are described in détailupinek et al (19). IgE-reactivity

185  profiles and levels were measured for allergen oubés fromPhleum pratense (Phl p 1, Phl
186 p2,Phlp4,Phlp5, Phlp6, Phlp 7, Phl pAd,p 12), but also the CCD-containing

187 molecules Cup a Xpressus arizonica), Cry j 1 Cryptomerica japonica), Pla a 2 Platanus
188  acerifolia), Cyn d 1 Cynodon dactylon), Jug r 2 Juglansregia). A level of> 0.3 ISU-E was
189  considered positive. Briefly, aliquots of 8bof serum were incubated on the microarray and
190 after 120 min of incubation at room temperaturelesl were washed, and fluorescence-

191 labelled anti-IgE antibodies (Thermo Fisher) wattded and incubated for 30 min. Chips
192  were then washed, dried and analyzed using a [Sxsar Confocal microarray reader

193  (LuxScan 10K/A; Capital-Bio, Beijing, China). Thesults were evaluated using Phadia

194  Microarray Image Analysis (MIA) software and arpaoged in ISU-E. IgE to timothy extract
195 was measured with ImmunoCAP (ImmunoCAP System, mbefisher Scientific). A level of
196  0.35 kUA/I was considered positive.

197  Sensitization refers to IgE-reactivity to either grass allergevlecules ¥ 0.3 ISU-E) or

198 timothy extract¥ 0.35 kU/I).

199  Monosensitization refers to IgE-reactivity to a single allergen moiect0.3 ISU-E).

200

201 Satistical analyses

202 The prevalence of IgE-reactivity to the Phl p males are expressed as percent of the total
203 number of available observations at each time @dlr763). The specific IgE levels for the
204 different Phl p molecules are presented as bos piblSU-E values with 2% 50" and 7%’

205 percentiles, calculated on values greater thacuheff > 0.3), as well as median ISU-E

206 values and range. For Phl p 1 and Phl p 4, thegghemmedian IgE levels from 4 to 16 years
207  were calculated with quantile regression. A Veragdam was performed to see the overlap
208 of prevalence of symptoms of ARg, IgE-reactivityRbl p 1, 4 or 5, and to timothy extract
209 (20). The association between the different Phigbeules at age 4 or 8 years and subsequent
210 onset of incident ARg up to age 16 years was caledlas proportions, odds ratios (OR) and
211 overall risk (General estimating equations, GEEude ORs were calculated for each Phl p
212 molecule. Molecules showing a significantly incregisrude odds ratio (OR >1, 95%

213 confidence level) were included in the multivariatedel. In addition, absolute risks were

214  calculated, as the number of subjects, among thiosek, with the outcome (symptoms of
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ARQ) at 16 years, divided by the total number didjsats at risk (IgE-reactivity to allergen
molecules/timothy extract but without symptoms4 a@ind 8 years, respectivelipredicted
probability estimates were plotted according tortbmber of IgE-reactive=(0.3 ISU-E)

allergen molecules, based on results from a lagistjression.
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Results

Sudy population
Comparison of baseline characteristics betweestty population (N=763) and the original

cohort (N=4089) revealed no major differences (€dfil, Online Repository).

|gE reactivity from childhood to adolescence

Sensitization to any Phl p molecule increased witheasing age (Figure 1). Among the
molecules analyzed, the most prevalent sensitiiieggen molecule was Phl p 1, irrespective
of age (Figure 1), (at 4 years 6.6%, 8 years 22286616 years 31.2%), followed in order by
Phl p 4 (3.9%, 13.0%, 19.0%), Phl p 5 (1.4%, 6.4%8%), Phl p 6 (0.3% 2.8%, 10.4%), Phl
p 2 (0%, 1.7%, 6.8%), Phl p 7 (0%, 0.7%, 1.2%), kL (0%, 0.3%, 0.8%) and Phl p 12
(0%, 0.3%, 0.7%). The highest IgE levels were geeRhl p 1 and 5 (Figure E1).
Monosensitization was noted for Phl p 1, 4 and % atd 8 years of age (Figure 2). At 16
years of age, monosensitization was also obseorddHl p 6 in one child. This child was not
positive to timothy extract and did not report syoms of ARg (data not shown). IgE-
reactivity to Phl p 2, 7, 11 and 12 was only obsdras concomitant IgE-reactivity to Phl p 1,
4 or 5, and with lower ISU-E levels compared toséhof Phl p 1, 4, and 5.

Among children monosensitized to Phl p 1 at 4 yeéaegye, 89% stayed sensitized up
to 16 years of age, and 73% developed new sernstsaFigure 3A). Their median levels of
Phl p 1-specific IgE increased from 1.2 ISU-E gkdérs to 24.6 ISU-E at 16 years (p=0.001).
Among children monosensitized to nPhl p 4, 75 %exdesensitized up to 16 years of age, and
70% developed new sensitizations (Figure 3B). H@anetheir median levels of Phl p 4-
specific IgE remained low (0.7-4.1 ISU-E, p=0.02x)4, 8 and 16 years, respectively, 50%,
52% and 42% of children sensitized to nPhl p 4Ig&dreactivity to any of the other CCD-
containing molecules Cup a1, Cryj 1, Pla a 2, @yin Jug r 2. Details of the sensitization
pattern for the CCD-containing molecules are presskm Figure E2.

The prevalence of sensitization to any of Phl # &r 5 was significantly higher than
to timothy extract at 4 (p=0.041), 8 (p<0.001) dwdyears (p<0.001) (Figure 4). At 8 and 16
years of age, >98% of children with IgE antibod@$&imothy extract had IgE reactivity to
any of Phl p 1, 4 or 5. At 4 years of age this prtipn was lower, 82.7%.

|gE-reactivity and current symptoms
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The prevalence of symptoms to grass increasedimdtkasing age and was 1.2%, 7.2% and
15.2%, at 4, 8 and 16 years, respectively (Figird#4 years of age, only 6% of the grass
sensitized children had developed symptoms. Thegotion of children reporting symptoms
increased with the number of sensitizing molecudesong children with sensitization 02
allergen molecules the proportion with symptomgriss was comparable to that of

sensitization to timothy extract (Table E2).

Phl p 1 and nPhl p 4 are early indicators of grass pollen allergy

We estimated the impact of asymptomatic sensitimati childhood on the risk of symptoms
at 8 and 16 years, respectively. Among childrersisgred to any grass allergen molecule at 4
years, the OR for ARg at 16 years was 8.9 (96%.215.0). The overall OR from the
longitudinal GEE model of reporting ARg up to 1Gy® significantly increased for IgE-
reactivity to Phl p 1, 4 and 5 at 4 years. Howewaéer adjustment for other allergen
molecules ORs remained increased solely for Ph{49, 95% CI 2.7-8.7) and nPhl p 4 (6.9,
95% CI 3.5-13.7). Comparable results were seen 8ap to 16 years (Table 1). The
proportion of children with Phl p 7 and Phl p 12s&zation at 8 years and symptoms of
ARg at 16 years were 100%, but the number of obldvas very low (Table 1).

As a comparison, we calculated the absolute ridkawing incident symptoms at 16
years for different sensitization patterns (TalkBealad E4). The highest proportion of
symptoms of ARg up to 16 years were seen amondrehilwith IgE-reactivity ta 2 Phl p
molecules (Table E3) or among those with sensitimab Phl p 1, 4 or 5 and timothy extract
(Table E4), i.e. 76.9% or 72.5% at 4 years and%®50.0% at 8 years. Among children
with IgE-reactivity to Phl p 1/4/5 but not to tiningt extract at 8 years, a significantly higher
proportion (16.8%, 95% CI 10.5-25.9) than amongéhoot sensitized (4.5%, 95% CI 3.1-
6.7), had symptoms of ARg up 16 years. Regardiagdhwith monosensitization to Phl p 5 or
sensitization to timothy extract only, no strongncloisions can be made due to a very low
number of children with these sensitization patern

The probability of reporting incident symptoms dRé up to 16 years increased with
increasing number of IgE-reactivities to Phl p neales at both 4 or 8 years (Figure 5). At 4
years, sensitization to three or more grass allengelecules led to a 95% likelihood for grass
pollen symptoms at 16 years. However, the numbehitdren with>3 allergen molecules
was low. For sensitization to timothy extract tikelihood was 70%. At 8 years of age, the
likelihood of later symptoms was less than 20%erisstized to only one or no allergen

molecule. For timothy extract the likelihood ofdasymptoms was 50% if sensitized.

10
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Discussion

Here we used a molecular allergen approach to tigtass pollen sensitization and to predict
early in life, symptoms up to adolescence in theytation-based BAMSE birth cohort. The
results revealed that grass pollen sensitizatiansignificantly more prevalent when detected
with allergen molecules than timothy extract alofkie4 years, the majority of the sensitized
children were still asymptomatic and the probapitit later symptoms increased with
increasing number of allergen molecules. Furtheemiaraddition to Phl p 1, the CCD-
containing molecule nPhl p 4 could be identifiechdstherto unknown early indicator of
grass pollen allergy. The latter result was sumpgisince the majority of Phl p 4-specific IgE
is directed against CCDs and thus the allergertigicis probably low. We conclude that
early IgE detection is important for predictiongsiss pollen allergy and that testing for IgE-
reactivity to allergen molecules may add imporiafdarmation to a test for timothy extract
positivity.

The present study shows that using only threegalemolecules, Phl p 1, 4 and 5,
IgE-reactivity was significantly more often detettban using timothy extract. More than
98% of children with IgE antibodies to timothy eadt also had IgE reactivity to any of Phl p
1, 4 or 5. Thus, there was no added value of usimgthy extract to detect sensitization. At 4
years, however, only 82.7% of those with IgE againsothy extract had IgE-reactivity to
Phl p 1, 4 or 5. Hence, at preschool age, allemgelecules and timothy extract both
contributed with information about grass pollenstration. These results may be due to the
fact that two different methods were used; a spigke assay with allergen extract and a
multiplex assay with individual allergen moleculelwever, this may also be the case in a
clinical situation. Other longitudinal cohorts haaleo found Phl p 1, 4 and 5 to appear early
in the sensitization process (12, 21). In our stuglg-reactivity to Phl p 2, 7, 11 and 12 was
not observed in any child at 4 years of age. Monsisieation to these molecules was not
noted at any age and monosensitization to Phl psamly found in one child at 16 years of
age. Thus, these molecules seem not to appeariednly sensitization process.

Phl p 1 and nPhl p 4 were found to be importaniyeadicators of grass pollen
allergy. In line with previous studies Phl p 1 vilas most prevalent sensitizing molecule in
our population (2, 8, 11, 22-25), but a high prdjoor also had IgE-reactivity to nPhl p 4. In
its natural glycosylated form, this allergen moleduas been classified as a major allergen
both in children (12, 13, 21, 26) and adults acrwydo frequency of IgE recognition (2, 22,
27, 28), but IgE-reactivity to recombinant rPhl s4een much less frequently (11). The

11



Westman et. al

321 clinical value of sensitization to nPhl p 4 hasrbgeestioned, since nPhl p 4 contains CCDs
322 (2, 3) and has shown to have much lower allergaciiwity compared to Phl p 1, 2 and 5 (8).
323  We noted that monosensitization to nPhl p 4 waadan 27.0% of the children at 4 years.
324  Among these children 70% acquired additional sexagions to grass molecules up to 16
325 years and the overall OR of reporting symptomsouptt years was 6.9. Between 48% and
326 58% did not have concomitant IgE-reactivity to atG€D-containing molecules. This may
327 be due to the fact that Phl p 4 CCDs seem to ddmimmaer CCDs of other glycoallergens
328 (10) and/or the protein fraction of nPhl p 4 mayésponsible for part of the IgE response in
329 these patients. On the other hand, Westritschrady elid not find any patients with exclusive
330 IgE-reactivity to nPhl p 4 among 82 adult Austrgatients with grass pollen allergy and Phl
331 p 4 had avery weak allergenic activity as demastr by SPT (8). Furthermore, studies have
332  suggested that the addition of rPhl p 4 only shigimproved the sensitivity (11, 13, 29).

333 However, all studies mentioned above are perforamedng already symptomatic subjects. In
334  addition, the importance of nPhl p 4 among grass@t patients may vary in different

335 regions most likely as a result of local allerggpasure. For example, IgE sensitization to
336 Phl p 4 in subjects from a tropical region was clatgly asymptomatic and no basophil

337 activation was observed in response to extracts fropical grasses. Early asymptomatic
338 sensitization to Phl p 4 has been noted by otli&)} (Our study suggests that IgE reactivity
339 to nPhl p 4 in childhood, regardless of its lowlbgical activity, serves as an early indicator
340 of future grass pollen allergy in a population esgxbto temperate grasses.

341 Other studies have shown Phl p 5 to be an impoatiéaergen for grass pollen allergy
342  (3). However, we did not observe independent aasoos of Phl p 5 with symptoms, which
343  may be due to the low number of children monosezesitto Phl p 5 in our population. In

344  fact, proportions of IgE sensitizations to Phl may vary in different populations due to

345 exposure to different grasses containing groupesgaEns.

346 The probability of current symptoms to grass waweisited with the number of

347 allergen molecules, as seen for other inhalantgates (16, 18). With sensitization*d

348 allergen molecules approximately the same propodicchildren had symptoms as with a
349 positive IgE response to timothy extract. A smatigortion of children with sensitization to
350 Phl p 1/4/5, but without sensitization to timothgtract, had current symptoms of ARg. None
351 of the few children with sensitization to timothyteact but without sensitization to Phl p

352  1/4/5 reported current symptoms. Therefore, we loolecthat using allergen molecules is
353 more informative than timothy extract in relatiandurrent symptoms at school age and

354 adolescence.

12
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At 4 years of age, the vast majority of grass po#lensitized children were still
asymptomatic highlighting an important window ofpoptunity for prevention of grass pollen
allergy at this time point (30). Monosensitizedidien had a significantly higher risk for later
symptoms than nonsensitized children reflecting sleasitizatiorper seis a risk factor for
later symptoms (12, 31, 32). The probability oetasymptoms increased with increasing
number of allergen molecules which is in line wather inhalant allergens (16, 18). A
likelihood of > 90% for later symptoms was seermvigiE-reactivity to> 3 allergen
molecules. Few children were polysensitized, wieyrésult should be interpreted with
caution. However, a larger number of children hgig-teactivity to> 2 allergen molecules or
to allergen molecules in combination with timothyract both of which corresponded to an
absolute risk of > 70% for later symptoms. Impotrtarkeep in mind is that sensitization to
allergen molecules and timothy extract, respeactjvail not completely overlap at preschool
age. Thus, for detection of grass pollen sensitinah childhood, for prediction of later
symptoms, allergen molecules as well as timothyaekseems to be needed.

At 8 years of age, the probability of symptoms&tygars also increased with the
number of allergen molecules. However, the likatith@f symptoms at 16 years among those
with > 3 allergen molecules at 8 years was lower (75%) that observed for 4-year-old
children with reactivity to at least 3 allergenat higher than for timothy extract (50%). On
the other hand, having only one or no allergen mdéeat 8 years almost excluded the
development of later ARg (<20%). Possible explamatifor the higher likelihood for later
symptoms when sensitized at 4 years than at 8 péaige may be that early childhood seems
to be the most dynamic period of IgE progressiowelsas the longer time of exposure to
develop symptoms from 4 to 16 years than 8 to Hésy€l2, 30).

The strength of this study is the population-basesign and the high response rate,
i.e. 78% from baseline at the 16-year follow upe Tise of the MeDALL chip has allowed us
to perform a comprehensive analysis of IgE-reaadsito multiplePhleum pratense allergen
molecules with only a limited amount of sera whigleneficial in studies of children. A
limitation is that the study population was a saemgflthe original cohort. A comparison of
baseline characteristics between the study populatind the original cohort showed no major
differences. Another limitation is that ARg wasidefl as parental answers to symptoms at
exposure to grass pollen, which may not be as ateas in a clinical study. However, in a
validation study from Finland among 290 student2%8ears old, the question of symptoms
after exposure to an allergen had a positive ptigdivalue (PPV) of 75% in relation to

doctor’s diagnosis of symptoms in combination vatpositive skin prick test (33). In our

13
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study the sensitivity, specificity and PPV of theegtionnaire-based definition, symptoms of
ARg, in comparison to symptoms of ARg in combinatwith sensitization to timothy
extract, were at 16 years 100%, 97% and 84%, r&gphc at 8 years, 100%, 97% and 64%
and at 4 years 100%, 99% and 44%rthermore, the two major sources of pollen a#asgin
Scandinavia are grass and birch pollen and the gieille grass pollen season does not
overlap with the peak of birch pollen season, tiegicing the risk of misinterpreting the
allergen source causative of symptoms. Using tildreh’s answers of symptoms at
exposure to grass pollen or defining the outcom&yagptoms during June/July did not alter
the associations (data not shown). The questioesmaiere answered without parents or
children knowing about the IgE-reactivity, thus anigclassification would be non-
differential.

In conclusion, we show that measuring IgE to gpmdlen allergen molecules may add
important information to a test of timothy extraeinsitization and may help clinicians
improve the diagnosis of grass pollen sensitizadiath prediction of grass pollen allergy in
temperate regions. Phl p 1 and the low allergeRiad p 4 molecule were shown to be

important early indicators for prediction of grgmslen allergy later in life.
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Table and Figurelegends

Figure 1: Proportion (%) of children with IgE-reactivity gach of the Phleum pratense
allergen molecules, as well as any of the grassgeh molecules, among 763 children from
the BAMSE birth cohort at 4, 8 and 16 years, respely.

Figure 2: Proportion of children, among those sensitizedny grass molecule, with
monosensitization to the different Phl p molecuepolysensitizationX 2 Phl p molecules).
Monosensitization to Phl p 2, 7, 11 or 12 was rasteoved at any age.

Figure 3: Development of status of sensitization in childngth monosensitization at 4 years
of age to (A) Phl p 1 or (B) nPhl p 4. Shown are mlambers of children with remission,
median levels of allergen-specific IgE (mIgE) ahd humbers and proportions of children
with additional sensitizations to Phl p molecule8 and 16 years, respectively.

Figure 4: Proportional Venn diagram of IgE reactivity to Phl, 4 or 5, timothy extract and
reported symptoms (AR) at exposure to grass pdReoportions (%) with 95% confidence
intervals (Cl) and numbers (n) are given for thevatence of each entity.

Table 1: Proportions, odds ratios (OR) and overall risEE} of incident symptoms of
allergic rhinitis to grass pollen (ARg) up to 16ayg, among children with IgE-reactivity to
the different Phl p molecules at A) 4 years an@ Bgars of age. Crude ORs were calculated
for each Phl p molecule. Molecules showing a sigaiftly increased crude odds ratio (OR
>1, 95% confidence level) were included in the imatiate model.

Figure 5: The probability of incident symptoms of ARg at l€ays of age in relation to
number of IgE-reactivities to Phl p molecules ofiteothy extract, among children without
symptoms at baseline (4 years and 8 years, respbgtiThe predicted probability estimate
was based on a logistic regression.
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Symptoms of AR,

A) 8years 16 years Overall risk up to 16 years

n % OR 95%ClI | n % OR 95%ClI | OR 95%ClI OR, 95%Cl
IgE 4 yrs: (N)
Phl p 1 (47) 12 255 6.4 31-133 |23 489 69 37-128| 6.7 39116 49 2787
Phl p 4 (29) 10 345 95 4.1-219 |17 586 97 45211| 96 51183 6.9 35137
Phl p5(9) 2 222 43 09215 | 6 66.7 125 3.1-506| 79 25243 20 0571
Phl p 6 (2) 1 500 150 09-2436| 1 500 60 04-9.0| 94 09986 na n.a
B) 16 years

n % OR 95% ClI OR, 95% Cl

IgE 8yrs: (N)
Phl p1(142) 49 345 94 5.7-155 6.4 3.7-11.0
Phl p 4 (66) 23 349 5.6 3.1-9.9 2.2 1.1-4.3
Phl p5(32) 17 531 112 5.3-235 1.9 0.7-5.5
Phl p6(11) 9 818 402 85-189.7 51 0.8-33.3
Phl p2(9) 6 66.7 171  4.2-69.8 1.3 0.3-7.3
Phl p 7 (4) 4 100 - - - -
Phl p 11 (0) 0 - - - - -
Phl p 12 (1) 1 100 - - - -

n.a: not applicable

ORa: Multivariate logistic regression model at 4 years (Phl p 1, 4, 5) and 8 years (Phl p 1, 2, 4, 5, 6), respectively.
Bold font: Significantly increased odds ratios (OR>1, 95% confidence level).
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4 years

Phl p5
n=2 Poly-sens
2.7% n=15
nPhl p 4 20.3%
n=20 .
27.0%

Mono-sens

Phlpl
n=37
50.0%

8 years
Phl p5
nPhlp4 N=3
n=34 1.4% Poly-sens

n=82
37.8%
M ono-sens
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45.2%

Mono-sens

16 years
Phl p5
nPhl p4 =4
=30  1.4%
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Remission Remission
7 n=3 7 n=1

n=1

Phlp 1 Phlp1 Phip 1
A) n=37 n=34 n=34
mIgE* 1.2 ISU-E mIgE* 9.1 ISU-E mIgE* 24.6 ISU-E
Monosensitized to Additional sensitizations: Additional sensitizations:
Phip1 19/37 (51.4%) 27/37 (73.0%)
L J
|
mIgE level P=0.001
Remission _ Remission
T2 T— 7 n=3
Phip4 Phip4 Phlp 4
B) n=20 n=18 n=16

mIgE* 0.7 ISU-E mIgE* 2.2 ISU-E mIgE* 4.1 ISU-E

Monosensitized to

Phi p 4 Additional sensitizations: Additional sensitizations:

_
11/20 (55.0%) 14/20 (70.0%)
\ Y J *|gE-levels calculated among the children
with persistent sensitization;
level P=0.027 ’
migE level P=0.0 Phl p 1 n=33 (89%), Phl p 4 n=15 (75%)
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Phl p molecules Positive Phl p molecules Positive
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Study population BAM SE cohort
N=763 N=4089
n % Cl n % Cl
Sex
Male 381 49.9 46.4-535 2065 50.5 49.0-52.0
Family history of alergic rhinitis
Yes 287 376 34.2-41.1 1397 342 32.7-356
Low socioeconomic status
Yes 109 143 12.0-17.0 695 17.1 15.9-183
Birth month
Dec-feb 139 182 15.6-21.1 722 177 16.5-18.9
Mar-May 241 316 28.4-35.0 1201 294 28.0-30.8
June-Aug 223 292 26.1-326 1190 29.1 27.7-30.5
Sep-Nov 160 21.0 18.2-240 976 239 226-25.2
Mothers age
<26 yrs 58 76 5997 319 78 7.0-87
Parent born outside Scandinavia
Yes 105 138 11.5-164 543 160 14.8-17.3
Older siblings
Yes 380 49.8 46.3-534 1980 484 46.9-50.0
Breast feeding exclusively >4 m
Yes 596 79.2 76.1-81.9 3116 795 78.2-80.7
Furred animals at home
Yes 120 15.7 13.3-185 629 154 14.3-165
Mother smoking
Yes 93 122 10.0-14.7 563 138 12.8-14.9
Smell of mildew in the home
Yes 54 71 5591 324 79 7.1-88
Daycare attendance
Yes 568 745 71.3-775 2773 722 70.8-73.6
Fish intake at 1 year of age
>2 times/month 611 810 78.1-83.7 3143 80.1 78.8-81.3




Symptoms of ARg

4years 8 years 16 years
n/N % 95%Cl| n/N % 95% ClI n/N % 95% Cl
No sensitization 5689 0.7 0317  13/546 2.4 1441 13/479 2.7 1.6-4.6
Monosensitization:
Phlpl 237 54 1.3-20.3| 7/98 7.1 3.4-144 12/93 12.9 7.4-21.6
Phl p4 020 0.0 n.a 8/34 235 11.8-41.5 7/30 233 11.0-42.8
Phl p5 02 00 n.a 0/3 0.0 n.a 14 25.0 0.5-95.9
Polysensitization:
>2 Phl p molecules 2/15 133 2.8-454| 27/82 32.9 235440 | 83/156 532 45.3-61.0
>3 Phl p molecules* 03 00 n.a 14/33 424 26.2-60.4 61/99 616 51.5-70.8
Timothy extract neg 5711 0.7 0.3-1.7 | 20/644 31 2.0-4.8 19/556 34 2.2-53
Timothy extract pos | 4/52 7.7 28-19.3 35116 30.2 22.4-39.3 | 97/207 469  40.1-53.7

n/N=number of children with symptoms/number of children with sensitization to the allergen molecule/s at the particular time point.
*subgroup of children with polysensitization, not mutually exclusive



ARg 16 years

n % 95% ClI

4 years N
No sensitization 684 73 107 8.6-132
M onosensitization:

Phlp1 35 14 40.0 24.7-576

Phlp4 20 11 55.0 31.8-76.2

Phl p5 2 1 500 0-100
Polysensitization:

>2 Phl p molecules 13 10 76.9 42.8-93.7
8 years N
No senditization 532 24 46 3.0-6.7
Monosensitization

Phlp1 91 23 253 17.3-354

Phl p 4 25 4 160 5.7-375

Phl p5 3 0 00 n.a.
Polysensitization

>2 Phl p molecules 55 28 509 37.5-64.2




ARg 16 years

n % 95%cCl
4 years N
Phl p Timothy
1/4/5: extract:
- - 676 68 10.1 8.0-12.3
& - 30 7 23.3 11.0-42.8
- & 8 5 62.5 20.8-91.3
& & 40 29 72.5 56.1-84.5
8 years N
Phl p Timothy
1/4/5: extract:
- - 528 24 45 3.1-6.7
+ - 95 16 16.8 10.5-25.9
o + 2 0 na n.a
+ + 78 39 50.0 38.8-61.2
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8
of i A M
n=50 n=30 n=11 n=2
A) M=1.2 M=0.7 M=0.8 M=1.1
Range: Range: Range: Range:
0.3-81.6  0.3-11.9 0.3-8.3 0.6-1.6
ISU-E ISU-E
o
Q S
S- o e s
e °
. . :
L4 °
[ ] [ ]
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') [ ]
H .
, °
H
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n=174 n=99 n=49 n=21 n=13 n=5 n=2 n=2 n=238 n=145 n=113 n=79 n=52 n=9 n=6 n=5
B) M=1.6 M=1.1 M=5.6 M=2.1 M=2.1 M=0.5 M=0.8 M=1.1 C) M=6.4 M=17 M=10.8 M=4.7 M=2.9 M=1.0 M=0.4 M=0.9
Range: Range: Range: Range: Range: Range: Range: Range: Range: Range: Range: Range: Range: Range: Range: Range:
0.3-100 0.3-86.8 0.3-100 0.3-56.0 0.5-18.2 0.3-0.7 0.4-1.2 0.9-1.4 0.3-100 0.3-73.2 0.3-100 0.4-100 0.4-453 0.3-24 03-1.8 0.3-1.6



N=763

4 YEARS Phlp4 Cupal Cryjl Plaa2 Cynd1* Jugr2 Any
% % % % % % CCD**
Phl p 4 n=30 50.0
Cupaln=13 61.5
Cryj1ln=16 68.8
Plaa2n=12 66.7
Cynd 1* n=11 54.6 45.5
Jugr2n=7 71.4 71.4 71.4 71.4
8 YEARS Phlp4 Cupal Cryjl Plaa2 Cynd1* Jugr2 Any
% % % % % % CCD**
Phip4an-09 [F200°7 333 303 323 [NI920NESEN 515
Cupaln=42 786 <10
Cryjin=44 682  75.0 10-20
Plaa2n=35 657 686 20-30
Cynd1*n=31 613 419 452 30-40
Jugr2n=13 40-50
50-60
60-70
16 YEARS Phlp4 Cupal Cryjl Plaa2 Cynd1* Jugr2 Any 70-80
% % % % % % CCD ** 80-90
Phip4n=145 [F200°0 352 [NE860 221 FNZENNN2EN 421 90-100

Cup aln=62
Cryj1n=38 71.1

Plaa2n=37 *|gE-reactivity to Phl p 1 excluded
Cynd1*n=19 579 **Any of the CCD-containing molecules
Jugr2n=4 Cupal,Cryjl,Plaa2 Cyndl,lugr2
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Tableand figurelegends, Online Repository

Table E1: Comparison between the study population (N=763) and the origina BAMSE
cohort (N=4089) regarding demographic and other characteristics.

Figure E1: Levels of specific IgE (median, M; range) at A) 4 years, B) 8 years and C) 16
years of age, among 763 children from the BAM SE birth cohort.

Figure E2: The number of children with IgE reactivity to each of the CCD-containing
moleculesPhl p 4, Cupal,Cryj 1, Plaa2, Cyndland Jugr 2 a age 4 (top), 8 (middle) and
16 (bottom) (left column), and the percentages of children with additional sensitization to the
other CCD-containing molecules (top, from left to right).

Table E2: Proportion of children with current symptoms of ARy among those not sensitized,
monosensitized to Phl p 1, 4 or 5 or with polysensitization (N=763). As acomparison is
shown the proportion of children with symptoms when sensitized or not to timothy extract
(N=763) is shown. Thetotal number of children with symptoms at 4 years were 9, at 8 years
55 and at 16 years 116.

Table E3: The absolute risk of having incident symptoms of ARg at 16 years of age

among children without sensitization to Phl p molecules, with monosensitizationto Phl p 1, 4
or 5, or with polysensitization (>2 Phl p molecules), at 4 years (top) and 8 years (bottom).
(Sensitization to timothy extract not taken into account). The groups are mutually exclusive.

Table E4: The absolute risk of having incident symptoms of ARg at 16 years of age for the
group of children without sensitization to Phl p 1/4/5 or timothy extract, for the group
sensitized to Phl p 1/4/5 but not to timothy extract, for the group only sensitized to timothy
extract and for the group with sensitization of Phl p 1/4/5 and timothy extract at 4 years (top)
and 8 years (bottom). The groups are mutually exclusive. The confidence intervals are
calculated as compared to no sensitization.



