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Abstract

Background: Long-time data of peanut allergy over time is sparse. We aimed to study
the longitudinal development of sensitization to peanut extract and storage protein
allergen molecules and associations with asthma status, airway and systemic inflam-
mation markers.

Methods: The Swedish birth cohort BAMSE followed 4089 participants with ques-
tionnaires, clinical investigations and blood sampling between O and 24years.
Information on (i) background factors at 2 months, (ii) peanut allergy symptoms and
IgE data (ImmunoCAP) at 4, 8, 16, and 24 years, and (iii) IgE to storage proteins, lung
function data including exhaled nitric oxide (FENO) as well as systemic inflammatory
markers at 24 years of age were collected.

Results: The prevalence of peanut extract sensitization, defined as IgE20.35kU, /L,
was 5.4%, 8.0%, 7.5%, and 6.2% at 4, 8, 16, and 24 years of age, respectively. Between
8 and 24years of age, (33/1565) participants developed IgE-ab to peanut extract

Abbreviations: Ana 03, Anacardium occidental 3, cashew nut allergen molecule; Arah 1, Arah 2, Arah 3, Ara h 8, Ara h 9, Arachis hypogea 1, 2, etc., peanut allergen molecules; BMI,
body mass index; Cora 1, Cor a 9, Cor a 14, Corylus avellana 1, 9, etc., hazelnut allergen molecules; FENO, fractional exhaled nitric oxide; FEV1, forced expiratory volume in 1 s (ml);

FVC, forced vital capacity (ml); IgE-ab, immunoglobulin E antibody; IL, interleukin; Jug r 1, Juglans regia 1, walnut allergen molecule; kU, /I, kilounits of allergen specific sIgE-ab per liter;
MA, molecular allergology; MMP10, matrix metalloproteinase-10; OAS, oral allergy syndrome; TNFRSF, tumor necrosis factor receptor superfamily; TSLP, thymic stromal lymphopoietin.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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03086 birch cross-sensitization and IgE to Ara h 2 rarely emerges after eight years of age.

(median 1,4, range 0.7-2.6 kU, /L), and among those 85% were also sensitized to birch.
Only six individuals developed sensitization to Ara h 2 (0.1 kU,/L) between 8 and
24 years of age, of whom three had an IgE-ab level between 0.1-0.12kU, /L. Storage
protein sensitization was associated with elevated FENO, blood eosinophils and type
2 inflammation-related systemic proteins.

Conclusion: Sensitization to peanut extract after 4 years of age is mainly induced by

Storage protein sensitization is associated with respiratory and systemic inflammation.
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birth cohort, FENO, molecular allergology, OLINK, peanut allergy, sensitization
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GRAPHICAL ABSTRACT

The prevalence of peanut extractsensitization, defined aslgE>0.35kUA/L, is 5.4%, 8.0%, 7.5%, and 6.2% at 4, 8, 16, and 24 years of

age, respectively. Most individuals with peanut sensitization at 24 years of age are sensitized to peanut extract already at 4 and 8years.
Individuals with sensitization to storage protein in peanut and/or tree nut at 24 years of age have higher levels of exhaled nitric oxide and
blood eosinophils, both in asthmatics and non-asthmatics, compared to individuals with other types of sensitization.

Abbreviations: Ara h 2, Arachis hypogea 2, peanut allergen molecule; BAMSE, Barn/Children, Allergy, Milieu, Stockholm,

Epidemiology; FeNo, exhaled nitric oxide; IgE, immunoglobulin E; kU,/L, kilounits of allergen specific slgE-ab per liter; MMP10, Matrix
metalloproteinase-10; NPX, normalized protein expression; TNFRSF11, tumor necrosis factor receptor superfamily 11

1 | BACKGROUND

The development of allergen-specific Immunoglobulin E antibod-
ies (IgE-ab) in blood is dynamic throughout childhood and usually
precedes development of allergic symptoms.! Peanut allergy is a
common food allergy, both in adults and children®>* and previous
studies show that peanut allergy starts early in life and is rarely
outgrown.3'5'6

Molecular allergology (MA) has led to improved understanding
of allergy development. Several peanut allergen molecules have

been identified, such as the storage proteins Arah 1, Arah 2, Arah 3,

Ara h 6 and the cross-reacting molecules Ara h 8 (PR-10) and Arah 9
(lipid transfer protein). These provide increased accuracy in diagnos-
ing sensitization and predicting symptoms. MA allows to disentangle
between primary sensitization and cross-sensitization, the latter is
often of less clinical importance. Studies on peanut allergen sensi-
tization and symptoms are mostly hospital based, cross-sectional or
performed during childhood only, whereas population-based studies
from childhood to adulthood are sparse.”>””?

Peanut allergy is more often found in individuals with an atopic
heredity.lo'11 Several risk factors have been considered regarding

development of peanut sensitization and the risk of developing
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peanut allergy. Timing and route of exposure has been discussed
and even though the ideal time of oral introduction has not been
established, early oral introduction is preferred over delayed and
seem to decrease the risk of development of peanut allergy, espe-
cially in high-risk infants with atopic dermatitis or allergy towards
egg. 12

Earlier studies have found a correlation between peanut allergy
and asthma.'®'* While deaths due to asthma in general are few, the
majority of deaths occurred in patients with underlying allergies, es-
pecially in young ages where allergy towards peanut/tree nut were
among the most common allergen.!>* Associations between pea-
nut allergy and asthma phenotypes have so far not been studied
longitudinally.

1.1 | Inflammatory biomarkers and systemic
inflammation

Fractional exhaled nitric oxide (FENO) is a biomarker mainly associ-
ated with respiratory inflammation.?” It can be measured by a sim-
ple non-invasive test and is mainly used for evaluating the degree
of airway inflammation. FENO is driven by the activation of the Th2
pathway'® and elevated levels are often found in patients with un-
treated type 2 inflammation in bronchi and bronchioles, comorbid
nasal polyposis, airborne allergy and in patients with an airborne al-
lergy such as to furry animals, house dust mites and pollen'**?-2!
and food allergens.14 FENO has also been found to correspond well
to elevated levels of blood eosinophils, often correlated to allergic
inflammation.??

Both peanut allergic individuals with and without asthma?® have
been found to express high levels of FENO even though peanut is
primarily a food and not inhalant allergen.?®* Johnson et al. have
reported that asthmatic patients aged 10-35years, with a sensitiza-
tion to peanut allergen molecules Arah 1, h 2 and h 3 or the hazelnut
storage proteins Cor a 9 and Cor a 14, were found to express higher
levels of FENO than individuals without peanut sensitization,?* es-
pecially in the youngest age group. The explanation for this is not
completely understood, neither if this is a sign of airway inflamma-
tion or a systemic inflammation, and further studies are needed.

IgE-mediated allergic reactions cause inflammation and pruri-
tus, usually due to mast cell and blood eosinophil activation and the
release of proinflammatory markers.?> Earlier studies on sera from
peanut allergic patients found that peanut sensitized individuals
were more prone to express elevated levels of T-helper cells type
2 (Th2) skewed cytokines and an imbalance between effector and
regulatory T cells, in contrast to non-peanut allergic patients.%"27

Stockfelt et al. utilized a proteomic approach and identified bio-
markers related to inflammation and immunological processes that
could potentially predict allergy development at an early age?® but
future studies exploring proteomics within the area of asthma and
peanut allergy is needed in order to clarify this further.

The BAMSE study is a longitudinal birth cohort with data on
early-life and childhood exposures and participants are followed up

to adulthood.?’ This offers novel approaches to study peanut allergy

development further.

2 | AIM

To study how IgE-ab sensitization to peanut extract and peanut al-
lergen molecules develops from childhood to adulthood, and how
this relates to development of peanut allergy. Additionally, to study
how storage protein sensitization relates to asthma phenotypes,
lung functions tests such as fractional exhaled nitric oxide (FENO),
spirometry and systemic inflammation markers in blood.

3 | MATERIAL AND METHODS
3.1 | Study design and study population

The BAMSE-cohort is a population-based birth cohort consist-
ing of 4089 subjects born 1994-1996 in representative parts of
Stockholm.?’ The participants have been followed from birth (me-
dian age 2 months) and at 1, 2, 4, 8, 12, 16, and 24 years of age.
Background data were collected at time of inclusion (baseline). At
follow-ups, detailed information on symptom of allergic diseases and
specific exposures were collected. Clinical investigations with meas-
ures of lung function and blood samples were performed at 4, 8, 16,

and 24 years of age.

3.2 | Sensitization

Blood samples were analyzed with ImmunoCAP System (Thermo
Fisher Scientific, Uppsala, Sweden) for IgE-ab to a mix of common
food allergens (fx5®), and if above 0.35kU,/L the test was further
analyzed for specific IgE-ab to all included allergens (peanut, soy,
wheat, milk, egg, and cod). If peanut extract IgE-ab was positive
(20.35kU,/L), further analysis for IgE to peanut allergen molecules
(Arah 1, Arah 2, Ara h 3, Ara h 8, and Ara h 9) was performed at
8 and 24 vyears of age: Blood samples at 24 years of age were also
analyzed for IgE-ab to mixes of common tree nuts, fx1® (peanut,
hazelnut, brazil nut, almond, coconut) and fx22® (pecan nut, cashew
nut, pistachio, walnut), and if above 0.35kU,/L the test was further
analyzed for specific IgE-ab to all included allergens (peanut, hazel-
nut, brazil nut, almond, coconut, and pecan nut, cashew nut, pista-
chio, walnut, respectively). If the sIgE-ab level to hazelnut was >0.35
kU,/I, slgE-ab to Cor a 1, Cor a 9 and Cor a 14 were analyzed and if
the slgE-ab level to walnut or cashew nut was 20.35 kU,/I, sIgE-ab
to Jug r 1 and Ana o 3 were analyzed, respectively.

This study includes data from study participants that provided
blood samples including specific IgE at the 4-, 8-, 16-, and 24-year
follow-ups as well as questionnaire data from baseline and at 4, 8,
16, and 24 years. The study populations were (a) all participants who
provided blood samples and peanut symptom data at 4, 8, 16, and
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24 years for analyses of peanut extract sensitization development
over time (n = 1167), and (b) all participants who provided blood
samples and peanut symptom data at 8 and 24 years for analyses of
IgE-reactivity to peanut allergen molecules (n = 1565) and (c) partic-
ipants who provided symptom data and blood samples for IgE anal-
ysis at 24 years (n = 2217). Due to the known high cross-reactivity
between peanut and tree nut storage proteins, IgE-abs to all ana-
lyzed storage protein (peanut and tree nuts) were included in the

comparative analyses at 24 years of age.

3.3 | Proteomic analysis of inflammation
related proteins

Expression of inflammation-related proteins in plasma were ana-
lyzed using the Proseek Multiplex Inflammation Panel (version
95302) from Olink Biosciences, Uppsala, Sweden, as previously re-
ported.%° All 92 proteins analyzed in the panel were included in this
study. Values below the lower limit of detection (defined as three
standard deviations above background) were used as reported and
not replaced by arbitrary values. Protein levels are expressed as
Normalized Protein Expression (NPX) units, a relative quantification
unit logarithmically related to protein concentration.

3.4 | Lung function tests

Spirometry was performed using the Jaeger MasterScreen-10S
system (Carefusion Technologies, San Diego, CA, USA).3! Highest
values of forced expiratory volume in 1 s (FEV,) and forced vital ca-
pacity (FVC) were used, and the FEV,/FVC ratios were expressed as
percentages. Standard deviation scores for FEV,, FVC, and FEV,/
FVC were computed taking age, sex, height, and ethnicity into ac-
count as previously described.®? Reversibility was defined as positive
if FEV,/FVC was above 12%. Low FEV,/FVC was defined as a ratio
of FEV,/FVC <0.7.

Fractional Exhaled Nitric oxide (FENO) was measured using Eco
Medic instrument system (Eco Medics, Duernten, Switzerland) and
the single-breath technique was used according to the American
Thoracic Society and European Respiratory Society guidelines.33
High FENO at 24 years was defined as FENO >20 parts per billion

(ppb).

3.5 | Exposure and outcome definitions

Sensitization to peanut extract was defined as IgE-ab level to peanut
extract 20.35 kU, /L, levels <0.35 were coded as O, levels >100 were
coded as 101. Lost sensitization was defined as IgE-sensitization
<0.35 kU, /L at later follow-ups.

Sensitization to peanut allergen molecules Arah 1, Arah 2, Arah 3,
Ara h 8, and Ara h 9 was defined as IgE-ab level 20.10 kU, /L, levels
<0.1 were coded as 0, >100 as 101.

Storage protein sensitization was defined as participants with a
sensitization towards any of the storage molecules Arah 1, Ara h 2,
Arah 3,Arah 9, Cora 9, Cora 14, Jugr 1, or Ana o 3 with a cutoff
level 20.10 kU /L.

Peanut allergy symptoms at 24 years were defined as having spec-
ified avoidance of peanut at 24 years and reported specified symp-
toms at 16years and/or 24 years, such as unconsciousness, asthma,
hoarseness, swelling of face, lips, and eyes, general urticaria, partial
urticaria, Gl-symptoms (vomiting, stomach pain), rhino conjunctivi-
tis, oral symptoms consistent with oral allergy syndrome (OAS) or
other.

Asthma at 24 years was defined as ever having a doctor's diagno-
sis of asthma together with symptoms of breathing difficulties in the
last 12months prior to the date of questionnaire at 24 years of age
or used asthma medicine occasionally or regularly last 12 months.

Severe asthma at 24years was defined as fulfilling the asthma
at 24 years definition above in combination with at least 2 months
usage of both inhaled corticosteroids and inhaled long acting beta2
agonist in the last 12months and either of the following in the last
12months due to asthma symptoms: Use of oral cortisone tablets or
acute visits to emergency room or perceived impaired daily life or
more than 12 episodes of breathing difficulties.

Atopic dermatitis at 24years was based on clinical examination
fulfilling UK Working Party criteria, also called William's criteria,*
and defined as reporting an itchy rash in the last 12months prior to
the questionnaire at 24 years of age in combination with 3 out of 4

of the following criteria

1. dry skin last 12months prior to questionnaire 24

2. atopic dermatitis onset below age 2 years (based on questionnaire
data)

3. History of flexural atopic dermatitis (at any BAMSE follow-up)

4. Personal history of asthma and/or rhinitis (at any BAMSE follow-
up from age 4years).

Rhinitis at 24 years was defined as prolonged sneezing or a runny
or blocked nose without common cold in the last 12 months prior to

the date of questionnaire at 24 years of age.

3.6 | Statistical analyses

Prevalence rates were presented as numbers and proportions. Chi
(2)-test was used for comparison of dichotomous outcomes and t-
test used to account for group differences in normally distributed
continuous outcomes, for example log-transformed IgE-levels. p
Values of <.05 were considered as significant, allowing rejection of
the null hypothesis of no difference. For comparison of median lev-
els of continuous variables, non-parametric median test was used.
Mann-Whitney U test was used to analyze difference in levels of
inflammation-related proteins based on storage protein sensitiza-
tion and additionally stratified by asthma. Significance in the pro-
tein analyses were based on false discovery rate (FDR) of 5% using
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the Benjamini-Hochberg procedure®® but nominal p-values <.05 are
reported.

Statistical analyses were conducted using STATA Statistical
Software (15.1 or later).

4 | RESULTS

4.1 | Study populations and characteristics

From the original BAMSE cohort, 3064 participants (75%) answered
the questionnaires at the 24 -year follow-up, and 2270 (56%) par-
ticipated in the clinical investigation. Blood samples were available
at all ages (4, 8, 16, and 24 years) in 1167 participants (defined as
study population A) and at both 8 and 24 years together with symp-
tom data in 1565 participants (defined as study population B), see
Figure S1.

Among the participants at 24 years of age, 2217 individuals pro-
vided blood samples and data about reported symptoms to peanut,
defined as study population C, see Figure S1. As earlier described,
the BAMSE study population at the 24-year check-up consisted of
a higher proportion of females and study participants with incom-
plete blood sampling at every timepoint (4, 8, 16, and 24years of
age) tended to more often have parents from blue collar work occu-
pations, were more exposed to tobacco smoke in early ages and had
less atopic heredity as compared to participants who provided blood

samples at all clinical foIIow—ups.36

4.2 | Peanut extract sensitization

The prevalence of peanut extract IgE-sensitization over time in
study population A was 6.4%, 8.8%, 9.0%, and 7.1% at 4, 8, 16, and
24 years of age, respectively, thus no large differences were seen in
peanut extract prevalence between childhood and adulthood, nor
in median IgE-ab levels among sensitized individuals, see Figure 1.
Male participants appeared in general to be peanut sensitized to
a higher extent than females, although no significant differences
were seen at age 4 (7.1% vs. 5.8%, p = .37), at 8years (9.9% vs. 7.9%,
p=.24),at 16y (10.2% vs. 7.9%, p = .17), and at 24 y (8.6% vs. 5.8%,
p = .07). Most individuals with peanut sensitization at 24 years of
age were sensitized to peanut extract already at 4 (61%) and 8 (77%)

years. The majority of individuals (84%-87%) with de novo peanut
sensitization after 4 up to 24 years of age had a concomitant birch
pollen sensitization, Figure S2. About half of the peanut extract sen-
sitized individuals reported peanut symptoms (including OAS), with
a tendency to increase over time (Figure 1).

4.3 | Sensitization to peanut allergen molecules at
eight and 24 years

The prevalence of sensitization to peanut allergen molecules ana-
lyzed in study population B remained stable between 8 and 24 years
of age, and most common were IgE-ab to Ara h 2 and Ara h 8, see
Figure 2. Sensitization to Ara h 9 was the least common and the
IgE-ab levels tended to be lower than to the other peanut allergen
molecules, Figure 2. Nine participants (14%) lost their Ara h 2 IgE-
sensitization between 8 and 24 years of age, all of them had low Ara
h 2 IgE-ab levels at age 8 (median 0.40, range 0.1-2 kU, /L), Figure 4.
Only six individuals (10%) developed Ara h 2 IgE-ab between 8 and
24 years of age, of which three had an IgE-ab level between 0.1 and
0.12 kU,/L, and four of them reported peanut symptoms at 24 years
of age, Figure 4 and Table Sia.

4.4 | Peanut sensitization and reported peanut
allergy up to 24 years

Among participants in study population C who provided blood sam-
ples and symptom data at 24 years of age, 133 of 2217 (6.0%) re-
sponded to the 24-year follow-up questionnaire that they avoided
peanut intake, of whom 78 (59%) were peanut extract sensitized,
and 72 (54%) Ara h 2 sensitized, Figure 3. The most common speci-
fied symptom after peanut intake was OAS, reported by 84 (63%),
followed by face swelling and asthma, see Figure 3. Of those who re-
ported peanut avoidance at 24 years of age, 54 individuals reported
reactions last 12 months (54/133, 41%). The most common symptom
was OAS, reported by 42 (78%) individuals, followed by gastrointes-
tinal problems and face swelling (data not shown). Systemic symp-
toms such as reported unconsciousness, urticaria and asthma after
peanut intake were closely related to presence of peanut Ara h 2
IgE-ab sensitization, Figure 2. Presenting with only OAS from peanut
intake was associated with Ara h 2 IgE-ab negativity.
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We investigated reported peanut symptom history at 4, 8, 12,
and 1éyears of age in 98 of 157 individuals in group C categorized as
peanut symptomatic at 24 years of age and with complete symptom
data from all ages, we saw more frequent Ara h 2 IgE positivity and
higher IgE-values among individuals with early and persistent symp-
toms. None of the 19 individuals with reported symptoms only at
24 years but not at previous ages had Ara h 2 IgE positivity, peanut
symptom history and Ara h 2 IgE status at 24 years of age are pre-
sented in Table S1b.

4.5 | Storage protein sensitization and
allergic phenotype

Individuals in study population C with sensitization to storage pro-
tein (n = 123) in peanut and/or tree nut (hazelnut; Cor a 9/Cor a 14,
cashew; Ana o 3, walnut; jug r 1) at 24 years of age had a higher prev-
alence of asthma, 44% (54/123), compared with participants with
sensitization to any inhalant or food allergen extract but without
storage protein sensitization, 17% (144/860), p <.001. Comparison
between the two groups, with and without stratification by asthma,

are demonstrated in Table 1. Those who were sensitized to storage
proteins were sensitized to a higher number of allergens, had more
often atopic dermatitis, had higher median levels of FENO and eo-
sinophils and had a higher use of adrenaline injections compared
with non-storage-protein sensitized participants. The differences
were significant even after stratification for asthma and also signifi-
cant (except for atopic dermatitis) at comparison of asthmatics with-
out storage protein sensitization versus storage protein sensitized
non-asthmatics, see Table 1. Among asthmatics, those who were
sensitized to storage proteins were to a higher extent male. The ro-
bustness of the finding of higher FENO levels and higher prevalence
of FENO >20ppb in storage protein sensitized individuals were
tested with linear and logistic regression (respectively) adjusted for
polysensitization to inhalant and food extracts and asthma. The as-
sociation remained even after adjustments, see Table S2.

Since FENO and eosinophil levels among asthmatics and non-
asthmatics sensitized to storage proteins were higher compared
with asthmatics sensitized to other allergens, we further explored
if this corresponded to differences in plasma levels of inflammation-
related proteins.

4.6 | Storage protein sensitization and
inflammatory markers

Information from the Proseek multiplex analysis was available for
111 of 123 individuals sensitized to storage proteins and 805 of
863 individuals sensitized to inhalant or food allergen extract with-
out storage protein sensitization. No inflammation-related plasma
protein differed significantly after FDR correction between the
two groups, neither overall nor stratified by asthma status. Five
proteins had a nominal p-value<.05 in the storage protein com-
parison, Table S3. Among these were two members of the tumor
necrosis factor receptor superfamily (TNFRSF9 and TNFRSF11),
thymic stromal lymphopoietin (TSLP) and matrix metalloproteinase-
10 (MMP10). In the subsequent analysis stratified by asthma status,
the MMP10 and TNFSF11 levels were higher among storage sen-
sitized individuals also in the asthma sub-group with a nominal p-
value <.05, Figure 5A,B.
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O Ara h 2 sensitized
at 8y

O Ara h 2 sensitized Ara h 2 sensitized
at 24y

at 8 and 24y
n=56

Ara h 2 sensitized
at 8y only
n=9

Ara h 2 IgE-level 8y, median

39.5 (0.41 - >100)
(range) kUa/L KU/L kUa/L

0.4 (0.1-2.0)

Ara h 2 IgE-level 24y = 15.5 (<0.35 — >100)

median/ind. (IQR) kUA/L kUafL
Peanut symptoms 8y, n/N (%) 2/9 (22%) 48/56 (85%)
Peanut symptoms 24y, n/N (%) 4/9 (44%) 54/56 (96%)
Asthma at 24y, n/N (%) 5/9 (56%) 25/56 (45%)
Birch sensitization at 24y, n/N 6/9 (67%) 34/56 (61%)
* For specification of peanut symptoms, see table S1
(A)
s o :
, p=0.032 ,
. | q
' *
o
o T '
i : :
— " . -
& o -
<
o
b
o
= ©
=
N~ .
[]
(D -

Without storage protein With storage protein

|_ No asthma [ Asthmal

FIGURE 4 Characteristics of
participants in subgroup B with
transient, persistent and de novo Ara h 2

Ara h 2 sensitized sensitization. N = 1565.

at 24y only
n=6

0.1,0.11,0.12,
1.1, 1.7, 6.2* kUp/L

3/6 (50%)
4/6 (67%)
4/6 (67%)

6/6 (100%)

(B)
. p=0.027 :
M~ A I I
. . p=0.008 .
I |
@ -
<
a
<
- O
L
wn
o
L
z
l_
<t -
© |

Without storage protein

|_ No asthma [ Asthmal

With storage protein

FIGURE 5 (A, B) Plasma protein level (in NPX) by sensitization and asthma status.

5 | DISCUSSION

This is the first report on how peanut sensitization on extract and
molecular levels develop from childhood up to adulthood and how
they associate with signs of respiratory and systemic inflammation.
We conclude that genuine peanut allergy starts early in life and re-

mains up to adulthood, and the prevalence of sensitization to both

peanut extract and peanut allergen molecules was stable and did
not differ much between early childhood and adulthood, as seen in
previous studies.>%’

New sensitization to peanut extract after four years of age was
almost exclusively accompanied by birch sensitization. Hence, in this
Swedish population, the development of sensitization to peanut ex-

tract after four years of age could possibly be explained by birch
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TABLE 1 Allergic phenotype characteristics in individuals sensitized to common food (Fx5) or inhalant (Phadiatop) allergens, with and

without storage protein sensitization, stratified for asthma at 24 years of age

Characteristics at 24 years
n/N (%)/(IQR)

Median specific IgE-level at 8y,
kU, /I (IQR)?

No asthma at 24y

Asthma at 24y

Median specific IgE-level at
24y, kU,/1 (IQR)?

No asthma at 24y
Asthma at 24 y

Polysens (inhalant and food
extract IgE), median n
allergens (IQR)?

No asthma at 24y
Asthma at 24 y

Reported peanut symptoms at
24y (only OAS excluded)®

No asthma at 24y

Asthma at 24 y

Median BMI at 24y, kg/m2
(IQR)?

No asthma at 24y

Asthmaat 24y

Male sex®

No asthma at 24y

Asthma at 24 y

Severe asthma at 24yb

No asthma at 24y

Asthmaat 24y

AD at 24 y°

No asthma at 24y

Asthma at 24y

Rhinitis at 24y®

No asthma at 24y

Asthmaat 24y

FENO>20 at 24y"

No asthma at 24y

Asthmaat 24y

Median FENO level at 24y, ppb
(IQR)?

No asthma at 24y

Asthma at 24 y

FEV1/FVC <0.7 at 24y”

No asthma at 24y

Asthmaat 24y

With sensitization

but without storage
protein sensitization

at 24y,n =863 no
asthma: n =716
Asthma: n = 1444

n.a.

n.a.
n.a.

n.a.

n.a.
n.a.

2(1-4)

2(1-4)
3(2-5)
22/863(2.6)

16/716 (2.2)
6/144 (4.2)
22.7 (20.7-25.0)

22.6(20.6-24.9)
23.5(21.1-26.7)
445/863 (51.6)
387/716 (54.1)
56/144 (38.9)
13/862 (1.5)
n.a.

13/144(9.0)
219/860 (25.5)
163/714 (22.8)
56/144 (38.9)
633/858 (73.8)
511/712(71.8)
120/144 (83.3)
219/733(29.9)
168/602 (27.9)
48/128 (37.5)
13 (10-23)

13 (9-22)
15 (10-27)
18/773(2.3
10/639 (1.6)
8/131 (6.1)

Storage protein

sensitized,n = 123 no
asthma at 24y, n = 69
asthmaat24y,n =54

3.6 (0.56-99)

2.4 (0-44)
17 (0.78->100)
7.7 (1.3-47)

4.7 (0.65-18)
12 (2.2-71)
6(4-9)

6(3-8)
7 (5-10)
66/123 (53.7)

35/69 (50.7)
31/59 (57.4)
22.7(20.7-24.9)

22.5(20.8-24.4)
22.8(20.7-25.1)
69/123 (56.1)
38/69 (55.1)
31/54 (57.4)
8/123 (6.5)

n.a.

8/54 (14.8)
58/123 (47.2)
28/69 (40.6)
30/54 (55.6)
91/123(74.0)
45/69 (65.2)
46/54 (85.2)
66/105 (62.9)
34/60 (56.7)
32/45(71.1)

25 (14-4¢)

23.5(13.5-39.5)
30 (20-61)
3/108 (2.8)
3/59 (5.1)

0/49 (0)

p Value

no asthma

vs. asthma
(storage protein
sensitized)

.14

.086

.09

46

.80

.10

.012

13

.21

A1

p Value storage
protein vs. no
storage protein
sens

n.a.

n.a.

n.a.

<.0001

<.0001
<.0001
<.0001

<.0001
<.0001
.93

.99

.36

.35

.87
.019
.0003
n.a.

.24
<.0001
.001
.035
96

.25

.75
<.0001
<.0001
.0001
<.0001

.003
<.0001
77
.059
.077

p Value no
storage

protein +asthma
vs. storage
protein + no
asthma

n.a.

.001

<.0001

.045

.026

.81

.0031

.014

.042

.78

(Continues)

85U8017 SUOLLLIOD BAFeR10 3(edl|dde ayy Aq peuseno aJe ssppie YO ‘8sn JO 3| 10y ArIqiT8uluO A8|IA UO (SUONIPUCD-PU-SLLLIBY/WIOD"AB| 1M ARIq 1 Ul UO//:SdNY) SUORIPUOD pUe SWid | 8L 88S *[£202/50/v2] uo Ariqiauliuo A8|im ‘akog ute AisieAlun eesddn Aq 89GGT | B/TTTT OT/I0pAL0D" A8 |IM Akeiq1jpuluo//:Sdny Wo.j papeojumod ‘Z ‘€202 ‘S66686ET



TEDNER ET AL.
TABLE 1 (Continued)
With sensitization p Value no
but without storage p Value storage
protein sensitization Storage protein no asthma p Value storage protein + asthma
at24y,n =863 no sensitized,n = 123 no vs. asthma protein vs. no vs. storage
Characteristics at 24 years asthma:n =716 asthma at 24y, n = 69 (storage protein  storage protein protein+no
n/N (%)/(IQR) Asthma: n = 144¢ asthmaat 24y,n = 54 sensitized) sens asthma
Median FEV1 reversibility, % 2.9 (1.4-5.1) 3.1(1.0-5.1) .83
(IQR)?
No asthma at 24y 2.8 (1.3-4.9) 2.4(0.5-4.2) 12 .57 .053
Asthma at 24y 3.5(1.5-5.8) 3.6(2.1-6.4) .83
Adrenaline use <12months at 0/861 (0) 11/123(8.9) <.0001
24y°
No asthma at 24y 0/715 (0) 2/69 (2.9) .0079 <.0001 .040
Asthma at 24y 0/144 (0) 9/54 (16.7) <.0001
Used inhaled corticosteroids 53/860 (6.2) 16/123 (13.0) .0054
<12 months®
No asthma at 24y 10/715 (1.4) 1/69 (1.5) <.0001 94 <.0001
Asthmaat 24y 43/143 (30.1) 15/41 (27.8) .75
Median blood eosinophil count 0.1 (0-0.2) 0.2(0.1-0.3) <.0001
at 24y, x10%/1 (IQR)?
No asthma at 24y 0.1 (0-0.2) 0.2 (0.1-0.3) .095 <.0001 .038
Asthma at 24y 0.1(0-0.2) 0.2 (0.2-0.4) <.0001

Note: N = 2217.

Abbreviation: AD, atopic dermatitis.

2Continuous variables: median test (non-parametric).
PDichotomous variables: chi2 test.

“Pre/post p,agonist inhalation.

43 Missing data on asthma.

Bold indicates the significant values.

pollen cross-sensitization due to a co-existing birch allergy, which
usually is developed in children from school age, with sensitization
due to the similarities between the birch allergen Bet v 1 and the
peanut allergen molecule Ara h 8 and does not seem to be associated
with genuine peanut allergy. This finding is in line with results from
previous studies.®® % Furthermore, both new sensitization and lost
sensitization to storage protein Ara h 2 between 8 and 24 were rare
as reported earlier by our group up to teen—age.6

Storage protein sensitized individuals had higher levels of ex-
haled nitric oxide and blood eosinophil cell counts as compared
to other sensitized individuals, these result is in line with Johnson
et al.>* who found that storage protein sensitized individuals
showed higher FENO (23.2 p vs. 16.7 ppb) compared with non-
storage protein sensitized and by Hughes et al.?® who found that
in individuals with previous asthma or no current medication, the
majority still had FENO >35ppb. However, our findings of ele-
vated FENO in storage protein sensitized individuals independent
of asthma and polysensitization is new and has not been shown
before. Also, levels of exhaled nitric oxide were higher among
non-asthmatics sensitized to storage protein compared with asth-
matics sensitized to other allergens but not any of the storage pro-
teins. This pose important questions for clinicians responsible for

these patients. Should treatment with inhaled corticosteroids be
recommended, especially for patients with respiratory symptoms
at peanut intake? More research is needed to clarify this further.
Storage proteins are known for not being airborne*! but despite
that we saw signs of respiratory inflammation (elevated FENO) in
storage protein sensitized individuals. Further, we analyzed dif-
ferences in other markers of systemic inflammation using a pre-
defined inflammation panel of 92 proteins. Levels of TNFRSF11
and MMP10 were higher among storage protein sensitized individ-
uals both overall and among asthmatics, but no proteins differed
after adjustment for multiple comparisons. However, the results
should be interpreted with caution. TNFRSF11 (also known as
receptor activator of NF-kB ligand, RANK-L) is a member of the
TNF superfamily, a group of cytokines involved in activating the
group 2 innate lymphoid cells that initiates and enhances airway
inflammation by activation of, for example, eosinophilic cells and
mast cells by production of type 2 cytokines.*? Increased levels
of TNFRSF11 have been found in patients with chronic rhinosi-
nusitis with nasal polyps, a disease associated with type 2 inflam-
mation.*® TSLP is also involved in the activation of group 2 innate
lymphoid cells*? and is known as a key regulator in the pathogen-
esis of inflammatory airway diseases.** ILC2 have been suggested
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to be involved in the regulatory processes in food allergy and the
intestinal eosinophil homeostasis. Also, TSLP have been shown to
activate ILC2 in esophageal lymphoid tissue in EoE.** MMP10 has
been shown to be important in airway remodeling and inflamma-
tion by regulating macrophage activity.*® Increased expression of
MMP10 are found in patients with high levels of eosinophils in
the bronchial submucosa®” and in severe asthmatics.*® These re-
sults further support that storage protein sensitization is associ-
ated with a more pronounced type 2 inflammation phenotype with
both systemic and airway inflammation activity.

As in previous studies we found few individuals with a de novo
peanut storage protein sensitization after 8 years of age.l'6 The ma-
jority of peanut allergic children developed their sensitization early
in life, and new cases with Ara h 2 sensitization were rare and in
almost all individuals the IgE-values were near the lower detection
limit.

Our results on the molecular allergen level concerning birch
pollen and birch-related sensitization and reported symptoms
after peanut intake are in line with previous results on cross-
reactivity between Ara h 8 and birch Bet v 1.%° We noticed that
co-existing birch sensitization tended to be more common in de
novo peanut extract IgE sensitization, indicating cross-reactivity
rather than onset of genuine peanut allergy. We could also confirm
that males were in a higher extent sensitized as found in other
studies. 11!

The main strength of our study is the size of the study popu-
lation and the availability of both clinical and questionnaire data.
One limitation is that the classification of food allergy was not done
by blinded oral food provocations, which is the golden standard.
However, the study size would have made it costly and time con-
suming. In addition, Ara h 2 sensitization has proved to be a very
strong predictor of clinical peanut allergy and one could argue that it
would be neither ethical or in the patient's best interest to perform
challenges in such a high extent.’®>! The over-representation of al-
lergic individuals is a common issue in all longitudinal cohort stud-
ies and could in our study lead to an overestimation of sensitization
prevalence rates and perhaps an underestimation of asymptomatic
sensitized individuals. However, previous sensitivity analyses by us
show that the selection is of a minor extent compared with many

other cohort studies.

6 | CONCLUSION

In this Swedish population-based study, the prevalence of sensiti-
zation to both peanut extract and peanut allergen molecules was
stable and did not differ much between early childhood and adult-
hood, and the development of IgE-ab to peanut in older children is
mainly seen in individuals with co-existing birch sensitization. IgE-ab
to Ara h 2 sensitization rarely emerges after eight years of age and
seldom disappears once it has developed. However, individuals with
initial low IgE-ab levels to Ara h 2 might outgrow their sensitization.
Furthermore, storage protein sensitization was associated with signs

of respiratory and systemic type 2 inflammation with elevated ex-
haled nitric oxide and blood eosinophils, even in patients without a
known asthma. However, the proseek analysis revealed no signifi-
cant differences in inflammation related plasma proteins. Thus, indi-
viduals with storage protein sensitization might have a higher risk for
more pronounced allergic disease.
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