Molecular spreading and predictive value of preclinical IgE
response to Phleum pratense in children with hay fever
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Background: IgE sensitization against grass pollen is a cause of
seasonal allergic rhinitis.

Objective: We sought to investigate the evolution at the
molecular level and the preclinical predictive value of IgE
responses against grass pollen.

Methods: The German Multicentre Allergy Study examined a
birth cohort born in 1990. A questionnaire was administered
yearly, and blood samples were collected at 1, 2, 3, 5, 6, 7, 10,
and 13 years of age. Grass pollen—related seasonal allergic
rhinitis (SARg) was diagnosed according to nasal symptoms in
June/July. Serum IgE antibodies to Phleum pratense extract and
8 P pratense molecules were tested with immune-enzymatic
singleplex and multiplex assays, respectively.

Results: One hundred seventy-seven of the 820 examined
children had SARg. A weak monomolecular/oligomolecular IgE
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response to P pratense was observed very frequently before
SARg onset. These initial IgE responses increased in
concentration and molecular complexity during the preclinical
and clinical process. A typical progression of IgE sensitization
was observed: Phl p 1 (initiator in >75% of cases); then Phl p 4
and Phl p 5; then Phl p 2, Phl p 6, and Phl p 11; and then Phl p
12 and Phl p 7. At age 3 years, IgE sensitization predicted SARg
by age 12 years (positive predictive value, 68 % [95% CI, 50% to
82%]; negative predictive value, 84% [95% CI, 80% to 87%]).
At this preclinical prediction time, the number of recognized
molecules and the serum levels of IgE to P pratense were
significantly lower than at 3 or more years after SARg onset.
Conclusions: The IgE response against grass pollen molecules
can start years before disease onset as a weak monosensitization
or oligosensitization phenomenon. It can increase in serum
concentration and complexity through a “molecular spreading”
process during preclinical and early clinical disease stages.
Testing IgE sensitization at a preclinical stage facilitates
prediction of seasonal allergic rhinitis at its molecular
monosensitization or oligosensitization stage. (J Allergy Clin
Immunol 2012;EEN:ENN-EEN,)

Key words: Allergenic molecules, allergic rhinitis, children, compo-
nent-resolved diagnosis, component-resolved therapy, grass pollen,
hay fever, immunoglobulin E, Phleum pratense, Phl p 1, prediction,
timothy grass

Allergic sensitization to grass pollen and hay fever are highly
frequent among adults'* and children® in developed countries,
and their burden is enormous.* Avoidance of grass pollen aller-
gens is difficult, drug treatment is only partially effective, and
no cure is available.” Allergen-specific immunotherapy (SIT) is
effective in the short-term®’ and long-term,8 but its efficacy is
partial’ and debated.'®

The diagnostic and therapeutic approach to grass pollen allergy
is mainly based on grass pollen extract preparations. However,
extracts produced from different companies are heterogeneous in
their molecular composition.'' On the other hand, the IgE sensi-
tization profiles of patients with established clinically relevant
allergic sensitization to grass pollen are also very heteroge-
neous.'? Mismatch in the molecular sensitization profile of an in-
dividual patient and the molecular profile of the allergenic
preparation might explain a reduced diagnostic and therapeutic
performance.

Our understanding of IgE-mediated allergies has greatly
improved since the advent of “molecular allergology.”'® Under
this approach, molecules, instead of extracts, are used for both
the diagnosis (component-resolved diagnosis) and therapy (com-
ponent-resolved therapy) of allergic diseases.'* This concept
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Abbreviations used

ISAC: Immuno Solid-phase Allergen Chip
ISU: ISAC Standard Unit

MAS: Multicentre Allergy Study

SARg: Grass pollen—related seasonal allergic rhinitis
SIT: Allergen-specific immunotherapy

foresees characterizing the patient’s sensitization profile at the
molecular level and, with this information, tailoring the compo-
sition of his or her individualized SIT."*

At least 13 allergenic molecules of Phleum pratense (timothy
grass), a representative species of the Poaceae family, have
been identified and sequenced,'” and the prevalence of an IgE re-
sponse to 8 of them has been repeatedly examined in children and
adults.'® IgE sensitization molecular profiles of children with es-
tablished disease are complex and heterogeneous,'? so that tailor-
ing component-resolved therapy at advanced disease stages might
be difficult."* However, the origins and molecular evolution of
IgE responses against grass pollen have never been investigated.
Therefore whether IgE sensitization is less complex and heteroge-
neous at earlier stages of the disease process is presently
unknown.

To answer this question, we have taken advantage of the
Multicentre Allergy Study (MAS), a birth cohort study starting in
1990. The MAS has scheduled yearly evaluation of upper airway
symptoms and repeated peripheral blood drawing at 8 follow-up
points during the first 13 years of life.'” We could therefore retest
the sera of participants with a molecular approach and could
match this molecular analysis with the clinical history of seasonal
allergic rhinitis.

METHODS
Study cohort

The MAS, a prospective observational birth cohort study, recruited 1314 of
7609 infants born in 1990 on 6 delivery wards in 5 German cities (Berlin,
Dusseldorf, Mainz, Freiburg, and Munich). A detailed description of the
stratified sampling scheme and study subjects is given elsewhere'” and in the
Methods section in this article’s Online Repository at www.jacionline.org.
The study was approved by the local ethics committee. Each parent provided
written informed consent at the time of enrollment. Blood samples were col-
lected at 1, 2, 3,5, 6,7, 10, and 13 years of age.

Definitions

A standardized parental questionnaire/interview was used yearly (includ-
ing International Study of Allergy and Asthma in Childhood questions) to
assess allergic symptoms. We examined symptoms of allergic rhinitis related
to grass pollen, as defined by the presence of “reported sneeze attacks or a
runny, blocked, or itchy nose in the absence of common cold” '8 in the months
of June, July, or both preceding the follow-up visit. A subject was considered
to be affected by grass pollen—related seasonal allergic rhinitis (SARg) if
symptoms were reported in 3 or more follow-ups between 3 and 13 years of
age or at least 2 of the 3 follow-ups between 11 and 13 years of age. The
age at onset of SARg was defined as the age at the first follow-up in which
symptoms of SARg had been reported.

IgE assays

All the available serum samples were tested for IgE antibodies against the
extracts of P pratense with the ImmunoCAP Fluorescence Enzyme
Immuno-Assay (Thermo Fisher Scientific, Uppsala, Sweden). Results
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TABLE I. Characteristics of the population
Study P
Variable population Excluded value*
No. of subjects 820 494

Male sex (%)

Parental history of allergy (%)
German nationality

Older siblings

4277820 (52.1)
443/816 (54.3)
764/800 (95.5)
344/820 (42.0)

257/494 (52.0) .99
237/487 (48.7) <.05
435/469 (92.8) .04
194/494 (39.7) 48

Parental education (>12 y [%]) 445/794 (56.0) 218/478 (45.6) <.001
Breast-feeding (up to 6 mo) 622/813 (76.5) 271/479 (56.6) <.001
Mother smoking (at child’s 274/820 (33.4) 141/285 (49.5) <.001

age of 5y)
SARg 177/820 (21.6) NA

Age at onset (y), median 7 (5-9)

(interquartile range)
Incidence rate (% [95% CI]) 2.3 (1.9-2.6)

NA, Not applicable.
*P values are for comparison between subjects of the MAS cohort included and
excluded from the study (x* test).

were expressed in kilounits per liter (detection range, 0.35-100 kUA/L).
Sera with a concentration of specific IgE antibodies greater than 80% of the
upper detection limit of the assay were diluted 1:5 to obtain a precise determi-
nation. A result of 0.35 kUA/L or greater was considered positive. Sera with
positive results to the extract of P pratense were tested again, if still available,
with a microarray assay (Immuno Solid-phase Allergen Chip [ISAC]; Thermo
Fisher Scientific, Vienna, Austria) to characterize the molecules recognized by
their IgE antibodies. The details of the methods are reported elsewhere and in
the Methods section in this article’s Online Repository.' In its version con-
taining 103 molecules, each one arrayed in triplicates, the ISAC test includes
8 molecules of P pratense (rPhl p 1, rPhl p 2, nPhl p 4, tPhl p 5 b, rPhl p 6,
rPhl p 7, rPhl p 11, and rPhl p 12). A result of low, middle, or high positivity
was considered positive.

Statistics

The data were analyzed by 2 of us (P.M.M. and V.P.). The data from sera
obtained after the initiation of grass pollen SIT (see also the Methods section
in this article’s Online Repository) were excluded from any statistical analy-
sis. The Shapiro-Wilk test was used to evaluate normal distribution of quanti-
tative variables. The average concentration of IgE to P pratense extract in
positive sera was calculated as the geometric mean value. Comparisons be-
tween participants included and excluded from the analysis were examined
by using x* tests. Frequencies for SARg and each P pratense molecule were
calculated. In survival analyses patients were censored if they had not experi-
enced the end point of interest at the end of the follow-up period. Kaplan-
Meier estimates of overall survival time were compared by using the
log-rank test; 25% SARg-free time was used as one of our ranking systems
of P pratense molecular order. Two additional ranking system orders were
based on average yearly incidence and on the appearance order of each mol-
ecule. Because the length of the follow-up period differed among the patients,
all analyses taken into account comprised 5 years before and 5 years after the
onset at maximum. Multilevel models were used for multiple values of the
same patients during the follow-up. Multilevel mixed-effects linear regression
(xtmixed command) and multilevel mixed-effects Poisson regression (xtme-
poisson command) were used to evaluate the effects of delay from onset cor-
rected for age at onset on logarithmic transformation of IgE to P pratense and
the number of P pratense molecules, respectively. Separately, models for re-
lationships before and after onset were provided. Multilevel mixed-effects lo-
gistic regression was used to evaluate the risk of SARg in the next 3 years for
IgE-positive subjects compared with IgE-negative subjects corrected by age.
Three different models were provided to evaluate other possible confounding
or risk factors. For all multilevel analysis, random effects are estimated by us-
ing a multiple of identity matrix (identity option).
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FIG 1. IgE to P pratense by time from onset of grass-related seasonal allergic rhinitis. A, Bars show the prev-
alence of IgE sensitization (>0.35 kUa/L) to P pratense (extract) in children whose sera were available at each
point in time. The number of tested children is indicated over each bar. B, Bars show the geometric mean
levels of IgE antibodies to P pratense (extract) at each point in time in IgE antibody-positive sera. The num-
bers of tested children is indicated over each bar. Lines show the average number of all 8 (triangles) or only 7
(squares; Phl p 6 excluded) allergenic molecules of P pratense recognized by IgE antibodies at each point in

time in IgE antibody-positive sera.

Odds ratios and their 95% Cls were calculated, and relevant confounding
variables were included in the final model. Two-by-two tables were used to
calculate the sensitivity, specificity, positive and negative predictive values,
and positive and negative likelihood ratios. Comparisons between IgE values
obtained at preclinical versus clinical follow-up points from the same children
with SARg have been performed by using x* tests or exact tests for dichoto-
mous variables and 7 tests for paired-sample or Wilcoxon matched-pairs tests
for quantitative variables. Statistical analysis was performed with Stata 12.0
software (StataCorp, College Station, Tex). A P value of less than .05 was con-
sidered statistically significant.

RESULTS
Study cohort

The study cohort consisted of 8§20 subjects (427 male and 393
female subjects) of the initial 1314 participants of the MAS birth
cohort (Table I). German nationality, higher parental education,
longer breast-feeding duration, a nonsmoking mother, and paren-
tal history of allergy were found more frequently in children in-
cluded than in those excluded from the study (Table I). SARg has
been identified in 177 (21.6%) of the 820 participants. The per-
centage of new cases with SARg increased at a constant rate of
2.3% per year between the ages of 3 and 12 years (see Fig El
in this article’s Online Repository at www.jacionline.org), its av-
erage incidence rate was 2.3 (95% CI, 1.9% to 2.6%), and the me-
dian age at onset was 7 years (interquartile range, 5-9 years).
Details on the participation rates to follow-up interviews and
blood draws and the availability of IgE tests and on reported
SIT are presented in the Results section and Table E1 in this ar-
ticle’s Online Repository at www.jacionline.org. The present

study is based on the analysis of 4173 sera obtained from 820
children, corresponding to 65.7% of their scheduled blood
samples.

Progressive IgE response to P pratense

The prevalence of positive test results for serum IgE antibodies
to the timothy pollen extract in children with SARg increased
with the time from disease onset (Fig 1, A). The geometric mean
concentration of IgE antibodies to timothy pollen in positive sera
also increased with the time from disease onset; average values
were less than 4.0 kUA/L (95% CI, 3.0-5.4 kUA/L) in the preclin-
ical phase, increased to 13.1 kUA/L (95% CI, 7.8-22.3 kUA/L) at
disease onset, increased to 15.0 kUA/L (95% CI, 10.2-22.1 kU,/
L) in the 2 years after disease onset, and peaked at 24.3 kU/L
(95% CI, 16.0-36.9 kUA/L) in sera collected at least 3 years after
disease onset (Fig 1, B). Multilevel mixed-effects linear regres-
sion showed a significant increment in the mean IgE antibody
to timothy pollen value considering time at onset (after adjusting
for age at onset), with an IgE geometric mean value increase of 1.5
kUA/L (95% CI, 1.4-1.6 kUA/L; P <.001) each year. An average
increment of 1.8 kU/L (95% CI, 1.6-2.1 kU,/L; P <.001) was
found in the preclinical phase, and an average increment of 1.3
KUA/L (95% CI, 1.2-1.5kUA/L; P <.001) was found in the clinical
phase. The frequency of subjects with SARg symptoms in the ab-
sence of specific IgE is shown in the Fig 1, A. The same panel
shows that this percentage is progressively reduced after onset
of disease. Hence most seronegative children with SARg become
seropositive after onset.
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FIG 2. IgE to P pratense allergenic molecules from the onset of grass-related seasonal allergic rhinitis. Lines
show the prevalence of IgE sensitization (ISAC class >1) to the 8 P pratense allergenic molecules in children
whose sera were available at each time point. The number of children examined at each time point is indi-
cated under the x-axis. Clinical stages of seasonal allergic rhinitis are also indicated.

The average number of P pratense allergenic molecules recog-
nized by IgE antibodies in positive sera also increased with time
from disease onset; average values were 2.1 (95% CI, 1.9-2.4) in
the preclinical phase, 3.0 (95% CI, 2.5-3.5) at onset, 3.0 (95% ClI,
2.6-3.4) in the 2 years after disease onset, and 3.3 (95% CI,
2.8-3.8) in sera collected at least 3 years after disease onset (Fig
1, B). Multilevel mixed-effects Poisson regression showed a sig-
nificant increment in molecular numbers, considering time at on-
set (after adjusting for age at onset). The (3 regression coefficient
was 0.10 (95% CI, 0.06-0.13; P <.001), which means an average
increment of 0.10 in number of components recognized each year
from onset. This association persisted (3 regression coefficient,
0.08; 95% CI, 0.05-0.12; P <.001) when IgE antibodies against
Phl p 6 (sharing B-cell epitopes with Phl p 52%) were excluded
from analysis and after adjusting for the concentration of IgE
against P pratense extract. The average increment in the number
of components recognized per year was 0.13 (95% CI, 0.05-0.21;
P =.002) in the preclinical phase and 0.07 (95% CI, 0.01-0.12;
P =.017) in the postclinical phase.

Sequential IgE sensitization to P pratense
molecules

The examined between-patient progression of IgE sensitization
to individual P pratense molecules is shown in Fig 2. Phl p 1 was
the first molecule recognized during the IgE response against tim-
othy pollen in more than 75% of the tested patients. The preva-
lence of IgE sensitization to the other molecules increased with
time but with a slower trend when compared with Phl p 1. Phl p
1, Phl p 5, and Phl p 4 were the molecules most frequently recog-
nized in the preclinical sensitization phase. Phl p 2 and Phl p 6

were recognized only in a minority (14/42 [33.2%] and 16/42
[38.1%], respectively) of the children examined at disease onset
and were more frequently recognized only in the postonset years.
Phl p 11 and Phl p 12 were recognized mainly in the late postclin-
ical phase. Phl p 7 was recognized exclusively in a few children
during the late clinical phase (Fig 2). The analysis of the
within-patient individualized sensitization progression per-
formed with 3 different approaches (scoring system, hierarchic
incidence, and Kaplan-Meier analysis) confirmed the outcomes
obtained on the between-patient progression of IgE sensitization:
as a general trend, the first recognized molecule was Phl p 1, fol-
lowed by Phl p 4 and Phl p 5, then by Phl p 2 and Phl p 6, and then
by Phl p 11, Phl p 12, and Phl p 7 (Fig 3 and Table II).

Predictive value and molecular profile of preclinical
IgE responses

Among the 643 children without reported SARg, 167 (26%)
were sensitized to grass pollen at 1 or more follow-up points in the
observation period. An IgE response to grass pollen at 3 years of
age was observed in 38 (7.9%) of 482 children, but only 1 of them
had already reported SARg. Interestingly, among the remaining
37 children, 25 (67.6%) had SARg at a later follow-up point. The
SARg-free curve in 3-year-old children was decreasing among
the children with IgE against timothy pollen faster than among the
seronegative children (P <.001, see Fig E2 in this article’s Online
Repository at www.jacionline.org). A similar result was obtained
when age 6 years was chosen as the prediction time (see Fig E3 in
this article’s Online Repository at www.jacionline.org). In a mul-
tilevel model IgE sensitization to grass pollen (adjusted for age)
was strongly associated with the development of SARg, even after
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FIG 3. Probability of remaining free of sensitization to individual allergenic molecules of P pratense. Kaplan-
Meier plots of the probability of remaining free of IgE sensitization to each of 8 allergenic molecules of
P pratense are shown. The number of the subjects at risk is shown below the x-axis.

TABLE II. Sequence of sensitization to P pratense molecules in 126 children* with seasonal allergic rhinoconjunctivitis related to grass

pollen allergy

Positive Scoring systemt
Sequence Molecules No. Percent Mean SD 95% Cl Average yearly incidence (%) 25% Survival time; (y)
1 Phlp 1 107 84.9 1.2 0.5 1.1-1.3 11.9 5
2 Phl p 4 93 73.8 1.6 1.0 1.4-1.8 8.6 6
B8 Phlp 5 77 61.1 1.7 1.1 1.5-2.0 7.2 6
4/5 Phlp 2 50 39.7 2.3 14 1.9-2.7 4.2 10
4/5 Phlp 6 58 46.0 2.8 1.6 24-3.2 49 7
6 Phlp 11 41 32.5 3.1 2.0 2.5-3.7 3.1 13
7 Phl p 12 12 9.5 4.3 2.1 3.1-5.5 1.2 -
8 Phlp 7 3 2.4 4.7 3.2 1.0-8.3 0.2 -

*Data from 126 of the 177 children with SARg have been analyzed. The remaining 51 cases were not examined because their sera were either missing or negative for IgE

antibodies to P pratense extract.

FThe ranking system was based on the average score in temporal sequence in which each P pratense molecule—specific IgE antibody is detected.

1The ranking system was based on Kaplan-Meier curves (see Fig E2).

adjusting for a list of relevant confounding factors; in this model
age was inversely associated with the disease (Table III). Predic-
tive value was very high for nonsensitized children to remain
SARg free (negative predictive value, 84%; 95% CI, 80% to
87%). Approximately two thirds (68%; 95% CI, 50% to 82%)
of the 3-year-old children sensitized to grass pollen had SARg
by age 12 years (Table IV).

The molecular profiles of preclinical IgE sensitization to grass
pollen were examined at the chosen prediction times and

compared with those obtained in the same children 3 or more
years after SARg onset. The concentration, number of molecules
recognized, and heterogeneity of molecular sensitization profiles
were all significantly lower at the prediction point than in the
clinical phase; one third of the children were monosensitized to Phl
p 1 at the prediction times (3 or 6 years of age), but none of them
was monosensitized 3 or more years after disease onset (Table V).
In this subgroup the average increase per year in the number of
P pratense molecules recognized by IgE was 0.36 (SD, 0.27).
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TABLE Illl. Relation of IgE against grass pollen and future grass
pollen-related seasonal allergic rhinoconjunctivitis

Variable OR 95% ClI P value
First model*
Age 0.87 0.8-1.0 .005
IgE grass positive 13.60 8.1-23.0 <.001
Second modelf
Age 0.88 0.8-1.0 .01
IgE grass positive 11.46 6.8-19.4 <.001
Parental history of allergy 3.27 1.8-5.9 <.001
Older siblings 0.68 0.4-1.2 15

OR, Odds ratio.

*Two-level logistic model: 2422 observations (level 1) for 756 subjects (level 2).
Subjects were in the model up to SARg development. The dependent variable was
development of SARg in the next 3 years (binary variable). Independent variables
were age (continuous variable) and IgE grass (binary variable).

TTwo-level logistic model: 2411 observations (level 1) for 756 subjects (level 2).
Subjects were in the model up to SARg development. The dependent variable was
development of SARg in the next 3 years (binary variable). Independent variables
were age (continuous variable), IgE grass (binary variable), parental history of allergy
(binary variable), and older sibling (binary variable). Additional confounders (sex,
parental education, breast-feeding, mother smoking, and German nationality) have not
been included in the model because they had P values of .10 or greater in univariate
analysis.

DISCUSSION

In this birth cohort study we investigated the evolution of IgE
sensitization to P pratense allergenic molecules in children af-
fected by seasonal allergic rhinitis caused by grass pollen. We
found that the IgE response to grass pollen (1) can start years be-
fore the perception of the first symptoms and can predict
future disease onset, (2) increases in serum concentration
before and during the disease process, and (3) is often initiated
by Phl p 1 monosensitization and becomes molecularly more
and more complex with time.

Previous studies have shown that skin test sensitization to
pollen allergens can precede the onset of seasonal allergic rhinitis
in childhood and that this information can be used in combination
with other risk factors to predict disease onset.”""*? This study
confirms those observations and additionally shows that the sim-
ple detection of preclinical sensitization to grass pollen can allow
prediction of the onset of hay fever in an allergen-specific manner.
In this case IgE sensitization is indeed not only a risk factor but
also a specific disease cause. The results suggest that a precise
phenotypic definition of the causative pollen makes hay fever pre-
dictable through allergen-specific IgE tests.

Disease onset occurred in many children of the MAS cohort in
the middle of a complex immunologic process that started years
before disease onset and fully matured only years afterward. Hence
the concentration of IgE in the first season of disease was in most
patients higher than that observed in a preclinical sensitization
stage, and it tended to be lower than that measured 5 years after the
disease onset. Similarly, the number of P pratense molecules rec-
ognized by IgE also increased with time. Taking the 8 molecules of
P pratense as areference, many children started as monosensitized
(IgE recognition of 1 molecule only), then became oligosensitized
(2-3 molecules), and finally became polysensitized (>3 mole-
cules). Interestingly, Phl p 1 was an initiator of sensitization in
greater than 75% of the patients. Soon, most patients produced
IgE also to Phl p 5 and/or Phl p 4 and then to Phl p 2 and/or Phl
p 6 and/or Phl p 11, whereas only some patients produced IgE re-
sponses against Phl p 12 and Phl p 7. This sequence reproduces the
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prevalence hierarchy already observed in many cross-sectional
studies quite well.'®? In analogy with the epitope-spreading pro-
cess, this phenomenon could be defined as the molecular spreading
of the IgE response to an allergenic source. This “molecular
spreading” can account for part of the progressive increase in se-
rum IgE antibody levels against P pratense, and it is steeper in the
preclinical than the clinical stages of the IgE immune response. It
could be argued that this phenomenon is an artifact because of
cross-reactivity between different components sharing common
B-cell epitopes. It is well known that Phl p 6 cross-reacts with
Phl p 5.%° In contrast, Phl p 2, notwithstanding a certain degree
of sequence homology to Phl p 1 (40% identity and 60% to 70%
similarity) does not cross-react with that component.”* In any
case, the molecular spreading phenomenon clearly persisted after
exclusion of Phl p 6 from the analyses (Fig 1, B, and Table V) and
Phl p 6 plus Phl p 2 (data not shown).

Grass pollen—related allergic rhinitis can be hardly cured by
SIT, but symptoms can be decreased to approximately 50% to
70%.?°> However, usually SIT is advised in patients with a rela-
tively long-lasting history of disease.” Our results show that pa-
tients’ IgE sensitization is molecularly simpler at its preclinical
and early clinical stages than at a time when they usually start re-
ceiving SIT. Although the observational nature of our study pre-
cludes making clinical recommendations, we hypothesize that
SIT would be immunologically and probably also clinically
more effective if started earlier during the disease process. In ad-
dition, an allergen-specific immune intervention might even pre-
vent disease or delay its onset if started in the preclinical
sensitization phase (ie, specific immunoprophylaxis). However,
one should caution about the alternative although unlikely hy-
pothesis that an allergen-specific immune intervention in the pre-
clinical sensitization phase might accelerate rather than prevent
symptom onset. Early immunologic intervention in molecularly
oligosensitized subjects was theorized about a decade ago.'
The present results provide a solid background to future trials test-
ing that seminal hypothesis and suggest also that a molecular ap-
proach to early immune intervention (component-resolved
prophylaxis and earlier component-resolved therapy) would be,
given the lower number of molecules involved, more feasible.

Some limitations of our study should be considered. First, we
examined only children living in Germany, in whom grass and
birch pollen allergies are responsible for the vast majority of
seasonal allergic rhinitis. We caution about generalizing our
conclusions to adults and to countries (eg, Mediterranean coun-
tries) with different climates and many other relevant allergenic
pollen sources.?®*

Second, we have examined only one birth cohort, and a
relatively consistent proportion of missing blood samples might
have generated a participation bias. The baseline characteristics
were found to be different between the subsample and the study
population in terms of family history for atopy, smoking, and
breast-feeding, meaning that atopic parents were probably more
likely to continue participation and to avoid known risk factors.
Although this might have influenced the likelihood of sensitiza-
tion, this is not necessarily true for the development and molec-
ular spreading of sensitization. However, no other large birth
cohort study on allergies, to our knowledge, has collected clinical
and serologic information at so many points in time (ie, from birth
to adolescence). Therefore the evaluation of a second birth cohort
study with the same characteristics of the MAS might be at
present impossible.
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TABLE IV. Prediction of SARg based on IgE levels against grass pollen (>0.35 kUA/L)

IgE+ IgE—
SARg SARg SARg SARg
positive negative positive negative Sensitivity Specificity PPV NPV
(no.) (no.) (no.) (no.) (% [95% Cl]) (% [95% Cl]) (% [95%Cl]) (% [95% CI]) LR+ LR-
At age 3y, limited to 18 19 25 414 41.9 (27.1-57.9) 95.6 (93.2-97.3) 48.6 (31.9-65.6) 94.3 (91.7-96.3) 9.5 0.6
the following 3 y
At age 3y, extended 25 12 72 367 25.8 (17.4-35.7) 96.8 (94.5-98.4) 67.6 (50.2-82.0) 83.6 (79.8-86.9) 8.1 0.8
up to age 12y
At age 6y, limited to 20 50 11 321 64.5 (45.4-80.8) 86.5 (82.6-89.8) 28.6 (18.4-40.6) 96.7 (94.1-98.3) 48 04
the following 3 y
At age 6y, extended 28 42 24 308 53.8 (39.5-67.8) 88.0 (84.1-91.2) 40.0 (28.5-52.4) 92.8 (89.4-953) 45 05

up to age 12y

LR—, Negative likelihood ratio; LR+, positive likelihood ratio; NPV, negative predictive value; PPV, positive predictive value.

TABLE V. Characteristics of the IgE response against P pratense in children at the preclinical prediction point (age 3 or 6 years) and at 3

or more years after SARg onset

>3 y After P >3 y After P
No At age 3y SARg onset value No. At age 6y SARg onset value
Concentration of IgE against P pratense extract 20 2.5 (5.0) 44.7 (4.1) <.001 14 6.1 (4.5) 30.0 (2.7) .005
(kU/L), geometric mean (SD)
Molecular spreading (based on Phl p 1, Phl p 2, Phl p 4,
Phl p 5, Phl p 6, Phl p 7, Phl p 11, and Phl p 12)
Phl p molecules recognized by IgE (no.), median 15 1(1-3) 4 (3-6) <.001 10 1.5 (1-2) 4 (2.8-5) .005
(interquartile range)
Subjects with >3 molecules (no. [%]) 15 6 (40) 15 (100) .001 10 1 (10) 8 (80) .005
Phl p 1 only (no. [%]) 15 5 (33) 0 (0) .042 10 4 (40) 0 (0) .087
Molecular spreading (based on Phl p 1, Phl p 2, Phl p 4,
Phl p 5, Phl p 7, Phl p 11, and Phl p 12)
Phl p molecules recognized by IgE 15 1(1-3) 4 (3-5) <.001 10 1.5 (1-2) 3.5 (2-4) .005
(no.), median (interquartile range)
Subjects with >3 molecules (no. [%]) 15 4 (27) 13 (87) .001 10 1 (10) 7 (70) .020
Phl p 1 only (no. [%]) 15 5 (33) 0 (0) .042 10 4 (40) 0 (0) .087

Third, some of the MAS sera were tested as much as 20 years
after their collection, and the results might have been biased by
serum deterioration. Nevertheless, all our quality control tests
have demonstrated that the IgE antibodies have been preserved
very well during this long period (data not shown).

Fourth, P pratense does not represent the whole set of aller-
genic sources of the Poaceae family.zg’29 However, it has been
shown that more than 90% of the IgE sensitization against grass
pollen can be measured by using this representative allergenic
source.*”

Fifth, some of the components of P pratense (eg, Phl p 4) might
be less clinically relevant than others, although additional clinical
data have been claimed to reach a firm conclusion on this point.3 !
On the other hand, sensitization to Phl p 7 (polcalcin) and Phl p 12
(profilin) might have been induced by other pollen sources carry-
ing cross-reactive molecules.*> However, sensitization to Phl pl2
or Phl p 7 was, in the MAS cohort children, almost invariably as-
sociated with primary IgE sensitization to Phl p 1, Phl p 5, or both.

In summary, this study showed that a weak IgE response
against grass pollen can start years before the perception of the
first symptoms, when only a few molecules are recognized.
The results also demonstrate that the IgE response becomes
progressively stronger and molecularly more and more complex.
Finally, the study proves that testing IgE sensitization at a

preclinical stage allows prediction of seasonal allergic rhinitis
at its molecular monosensitization or oligosensitization stage.

We thank the study participants and their parents. We also thank Andreas
Reich for data management of the general MAS databank, Linus Grabenhen-
rich for his contribution to the data collection on SIT in the MAS cohort, and
Gabriele Schulz for management of the general MAS sera bank and for the
tests of IgE against pollen extracts. We thank Tamara Pace-Ross for English
editing.

Clinical implications: Testing IgE sensitization at a preclinical

stage facilitates prediction of seasonal allergic rhinitis at its mo-
lecular monosensitization or oligosensitization stage.
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METHODS

In short, 499 newborns with risk factors for atopy (ie, increased cord blood
IgE level [>0.9 kU4/L], at least 2 atopic family members, or both) and 815
newborns with none of these risk factors were included in the cohort. All chil-
dren were followed up at ages 1, 3, 6, 12, 18, and 24 months and from then on
an annual basis within 4 weeks of the child’s birthday up to the age of 13 years.
At each follow-up, parents gave structured interviews to a study physician,
which included standardized questions on asthma and atopy symptoms ac-
cording to the International Study of Asthma and Allergy in Childhood.®!

SARg onset was calculated as the first observed time point with SARg
symptoms. In a few cases only (n = 17/177 [9.6%]), this first time point was
preceded by a missing value that has been arbitrarily considered a negative
value.

Information on SIT with grass pollen, birch pollen, or both extracts has been
obtained from 707 (86.2%) of the 820 children. Overall, 17 (2.4%) of 707
children received specific immunotherapy at or before 13 years of age against
grass pollen only (n = 12) or combined with other pollens (n = 5). Most
subjects (n = 13) started specific immunotherapy after 9 years of age.

ISAC (Thermo Fisher Scientific) is based on 103 recombinant and natural
purified allergens spotted in triplicate on a glass slide. The testing procedures
have been carried out according to the manufacturer’s instructions. During
assay performance, at first, slides were washed for 60 minutes in washing
solution, dried, and placed into a humid chamber. Subsequently, 20 pL of
serum from IgE-positive children (IgE >0.35 kU,/L) was applied to each chip
of the slide. Incubation at room temperature was followed by a second washing
procedure in washing solution and water. For the detection of IgE serum an-
tibodies bound on the spotted allergens of the chip, 20 pL of a
fluorescence-labeled anti-human IgE antibody was applied on the chip. After
incubation, chips were again washed, dried, and stored protected from light.
Data acquisition was performed with an appropriate microarray scanner (Lux-
Scan-10K/A; CapitalBio, Beijing, China). Allergens arrayed in triplicates be-
come visible in false color display mode. Analysis of IgE concentration was
performed by using the Microarray Image Analyser software, evaluating the
fluorescence of labeled anti-IgE antibodies by means of a calibration curve
created based on a standardized reference serum. Thereby the IgE concentra-
tions were expressed semiquantitatively as ISAC Standard Units (ISUs)
in4 classes: undetectable or very low (<0.3 ISU), low (>0.3-<1 ISU), moderate
to high (>1-<15ISU), and very high (>15 ISU). A result of greater than 0.3 ISU
was considered positive.

RESULTS

The frequency distribution of missing values, as stratified by
follow-up points, is shown in Table E1. Information on the natural
history of allergic rhinitis was obtained in more than 90% of the
included children up to the follow-up at age 13 years. On average,
539 of 820 blood samples were obtained at each follow-up visit,
with a minimum of 421 (51.3%) of 820 at age 13 years and a max-
imum of 610 (74.4%) of 820 at age 7 years. In all, 611 (84.0%) of
727 of the eligible sera (because they were positive for IgE against
P pratense extract) were still available and could be tested with
the microarray IgE test for molecules. IgE sensitization could al-
ready be observed 1 or more years before the onset of a reported
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disease in 77 (45.8%) of the 168 patients for whom this analysis
was possible; this proportion would have probably been higher if
all the subjects had provided blood samples at all the follow-up
points.

Phl p 1 is the only recognized allergen at the first detection of
molecular sensitization in 26.2% of the 126 patients with SARg
tested with ISAC. Phl p 1 was undetectable in only 31 (24.8%) of
the 126 cases in the first positive and examined sample. Con-
versely, Phl p 12 was never detected, and Phlp 7 and Phl p 11 were
detected only once in the first positive and tested sample. Phl p 4
has been detected often (together with Phl p 1 or alone) as a first
recognized allergen. However, this native allergen in the ISAC
test is the only one with carbohydrate moieties and might have
produced false-positive outcomes.

DISCUSSION

It can be argued that in Germany there are other pollens that are
prevalent in June and July and could be responsible for symptoms
of allergic rhinitis (eg, rye grass [Lol p 1-3]). Lolium perenne and
other grass pollen species contain allergens largely cross-reacting
with P pratense, which was chosen in this study as an index spe-
cies. The trends observed in this study are therefore valid for grass
pollen in general, although obtained by studying only 1 represen-
tative member (ie, P pratense).

On the other hand, we cannot exclude an influence on the
molecular sensitization profile because of other pollens (eg, birch
and mugwort) containing polcalcins and profilins. However, the
prevalence of sensitization to these pollens is relatively low.
Profilins (Phl p 12) and polcalcins (Phl p 7) were the least and
latest molecules recognized based on IgE measurements in the
examined children. Therefore even by accounting for the poten-
tial influence of other pollens, the position in the sequence of
sensitization of these 2 molecules would not have substantially
changed.

To define SARg, we adopted an accepted epidemiologic
diagnosis based on answers to 2 questions only: (1) nasal
symptoms apart from colds and (2) occurrence of these symptoms
in June, July, or both. This epidemiologic definition is less specific
than a clinical one, and false positivity because of nonspecific
responses is possible. In addition, the parents obviously received
information on the allergy test results. This might have influenced
the reporting of SARg. It is well known that participation in a
cohort study influences disease perception.
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FIG E1. Probability of remaining free of seasonal allergic rhinitis related to grass pollen. Kaplan-Meier plots
of the probability of remaining free of seasonal allergic rhinitis related to grass pollen among 820 children
participating in the MAS birth cohort are shown. The number of subjects at risk is shown below the x-axis.
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FIG E2. Probability of remaining free of seasonal allergic rhinitis related to grass pollen at age 3 years by IgE
sensitization to P pratense (extract). Kaplan-Meier plots of the probability to remain free of seasonal allergic
rhinitis related to grass pollen stratified by IgE sensitization to grass pollen at age 3 years are shown.
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FIG E3. Probability of remaining free of seasonal allergic rhinitis related to grass pollen by IgE sensitization
to P pratense (extract). Kaplan-Meier plots of the probability at 6 years of age of remaining free of seasonal
allergic rhinitis related to grass pollen stratified by IgE sensitization to grass pollen are shown. The number
of subjects examined at each follow-up point is reported under the x-axis.
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TABLE E1. Availability of questionnaire data, blood samples, and IgE test results

HATZLER ET AL 8.e5

Age (y)
Variable 1 2 3 4 5 6 7 8 9 10 1" 12 13
Participating 820 820 820 820 820 820 820 820 820 820 820 820 820
Questionnaire data 820 820 820 818 816 814 815 804 803 798 758 763 731
Blood samples and IgE 581 517 482 NA 548 453 610 NA NA 561 NA NA 421
tests (extract)
Eligible for microarray* 7 37 38 NA 97 102 145 NA NA 162 NA NA 139
Available for molecular 7 18 29 NA 84 89 129 NA NA 155 NA NA 100

IgE testst

NA, Not applicable (no blood drawn at this follow-up).
*IgE level of 0.35 kUA/L or greater against P pratense (extract).
FSera still available at the time of microarray testing.
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