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Abstract

Background: In pollinosis patients, allergen-specific anti-
body titers show seasonal variations. Little is known about
these variations at the epitope level. Objectives: We aimed at
investigating seasonal variations on the level of allergen epi-
tope recognition in patients with Bet v 1-related food allergy
using a peptide phage display approach. Methods: Serum
samples collected over 1 year from 4 patients of the placebo
arm of the birch-associated soya allergy immunotherapy trial
were included. To identify epitopes from Bet v 1-related food
allergens, patient sera were used in peptide phage display
experiments. In silico analysis of enriched allergen-related
motifs was performed. Results: We identified epitope motifs
related to Bet v 1 and its homologs in soya and hazelnut (Gly
m 4 and Cor a 1, respectively) that were enriched in accor-
dance with birch and hazel pollen exposure. Within several
weeks after the birch pollen season peak, the pattern of iden-
tified epitope motifs differed considerably among patients.
Data for amino acid preferences in homologous Bet v 1 and

Cor a 1 epitope motifs identified for one of the investigated
patients suggest changes in concentration or specificity of
serum antibodies for the Cor a 1 epitope motif. Conclusions:
Peptide phage display data suggest an impact of birch and
hazel pollen exposure on the recognition pattern of Bet v
1-like allergen epitopes. Epitope-oriented analyses could
provide deeper, personalized details regarding the allergen
epitope recognition influenced by pollen exposure beyond

the capability of current methods. ©2020S. Karger AG, Basel

Introduction

Seasonal variations of birch pollen exposure have an
impact on allergen-specific antibody levels of affected pa-
tients [1-3]. This was also observed within the study on
birch-associated soyaallergy immunotherapy (BASALIT),
which investigated the clinical benefits of allergen-specif-
ic immunotherapy (AIT) using a recombinant folding
variant of the major birch pollen allergen Bet v 1 in birch-
related soya allergy [4]. Measurements of allergen-specif-
ic antibody concentrations are useful during allergy diag-
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Table 1. Overview of serum collection dates from investigated BASALIT placebo patients

Patient Gender (M/F); Serum collection date (DD/MM/YY)
ID age, years . . "

t;, autumn t,, late autumn t;, winter/spring 4, spring/summer s, autumn
P1 M; 27 01/10/12 28/11/12 18/02/13 13/06/13 22/10/13
P2 F; 47 10/10/12 13/12/12 27/03/13 31/07/13 13/11/13
P3 F; 49 20/10/10 13/12/10 14/03/11 16/06/11 22/09/11
P4 M; 20 15/10/12 18/12/12 25/02/13 27/03/13 05/11/13

nosis, but based on extracts or proteins they cannot pre-
dict the severity of clinical symptoms or the outcome of
AIT [1, 2, 5]. Novel approaches such as epitope-based se-
rum diagnostics may improve the identification of clini-
cally relevant allergen-specific antibodies [6, 7]. Although
currently not a routine measure, recent evidence suggests
alink between IgE epitope traits (e.g., diversity and recog-
nition by different antibody isotypes) with the intensity of
peanut and milk allergy [8]. Rapid, inexpensive, and high-
throughput methods for the identification of IgE- and
IgG-allergen epitopes from patient sera are needed to
identify clinically relevant epitopes in large patient co-
horts. Current methods such as peptide phage display
combined with next generation sequencing [6, 9-13] and
overlapping peptide microarrays [7, 8] have severe limita-
tions regarding the small number of identified epitopes or
the inability to identify conformational epitopes, respec-
tively. We recently reported the identification of more
than 400 potential epitope motifs from soya allergens di-
rectly by antibodies from sensitized patients’ sera using a
peptide phage display platform followed by epitope vali-
dation through peptide microarrays [10]. This method is
based on a unique statistical motif-oriented analysis ap-
proach of peptide phage display data [10, 12]. Here, we
aimed to investigate the feasibility of this method for in
silico identification of natural (seasonal) variations on the
recognition of Bet v 1 epitopes and its PR-10 homologs in
soya (Gly m 4) and hazelnut (Cor a 1) by serum antibodies
in patients sensitized to Gly m 4 collected over 1 year.

Materials and Methods

Patients

Four sera from patients (2 female, mean age 36 years) having
participated in the placebo arm of the BASALIT trial (EudraCT-
No. 2009-011737-27) [4] were investigated. All patients had a his-
tory of birch pollen allergy and were positive for specific IgE
against Bet v 1 and Gly m 4 (cutoff: 0.7 kU/L, ImmunoCAP; Ther-
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mo Fisher Scientific, Dreieich, Germany). Patients had pollen-re-
lated soya allergy diagnosed by positive food challenge with soya.
They had no specific IgE against Gly m 5 or Gly m 6. Serum was
initially collected before the first placebo injection (#;) in autumn
2010 (Patient P3) or autumn 2012 (Patient P1, P2, and P4), respec-
tively [4]. Further samples were collected in late autumn (t,), late
winter/spring (t3), spring/summer (t,), and autumn (ts) (Table 1).
At each time point, specific IgE concentrations against recombi-
nant Bet v 1, Cor a 1, and Gly m 4 were documented [4].

Peptide-Phage Display

Peptide-phage display experiments were performed using 24
ug of total serum protein immobilized in Immuno™ tubes (Maxi-
Sorp™; Thermo Fisher Scientific, Waltham, MA, USA), following
an established peptide phage display protocol [10, 12] described in
online supplementary Figure Ela (for all online suppl. material, see
www.karger.com/doi/10.1159/000509995). The dataset corre-
sponding to ts of patient P1 was not included in further analysis
since it did not comply with all quality filters. The remaining da-
tasets contained more than 2 x 10° individual unique and enriched
sequences. The sequence’s frequency is representative for the
number of peptide phage bound, specifically and non-specifically,
to the immobilized serum proteins/antibodies [10, 12].

In silico Evaluation of Allergen-Related Motifs

Epitope motifs were identified as described [10, 12] and out-
lined in online supplementary Figure Ela and E1b. For practical
reasons, we analyzed all datasets for variations in 4-mer motif sta-
tistics (i.e., enrichment values) [10, 12]. The amino acid distribu-
tion in the library is essentially even, allowing among others to
compare the theoretically expected frequencies of 4-mer motifs
with the actual observed values [10]. Motifs with the largest ob-
served variations after the birch pollen season were selected. Ad-
ditionally, the average number of peptide variants containing a
given motif was calculated (i.e., mean of sequences’ frequency) for
those motifs in which the variation of enrichment values occurred
in more than 1 patient.

Results
In silico comparison of peptide datasets obtained from

phage display experiments with whole sera reveals that
the frequency of certain peptide motifs relates to season-

Ramirez Caballero/Kny/Treudler/Simon/
Kern/Jappe/Szardenings




al variations in birch pollen exposure. Their differential
enrichment relates to concentrations of Bet v 1-, Gly m
4-,and Cor a 1-specific antibodies measured in the inves-
tigated patient sera. In the selection procedure, no differ-
ence is made between different antibody classes; hence,
these results reflect the overall increase of allergen-specit-
ic immunoglobulins.

Figure 1 shows the individual annual variations in
the mean frequency (i.e., the average number of se-
quences containing a certain motif within a given data-
set) of sequences with selected allergen-epitope motifs.
These motifs, listed with their amino acid composition
and position within their respective allergen primary
sequence, are located at the surface of Bet v 1 (online
suppl. Fig. E2) and its homologs Cor a 1 and Gly m 4:
(1) Bet v 1 39ISSV42, 4()SSVE43 and Cor a 1 391TSV42,
40TSVE43, (2) Coral 84YTV187, 86VIEG89 and GIY m 4
84SVVG88, and (3) Coral 155HSAE159, and GIY m 4
154HPDY 5;. They were also identified as part of epit-
opes reported in the Immune Epitope Database (https://
www.iedb.org/) or epitope candidates identified in-
house (online suppl. Table E1).

Interestingly, the variations (Fig. 1) match the re-
gional pollen count records (German Weather Service;
DWD; https://www.dwd.de/DE/leistungen/pollen/pol-
lenstatistik.html) (online suppl. Fig. E3). Patients like P2
and P3 showed larger increases of the frequency of se-
quences containing distinct motifs as detected by serum
antibodies before and after the peak of birch pollen sea-
son (t; and t4, respectively). Potential cross-reactivity of
birch- and hazel epitopes is supported by this statistical
increase of enriched sequences containing certain Bet v
1- and Cor a 1 motifs in the sera of patients P3 and P4
before the birch pollen season, that is, at time point t;
(Fig. 1). On the other hand, the highest sIgE concentra-
tions (ImmunoCAP®) (Fig. 1) were reported at time
point ¢4 in patients P1 and P2, shortly after the beginning
of the birch pollen season. Allergen-specific antibody
concentrations measured shortly after the peak of the
birch pollen season match with our sequencing data and
the pollen count records in patients P1 and P2. An ex-
ample is shown in online supplementary Figure E1b,
where after the birch pollen season, a drastic increase in
sequences containing a given motif was observed. This
increase in the frequency of sequences containing epit-
ope-related motifs can be attributed to elevated anti-
body concentrations, although it cannot be considered
fully quantitative.

Preferences for specific amino acid residues were ob-
served. An example is shown in patient P3 (Fig. 1): at t4

Seasonal Variations of Patient Antibodies
against PR-10 Epitopes

more sequences containing the motif ITSV (Cora 1) were
observed than for its homolog ISSV (Bet v 1). The number
of sequences containing the motif ITSV (Cor a 1) is twice
as high as those containing the Bet v 1-motif ISSV (Fig. 2).
This would correspond to a primary sensitization to hazel
pollen.

Discussion and Conclusion

We investigated variations on the recognition of al-
lergen epitopes by patients’ serum antibodies from the
BASALIT trial’s control group, using samples collect-
ed over 1 year. Although during the trial a clear in-
crease in allergen-specific IgG, concentration at the
end of treatment in verum patients was observed, no
significant differences were found on the primary end
point (i.e., lowest observed adverse effect level at food
challenge) in comparison to the placebo group [4].
This highlights the need of biomarkers to distinguish
AIT responders from nonresponders [5]. Methods en-
abling the identification of personalized epitope pro-
tiles might become crucial for predicting severity of
allergy, as associations between the intensity of clinical
symptoms and the IgE epitope diversity and proximity
for milk, peanut, and egg allergy were reported [8, 14].
The establishment of biomarkers to predict AIT out-
come is challenging, due to the variety of processes oc-
curring during desensitization, involving not only
changes in IgE or IgE-blocking antibody titers [15].
Therefore, IgE binding to allergens and their epitopes
alone is not sufficient to predict AIT outcome [15].
There is solid knowledge regarding the epitope-bind-
ing profile of IgE and IgE-blocking antibodies elicited
during AIT, but limited to only a few patients [16].
Robust methods are needed to study larger numbers of
patients, which is essential since every patient has not
only a different profile with respect to epitopes but also
antibodies targeting the same epitope are from differ-
ent classes [14, 16]. We used an improved method for
in silico analysis of allergen-specific epitope motifs
during natural allergen exposure, such as birch pollen.
This approach analyzes the seasonal impact on the
elicitation of patient antibodies regardless its isotype.
For this proof of concept study, 4 patients were suffi-
cient. Larger patient cohorts will be needed to identify
season-relevant epitopes because epitope recognition
patterns of different patients are highly heterogeneous
(7,9, 10].
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Motif Statistics Are Supported by the Measured

Concentrations of Allergen-Specific Antibodies and

Regional Pollen Counts

Our approach has already been used to identify aller-
gen epitopes of serum antibodies [10, 12]. Because no
specific purification step is performed, the identified epi-

tope motifs can be bound and enriched in the experiment
by any antibody class. The observed statistical changes
must be due to overall changes of moderate and high-af-
finity binders. The frequency of enriched sequences with
allergen epitope motifs therefore correlates with the
abundance of epitope-specific serum antibodies. When

Motif ISSV
Patient P3; t4

Protein/Peptide description
[Allergen variant, GenBank accession number]
[Patient ID | Counts]

Protein/peptide sequence

Fig. 2. A preference for specific amino acid

> Bet v 1.0101, CAA33887 NLFPKVAPQAISSVENIEGNGGPGT
> Cor a 1.0101, CAA50327 KLIPKVAPQAITSVENVEGNGGPGT
> Patient P3|count=5 | ————-—--=-——- DISSVYKQHVIAFQLY
> Patient P3|count=8 -—-——-—-———-——- PISSVYTVFFYYITKC
> Patient P3|count=6  —-—-——-——- DHQCAISSVNQRPYFC-—-—-
> Patient P3|count=4  —-——-- VLVSQRISSVEQSTHD—-—-—-—
> Patient P3|count=8 ----- QFGCNDISSVYPALYC————-—
> Patient P3|count=2  —----—- GKSCGTISSVPDLTVY——-—-—-—
> Patient P3|count=6 —HVWCIDNKKCISSVCN-—-—-——-———-—
> Patient P3|count=4 -WEFTCHYAHAAISSVCN-—-———————
> Patient P3|count=7 PRPCFPNAVPYISSVY-—————————
Motif ITSV

Patient P3; t4

residues was observed for a hazel-related
motif in patient P3 after the birch pollen
season (time point #;). Two subsets of pep-
tide sequences are shown in the align-

Protein/Peptide description
[Allergen variant, GenBank accession number]
[Patient ID | Counts]

Protein/peptide sequence

ments: peptides containing the Bet v 1 mo- > Bet v 1.0101, CAA33887 NLEFPKVAPQAISSVENIEGNGGPGT
tif ISSV (above) and the Cor a 1 motif ITSV > Cor a 1.0101, CAA50327 KLIPKVAPQAITSVENVEGNGGPGT
(below). Sequence identity of the given mo- > Patient P3| count=6  -—-—-—-——--- DITSVFVNPECFSHIC
tif to both allergens is shown with bold, un- > Patient P3|count=19  -——-—-——--—- EITSVASYRIRPCCIF
derlined letters. The number and frequen- > Patient P3|count=20  -———————- PITSVDVKEFWDLGGC
cy (count) of sequences containing the mo- > Patient P3| count=8  ————————- GITSVHSDHHQNRDQD
tif ITSV (35 out of 100,000) doubled the > Patient P3|count=15  ————————- NITSVSHICGIQVRVFE
number of sequences containing the motif > Patient P3| count=3  -—————-———- DITSVQFSYCETCLVC
ISSV (15 out of 100,000). Such difference > Patient P3| count=5  -—-—--- YWHCEITSVPESQNFA-———
was not observed when comparing the > Patient P3| count=4  ----DQWCTNITSVRQSDQC-----
number of sequences containing these mo- > Patient P3|count=10  ----TEMCTEITSVIHRSSF-----
tifs from the naive library dataset: only 12 > Patient P3| count=8 NHVCEINVTRITSVY—————————
sequences contained the motif ISSV (0.5 > Patient P3| count=6 ITFSPEHWNEITSVFD—————————
out 0of 100,000 sequences) and 17 contained > Patient P3|count=12 YHWSFKEVIIITSVQD--———————

the motif ITSV (0.7 out of 100,000 se-
quences).

Fig. 1. Frequency of allergen-related motifs in NGS data sets and
their changes over time in comparison to changes in specific IgE
concentrations (ImmunoCAP). Mean of sequence frequencies
(i.e., the mean occurrence of unique sequences containing a spe-
cific motif in a given peptide dataset; y axis) was calculated for
motifs from 3 PR-10 epitopes (left). Bet v 1 epitopes homologous
to these epitopes are listed in the IEDB with the following identi-
fication numbers: 35,940 (B strand B2), 67,978 (P strand $6), and

Seasonal Variations of Patient Antibodies
against PR-10 Epitopes

29,783 (C-terminus). Each dataset corresponds to a serum collect-
ed at a defined time point (x axis) in a given patient (top). The
highlighting indicates which time point corresponds to serum col-
lected within 6 weeks after the birch pollen season. No time point
is highlighted in patient P4 since the only serum taken after the
birch pollen season (t5) was collected in autumn. n.a. dataset not
applicable; IEDB, Immune Epitope Database.
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comparing Bet v 1-, Gly m 4-, and Cor a 1-specific anti-
body concentrations with the frequency of sequences
containing allergen motifs (Fig. 1), a seasonal increase in
the frequency of peptides containing certain allergen mo-
tifs was observed in spring/summer. This matches re-
gional pollen count data, but it only partially matches pa-
tient specific IgE concentrations (ImmunoCAP). The Im-
munoCAP quantifies specific as well as cross-reactive
antibodies from a particular class (e.g., IgE) binding the
allergen, while our results are influenced by the total Ig
for a single (specific) epitope [10]. Neither method is in-
tended to measure individual affinities.

Exposure to Cross-Reactive Allergens Might Influence

the Outcome of AIT

Observations from a previous birch-pollen extract-
based AIT trial suggested that exposure to other pollen
allergens might influence the treatment outcome [17]. In
this multinational AIT trial (Finland, Sweden, Poland,
Germany), the primary end point reached statistical sig-
nificance (p < 0.05) only when patients from Germany
and Southwestern Poland were excluded from the analy-
sis [17]. This effect was attributed to a larger birch pollen
concentration and lower interference of other birch-re-
lated tree allergens in Scandinavian countries in compar-
ison to Poland and Germany [17]. An influence of sea-
sonal pollen exposure on the success of grass pollen im-
munotherapy was also reported in trials conducted in
Europe and North America [18]. These observations, in
addition to our results and its concordance to regional
pollen count records, encourage further studies investi-
gating the effects of regional pollen (allergen) exposure
during pollen AIT in the individual recognition of related
pollen allergens. Our results support the influence of
birch and hazel pollen exposure on the induction of cross-
reactive antibodies. Patient antibodies for Cor a 1 could
be more specific or frequent than those for the homolo-
gous motifs in Bet v 1 or Gly m 4 after exposure to birch
pollen. This would explain the elicitation of cross-reactive
Cor a 1 epitopes, in particular those with the ITSV-motif,
as an immune response to birch pollen. Commonly ob-
served symptoms of pollen-related food allergy occurring
beyond the birch pollen season have been attributed to
such cross-reactivity [1].

Implications for Design and Evaluation of Future

Birch AIT

Only data from 4 patients in this study already show
that our phage display approach allows characterization
of seasonal variations in allergen-specific antibodies at
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the epitope level. Future work with more samples will
show whether these correlate with the severity of allergic
disease. This will also contribute to a better understand-
ing of the impact of seasonal pollen exposure on the treat-
ment success of AIT [18]. Our method allows time-re-
solved studies, comparing patients’ epitope profiles be-
fore and after AIT. These results can help determine
whether the elicitation of cross-reactive antibodies might
influence the outcome of birch pollen AIT and whether a
detailed individual epitope profile might drive a more
specific and efficient treatment decision [19]. It has to be
tested whether peptide epitopes differing by single amino
acids could be used in personalized diagnostic methods.
This could enable individual theratype[19] determination
through the application of this method to a larger patient
cohort.
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