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Introduction: Fish B-parvalbumins are common targets of allergy-causing
immunity. The nature of antibody responses to such allergens determines the
biological outcome following exposure to fish. Specific epitopes on these
allergens recognised by antibodies are incompletely characterised.

Methods: High-content peptide microarrays offer a solution to the identification
of linear epitopes recognised by antibodies. We characterized 1gG and 1gG4
recognition of linear epitopes of fish B-parvalbumins defined in the WHO/IUIS
allergen database as such responses hold the potential to counter an allergic
reaction to these allergens. Peripheral blood samples, collected over three years,
of 15 atopic but not fish-allergic subjects were investigated using a microarray
platform that carried every possible 16-mer peptide of known isoforms and
isoallergens of these and other allergens.

Results: Interindividual differences in epitope recognition patterns were
observed. In contrast, reactivity patterns in a given individual were by
comparison more stable during the 3 years-course of the study. Nevertheless,
evidence of the induction of novel specificities over time was identified across
multiple regions of the allergens. Particularly reactive epitopes were identified in
the D helix of Cyp ¢ 1 and in the C-terminus of Gad c 1 and Gad m 1.02. Residues
important for the recognition of certain linear epitopes were identified. Patterns
of differential recognition of isoallergens were observed in some subjects.

Conclusions: Altogether, comprehensive analysis of antibody recognition of

linear epitopes of multiple allergens enables characterisation of the nature of
the antibody responses targeting this important set of food allergens.
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1 Introduction

Fish is considered one of the major food allergen sources (1),
alongside milk, egg, wheat, peanuts, tree nuts, shellfish, sesame, and
soybeans, and its presence in foods must commonly, depending on
local legislation (2), be declared. 3-Parvalbumins (3) represent the
major type of fish allergen (4). They are low molecular weight Ca*
"-binding proteins that carry three EF-hand units (AB, CD, and
EF), two of which typically bind calcium (5) (Figure 1). Each such
EF-hand consists of two o-helices linked together via a loop.

Fish allergies are initiated by the immune response involving
the production of allergen-specific immunoglobulin E (IgE), an
antibody isotype present at low concentration in serum and
attached to IgE receptors on basophils and mast cells. Properties
such as affinity, specificity, and clonal complexity of humoral
immune responses to allergens are key features that define the
biological outcome of an antibody-allergen interaction (9-11).
Allergen-specific antibody responses of the IgE isotype, but also
those of other isotypes, in particular IgG and its IgG4 subclass, and
IgA, which are commonly associated with protection against allergy
(12, 13), will have an impact on the biomedical outcome of the
antibody-allergen interaction. Commonly employed clinical tests
assess binding to complex allergen extracts, the content of which
may be variable and inconsistent (14), or in some cases recombinant
allergens. Allergen extracts may lack multiple important allergens
(14), and diagnostic assays based on recombinant allergens will not
cover all isoallergens and isoforms of allergens. Food processing
prior to consumption and environmental changes to the allergen
introduced by the oral route of exposure may alter the
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immunochemical nature of food allergens (15) in ways not
captured by common diagnostic assays. Furthermore, diagnostic
tests do not address the complexity of the environmental changes of
the route of exposure or the response at epitope resolution. Indeed,
epitope localization has been implied as a factor that influences the
biological outcome of antibody-allergen interaction (16).
Altogether, several aspects complicate the interpretation of
common diagnostic assays, and there is a need for multiple assay
types to describe immune recognition of allergens in fine detail.

Deconvolution of epitope specificities may allow for an
enhanced personalized interpretation of the response to an
allergen, a feat not achieved by most assay systems in common
use. However, a few epitopes of fish parvalbumins have been
identified (15). Epitope mapping can be performed by a
multitude of techniques like X-ray crystallography, NMR,
hydrogen-deuterium exchange mass spectrometry (HDX-MS),
and alanine scanning mutagenesis of individual allergens.
However, such methodologies are typically not readily applicable
in clinical settings and/or cannot be deployed with sufficient
throughput as we need to assess reactivities to the large numbers
of isoallergens and allergen isoforms (definition by Pomes et al.
(17)) that may be of relevance to allergy. In silico prediction of
conformational epitopes is investigated as an alternative strategy to
define epitopes of antibodies, but benchmarking of the performance
of such tools has not been encouraging (18).

Allergen peptide arrays are employed to define the complexity
and nature of immune responses relevant to allergies, including that
of a few fish parvalbumins (8, 19). Although peptide mapping
technology cannot efficiently address conformational epitopes

D
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Sequence and structural diversity of fish B-parvalbumins. (A) Alignment of 21 fish B-parvalbumin sequences. Residues are defined using the standard
IUPAC one-letter code. The predicted B-cell epitopes [http://tools.iedb.org/bcell/ (6);] and IgE reported epitopes of Gad m 1.0202 (7) and Gad m 1
(8) are underlined in light and dark purple, and cyan, respectively. The regions making up the six a-helices in the crystal structure of Gad m 1 (PDB:
2MBX) are depicted by orange (A, B), red (C, D), and green (E, F) cylinders and the calcium-binding loops as thick blue lines. Sequence cores of the
regions displaying amyloid folds as synthetic peptides are shown by arrows (7). (B=D). The structure of Gad m 1 (PDB: 2MBX) illustrates two faces of
parvalbumins, one towards the less diverse surface close to the Ca* ion coordination sites (B (also illustrating the coordinated ions), and C), and
another towards the face made up of the loops and the A and B helices that make up the N-terminal-most EF-hand motif of parvalbumins (D).
Subfigure D has been rotated 180° around the y-axis relative to subfigures (B, C). Side chain carbons (green), nitrogens (blue), and oxygens (red) of
residues for which the frequency of the most prominent amino acid is <50% are highlighted.
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recognised by antibodies, it can directly visualise the nature of the
subsection of humoral immunity that targets conformation-
independent epitopes. Importantly, peptide arrays can be scaled
to cover a large diversity of allergens in a high-throughput format.
Such technology is used by us in efforts to identify epitopes of
several other allergens (20, 21). As an alternative high-throughput
technology, a recent study employed immunoprecipitation of
allergen peptides displayed on T7 phage and subsequent
sequencing-based deconvolution of genes encoding peptides
bound by human antibodies, to enable identification of epitopes
recognized by human antibodies (22).

A microarray platform that covers essentially every linear 16-
mer peptide of all isoallergens and allergen isoforms annotated in
2014 by the WHO/IUIS Allergen Nomenclature Sub-Committee
(https://www.allergen.org) was recently developed (20). The
platform carries peptides of 21 B-parvalbumin sequences derived
from twelve bony fish species. This system has been used in the
present study to analyse the linear epitope profile of humoral
immunity towards fish parvalbumins in a cohort composed of 15
atopic individuals who are not allergic to fish. Their -parvalbumin-
specific antibody levels were studied over 1-3 years, as a first step
towards the definition of the complexity of linear epitopes of these
important allergens as recognised by IgG with the capacity to
protect against allergic disease.

2 Materials and methods

2.1 Fish B-parvalbumin linear epitopes
detection by the peptide microarray

Sequences of all 21 fish B-parvalbumins (Table 1), present in the
WHO/IUIS Allergen Nomenclature Sub-Committee’s Allergen
Nomenclature Database (http://allergen.org/) in 2014, had been
included in a peptide microarray covering 731 allergens, and 1105
isoallergens and isoforms thereof, as outlined by Mikus et al. (20).
The peptide sequences of Onc m 1 isoallergens were incomplete as
they were incomplete in the database. The array also carries
peptides of the B-parvalbumin of Rana esculenta Ran e 2 (edible
frog). The microarray covered every possible linear 16-mer peptide
of these parvalbumins. Serum samples of 15 subjects (age 22-47 at
the start of the study; women/men: 7/8) allergic to aeroallergens had
been collected at Lund University Hospital (Lund, Sweden) (23, 24).
The study was performed according to the Declaration of Helsinki,
approved by the regional ethical board at Lund University, and
written informed consent was obtained from study participants.
These samples were analysed for their ability to recognise linear
allergen epitopes (20, 21). Eight of these subjects (Donors 1-8) had,
in a study unrelated to the present research question, undergone
specific immunotherapy to treat aeroallergen allergy. Consecutive
samples were collected before initiation of treatment (sample 1),
during immunotherapy up-dosing (these samples were not
collected from individuals that did not undergo immunotherapy)
(sample 2), and after one (sample 3) and three (sample 4) years. The
sample at year 3 was not collected from subjects 1, 9, 10, 14, and 15.
No allergy to fish had been recorded. Binding of IgE, IgG, and IgG4
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TABLE 1 Fish B-parvalbumin allergens represented on the
peptide microarray.

Fish specie Allergen

Atlantic Clupea harengus Clu h 1.0101, Clu h 1.0201, Clu
herring h 1.0301

Common Cyprinus carpio Cyp ¢ 1.0101, Cyp ¢ 1.0201
carp

Baltic cod Gadus callarias Gad ¢ 1.0101

Gad m 1.0101, Gad m 1.0102,
Gad m 1.0201, Gad m 1.0202

Atlantic cod Gadus morhua

Barramundi Lates calcarifer Lat ¢ 1.0101, Lat ¢ 1.0201
Megrim Lepidorhombus Lep w 1.0101
whiffiagonis
Rainbow Oncorhynchus mykiss Onc m 1.0101*, Onc m 1.0201*
trout
Atlantic Salmo salar Sal s 1.0101
salmon
Pacific Sardinops sagax Sar sa 1.0101
pilchard

Ocean perch Sebastes marinus Seb m 1.0101, Seb m 1.0201

Yellowfin Thunnus albacares Thu a 1.0101
tuna
Swordfish Xiphias gladius Xip g 1.0101

* These allergens are incomplete as some of their residues are not defined in the WHO/IUIS
Allergen Nomenclature Sub-Committee’s Allergen Nomenclature Database. Consequently,
they are not included in the present analysis.

to all peptides on the microarray has been determined as described
by Mikus et al. (20). All peptide sets but those that represent Gad ¢
1.0101 and isoallergens of Onc m 1 include a peptide carrying the
N-terminal methionine.

2.2 Epitope prediction

Epitope prediction was performed using the Kolaskar &
Tongaonkar Antigenicity methodology (6) as featured by the
Antibody Epitope Prediction tool (http://tools.iedb.org/bcell/) of
the Immune Epitope Database Analysis Resource (25).

2.3 Protein structures

Protein structures of Gad m 1 (PDB: 2MBX) and Cyp ¢ 1 (PDB:
1B8R) were downloaded from the Protein Data Bank (https://
www.rcsb.org/). Protein structures were visualized using PyMol
(The PyMOL Molecular Graphics System, Version 2.2.3
Schrodinger, LLC).

2.4 Principal component analysis

Principal component analysis (PCA) calculations were
performed in OmicLoupe v. 1.1.7 (26) using log base 2-converted
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fluorescence intensity values representing IgG binding to peptides.
Reactivity values of peptides starting at position 9-95 (as defined in
Figure 1) were used to compare reactivity profiles to the 19 B-
parvalbumin allergens. Reactivity values of the 1412 unique
peptides that represent these B-parvalbumin allergens were used
to assess the relationship of reactivity profiles of all blood samples
investigated in this study.

2.5 Cluster heatmap

Heatmaps and clustering were drawn with R function
“pheatmap” from the pheatmap package (version 1.0.12) (https://
CRAN.R-project.org/package=pheatmap). Fluorescence intensity
values for IgG binding to peptides starting at position 1 (as
defined in Figure 1) of the allergens were first converted to log
base 2 values and then organised into a dataframe suited to the tool.
Clustering was enabled only per sample.

3 Results

3.1 Fish parvalbumin linear epitopes —
general overview of study design

High-content 16-mer peptide microarrays were used to map
linear epitope profiles found in the serum of 15 human subjects with
a history of allergy to aeroallergens, but not specifically against fish.
The epitope profiles will likely represent the focus of humoral
immunity to fish allergens in non-allergic subjects. The
microarray fully included peptides representing f3-parvalbumin of
11 fish species and 19 isoallergens/isoforms thereof (Table 1). The
most diverse residues were located towards the N-terminal part of
B-parvalbumin, primarily up to the beginning of the C-helix
(Figure 1). As a result, the sequence diversity of B-parvalbumins
focused on one face of these proteins (Figures 1C, D). Very limited,
if any, antibody reactivity of IgE class was as expected seen against

Thua 1.0101 Donor 2
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A
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10 20 30 70 80 % 100

FIGURE 2
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fish beta-parvalbumin for the 15 studied, not fish allergic subjects.
In contrast, extensive immunoreactivity was typically seen for IgG
antibodies. Only a small portion thereof appeared to represent IgG4
reactivity; nevertheless, strong IgG4 reactivity was seen in a few
samples at regions overlapping the core of a previously reported
Gad m 1.0202 IgE epitope (7) (Figure 2; Supplementary Figure 1).

Linear epitopes recognized by the subject’s IgG antibodies were
distributed to diverse but discrete locations along the [3-
parvalbumin sequences (Figure 3). In many cases, epitopes
extended across multiple adjacent peptides, but exceptions
occurred requiring the full 16-mer sequence of a peptide to fully
represent an epitope (such as an epitope of Gad ¢ 1.0101 recognised
by IgG of donors 6 and 10) (Figure 4; Supplementary Figure 2). The
fact that such epitopes typically were seen in multiple consecutive
samples (Figure 4; Supplementary Figure 2), and with multiple
similar peptides from different allergens/isoforms/isoallergens,
strongly suggests that the observed reactivities indeed represented
specific antibody binding, and not a local technical artifact on the
peptide microarray surface. In the studied cohort it was observed
that immunoreactivity profiles targeting each allergen were stable
for a given subject over the 3-year study period (Figure 4;
Supplementary Figure 2). PCA of IgG reactivity against the
complete set of PB-parvalbumins likewise showed that samples
collected from the same individual at different time points
grouped (Figure 5B).

3.2 Immunological similarity of fish
B-parvalbumins

To assess the overall similarity of the antibody recognition
patterns of the diverse B-parvalbumins analysed in the present
study, we assessed, using PCA, the similarity of antibody responses
across all subjects of the study. While most allergens grouped, Gad ¢
1 and to some extent Gad m 1.02 (but not Gad m 1.01) had epitope
profiles separated from those of other allergens and each other
(Figure 5A). The distinct binding profile of Gad c 1 was evident in

Donor 2, timepoint 4
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—Cype10201
Seb m 10101

40000

Latc 10201
30000 Cluh 10101
—aun 10201
—auh 10301
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—sals1.0101
10000

59 60 61 62 63 Gadc 10101

First residue of peptide

IgG4 antibody reactivity in donor 2 to an epitope on B-parvalbumin. (A) Increased levels of IgG4 reactivity were observed during the 3-year study
period to peptides of the C-terminus of the CD loop and the D-helix of B-parvalbumins (core epitope starting at residue 59 (as defined in Figure 1),
represented in Thu a 1.0101 by sequence FIEEDELKLFLQNFSA. (B, C). Intensity of reactivity to the core peptide varied between peptides of different
allergens (see also Supplementary Figure 1). Species that carry identical peptides at position 59 will show only once in (B) The binding pattern
suggests that N71, a surface-exposed residue, is important for epitope recognition in this subject. The numbers of the first residue of peptides are

defined in Figure 1.
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Examples of antibody reactivity (IgG) targeting diverse linear epitopes along the sequence of fish B-parvalbumins. The examples represent the
reactivity of samples collected at the start of the study (time point 1). The numbers of the first residue of peptides are defined in Figure 1.

Cyp ¢ 1.0201 Gad ¢ 1.0101

Sample (“donor number.time point”)
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FIGURE 4

Heat maps of 1gG binding to peptides of Cyp ¢ 1.0201 and Gad ¢ 1.0101, illustrating clustering and similarity of reactivity profiles of consecutive
samples of each individual during a 3-year study period (naming: “"donor number 1-15"; “sample time point 1-4"). Major epitopes around peptide 58
and close to the C-terminus, respectively, of Cyp ¢ 1.0201 and Gad c 1.0101, respectively, are evident. Reactivity profiles of other allergens are
shown in Supplementary Figure 2. Based on the representation of these allergens in the IUIS allergen database, the first peptide of Cyp ¢ 1.0201 and

Gad ¢ 1.0101 starts with the N-terminal methionine and the subsequent alanine, respectively. Numbers represent the linear order of peptides of
each allergen.
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PCA of IgG-responses to fish parvalbumins. (A) Similarity of immunoreactivity profiles targeting individual allergens across the set of allergens.
(B) Similarity of samples derived from each individual during the study period. Each sample’s time point (1-4) is indicated by a number within or
immediately adjacent to each dot.
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most subjects investigated in this study (Supplementary Figure 3)
Antibody reactivity to B-parvalbumin (Ran e 2.0101) of the
phylogenetically distant edible frog largely clustered with that of
most fish B-parvalbumin (Figure 6). For instance, the IgG4-
reactivity to a cross-reactive epitope also recognized the
corresponding peptide of Ran e 2.0101 (Figure 6C). In a few cases
additional epitopes not identified as major epitopes of fish [3-
parvalbumins were found in this frog antigen (Figures 6D-F),
suggesting that other B-parvalbumins than those of fish may be
inducing immunoreactivity to -parvalbumins in human subjects.

3.3 Immunodominant epitopes in fish
B-parvalbumins

Dominant epitopes were identified in several allergens and
preferentially identified epitopes that differed even between
similar antigens. In Gad ¢ 1.0101, epitopes commonly recognized
by IgG were located at the C-terminal part of the B-helix and the BC
junction (8/15 donors) and at the F-helix (8/15 donors) (Figure 4;
Supplementary Figure 4). The C-terminal part of Gad m 1.02 (but
not Gad m 1.01) was also recognized by antibodies of several sera
(Figure 7; Supplementary Figure 2). Cyp ¢ 1.0201 tended to be
recognized by antibodies specific for an epitope in the D-helix (in at
least 8/15 donors) (Figure 4). In contrast, this region was
particularly cold in Gad ¢ 1.0101 in terms of antibody recognition
(Figure 4) possibly relating to its unique isoleucine-alanine motif vs.
the common glutamine-asparagine sequence motif seen in most
investigated B-parvalbumin at residues 70-71 (Figure 1A). In
conclusion, different B-parvalbumins may be primarily targeted
by antibodies against different epitopes.

10.3389/fimmu.2024.1293793

3.4 Induction of novel reactivities during
the study period

Although reactivity patterns to fish B-parvalbumin peptides
tended to be conserved in a given subject during the 3-year study
period, specificities occasionally arose or changed substantially
during the course of the study. Such novel or greatly increased
reactivities were introduced in multiple locations along the [3-
parvalbumin sequence, as summarized in Table 2 and outlined in
detail in Figures 2, 8, 9; Supplementary Figures 1, 5. There is thus
opportunity for the immune system to evolve the humoral response
to fish B-parvalbumins over time.

3.5 Antibody responses that discriminate
between allergen isoforms

It is conceivable that the composition of allergen isoallergens
and isoforms differs between various sources of such products.
Accordingly, depending on the composition of specificities in an
immune repertoire, contact with different sources of the foods in
question may result in different outcomes. Indeed, we identified
examples of differential recognition of different isoallergens, for
instance in the case of Gad m 1 (Figures 2, 5, 7; Supplementary
Figure 2) and Clu h 1 (Figure 10). In all, in addition to differences in
epitope recognition profiles between different subjects, it is
conceivable that differences in the complexity of antibody
cross-reactivity against different isoallergens may contribute to
different outcomes of allergen-antibody binding in response to
various foods.

A

Ran 0 20101

Alergen

® aur
® o

® e
® e
® me
® senm

FIGURE 6

Reactivity of serum IgG to peptides of frog B-parvalbumin allergen Ran e 2.0101. (A) Sequence of frog allergen Ran e 2.0101 in comparison to fish
B-parvalbumins. Three linear epitopes, further described in (C—F), of Ran e 2.0101 are indicated by blue (C) and red (D—F) bars. (B) PCA plot
demonstrating the similarity of antibody recognition of Ran e 2 to that of multiple other allergens, including e.g. Gad m 1.01 C. Specific IgG4 of
subject 2 (see Figure 2 for full details of the fish allergen reactivity) that cross-react to multiple fish B-parvalbumins (blue) also cross-react to the
corresponding epitope (red) of Ran e 2.0101. (D-F). Peptide reactivity profiles of serum IgG of three subjects (representative samples collected at the
start of the study are shown) to B-parvalbumins including Ran e 2.0101 are shown. Epitopes (outlined in red in (A)) primarily or only recognized in

peptides of Ran e 2.0101 are highlighted by red arrows.
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Gad m 1.0201, timepoint 1
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IgG seroreactivity to peptides of isoallergens of Gad m 1. Reactivity is observed to several peptides. Peptides of the C-terminal part of Gad m 1.0201
(B) but not Gad m 1.0101 (A) are recognized by 5/15 patient sera. The numbers of the first residue of peptides are defined in Figure 1.

4 Discussion

Complex repertoires of antibodies shape the outcome of their
action. Such repertoires and their specificity profiles are in part
shaped by the history of antigen exposure. The concept of repertoire
imprinting by antigen exposure has been demonstrated for instance
in the responses to influenza virus and SARS-CoV-2 (27-29). Other
factors, such as an individual’s immunoglobulin germline gene
repertoire (30-32), may also shape the repertoire of antibodies
that arise upon antigen challenge or vaccination. Arguably, these
phenomena may have implications for clinical applications like
proper vaccine design (33), including those for use in allergen-
specific immunotherapy.

In this study, we demonstrate an individualized pattern of linear
epitope recognition related to major fish allergens by IgG. By
comparison, the evolution of the epitope recognition profile of a
given individual during the three-year study profile was much less
extensive. The study cohort that entered into the study were adults.
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Their anti-B-parvalbumin antibody repertoires were largely
established at the time of sampling and little evolution was
observed over time, although with some fluctuations. Past studies
of immune responses to peptide-defined epitopes of aeroallergens
(grass allergens and PR-10-type allergens like Bet v 1) in the same
cohort in response to vaccination identified an early establishment
of a dominant, individualized epitope reactivity profile that
remained relatively stable throughout the final years of the study
(20, 21). The epitope recognition of pre-existing aeroallergen-
specific humoral immunity similarly remained stable over time.
We proposed that allergen-specific B cell clones expanded early
during a response and remained dominant over time. Epitopes
recognized by aeroallergen-specific IgE were commonly also
recognised by the IgG population of the same subject (20, 21),
suggesting that there might be a clonal relationship between
dominant antibodies over time. Sequencing of antibody-encoding
genes, several of which encoded antibodies with defined
aeroallergen specificity of these allergic subjects, demonstrated
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TABLE 2 Examples of fish B-parvalbumin peptide reactivities induced during the course of the study.

Donor @ Allergen Isotype/ Minimal epitope Epitope Illustration
subclass  (colour in structure) location
7 Gad ¢ 1.0101 1gG FDEDGFYAK (blue) B helix Figure 8A
4 Gad m 1.0201 1gG LAAKSPADI (yellow) BC loop and C Figure 9
helix N-terminus
6 Thu a 1.0101 1gG LAAKTPEDI BC loop and C Supplementary
helix N-terminus Figure 5B
6 Gad ¢ 1.0101 IgG TADEDK C helix C-terminus = Supplementary
and CD loop Figure 5B
11 Multiple allergens such | IgG KKAFEIIDQDK (magenta) C helix C-terminus = Supplementary
as Clu h 1.0101 and CD loop Figure 5A
2 Multiple allergens such | IgG4 FIEEDELKLFLQNFSA D helix and flanks Figure 2;
as Thu a 1.0101 (orange) Supplementary
Figure 1
7 Multiple allergens such | IgG ETKVFLKAGDSDGDGK E helix and Figures 8B-D
as Gad m 1.0201 (cyan) EF loop

Epitopes are modeled onto the structure of Gad m 1 (PDB: 2MBX) and shown in two orientations with loops holding calcium ions (spheres) positioned on top.

that IgE-encoding allergen-specific clones not uncommonly were
maintained during an extended period of time, even throughout the
entire 3-year study period (23, 24). Such clones were also identified
in the IgG-encoding repertoire, suggesting that a common reservoir
of cells might populate plasma cell pools that encode both allergen-
specific IgG and IgE. A common clonal origin of multiple peanut
allergen-specific IgG and IgE has similarly been observed (34).
There is thus potential for studies of the IgG response to also
provide information on potential IgE specificities that may develop
in case such responses are induced in a given subject. We postulate
that the same holds also for clones specific for B-parvalbumins both
in terms of IgG and IgE responses, although this remains to be
experimentally verified.

A high-content peptide epitope mapping study demonstrated that
food allergen-specific IgG responses were shaped by dietary intake
(22). The study exploited peptide display on T7 phage to build a
reference map of immunogenic epitopes on food allergens and other
allergens. All peptide-based epitope mapping technology, either in
low- or high-content form, has the drawback of mainly targeting
linear, commonly unfolded epitopes. It is, however, reasonable to
believe that principles like epitope stability over time, as identified in
the present study, are similar for conformational and linear epitopes.
The high throughput format exploited herein consists of 16-mer
peptides, longer than many other peptide microarrays, which
provides opportunities for the identification of some structure-
defined epitopes as some peptides will cover entire secondary
structure elements of B-parvalbumins, like their o-helices.
Furthermore, the analytical format allows for the display of
essentially every possible peptide of all allergens included onto the
microarray, ie., with a 15 residue overlap between adjacent 16-mer
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peptides. A larger offset between adjacent peptides might have
prevented the detection of many epitopes that require a longer
peptide sequence (see for instance Figures 2, 8, 9; Supplementary
Figure 1). The phage-displayed peptide library (22) was able to display
longer peptides. However, its resolution in terms of epitope
identification is likely lower as each allergen is covered by fewer
peptides. The sensitivities of the different assays might also differ. For
instance, the commonly detected binding to peptides that carry the C-
terminal part of Gad ¢ 1.0101 (Figure 4; Supplementary Figure 4) was
not seen in the samples collected from >1000 individuals investigated
by Levitian et al. (22). In contrast, the identification of IgG reactivity to
C-terminal peptides of Gad m 1.02 by our peptide microarray agreed
with another past study that identified substantial IgE binding to C-
terminal peptides of Gad m 1.02 (8). In all, methodological
concordance was identified, but further benchmarking of different
epitope mapping technologies is warranted to identify best practice for
future large-scale epitope mapping of fish parvalbumins.

As outlined above, the immune response to f3-parvalbumins is
likely shaped by the set of parvalbumins present in the fish species
that an individual is exposed to. Salmon (Salmo salar), herring
(Clupea harengus), cod (Gadus morhua), skipjack tuna
(Katsuwonus pelamis/Euthynnus pelamis), Alaska pollock
(Theragra calcogramma), Atlantic mackerel (Scomber scombrus),
saithe (Pollachius virens), and rainbow trout (Onchorhynchus
mykiss) were the most extensively consumed fish in Sweden, the
country of collection of the study’s clinical samples, during 2016
(35). Indeed, the common reactivity to the C-terminus of cod -
parvalbumin suggests the importance of gadiformes in the
generation of humoral immunity in the investigated population.
As the microarray also carried peptides of a B-parvalbumin of a
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FIGURE 8

Induction of recognition of two epitopes of B-parvalbumins during the study period. (A) Reactivity profile of samples of Donor 7 during a period of 3
years. IgG specific for two epitopes on Gad ¢ 1.0101 is induced during the last two years of the study. (B) Binding of serum IgG to peptides in the
vicinity of the E helix and EF loop of 19 isoallergens/isoforms of parvalbumin. (C) Sequences of the peptide corresponding to the E helix and EF loop
of parvalbumins, some of which are highly recognized. The lysine (K) found in all peptides bound by IgG of the subject is boxed (cyan). (D) Structure

of Gal m 1 (PDB: 2MBX). The recognized peptide is highlighted in cyan. The lysine found in all IgG-bound peptides is highlighted (arrow). The

numbers of the first residue of peptides are defined in Figure 1.

phylogenetically distinct species (Rana esculenta (edible frog)) it
was possible to identify common as well as unique epitopes in that
species. Consequently, the possibility that B-parvalbumins of
species distinct from fish also shape the immune response to fish
B-parvalbumins warrants further investigation.

The sequences of the found epitopes also shed some light on
how allergens are presented to the immune system. As food

components, allergens transit through the gastrointestinal tract,
suffer pH- and ligand-binding-induced structural changes, and
become exposed to a variety of proteases it is anticipated that fish
B-parvalbumins would be presented as a complex mixture of
antigens. The core of several of the epitopes herein identified
contain F, Y, L, and K residues whose C-terminal peptide bond
should have been cleaved during digestion and prevent their
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Cluh1.0201
Cluh 1.0301
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T, Sebm 10201
Thua 10101
Xip g 1.0101

0
First residue of peptide

0 %

Timepoint 1 —Timepoint2 —Timepoint3 —Timepoint

FIGURE 9

Recognition of peptides representing the BC junction of Gad m 1.0201 induced only in a late sample of one subject. (A) Peptide binding profile of
Gad m 1.0201 peptides. The numbers of the first residue of peptides are defined in Figure 1. Peptides representing the epitope (minimal peptide
overlap: LAAKSPADI) of the loop are highlighted with a green bar. The singular high signal in peptide 48 of one sample is considered a technical
artifact, as it does not meet the criteria set in section 3.1 to represent a positive signal. (B) Sequences of parvalbumins within and in the vicinity of the
BC loop. The minimal epitope, a sequence that among these allergens is uniquely found in Gad m 1.0201, is outlined with a green bar. (C) The
minimal epitope (green) mapped on a structure of Gad m 1 (PDB: 2MBX). The proline that separates the identified epitope sequence from the

otherwise identical sequence of Gad m 1.0202 is highlighted by an arrow
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FIGURE 10
Isoallergen-differentiating epitopes in Clu h 1. Differential recognition of epitopes in isoallergens of Clu h 1 in (A) subject 11 and (B) subject 12 (time
point 3). The numbers of the first residue of peptides are defined in Figure 1.

immunization capacity. Notwithstanding, some of these epitopes
are located in regions known to aggregate (7), and others in
segments rich in D and E residues which can bind Ca®* and
inhibit the activity of proteases such as trypsin (36).

The sequences of the complete set of parvalbumin allergens
from the herein studied and other species to which consumers are
exposed are not available. The Genome 10K project (37) represents
one effort that will enable the discovery of novel parvalbumins, and
others have already been characterized (e.g., https://
www.allergome.org), but are not yet incorporated into the WHO/
IUIS Allergen Nomenclature Sub-Committee’s Allergen
Nomenclature Database. We envisage that complete parvalbumin
allergen and peptide resources will allow us to identify dominant
parvalbumin immunogens and epitopes. It will be important to
follow antibody specificities as they develop also early in life, using
such complete sets of allergens and allergen peptides to fully
understand these processes. Even in view of the current
limitations we are already able to decipher the immune
repertoires and to demonstrate the aspects of diversity of
responses that define parvalbumin humoral immunity in
a population.
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