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Abstract:

Background: Fish collagen is widely used in medicine, cosnsetiad the food industry.

However, its clinical relevance as an allergenas fmlly appreciated. This is likely due to
collagen insolubility in neutral aqueous solutiteading to low abundance in commercially

availablein vitro and skin prick tests for fish allergy.

Objective: We investigated the relevance of fish collageramasllergen in a large patient

population (n=101).

Methods. Acid-soluble collagen type | was extracted fromsela and skin of Atlantic
salmon, barramundi and yellowfin tuna. IgE bindiogollagen was analyzed by ELISA for
101 fish-allergic patients. Collagen-sensitizedigrd$’ sera were tested for IgE binding to
parvalbumin from the same fish species. IgE crivdsAg was analyzed by RBL (rat
basophil leukemia) assay and basophil activatiost {BAT). Protein identities were

confirmed by mass spectrometry.

Results: Purified fish collagen contained typeall and a2 chains and their multimers.
Twenty one of 101 patients (21%) were sensitizeddllagen. Eight collagen-sensitized
patients demonstrated absence of parvalbumin-spdgiE to some fish species. Collagen
induced functional IgE cross-linking, as shown bBLRassay using six patients’ sera, and
BAT using fresh blood from one patient. Collagepeay a chains from barramundi and

Atlantic salmon were registered at www.allergenasd_at ¢ 6 and Sal s 6, respectively.

Conclusion: IgE sensitization and IgE cross-linking capacitf fesh collagen were
demonstrated in fish-allergic patients. Inclusidnrelevant collagen allergens in routine

diagnosis is indicated to improve the capacitydcusately diagnose fish allergy.
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Highlights box:

What is already known about thistopic?

Clinical relevance of fish collagen for fish-allergatients is poorly understood, likely due to
its low abundance in commercial diagnostic tesésieRts may be exposed to such collagens

via pharmaceutical products, food, beverages aschetcs.

What doesthisarticle add to our knowledge?

We demonstrated the potential clinical relevancesaisitization to fish collagen in fish-

allergic patients, some of whom were not sensitipettie major fish allergen parvalbumin.

How does this study impact current management guidelines?

Current diagnostic tests for fish allergy contaowl| quantities of collagen due to its
insolubility in aqueous solutions. Inclusion of laglen in diagnostic tests is indicated to

improve patients’ safety.

Keywords: Fish allergy, collagen, IgE, allergy diagnosis, lg&ss-linking

Abbreviations

CBB — Coomassie Brilliant Blue

PBS — Phosphate-buffered saline

SPT — Skin prick test

BAT — Basophil activation test

RBL — Rat Basophilic Leukemia

RLU — Relative luminescence units
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1. Introduction

Fish collagen type I, a major structural proteinradant in the skin, bones and muscle of fish,
is widely used in cosmetics, pharmaceutical praslestd the food industry.? Although
several studies reported anaphylactic reactions wgpgosure to products containing fish
collagen and gelatin (denatured form of collaggrf) this protein has not received broad
attention and its allergenic properties have nanbeell characterized. To date, only a few
studies have investigated IgE-binding propertiedigif collagen and its potency to induce
allergic reactions. The outcomes of these studiee Bometimes conflicting and opinions
about the importance of fish collagen as an allemgenain controversial. A study by Andre
et al. demonstrated IgE binding to collagen fromatgkin for only 3% of patients with fish
allergy? In contrast, in a Japanese patient cohort, spdgifi to fish collagen was detected in
as many as 50% of the fish-allergic patients andaitestrated to be cross-reactive between
different fish specieS. Moreover, IgE cross-linking-induced luciferase ®gsion upon
exposure to fish collagen in rat basophilic leukeifiRBL) cells sensitized by patients’ sera

was demonstrated for four patiefits.

Due to the incomplete understanding of its allerg@otential, fish collagen is not included
in diagnostic tests for fish allergy. In additiah,was not registered as an allergen by the
World Health Organization and International Unidrimomunological Societies (WHO/IUIS)
Allergen Nomenclature Sub-Committee (www.allergem.oA possible reason for the poor
understanding of IgE-binding properties of collagsnits insolubility in neutral aqueous
solutions. Common extraction buffers, such as phaigpbuffered saline (PBS), extract only
low quantities of collagehSubsequently, IgE-binding to collagen may be ndisgkeen using
commercially availablén vitro and skin prick tests (SPT) for fish allefffo successfully
extract collagen from tissues, acid-solubilization enzyme-assisted extraction can be

utilized® *° Being an acid-soluble molecule, significant amseuwsftcollagen may be released
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in the stomach following fish consumption. Undensliag the allergenicity of collagen is

therefore crucial for safety and optimal managenoéfish-allergic patients.

Collagen type | has a unique structurecothains which wind around each other to form
triple helices. Triple helices further form elong@ffibrils, which are the main components of
the extracellular matrix of connective tissues wehémey play a structural roté.When
heatedo chains of collagen separate and upon subsequelngdorm gelatin, a denatured
form of collagen? It was demonstrated that upon thermal denaturatiohagen retained

IgE-binding ability*

Detailed understanding of the allergenic poterdfdish collagen is of immense importance
for the safety of fish-allergic patients, becausexpected exposure to fish collagen may
induce serious allergic reactions. In the presamdys we extracted collagen from skin and
muscle tissues of frequently consumed fish speares investigated IgE binding to fish
collagen in a large cohort of Australian fish-aljier patients (n=101). In addition to IgE-
binding, we investigated the ability of fish coliag to induce IgE cross-linking, hence

rendering it a clinically relevant allergen.

Our study demonstrated IgE sensitization to fidkagen in 21% of patients with fish allergy.
Moreover, collagen induced functional IgE crosdilng which emphasizes the importance of
its wider recognition as an allergen. Based onehesults, collagea chains from Atlantic
salmon and barramundi were submitted to the WH@IWIllergen Nomenclature Sub-

Committee and following positive evaluation desigilaas Sal s 6 and Lat ¢ 6, respectively.
2. Methods
2.1 Collagen extraction from skin and muscle tissue of fish

Acid-soluble collagen was extracted from skin andsahe of fish species commonly

consumed in Australia and worldwide (yellowfin tuBhunnus albacares), barramundi
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(Asian sea basd,ates calcarifer) and Atlantic salmon 3almo salar)) according to the
protocols described in the Online Repository. Afleccessful extraction, protein identity was
confirmed by immunoblotting using a commercial ailagen antibody (ab23730, Abcam,
USA), as detailed in the Online Repository. Collagextract purity was confirmed by
Coomassie Brilliant Blue (CBB) staining of the AgP™ Mini-PROTEAN® TGX™
Precast Protein gel (Bio-Rad, CA, USA) and imadaygthe Odyssey CLx imaging system

(LI-COR, Nebraska, USA).
2.2 Fish extracts and parvalbumin purification

Protein extracts and purified parvalbumins wereegated from muscle tissues of yellowfin
tuna, barramundi and Atlantic salmon, accordingh® methods described in this article’s

Online Repository.
2.3 Patient characteristics

Seventy five children<(18 years old) and 26 adults18 years old) with a convincing clinical
history of fish allergy were recruited at the Chald's Hospital at Westmead (Sydney, New
South Wales, Australia), The Alfred Hospital, (Mellone, Victoria, Australia) and the
Translational Research Facility at the Australiastitute of Tropical Health and Medicine of
James Cook University (Townsville, Queensland, ralist). Sensitization to fish was
confirmed by ImmunoCAP (Thermo Scientific, MA, USAhd/or skin prick test (SPT) for
92 patients. ImmunoCAP was considered positiveniisimum of 0.1 kUA/L of specific IgE
was detected. SPT results were considered pogitihe average wheal diameter was equal
to or greater than 3 mm compared to negative cbritor tuna and salmon SPT, commercial
SPT preparations were used. The barramundi preparddr SPT was generated by
homogenizing raw minced muscle tissue with one @aft) Hanks’ Balanced Salt Solution

(Gibco®, ThermoFisher Scientific), and aliquots &estored at -80°C until single use.



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

Demographic and clinical characteristics of alligratls are shown in Table EI. Information
about implicated fish species is based on patidnstory of allergic reactions upon eating

specific fish.

As negative controls, three non-atopic individuaithout history of type | allergy and three

atopic individuals with allergies other than tdfisere recruited (Table ElI).

Written informed consent was obtained from all iggyants or their legal representatives,
and patient anonymity was preserved. Ethics apjpsowere obtained from the Sydney
Children's Hospitals Network (LNR14/SCHN/185), and the Ethics Committees of The
Alfred Hospital (Project number 192/07), Monash \msity (MUHREC CF08/0225), and

the James Cook University (H4313 and H6829).
2.41gE ELISA

All fish-allergic patients were analyzed for IgEnbiing to fish collagen using ELISA.

Collagen-positive patients were further testedidg@& binding to parvalbumins from the same
three fish species. Sera of five negative contf@Gls 1 — Ctr 5) were used for determination
of the threshold for a positive signal, calculateslthe average signal from the negative
controls plus 3 standard deviations (SD). Detantexthods used for the ELISA are specified

in the Online Repository.
2.51gE immunoblotting

To analyze serum IgE binding of fish-allergic patgeto the collagen chains derived from
muscle and skin of the three fish species, andrbteims present in whole fish extracts,
immunoblotting was performed as described in thidicle’s Online Repository.
Densitometric analysis of IgE-binding intensity éach collagero chain obtained by IgE
immunoblotting was performed using the Image Studlie software (version 5.2), LI-COR

Biosciences (Nebraska, USA).
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2.6 Rat basophil leukemia assay

To demonstrate the ability of fish collagen to iodulgE cross-linking and subsequent
allergic reaction, we utilized the RS-ATL8 cell dinThis cell line comprises rat basophilic
leukemia (RBL) cells stably transfected with thehain of human FRI, with the nuclear
factor of activated T-cells (NFAT)-responsive l@rdse reporter gene. Allergen-induced IgE
cross-linking is detected by the expression of ferase** RBL assays were performed

|.15

according to the protocol established and validétedli et al. = with slight modifications

described in the Online Repository.
2.7 Basophil activation test

The ability of fish collagen to activate human hasts was shown by direct basophil
activation test (BAT) with fresh blood from one igat (A7) and one atopic control (Ctr 6).
BAT was performed using the Flow-CAST kit (Buhlmababoratories AG, Schdnenbuch,
Switzerland) according to the manufacturer's protobDetailed methods used are specified

in this article’s Online Repository.
2.8 Mass spectrometric identification of collagen a chainsusing LC-MS/MS

To explore the isoform composition of the collagenchains, purified collagens from
Barramundi and Atlantic salmon were separated bySDD&-PAGE and stained by CBB.
Bands corresponding to the molecular weight of aggh a chains were excised and
subjected to mass spectrometric analysis aftetitrypgestion as explained in the Online

Repository.
2.9 Statistical analysis

Significant differences in RBL cell activation uperposure to collagens or parvalbumins in
comparison with unstimulated cells were determigdone-way ANOVA followed by

Dunett’s test for multiple comparisons. P valuelwe).05 were regarded as significant (*p
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< 0.05; **p < 0.01; ***p < 0.001). Statistical arysles were performed using GraphPad Prism

8 (GraphPad Software, San Diego, CA, USA).
3. Resaults
3.1 Efficient extraction of collagen from fish tissues

Acid-soluble collagen was successfully extracteanfrmuscle and skin tissues of yellowfin
tuna, barramundi and Atlantic salmon. The generatdthgen extracts contained collagen
type lal anda2 chains, as well 3 chains)y chains and their multimers, as demonstrated by
CBB staining of 8% gel§Figure 1A, left). The identity of collageix chains was confirmed
by immunoblotting using an anti-collagen antibodiygure 1A, right). The purity of the
collagen preparations was demonstrated by CBBistawf gradient gels where no proteins
with a molecular weight below that of collagenchains could be observeHigure 1B). In
addition, we demonstrated that fish extracts peghan PBS, the most frequent approach for
preparing commercial extracts for allergy diagnosgntain very low quantities of collagen.
This was shown by negligible CBB staining of progedf molecular weights corresponding

to collagen in whole fish extractgigure 1C).
3.2 IgE binding to fish collagen by EL1SA

Sera of 101 patients were tested for IgE reactiatst pool of purified collagens from muscle
and skin tissues of yellowfin tuna, barramundi &tidntic salmon using ELISA. Collagen-
specific IgE was demonstrated in 21% of the patidigure 2A). A higher proportion of
adults (28%) than children (18%) demonstrated sigatbn to fish collagenHigure 2B).
Moreover,in vitro IgE-binding intensity to collagen was stronger $ensitized adults than
children Eigure 2C). All identified collagen-sensitized patients éabelled with an asterisk

(*) in the Table EI.

3.3 Patient-specific IgE binding to different collagen a chains
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To investigate IgE-binding to species- and tisquecHic collagena chains, 13 collagen-
positive patients from the prescreen (performedebiSA with the pool of collagens), were
analyzed by IgE immunoblotting using single collagareparations. Patient-specific IgE-
binding intensities to collageml anda2 chains from muscle and skin of fish were observed
(Figure 3 and Figure E1). For example, stronger IgE binding to tuna skant to tuna
muscleal anda2 collagen chains was observed for most of theepti In the case of
salmon, IgE binding to muscle collagen was strotigen to skin collagen for some patients,
e.g. C1, C21, C27 and C76. In addition, serum tepaAl2 showed stronger IgE binding to
al than toa2 chains from both fish tissues, demonstrating radeseof a tissue-specific
response. IgE binding to collagen by sera of ptiékB and A15 was much weaker in

comparison to other patien(tsigure 3 and Figure E1).
3.4 IgE to fish parvalbuminsin collagen-sensitized patients

Subsequently, all 21 collagen-sensitized patienois four cohort were tested for IgE-binding
to the major allergen parvalbumin from the samé fgpecies. Most of the patients
demonstrated IgE to parvalbumirisiqure 4). However, eight patients showed absence of
parvalbumin-specific IgE while demonstrating modest®-strong IgE binding to collagen
from specific fish species. All patients with séizsition to collagen but absence of IgE to
parvalbumin from the corresponding species arectispiwith grey circles below the patient
code. For example, IgE of patient A7, with clinlgatonfirmed fish allergy and anaphylactic
symptoms, failed to bind barramundi parvalbumin &odnd only weakly to parvalbumins
from tuna and salmon in ELISA. In contrast, IgEuf patient demonstrated strong binding
to collagen from all three fish species as prewssown(Figure 3). Similarly, IgE of C69
and C76 demonstrated moderate-to-strong bindirigrta collager(Figure 3), while IgE to

tuna parvalbumin was abseRidure 4).
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To elucidate whether some of the patients withtiohilgE binding to parvalbumin have IgE
specific to other fish allergens except for collagsera of two collagen-sensitized patients
(A7 and C76) were further tested by IgE immunoblatsg whole fish extracts. As a control,
a collagen-negative patient (C54) was used. IgEdibeq to proteins corresponding to
molecular weights of aldolase B-enolase or tropomyosin was shown for both collagen
sensitized patients when raw fish extracts werel (Eegure E2). However, when heated
extracts were used, IgE binding to these proteias diminished, especially for tuna and
barramundi. In contrast to patient C54, no IgE bigdo parvalbumin was detectable for A7

and C76 by immunoblots.
3.5 Collagen-induced IgE cross-linking

Sera of six fish-allergic patients and three negationtrols were used for sensitization of RS-
ATLS8 cells. Out of six tested patients, five (C2769, C76, A7 and A12) demonstrated a
significant response to fish collagerigure 5). Signal intensity was patient-dependent and
the strongest signal upon exposure of the cellsottagen was observed for A7 and Al2,
which were also strongly positive to collagen inl&A (Figure 2A). RBL cells sensitized by

serum of patient C76 demonstrated a positive sigpah exposure to collagens but not to
parvalbumins from all three fish specidsdure 5). Cells sensitized by sera of negative
control individuals were not stimulated by any loé ttollagens nor parvalbumins, confirming

specificity of the assay.

In addition to the RBL assay, the ability of fisbllagen to induce functional IgE cross-
linking was confirmed by BAT using fresh blood aftgnt A7 Figure E3). Salmon collagen
showed the highest potency to activate basoplulggwed by tuna collagen, reflecting the
immunoblot data for this patienEigure E1). Barramundi collagen demonstrated a positive
BAT result only at a very high concentration of 10@/ml (data not shown). BAT with

parvalbumins from all three species was negativédio(Figure E3).
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3.6 Identification of collagen a chainsby LC-M S/M S and allergen registration

Collagen identities of IgE-binding bands observednmunoblots were confirmed by tryptic
digestion and subsequent LC-MS/MS analysis of #sellting peptides for barramundi and
salmon Table Elll). Collagena chains from barramundi and salmon were submitteti¢o
WHO/IUIS Allergen Nomenclature Sub-Committee andeveesignated as Lat ¢ 6 and Sal s

6, respectively.
4. Discussion

Fish collagen is widely used in the pharmaceutioalustry (tissue engineering, dental
applications, wound dressings), food industry (gynuandies, jellies, collagen supplements,
beer clarification), and recently cosmeti€s-’ In recent years its use has increased, in part to
replace bovine- or porcine-derived collagen dudiétary and religious food restrictiofs®

As anaphylactic reactions have been reported faigwonsumption of products containing
collagen and gelatin from various sources, it eaclthat fish-allergic patients are at risk of
exposure to this protein not only by whole fish @amption but also accidentally, by using
the above mentioned sources? Comprehensive understanding of collagen’s alléogen

properties is therefore of immense importance &iiepit safety.

Studies in Japan have reported allergenic propeuifefish collagen and demonstrated
frequent IgE sensitization to collagen in fish-gjie patients. In addition, thermal stability of
IgE binding epitopes and cross-reactivity betweéfernt fish species was showh.?

However, the clinical relevance of this proteineglbere in the world has not been widely
investigated. Two European studies based on foadleciyes showed a low relevance of
collagen for fish-allergic patients?* In contrast, other studies demonstrated anapliylact

reactions upon exposure to this protein, for examphile consuming marshmallows.
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Importantly, while fish collagen is declared on doproducts in the USA, it is however

exempted from mandatory labelling in Eurdpe.

The present study aimed to improve the understgndinthe allergenic properties of fish
collagen derived from frequently consumed speciédlantic salmon, yellowfin tuna and
barramundi. We extracted acid-soluble collagen fraoscle and skin tissues of fish using
0.5 M acetic acid. Harsh acidic or enzymatic tresattnof tissues are generally required to
successfully extract collagen, due to its insoltbih aqueous solutiorS. This may also be
the reason why commercial fish extracts used in &ergy diagnostics contain very low
guantities of collagen, leading to a misjudgemdrihe frequency of IgE-sensitization to this
protein and discordance with clinical suspicionfish allergy in some individuafs.As
recently reported by Ruethers et al, collagen watkerepresented in commercially available
fish SPT extracts from several manufactufefmother study demonstrated false negative
results in prick-to-prick tests with raw fish due insolubility of collagerf? In addition, it
was reported that other relevant allergens mightweabundant or missing from some of the

commercial tests, further decreasing the accuréfigteallergy diagnosi§.

Our collagen samples consisted of type | collagénchains,a2 chains, as well as their
dimers and multimers, as expected based on prdyigublished literaturé> 2° We first
analyzed sera of 101 fish-allergic patients for lggding to a pool of collagens extracted
from all three fish species. Twenty one perceralbpatients demonstrated IgE sensitization
to fish collagen. Collagen specificity of our IgEIBA was confirmed by demonstrating
absence of contamination of collagen samples wilieroproteins, such as low molecular

weight parvalbumins, by CBB staining of collageiragts, and sensitive imaging.

Previous studies indicated strong cross-reactivityollagen between different fish species.
20 However, differences in IgE binding to collagemided from muscle or skin, as well as to

specifica chains have not been investigated. So we nexdexillagen-sensitized patients’
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sera for IgE to specific collagenchains from skin or muscle tissue of the threle $igecies.
Most patients reacted to all collagerchains, but IgE-binding intensities differed. Reaty

to all a chains by most patients indicated possible presefcross-reactive IgE epitopes.
Different, patient-dependent binding intensitiegliiferenta chains may in contrast indicate
possible presence of distinct IgE epitopes onwledollagena chains. A study by Shiomi et
al. identified an immunodominant IgE epitope frominbow trout collagena2 chain
(MKGLRGHGGLQGMPGPNGPS)’ The identical amino acid sequence is found in
collagena2 chain of salmon collagen (XP_013998297.1), arftbmologous region with
90% sequence identity is present in barramundageha2 chain (XP_018522130.1). Based
on high sequence identities in this region, patigitcross-reactivity to different fish species

may therefore be expected for patients with IgEcsiedor this epitope.

Most fish-allergic patients are sensitized to thganallergen parvalbumin which is highly
cross-reactivé® However, mono-sensitization to parvalbumin fromtaie species has been
reportec?® Patients can also be sensitized to other fismgeltes®® Therefore, the absence of
parvalbumin-specific IgE for a particular fish sgscdoes not exclude the possibility of
sensitization to other fish allergens such as gelia We thus analyzed the collagen-
sensitized patients from our cohort for presencégfto parvalbumins from the same fish
species. Most of the collagen-sensitized patiestsa contained IgE to parvalbumins.
However, eight of the collagen sensitized fish+giie patients (40%) had no parvalbumin-
specific IgE while demonstrating IgE binding to lagen from specific fish species. This
finding emphasizes the importance of recognizintlagen as a relevant allergen and its
inclusion in diagnostics, as these patients co@drnbdanger of misdiagnosis as non-fish

allergic using standard extracts or only those aontg parvalbumin.
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In addition to IgE-binding properties, we charaiaed the ability of fish collagen to induce
functional IgE cross-linking by RBL assay and BA.RBL assays, sera from six collagen-
sensitized individuals were analyzed, with five destrating a positive result upon exposure
of cells to collagen from all three fish speci€sg(re 5). One of the patients, C76, was
positive to collagen in RBL but negative to parvatbn, reflecting the previously observed
direct IgE-binding pattern for this patient. Theipat A15, who tested negative to collagen
by RBL assay, demonstrated only weak IgE bindingaitagena chains by immunoblot. In
this study we also demonstrate for the first tige tross-linking and basophil activation by
fish collagen using a fish-allergic patient’s freslood. However, as BAT was performed
only for one fish-allergic patient, further invegtion of the potency of collagen to activate

basophils, especially in patients not sensitizegbiwalbumin, is required in a larger cohort.

Based on our IgE reactivity findings, and the ide#tion of collagern chains for these
assays by LC-MS/MS, we submitted collagenhains from barramundi and Atlantic salmon
to the WHO/IUIS Allergen Nomenclature Sub-committaed they were assigned the
allergen names Lat ¢ 6 and Sal s 6, respectivelgntifying sequences of IgE-reactive
collagena chains from tuna and subsequent allergen regwtratill be part of further

studies.

In summary, we demonstrate the importance of celiags a fish allergen in a large patient
cohort. Collagen from skin and muscle tissues sl foound IgE of 21% of fish-allergic

individuals and was able to induce basophil adtvatCurrent diagnosis of fish allergy relies
on parvalbumins from several species and whole éistracts’® Extracts however may

contain very low quantities of clinically relevamllagen. Recognizing collagen, both from
skin and muscle tissue, as an important allergentannclusion in fish allergy diagnostics is
therefore required to help prevent adverse reasttoncertain fish species and to other

products containing fish collagen.
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Figurelegends

Figure 1. A: Collagen extracted from fish muscle and skisualized by Coomassie Brilliant
Blue (CBB) staining of 8% gels and immunoblottinghwa collagen-specific antibody. B:
CBB staining of purified collagen demonstrating exixe of low molecular weight proteins
(gradient gels). C: Low abundance of collagen &h fextracts prepared in PBS. M, protein

marker; T, tuna; B, barramundi; S, salmon.

Figure 2. A: IgE binding to a pool of purified collagens fromuscle and skin of yellowfin

tuna, barramundi and Atlantic salmon. Results fdlagen-positive (21 of 101) patients are
shown (C, children; A, adults). The threshold fospivity (dashed line) was calculated using
the average signal from five negative controls STB B: Higher frequency of IgE-binding to
fish collagen in adults than children demonstrdigdELISA. C: Box plots showing stronger

IgE-binding to collagen for adults than childremaék lines indicate mediafigure 3.

Figure 3. Densitometric analysis of IgE-binding intensity ¢ollagenal and a2 chains
obtained by IgE immunoblotting using sera of catlagensitized patients. NC: immunoblot

using pooled sera from five negative controls.

Figure 4. Binding to fish parvalbumins by IgE from collageensitized patients’ sera.
Patients with sensitization to collagen but abseon€elgE to parvalbumin from the
corresponding species are depicted with grey ardibe threshold for positivity (dashed

line) was calculated using the average signal fiigennegative controls + 3 SD.

Figure 5. Activation of RS-ATL8 cells sensitized by sera ofd@lagen-sensitized children, 3
adults and 3 negative controls, upon exposure tiagems and parvalbumins from tuna,
barramundi and salmon. *p < 0.05; **p < 0.01; *¥0.001 (significantly different from

spontaneous activation of cells). SA, spontanecctsvadion; TC, tuna collagen; BC,
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436  barramundi collagen; SC, salmon collagen; TP, tysavalbumin, BP, barramundi

437  parvalbumin; SP, salmon parvalbumin.
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Onlinerepository

Articletitle: Collagen - an important fish allergen for improwkadgnosis
Abbreviations

PBS — phosphate-buffered saline

PBST — phosphate-buffered saline with tween-20

CID — collisionJinduced dissociation

Repository methods

Extraction of collagen from fish tissues

Filets with skin on from yellowfin tunaTbunnus albacares), barramundi (Asian sea bass,
Lates calcarifer) and Atlantic salmonSalmo salar) were purchased at the local seafood store
(Townsville, Australia) and used for extraction adllagen. The fillets were washed with
ultrapure water and skin separated from musclen 8kd muscle tissues were cut into small
pieces (approximately 0.5 &nwashed with 10 volumes of ultrapure water anutrifeiged
(3000 x g, 5 min, AC). Supernatants were discarded, tissue samplesp@sded in 10
volumes of cold 0.1 M NaOH and incubated for 24t with gentle agitation. After
centrifugation, supernatants were discarded, antples washed with cold ultrapure water
until neutral pH was obtained. For defatting, 10umoes of 10% butyl alcohol were added
and samples incubated atCifor 24 h with gentle agitation. Samples were GRged,
washed with 10 volumes of ultrapure water and mesded in 0.5 M acetic acid. Collagen
was extracted by stirring the samples in acetid &wi 24 h at 4C. Samples were centrifuged
(20000 x g, 1 h, 4C) and supernatant containing the extracted catllagdiected and sterile
filtered. For successful collagen extraction froatn®n and barramundi skin and muscle

tissue, 10 volumes of acetic acid were used. Flbaigen extraction from skin and muscle of
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tuna, two extraction steps were required: firsthing 15 volumes and secondly using 10
volumes of acetic acid. All obtained collagen estsavere concentrated using Amicon Ultra-

15 Centrifugal Filter Units with 50 kDa cutoff (Mzk Millipore).
Fish extracts and parvalbumin purification

Frozen muscle tissues of yellowfin tuna, barramuardi Atlantic salmon were utilized for
the purification of parvalbumins and for preparatiof total protein extracts. Tissues were
homogenized using a rotostator homogenizer in phosphateuffered saline (PBS, 10
mmol/L phosphate; pH 7.2; 2 ml/g tissue). After enagitation overnight at 4°C,
subsequent centrifugation (20000 x g) and filtmati@.2 um filters) of the supernatants,
extracts were stored at —20°C until further use aafdrred to as raw protein extracts. For
preparation of heated extracts, tissue was heatdeBiS (951100°C) for 20 min before
homogenization. Parvalbumins were purified fromteeaextracts by ammonium sulphate
precipitation with subsequent dialyses againstrh@tbl/L ammonium bicarbonate buffer as

described previousl§
Western blot

To confirm the collagen identity of the collagereparations, extracted collagen samples (5
g of proteins) were separated by SDS-PAGE (8%gunjyamide gels) and transferred to a
nitrocellulose membrane. After blocking (1 h at modemperature) using casein blocking
buffer (B6429, Sigma) diluted in PBS, the membramas incubated (1 h at room
temperature) with a rabbit polyclonal antibody tlagen type | (ab23730, Abcam) diluted
1:5000 in 10% blocking buffer in PBS with 0.05% &me20 (PBST). After washing, IRDye
800CW anti-rabbit 1gG secondary antibody (926-322183COR) was added to the
membrane diluted 1:10000 in 50% blocking bufferPBST and incubated for 45 min at

room temperature. The membrane was washed andgedmgly scanned using the Odyssey
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CLx imaging system (LI-COR, Nebraska, USA). Acqdiranages were analyzed using

Image Studio Lite software (LI-COR, Nebraska, USA).

To analyze binding of serum IgE of fish-allergidipats to the collagen chains, extracted
collagen samples were applied to SDS-PAGE (8% g#lahsferred to a nitrocellulose
membrane and blocked using casein blocking bufetescribed above. Blocked membranes
were incubated with patients’ sera derived fromhildecen and 6 adults, as well as a pool of
sera from five negative controls (Ctr 1-Ctr 5). A#tra were diluted 1:15 in 20% blocking
buffer in PBST. After overnight incubation, membeanvere washed and incubated (1 h at
room temperature) with polyclonal rabbit anti-hunmgi antibody (A0094, DAKO, USA)
diluted 1:8000 in 20% blocking buffer in PBST. BoulyE was detected by anti-rabbit 1gG

IRDye 800CW.

Binding of serum IgE of fish-allergic patients tdheke fish extracts (raw and heated) was

analyzed using 12% gels, according to previoushliphed protocol§?
RBL assay

RS-ATL8 cells were cultured at 37 °C in a humidifiatmosphere containing 5% &G0n
minimum essential media (Thermo Fisher ScientifitD95-080) supplemented with 10%
fetal bovine serum (Gibco, 10270-106), 100 U/ml ipém-streptomycin (Gibco,
15140122), 0.5 mg/ml geneticin (Thermo Fisher Sdien 10131035) and 0.2 mg/mi
Hygromycin B (Thermo Fisher Scientific, 1068701Bgassive sensitization of the cells was
performed using sera of collagen-sensitized pa&iéGR7, C69, C76, A7, A12 or Al5) or
control individuals (Ctr 3, Ctr 4 or Ctr 5). All sewere used in final dilution of 1:30 in cell
culture medium and sensitization was performed1®rh. After washing with PBS, cells
were stimulated with collagens or parvalbumins frmscle tissues of tuna, barramundi and

salmon for 4 h. All allergens were applied at acamtration of 10 pg/ml, which was
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determined to be optimal for both collagen and gllowmin in a separate experiment (data
not shown). After 4 h of stimulation with allergerGNE-GlIo™ Luciferase Assay System
(Promega, Madison, Wisconsin, USA) was added amdinkesscence measured using the

Spark multimode microplate reader (Tecan, Switrella
Basophil activation test

As stimulants, purified collagens from muscle teswf tuna, barramundi and salmon, as
well as parvalbumins from the same species weré. @dalagens were used in 10-fold serial
dilutions between 0.01 pg/ml and 100 pg/ml. Pamalins were used in 10-fold serial
dilution ranges between 0.01 pg/ml and 10 pg/mictviwas demonstrated to be optimal
based on previous reseafchFor the atopic control (Ctr 6), 0.01 pg/ml, 1 puband 10
png/ml collagen extracts, as well as 0.1 pg/ml adqu@/ml parvalboumins were used for the
basophil stimulation. Additionally, as the atopiontrol had a confirmed sensitization to
house dust mite, we used the house dust mite éxi@eer Laboratories, USA) as an
additional positive control for activation of ba&dp, in concentrations of 0.001 pg/mi, 0.1
pg/ml and 10 pg/ml. 0.1 pg/ml of house dust mit&raex induced activation of 17% of
basophils (data not shown). Activation of more tlié8o of the basophils was considered a

positive result.

Stimulation buffer was used as a negative contholti-FceRIl antibody and formyl-

methionyl-leucyl-phenylalanine (fMLP) were used jgsitive controls. For both tested
individuals, the positive controls activated mdrart 10% of basophils (data not shown). The
percentage of activated basophils in each sampke determined by expression of the
activation marker CD63 measured by flow cytomeBgsophils were gated based on high

CCR3 expression and low side scatter (CER3SSC™). Data acquisition was performed
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using a BD FACS Canto Il Flow Cytometer. Data waralyzed using FlowJo software

(LLC, Ashland, USA).
M ass spectrometric identification of allergensusing LC-MSMS

The mass spectrometric analysis of peptides oldtaifter tryptic digestion of collagen bands
from barramundi and salmon was performed as puigieviously:* Briefly, the extracted
peptides were analyzed using an LTQ Orbitrap Hliteermo Scientific) coupled to an
Ultimate 3000 RSLC nanosystem (Dionex). The nandyStem was equipped with an
Acclaim Pepmap nandrap column and an Acclaim Pepmap analytical colufime peptide
mix was loaded onto the trap column before thechnment column was switched itine
with the analytical column. The LTQ Orbitrap Eliteass spectrometer was operated in the
data /dependent mode, spectra acquired first in positivee at 240 k resolution followed by
collision’Jinduced dissociation (CID) fragmentation. Twentytlod most intense peptide ions
with charge states2 were isolated and fragmented using normalizelisem energy of 35
and activation Q of 0.25 (CID). All results werealyzed with Mascot search engine and
crossreferenced against NCBI protein databases contaseguences of all barramundi or
Atlantic salmon proteins (March 2019). Variable nfigdtions of carbamidomethylC and

N[ terminus, deamidation N, deamidation Q and oxidatad M were selected. Mass
spectrometric analyses were performed at the MefiwolMlass Spectrometry and Proteomics
Facility of The Bio21 Molecular Science and Bioteology Institute at The University of

Melbourne, Australia.

LC-MS/MS analysis of collagen extracts from yellowfuna was not performed because of

absence of genome annotation for this species.



119

120

121

122

123

124

125

126

127

128

129

130

References

E1l.

E2.

ES.

E4.

Ruethers T, Raith M, Sharp MF, Koeberl M, StepliN, Nugraha R, et al. Characterization
of Ras k 1 a novel major allergen in Indian mackangl identification of parvalbumin as the
major fish allergen in 33 Asia-Pacific fish speci€fn Exp Allergy 2018; 48:452-63.
Ruethers T, Taki AC, Nugraha R, Cao TT, KoeldrIKamath SD, et al. Variability of
allergens in commercial fish extracts for skin pitesting. Allergy 2019; 74:1352-63.

Kalic T, Morel-Codreanu F, Radauer C, Ruethier§aki AC, Swoboda I, et al. Patients
Allergic to Fish Tolerate Ray Based on the Low Adlenicity of Its Parvalbumin. J Allergy
Clin Immunol Pract 2019; 7 (2), 500-508.

Nugraha R, Kamath SD, Johnston E, Zenger KRafRbJM, O'Hehir RE, et al. Rapid and
comprehensive discovery of unreported shellfisergéns using large-scale transcriptomic

and proteomic resources. J Allergy Clin Immunol 20141:1501-4.e8.



131 Repository tables
132 TableEl. Demographic and clinical characteristics of fiflergic patients.
_ Clinical SPT SPT _ SPT ImmunoCAP | ImmunoCAP Implicated
Patients | Age | Gender Tuna | Barramundi | Salmon Tuna Salmon )
symptoms (mm) (mm) mm) | (KUAIL) (KUA/L) fish
Paediatric patients
C1* 14 M AE, OAS 0.0 13.0 0.0 15 4.0 nd
c2 5 M AN, U 5.0 15.0 10.0 nd nd zz'r’gm
C3 7 F GIS, U 6.0 nd 3.0 nd nd Catfish
C4* 9 M AE, C, U 10.0 15.0 15.0 nd nd White baijt
C5 10 M nd 55 8.0 45 nd nd Ling
Sea bass,
C6 1 M AE, OAS, U 4.5 245 25 nd nd Salmon,
Barramundi
C7 5 M U 2.0 0.0 8.0 nd nd Cod
cs 13 F GIS, RD, U 3.0 12.0 0.0 nd nd Bag:t’f‘i‘;?d"
C9 11 M AE, GIS, OAS, U 4.0 115 12.0 4.8 25.3 Tuna
C10 14 M AN 3.0 9.5 0.0 nd nd Barramundli
Cc11 5 F GIS, U 0.0 7.0 55 nd nd Salmon
Tuna,
C12 10 M U 2.0 5.0 7.5 nd nd Salmon,
Yellowtail
C13 7 F AE, OAS, U 5.0 16.0 3.0 nd nd Salmon
Cl4 10 M AN, RD, U 3.0 8.0 4.0 nd nd White bai
C15 7 M OAS, U 0.0 18.5 5.0 0.1 0.6 White fish
C16 13 M OAS, U 25 21.0 45 2.0 1.2 White fish
C17 14 M AE 2.5 10.5 0.0 0.3 0.2 Salmon
C18 3 M AE, U 4.0 5.0 0.0 0.0 0.0 Basa
C19 12 F OAS, U 4.0 19.0 11.0 14 3.4 White fish
C20 2 F AE, U 0.0 0.0 35 0.8 0.6 Salmon
C21* 12 M U 9.0 16.5 8.0 59 9.0 Barramundi
Cc22 9 M AN, RD, U 55 155 3.0 2.2 5.3 Trevally
C23 11 M AE, AN, RD, U 0.0 3.5 0.0 0.1 0.1 White fis
Cc24 1 F AE, RD, U 0.0 155 3.0 5.1 5.6 Barramundi
C25 11 M AE 5.0 21.0 4.5 39.5 66.1 Salmon
C26 8 M OAS 4.5 7.0 2.0 4.7 9.8 Salmon
c2r* 15 M AE, OAS 55 20.0 8.5 121 17.6 Ling
C28 2 F AE, U 55 18.5 135 31.0 73.4 Cod
Cc29 8 M GIS, RD, U 6.5 19.0 12.0 21.0 70.5 White fish
C30 10 F AE, OAS, RD 2.0 9.0 3.5 7.3 9.1 White fish
C31* 6 F AE 3.0 19.0 4.5 nd nd White fish
C32 9 M AE 2.0 6.5 6.5 0.1 0.5 Croaker
C33 2 M U 4.0 4.5 7.5 nd nd Salmon
C34 10 F GIS, RD, OAS 0.0 17.0 0.0 0.2 0.1 Basa




C35 5 M AE 5.0 12.5 6.0 6.8 11.5 "Jg‘;‘tkrgfr
c36 7 M AE, OAS, U 0.0 75 6.0 0.7 7.6 Trout
c37 7 F U 25 16.0 0.0 12 3.1 White fish
c38 4 M AP, U 0.0 10.0 7.0 17.3 21.0 White fish
c3 | 14 M OAS, U 1.0 95 105 0.7 16 Salmon
C40 7 M C, GIS 2.0 175 2.0 1.0 0.5 Tilapia
cal 4 F AE, E, U 0.0 17.0 0.0 0.7 0.5 Basa
ca | 15 F AE, U 2.5 55.0 5.0 0.9 1.4 Barramunidi
c43 | 12 M RD, U 3.0 14.0 3.0 0.2 0.2 nd
car | 9 M AE 4.0 14.0 6.5 2.4 3.7 Silverperch
cas | 2 F u 45 17.0 7.0 nd nd Joamon,
ca6 | 12 F AE 3.0 14.0 45 14.9 38.9 Flatheag
c47 7 M AN, RD, U 35 35 35 nd nd nd
ca8 | 15 F AE, U 45 16.0 4.0 nd nd nd
ca9 | 12 M E,U 0.0 0.0 7.0 3.9 31.8 Salmon,
Tuna
C50 9 M AE, E, U 0.0 10.0 4.5 nd nd nd
cs1 | 11 F AN S OAS: | 55 4.0 0.0 <01 <0.1 Silver
cs2 | 17 F GIS 4.0 7.0 0.0 nd nd Basa
C53* 8 M AN, R, RD, U 45 10.0 45 nd nd A”itgi"a”
C54 7 M AE, U 4.0 135 75 nd nd Ling
cs5* | 13 F U 5.0 15.5 95 9.4 20.6 Salmon
C56 1 M AE, U 1.0 12.0 6.0 nd nd Yellowtail
cs7 5 M AE, OAS, U 0.0 135 3.0 nd nd White fis
cs8 | 15 M U 4.0 19.0 12.0 nd nd Milkfish
C59 10 M (U] 0.0 14.0 4.5 nd nd Perch
C60 8 M AN, AE, RD 0.0 20.5 6.5 nd nd Bream
cer | 17 F AEANLCIS, | 3 0.0 0.0 nd nd White fish
c62 16 M U 55 17.0 45 nd nd Snapper
c63 | 10 M AE 55 175 10.5 135 54.2 Barramunidi
ce4 | 11 M OAS, AP 0.0 95 9.0 nd nd White fis
ce5 | 15 F E, U 5.5 16.5 5.0 nd nd Salmon
ce6 | 11 M AE, C, RD 35 35 3.0 nd nd Salmon
c67 | 15 M AP, GIS, RD 2.0 8.5 25 nd nd nd
ces | 13 M C,RD, U 0.0 16.0 45 nd nd MT”ilfaf;i)SiZ'
ceo* | 17 F OAS, R 1.0 115 25 3.2 2.9 White fish
c7or | 14 M RD, U 45 6.5 11.0 12 8.1 nd
c71 | 13 F OAS, U 0.0 5.0 0.0 nd nd White fish
c7> | 13 F RD nd nd nd 0.3 0.1 nd
C73 10 F AE nd nd nd nd nd nd
ci# | s M OAS, U nd nd nd 3.4 0.9 nd
C75 13 F nd 7 mm nd nd nd 3.3 nd
C76* 17 M AE, U nd nd nd 7.8 7.1 nd




Adult patients
Al 18 M RD, U 4.0 13.0 6.5 1.1 3.2 Tuna
A2 20 M AE, U 0.0 145 3.0 nd nd White fish
A3 21 F AE, GIS, U 0.0 0.0 0.0 13 0.6 Snapper,
Tuna
Salmon,
A4* 18 M AE, AN, C, RD 3.0 9.5 6.0 nd nd Silver
perch, Flake
A5 18 M GIS 0.0 5.0 4.5 nd nd Basa
Tout,
A6 48 F AN nd nd nd 0.3 0.6 Herring,
Red grouper
AT* 24 F AN nd nd 5.0 nd 21.4 nd
A8* 18 M AN nd 3.0 nd <0.1 0.1 nd
A9 72 M OAS, U nd nd nd <0.1 <0.1 nd
Al10 36 F GIS 0.0 0.0 0.0 nd nd nd
All 48 F na 3.0 nd nd nd nd nd
Al2* 21 F AE, U nd nd nd 53.0 >100 nd
Al13* 18 F AE nd nd nd 29.9 53.3 nd
Al4 19 F OAS nd nd nd 11.9 nd nd
A15* 29 F AE, U nd nd nd 5.7 13.6 nd
Al6 33 F AE, E nd nd nd 0.1 <0.01 Mackere
Salmon,
Mackerel,
Al7 32 F RD nd nd nd nd nd Whiting,
Tuna
A18 | 31 F E nd nd nd 01 0.9 Salmon,
Tuna
A19 51 M AE, OAS nd nd nd 0.3 0.4 Salmon
A20 49 F GIS nd nd nd <0.1 <0.1 Salmon
A21 43 M AE, E nd nd nd <0.1 <0.1 nd
A22 49 F AP, GIS nd nd nd <0.1 <0.1 Salmon
A23 78 M AE, OAS, RD nd nd nd <0.1 <0.1 Barramundi
Tuna,
A24 57 F AE, GIS, OAS nd nd nd 0.7 1.1 Mullet,
Billfish
A25 29 F GIS, OAS, E nd nd nd <0.1 <0.1 nd

133

134  AE, angioedema; AN, anaphylaxis; AP, abdominal p&n conjunctivitis; E, eczema; GIS, gastrointesiin
135 symptoms; OAS, oral allergy syndrome; R, rhinif), respiratory distress; U, urticaria; nd: notetdatined,.

136  *Patients identified as collagen-sensitized in our study.
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TableEll. Demographic and clinical characteristics of cantrdividuals.

Pzr&;gg:)ear\nt Age (years) Gender Allergies
Ctr1 23 F Shrimp
Ctr 2 26 M Shrimp
Ctr3 33 F None
Ctr4 29 F None
Ctr5 37 F None
Ctr6 32 M House dust mit

D

M, male; F, female

10
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TableElll. Collagen sequences identified by LC-MS/MS.
Molecular
weight of
Sample a banq Hit | Protein ID (NCBI) Protein name Mass MASCOT emPAl
(according (Da) Score value
to SDS-
PAGE)
1 | *xp_o18522130.1| Collagen aipha-2()) | 5644, 1025 0.89
chain isoform X1
130kDa | 2 | xp_018521723.1| Ccollagenalpha-1(l) | 4540, 422 0.39
chain-like isoform X1
Collagen alpha-1(I)
Barramundi 3 XP_018553992.1 chain-like isoform X1 136982 408 033
muscle 1 | *xp_018553992.1| Collagen aipha-1()) | 4645, 1037 0.72
chain-like isoform X1
140kDa | 2 | xp_018521723.1| Ccolagenalpha-1(l) | 44q6,9 950 0.76
chain-like isoform X1
3 | xp o1ss22130.1| Collagenalpha-2() | 4,04, 445 0.32
- chain isoform X1
1 | *xp 018522130.1| Collagenalpha-2(1) | ;,q4,, 1447 1.63
- chain isoform X1
130kDa | 2 | xp_018521723.1| Colagenalpha-1(1) | 44540, 783 0.72
chain-like isoform X1
. 3 | xp 018553992.1| Collagenalpha-i() | )500,, 550 0.42
Barramundi — chain-like isoform X1
skin 1 | *xp_o018521723.1| Collagenalpha-1() | 4550, 1618 157
chain-like isoform X1
140kDa | 2 | xP_ 0185539921 | Ccollagenalpha-1(1) 1 44445, 914 0.72
chain-like isoform X1
3 | xp o018s22130.1| Collagenapha-2() | 50,5 551 0.46
. chain isoform X1
1 | *xp_013998297.1| Collagenalpha-2()) | 155054) 5397 231
chain isoform X1
130kDa | 2 | *xP_014033985.1| collagenalpha-2(1) | 1,554 5g46 23
chain isoform X1
3 | xP 0140480441 | Collagenaipha-1(l) | ;5004, 944 0.53
Salmon — chain-like
muscle 1 | *XP_014059932.1 Co”agiﬂa"’i‘:]pha'l(') 136851 2107 1.13
140kDa | 2 | *XP_014048044.1| Collagenalpha-1(l) | 1550551 5539 0.98
chain-like
3 | xp 013998207.1| Collagenapha-2() |, ,.q,, 1089 1.26
- chain isoform X1
1 | *xp 013998207.1| Collagenalpha-2(1) | 1,545, 2695 3.26
- chain isoform X1
130kDa | 2 | *XP_014033985.1| collagenalpha-2(1) | 1,50541 5406 2.95
chain isoform X1
3 | xP 0140599321 | Collagenalpha-1() | 45505, 903 0.49
Salmon chain
skin 1 | *XP_014059932.1 Co”agiﬂa"’i‘:]pha'l(') 136851 2609 1.76
140kDa | 2 | *XP_014048044.1| Colagenalpha-1() | 15504051 5496 1.39
chain-like
3 | xp 014035319.1| Collagenalpha-1() | )5544, 1667 1.88
- chain-like

*Sequences registered in the database of the WHS/Mlergen Nomenclature Sub-Committee.
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Repository figure legends:

Figure E1. IgE sensitization to fish collagens demonstratgdnomunoblots using purified
collagens from muscle and skin tissues of yellowdima, barramundi and Atlantic salmon. C,
children; A, adults; NC, negative control; M, prioteanarker; T, tuna; B, barramundi; S,

salmon.

Figure E2: IgE-binding to proteins from whole fish extracts (@w; H, heated) detected by

immunoblots.

Figure E3: Basophil activation test using fresh blood of ghfallergic patient (A7) and an
atopic control (Ctr 6). Data indicate percentag€Dbb3" basophils in response to stimulation
with collagens and parvalbumins from Yellowfin tun@arramundi and Atlantic salmon.

Dashed line indicates threshold for positive signal



