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Comprehending the allergen repertoire of shrimp for precision
molecular diagnosis of shrimp allergy
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Background: Clinical management of shrimp allergy is hampered by the lack of accu-

reactivity but the full spectrum of shrimp allergens and their clinical relevance are
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yet to be established. We therefore sought to comprehend the allergen repertoire of

allergens in allergic subjects of two distinct populations.

Methods: Sera were collected from 85 subjects with challenge-proven or doctor-
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spectrometry. Recombinant shrimp allergens were synthesized and analyzed for IgE
sensitization by ELISA.

Results: Ten IgE-binding proteins were identified, and a comprehensive panel of 11 re-
combinant shrimp allergens was generated. The major shrimp allergens among Hong
Kong subjects were troponin C (Pen m 6) and glycogen phosphorylase (Pen m 14,

Interaction for Sustainable Agriculture and

47.1%), tropomyosin (Pen m 1, 41.2%) and sarcoplasmic-calcium binding protein (Pen
Food Security (AoE/M-403/16).

m 4, 35.3%), while those among Thai subjects were Pen m 1 (68.8%), Pen m 6 (50.0%)
and fatty acid-binding protein (Pen m 13, 37.5%). Component-based tests yielded
significantly higher area under curve values (0.77-0.96) than shrimp extract-IgE test
(0.70-0.75). Yet the best component test differed between populations; Pen m 1-IgE
test added diagnostic value only in the Thai cohort, whereas sensitizations to other
components were better predictors of shrimp allergy in Hong Kong patients.

Conclusion: Pen m 14 was identified as a novel shrimp allergen predictive of challenge
outcome. Molecular diagnosis better predicts shrimp allergy than conventional tests,

but the relevant component is population dependent.
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GRAPHICAL ABSTRACT

Glycogen phosphorylase (GP, Pen m 14) is identified as a new shrimp allergen. Troponin C (Pen m 6), fatty acid-binding protein (Pen m 13)
and Pen m 14 are major allergens apart from tropomyosin (Pen m 1) in shrimp allergic subjects from Hong Kong and Thailand. Molecular
diagnostics better predicts shrimp allergy but relevant biomarker is population dependent.

Abbreviations: AUC, area under curve; ELISA, enzyme-linked immunosorbent assay; FABP, fatty acid-binding protein; GP, glycogen
phosphorylase; PSA, probably shrimp allergy; SPT, skin prick test; SDS-PAGE, sodium dodecyl-sulfate polyacrylamide gel electrophoresis;

TM, tropomyosin; TnC, troponin C

1 | INTRODUCTION

Shellfish is included among the ‘big eight’ food groups responsible
for over 90% of all cases of food allergy. Among US adults, shell-
fish is the leading cause of food allergy affecting 2.9% of adults

comparing with milk (1.9%) and peanut (1.8%). Although shellfish
allergy is more common in adults than in children, it affects 1.3%
children in the US as compared with the estimated prevalence of
peanut allergy ranged from 1.2% to 2.2%.2 Shellfish allergy is highly
prevalent in the Asia-Pacific region where seafood consumption is
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high. For instance, epidemiological studies revealed prevalence of
shellfish allergy at 5.1% in Guangzhou China,® 5.2% in Singapore and
5.1% in the Philippines.4 Shrimp is also the leading allergen source
in Hong Kong (1.05%).> Among all shellfish, shrimp and crab are the
major causes of anaphylaxis, while mollusk allergy is generally less
prevalent globally.

Despite the undesirable dietary inconvenience and heavy health-
care burden, diagnosis and treatment options for shrimp allergy remain
limited. One of the main challenges in managing patients with sus-
pected shrimp allergy is to distinguish between concurrent allergy and
asymptomatic sensitization. Our recent report clearly reveals that di-
agnosis based on clinical history and extract-based serum-specific IgE
(slgE) test was poor in differentiating shrimp allergy and tolerance in a
cohort of double-blind placebo-controlled food challenge (DBPCFC)
proven subjects.6 While nasal allergen provocation test was also
shown as a valuable test differentiating sensitized symptomatic shrimp
allergic patients from sensitized tolerant subjects,” oral food chal-
lenges (OFCs) remain the gold standard in diagnosing shrimp allergy.

Molecular diagnosis using single allergens instead of whole food
extracts to quantify sIgE levels were shown to more accurately reflect
the clinical reactivity to circumvent the need of OFCs.8? The rele-
vant allergen components fit for diagnosis may, however, vary among
different geographical locations depending on the dietary habits and
disease prevalence.'° Prior to this study, six shrimp proteins were reg-
istered with the World Health Organization and International Union
of Immunological Societies (WHO/IUIS): tropomyosin (TM), arginine
kinase (AK), myosin light chain (MLC), sarcoplasmic calcium-binding
protein (SCP), troponin C (TnC) and triosephosphate isomerase (TIM).
For the black tiger shrimp, Penaeus monodon, one of the most widely
farmed and consumed shrimps worldwide, five allergens were reg-
istered including Pen m 1 (TM), Pen m 2 (AK), Pen m 3 (MLC), Pen
m 4 (SCP) and Pen m 6 (TnC). Several other shrimp proteins, such as
fatty acid-binding protein (FABP) and haemocyanin (Hc), have been
reported as potential shrimp allergens despite being less character-
ized.1%2 Among all registered allergens, TM is the major allergen of
shrimp-sensitized patients. However, we recently reported a sensiti-
zation rate to Pen m 1 at 53.3% as similarly reported in Thai (34.2%),
Japanese (37%) and Italian (41%) shrimp-allergic patients, thus chal-
lenging the diagnostic suitability of TM in these populations.“"m'15
The clinical relevance of other shrimp allergens in populations with
high prevalence of shrimp allergy is also lacking.

The full analysis and characterization of all potential shrimp aller-
gens are eminent to meet the urgently needed component-resolved
diagnosis (CRD). The aim of this study was therefore to comprehend
the allergen repertoire of shrimp using P. monodon as the model organ-
ism by first probing the IgE-binding proteins with Western blotting fol-
lowed by protein identification with mass spectrometry. Furthermore,
using recombinant shrimp allergens and IgE binding assays by ELISA,
we systematically examined and compared the sensitization pattern
and diagnostic value of the identified shrimp components of shrimp-
allergic patients in Hong Kong and Thailand. Our study essentially
provides a comprehensive panel of shrimp allergen and highlights
the diagnostic potential of the relevant components appropriate for
shrimp allergy management in different geographical populations.

2 | MATERIALS AND METHODS

2.1 | Recruitment of shrimp allergic patients
Eighty-five subjects were recruited at the Prince of Wales Hospital
(PWH), Queen Elizabeth Hospital, Queen Mary Hospital and Yan
Chai Hospital in Hong Kong (HK, total = 69 subjects); and the Siriraj
Hospital and Samitivej Allergy Institute in Bangkok, Thailand (16 sub-
jects). The inclusion criterion was documented history of immediate
allergic reactions within 2h of shrimp consumption on at least two
occasions over the past 5years. Skin prick test (SPT) was performed
over the patients' volar forearm with commercial shellfish extract
(ALK-Abell6, Madrid, Spain) together with histamine (10 mg/ml) and
normal saline as positive and negative controls, respectively. For Thai
subjects, SPT using in-house P. monodon protein extracts prepared as
described was also performed.'® The results were read at 15 min; with
wheal size measured and mean calculated. A positive sensitization
was defined as wheal size 23mm. Plasma was obtained from EDTA-
anticoagulated venous blood of patients for in vitro measurement of
slgE level by shrimp ImmunoCAP (Thermo Fisher Scientific, Uppsala,
Sweden, f24) on Phadia 200 using the threshold of 20.35 kUA/L.
Clotted blood samples were also collected for in-house immunoas-
says. Selected patients recruited at PWH underwent DBPCFC (black
tiger shrimp) according to the EuroPrevall protocol with slight modi-
fications as described,®” and all negative DBPCFCs were confirmed
with open shrimp challenges. Blood samples were also collected
from ten non-atopic control subjects from Hong Kong. Participants
and/or their parents gave written informed consent. Ethics approv-
als were obtained from Joint Chinese University of Hong Kong-
New Territories East Cluster Clinical Research Ethics Committee
(2017.544 & 2018.484), Hong Kong or the Siriraj Institutional Review
Board (SIRB; COA no. si188/2018), Thailand.

2.2 | Preparation of shrimp protein extract for
protein assays

Frozen black tiger shrimp (P. monodon) was purchased from local
supermarkets. Peeled shrimp meat was manually homogenized in
ice-cold phosphate-buffered saline (PBS) until a smooth paste was
achieved. Protein was then extracted in PBS overnight at 4°C with
constant stirring. The protein extract was centrifuged, and super-
natant was filter-sterilized through a 0.22 pm polyethersulfone
membrane. The concentration of the shrimp protein extract was
determined on the NanoDrop OneC spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA). The shrimp protein extract
was then stored at -20°C until use.

2.3 | SDS-PAGE and immunoblotting

15 pg of shrimp extract was resolved in a 10% SDS-polyacrylamide
gel according to their molecular weights using a Mini PROTEAN
SDS-PAGE system (Bio-Rad, Hercules, CA, USA). Protein bands
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were stained with SimplyBlue SafeStain (Thermo Fisher Scientific,
Carlsbad, CA, USA) and transferred to PVDF membranes (Bio-Rad)
with the Trans-Blot Turbo (Bio-Rad). Non-specific binding of the
membranes was blocked with 5% non-fat dry milkin 0.05% Tween-20
in Tris-buffered saline (TBS-T, blocking solution) for 1 h at room
temperature. Patient sera diluted at 1:10 in blocking solution and
HRP-conjugated anti-human IgE (Southern Biotech, Birmingham,
AL, USA) diluted at 1:2000 in blocking solution were used for prob-
ing IgE-binding proteins. IgE binding was detected by incubating the
membranes with SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific), and the signal was acquired
with the ChemiDoc MP Imaging System (Bio-Rad).'8

2.4 | Mass spectrometry analysis

The IgE-reactive bands of shrimp extract were excised from the
SimplyBlue SafeStain-stained SDS-PAGE gel, destained and di-
gested with trypsin following our laboratory's routine protocol.'’
The tryptic digests were analyzed on the UltrafleXtreme MALDI-
ToF/ToF System (Bruker Daltonik, Bremen, Germany) for obtaining
the peptide mass fingerprints. Searches against the entire protein
sequence database (NCBI and UniProt) using the MASCOT search
engine were then performed for protein identification.

2.5 | Preparation of recombinant shrimp allergens
Protein sequences of P. monodon allergens were derived from the
Uniprot database (Table S1) and reverse translated by MEGA 11.0.
For glycogen phosphorylase (GP), total RNA was extracted from the
muscle of P. monodon using the RNeasy mini kit (Qiagen, Valencia,
CA, USA), and cDNA was prepared using the M-MuLV reverse tran-
scriptase (Genesys, Daly City, CA, USA). PCR was then performed
to obtain cDNA of GP using specific primers designed based on the
nucleotide sequence of GP from P. vannamei (GenBank accession
number MK721970.1) and the HotStarTag master mix kit (Qiagen).
Amplified PCR products were subjected to sanger sequencing
and the full length sequence of P. monodon GP was deposited on
GenBank with accession number OM156460.

The nucleotide sequences encoding the full-length shrimp aller-
gens were then commercially synthesized and cloned into the His-tag
expression vector pET30(a)+except for haemocyanin (Hc) and GP.
His-tagged recombinant allergens were then expressed in Escherichia
coli [BL21 (DE3) or Arctic expression (DE3)] by culturing in MagicMedia
(Invitrogen, Carlsbad, CA, USA) following the routine protocol in our
laboratory.2°22 Allergens were then purified using the HisPur cobalt
spin columns (Thermo Fisher Scientific, Rockford, IL, USA) as per man-
ufacturer's instructions. For the high molecular weight allergens Hc
and GP, target nucleotide sequences were inserted into baculovirus
vectors and expressed in insect cells following standard protocol,23
then purified with nickel affinity columns (Sino Biological, Beijing,
China). The concentration and purity of purified recombinant aller-
gens were determined using the NanoDrop OneC spectrophotometer

and SDS-PAGE, respectively. Protein identities of the allergens were
confirmed by mass spectrometry as described above while the aller-
genicity of all the recombinant allergens were validated by basophil

activation test with our described protocol.®

2.6 | Enzyme-linked immunosorbent assay (ELISA)
Purified recombinant shrimp allergens diluted in coating buffer
(100mM Na,CO,, 100mM NaHCO,, pH 9.6) were coated onto
MaxiSorp microtiter plates (Nunc, Carlsbad, CA, USA) and incubated
overnight at 4°C. After washing the plates with 0.05% Tween-20/
PBS (PBS-T) and blocking the plates with 5% foetal bovine serum
(Gibco, Thermo Fisher Scientific) diluted in PBS (blocking buffer) at
room temperature for 2 h, serum samples diluted at 1:10 in block-
ing buffer were added for overnight incubation at 4°C. IgE binding
was detected by incubating the plates with biotinylated anti-human
IgE antibodies (1:1000 dilution, Vector Labs, Burlingame, CA, USA),
HRP avidin D (1:1000 dilution, Vector Labs) and TMB substrate (BD
Biosciences, Franklin Lakes, NJ, USA). Upon terminating the reac-
tion with 0.1 M sulfuric acid, the optical density (OD) at 450nm
was measured using a microplate reader (BioTek, Santa Clara, CA,
USA).2! Results were considered positive only at OD>2 fold + SD
over negative controls (sera of ten non-atopic control subjects).

2.7 | Statistical analysis

GraphPad Prism (version 8.0, GraphPad Software) was used for
graphical presentation, heatmap building and statistical analyses.
Quantitative variables were described by median, range and inter-
quartile range, whereas qualitative variables were described by ab-
solute frequencies and percentages. The Fisher exact test was used
to compare frequencies of IgE reactivity between groups. Between-
group differences in sIgE levels towards different recombinant al-
lergens were assessed using the nonparametric Kruskal-Wallis and
Dunn's multiple comparison tests. The diagnostic potential of allergy
tests was compared by the area-under-curve (AUC) value on receiver-
operating-characteristic (ROC) curves. Statistical comparison of AUC
values based on the DelLong's z score was performed with the web tool
easyROC.%* p <.05 was considered as statistical significance.

3 | RESULTS

3.1 | Patient characteristics

A total of 69 samples collected in HK and 16 collected in Thailand
were used in this study. For the HK cohort, sera from 17 subjects
who had positive DBPCFC outcome (HK-Allergic), 20 who had nega-
tive DBPCFC outcome (HK-Tolerant), and 32 subjects with probable
shrimp allergy (HK-PSA) as defined according to the EuroPrevall
guideline (documented history of allergic reactions within 2h
of shrimp ingestion and sIgE level to shrimp 20.70 kUA/L) were
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included. In the Thai cohort, sera from 16 subjects with doctor-
diagnosed shrimp allergy were included. Demographics, rate of
shrimp sensitization, SPT wheal size, sIgE levels, history of shrimp
allergic reactions and DBPCFC outcomes are summarized in Table 1
(details in Tables S2, S3).

For the four groups of subjects, shellfish SPT wheal size sig-
nificantly differed only between the HK-Allergic and HK-Tolerant
subjects (Dunn's multiple comparison test, p =.0152). Significant dif-
ference in shrimp-slgE level was only detected between HK-Tolerant
and HK-PSA subjects (p =.004). No between-group difference could
be detected for the rate of positive SPT, while the rate of shrimp-
slgE sensitization differed significantly only between HK-Allergic
and HK-Tolerant groups (Fisher exact test, p =.048).

3.2 | IgE-binding proteins of shrimp

Sera from HK-Allergic and HK-Tolerant subjects, as well as two non-
atopic control subjects were used to probe the IgE-binding proteins
in raw shrimp extract (Figure 1A) by immunoblotting. A total of 12
distinct IgE-binding protein bands ranging from 17 to 130kDa were
probed using sera from HK-Allergic subjects (Figure 1B), while only
three distinct bands between 26 and 43kDa were visualized from
HK-Tolerant subjects (Figure 1C). All protein bands were excised from
the SDS-PAGE for protein identity evaluation on mass spectrometry
(Figure 2, Table S4). We identified 10 distinct proteins from these
IgE-reactive bands, with some proteins discovered in several differ-
ent bands likely due to polymorphism and/or presence of isoforms.
The identified IgE-binding proteins included six known shrimp aller-
gens, namely myosin heavy chain, haemocyanin (Hc), arginine kinase
(AK, Pen m 2), tropomyosin (TM, Pen m 1), sarcoplasmic calcium-
binding protein (SCP, Pen m 4) and fatty acid-binding protein (FABP).

TABLE 1 Demographic features of study participants

Demographic Features HK Allergic
N 17
Gender: male, % (no.) 64.7 (11)
Age (y): median [range] 24 [4-43]
Other food allergies: % (no.) 58.8 (10)
Eczema: % (no.) 70.6 (12)
Asthma/Allergic Rhinitis: % (no.) 64.7 (11)
History of allergic symptoms +
DBPCFC +
SPT (shellfish mix)
Wheal size (mm): median [range] 5.5 [0-11]
Sensitization rate: % (no.) 93.8 (15/16)

sIgE to shrimp extract
Level (KUA/L): median [range] 2.34[0.24-34.6]

Sensitization rate: % (no.) 94.1 (16)

Note: Values are shown as percentages (hnumber) or median [range]. “+”, positive;

Importantly, four IgE-binding proteins have not been reported as
shrimp allergens, including 95kDa protein glycogen phosphorylase
(GP), 50kDa protein enolase (Eno), 40kDa protein aldolase (ALDA)
and 20kDa protein reticulon-like protein. All IgE-binding proteins ex-
cept ALDA and AK were reactive to sera of HK-Allergic subjects only;
ALDA was only detected as IgE-reactive in HK-Tolerant subjects,
while arginine kinase was reactive to sera from both HK-Allergic and
HK-Tolerant subjects. As expected, sera from non-atopic subjects did

not have IgE reactivity with any shrimp protein.

3.3 | Recombinant expression of shrimp allergens
To further our analysis with respect to sensitization pattern, all the
identified shrimp allergens were expressed as recombinant proteins
except myosin heavy chain and reticulon-like protein that were re-
active to only one subject in the HK cohort. Apart from shrimp al-
lergens detected by Western blotting, other known shrimp allergens
including myosin light chain (MLC, Pen m 3), troponin C (TnC, Pen m
6) and triosephosphate isomerase (TIM) were synthesized. All pro-
teins except the high molecular weight proteins Hc and GP could be
successfully prepared using the E. coli expression system with >90%
purity as assessed on SDS-PAGE (Figure S1). These two proteins
were recombinantly produced using the insect cell expression sys-
tem at a purity of >90%.

3.4 | IgE recognition of recombinant
shrimp allergens

Specific IgE reactivity of the recombinant shrimp allergens was

demonstrated by immunoblotting using sera of HK-Allergic subject

HK Tolerant HK PSA Thailand

20 32 16

45.0 (9) 62.5 (20) 50.0(8)
28.5[7-48] 12.5[1-50] 9.5 [1-39]
30.0 (6) 50.0 (16) 50.0(8)
65.0 (13) 46.9 (15) 68.8 (11)
35.0(7) 25.0(8) 81.3 (13)

+ + +

= ND ND
3[0-4.5] 5[0-8] 4.75 [0-10.5]
72.2(13/18) 78.6(22/28) 68.8 (11/16)

1.71[0.09-11.1]
65.0 (13)

6.82[0.76->100]
100 (32)

4.44 [<0.1-96.5]
81.3(13)

«_u

, negative.

Abbreviation: PSA, probable shrimp allergy; DBPCFC, double-blind placebo-controlled food challenge; ND, not done; SPT, skin prick test; sIgE,

specific IgE.
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FIGURE 1 Identification of IgE-binding proteins of P. monodon. (A) SDS-PAGE image of the extracted shrimp protein. (B) Western blot
images probing the IgE-binding shrimp proteins using sera of shrimp allergic subjects proven with DBPCFC and non-atopic controls. (C)
Western blot images probing the IgE-binding shrimp proteins using sera of shrimp tolerant subjects proven with DBPCFC

and pooled sera of non-atopic controls (n = 10; Figure S2). We then
evaluated the sensitization pattern of all the 85 collected samples
by ELISA with the highly purified recombinant shrimp allergens. For
HK-Allergic and HK-PSA subjects, as well as shrimp allergic Thai sub-
jects, sensitization to multiple allergens was common as shown on
the heatmaps in Figure 3. Although a remarkable proportion of toler-
ant subjects had a positive shrimp slIgE level (13/20, 65%; Table 1),
the frequency and intensity of IgE binding towards the shrimp aller-
gen panel were lower in the HK-Tolerant subjects (Figure 3B). Among
the 13 HK-Tolerant subjects with positive shrimp slIgE level, we only
found eight subjects who displayed IgE reactivity towards at least
one shrimp allergen of our panel with AK being the top sensitizer.
The sensitization rates to our shrimp allergen panel are summa-
rized in Figure 4 and Table S1. A positive sensitization was defined
at OD>2 fold + SD over negative controls. Fifteen HK-Allergic sub-
jects (88.2%) and 81.3% of subjects from HK-PSA and Thai allergic
groups were IgE reactive to at least one recombinant shrimp aller-
gen. Among these allergens, the recognition frequency to MLC, Eno
and ALDA remained low in all groups. For both HK-PSA and Thai
subjects, the major shrimp allergen was TM with sensitization rates
>60%. TnC was another allergen showing >50% sensitization beyond
TM in both cohorts of subjects, while FABP showed 59.4% sensitiza-
tion among HK-PSA subjects. Interestingly, for HK-Allergic subjects
confirmed by DBPCFC, the major allergens were TnC and GP (47.1%)
rather than TM (41.2%). Based on our results, Hc, TIM, FABP and GP

were registered as new P. monodon allergens with the WHO/IUIS as
Pen m 7, Pen m 8, Pen m 13 and Pen m 14, respectively.

While comparing between the HK-Allergic and HK-Tolerant
groups, only SCP and GP differed significantly (p =.0053 and .0006,
respectively), in terms of the recognition frequency, while SCP, TnC
and FABP differed significantly by their strength of IgE recognition
(p =.01 and .0092, respectively) (Figure 3, Table S1). Comparing be-
tween HK-Tolerant subjects and allergic Thai subjects, TM, SCP, TnC
and FABP differed significantly in OD 450 nm values, while only TM
differed significantly in recognition frequency between these two

groups.

3.5 | Diagnostic potential of the shrimp
allergen components

We evaluated the diagnostic potential of shrimp allergens with
conventional allergy tests (i.e. SPT and sIgE determination based
on shrimp extract) based on ROC curves generated by comparing
the HK-Allergic and PSA groups against HK-Tolerant groups, as well
as by comparing the Thai allergic group against HK-Tolerant group.
Only allergens with significant differences in recognition frequency
or affinity were analyzed. For both populations, Pen m 14 (GP)-sIgE
had the lowest AUC probably due to the lower sensitization rates.
Among HK subjects, component-sIgE assays would generate higher
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FIGURE 3 Heat maps of sensitization profile. Sensitization patterns to our define shrimp allergen panel of allergic and tolerant subjects
proven with DBPCFC in HK, as well as of subjects with probable shrimp allergy (PSA) in HK and subjects with self-reported shrimp allergy in

Thailand were compared

AUCs than conventional test, by which Pen m 6 (TnC)-slgE test had
the highest diagnostic potential with AUC of 0.78 (Figure 5A). On the
contrary, Pen m 1 (TM) had the lowest diagnostic potential with AUC
of 0.70, which was lower than that of SPT and shrimp-slIgE. Whereas
for shrimp allergic Thai subjects, Pen m 4 (SCP) offered the best diag-
nostic potential (AUC = 0.96), followed by Pen m 1 (AUC = 0.89) and
Pen m 6 (AUC = 0.86) (Figure 5B). AUC value of Pen m 4-sIgE test
was also statistically higher than that of shrimp-slgkE and SPT tests,
with z scores of 2.61 (p =.0091) and 2.42 (p =.0151), respectively.

4 | DISCUSSION

This study delineates the allergen repertoire of the highly
consumed shrimp species P. monodon using a cohort of well-
characterized shrimp allergic subjects whose diagnosis was con-
firmed by DBPCFC. Based on our results, four new P. monodon
allergens are now registered with WHO/IUIS. Previously identi-
fied allergens including Pen m 1 (TM) Pen m 4 (SCP), Pen m 6 (TnC)
and Pen m 13 (FABP) are also potential molecular candidates in
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shrimp allergens

CRD as determined from shrimp allergic subjects from both Hong
Kong and Thailand.

In this study, we detailed the profile of IgE-binding proteins of
shrimp, comprising 10 distinct proteins. Although Karnaneedi et al.
recently reported up to 50 shrimp allergens with five unreported
potential allergens including enolase 3-2 and aldolase A, the dis-
covery was generated from transcriptomes and BLAST analyses
against all known allergens without validations with immunological
assays.2® Our study is the first to report GP, Eno and ALDA as new
crustacean allergens confirmed by both Western blotting and ELISA.
In contrast to similar studies by Bauermeister et al. who identified
MLC 1 (Cra ¢ 5), TnC (Cra c 6) and TIM (Cra c 8) as allergens of the
North Sea shrimp Crangon crcmgon,26 these allergens could not be
detected in our Western blot experiments. The deviation could be
partly due to the low abundance of these proteins in the extract
prepared from P. monodon using standard protein extraction meth-
odology. Among the newly reported allergens, the heat-labile Eno
and ALDA had very low sensitization rates in both HK and Thai co-
horts due to the usual practice of heat treatment prior to shrimp
consumption. On the contrary, GP (Pen m 14) was the leading shrimp
allergen among HK-Allergic subjects. Despite its low IgE avidity (i.e.
low OD450), sensitization to Pen m 14 differentiated shrimp aller-
gic and tolerant subjects in HK and Pen m 14-sIgE test was more
predictive of shrimp allergy than Pen m 1(TM)-sIgE test. It is note-
worthy that sensitization rates to Pen m 14 were low among Thai
subjects and HK subjects with self-reported shrimp allergy. Pen m
14 might thus be a less dominant sensitizing allergen but IgE binding

FIGURE 4 Sensitization rates to the
defined shrimp allergen panel

471

138

5.9

6.3

Eno

Pen m 14 (GP)

to this protein is associated with clinical manifestation. GP is crucial
in carbohydrate metabolism in animals where it was predominantly
expressed in brain and muscle, as shown in Litopenaeus vannamei.?”
Little is known about the role of GP in shrimp, which was reported
to be involved in development and response to hormone stimulation
and environmental stress. The molecular property of GP as a shrimp
allergen and its sensitization pattern in other cohorts require further
investigations.

In this study, we generated a comprehensive panel of 11 recom-
binant shrimp allergens and evaluated their IgE reactivity in shrimp
allergic subjects. The strength of our current study is the inclusion
of challenge-proven shrimp allergic and tolerant subjects to char-
acterize the sensitization profile in relation to clinical reactivity to
shrimp. We also included subjects with history of shrimp allergy
from both HK and Thailand to address the allergen specificity for
molecular diagnosis of shrimp allergy in two different Asian popula-
tions. We noticed that 7/17 samples from challenge-proven allergic
subjects did not show IgE binding to any shrimp proteins in Western
blotting while in ELISA, these samples showed positive IgE binding
to recombinant Pen m 6 (TnC), Pen m 7 (Hc) and/or Pen m 14 (GP).
Specially, two samples (HK7 and HK17) showed strong IgE binding
to recombinant Pen m 1 and Pen m 13 as well. This deviation might
be due to the difference in assay sensitivity between ELISA and
Western blotting, and/or the lower abundance of these allergens
in the natural shrimp extracts. In both populations, individuals with
shrimp allergy are more diversified in IgE recognition than tolerant
subjects. Comparatively, HK-PSA subjects displayed a more intense
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and diverse IgE binding pattern than HK-Allergic subjects. This could
be attributed to a higher shrimp-sIgE level in the HK-PSA group
(Table 1), but it should be noted that these patients were grouped
based on positive sensitization and self-reported history whom can
be ‘truly’ allergic or tolerant to P. monodon upon challenge confir-
mation. More to note, ImmunoCAP ISAC consisting of three shrimp
allergens (Pen m 1, Pen m 2 and Pen m 4) only had 44% detectabil-
ity compared with shrimp sIgE,?® whereas our recombinant allergen
panel yielded a much higher detection rate of >80% that highlights
the higher coverage of our reported allergen panel.

Tropomyosin (Pen m 1) is the leading IgE-binding protein in both
HK-PSA group (62.5%) and Thai allergic group (68.8%), followed by
Pen m 6 (TnC) and Pen m 13 (FABP). In contrast, we could not find
any major allergen displaying >50% sensitization among shrimp al-
lergic subjects confirmed by DBPCFC; only 41.2% of subjects were
slgE positive to Pen m 1, while the leading allergens are Pen m 6
and Pen m 14 (47.1% sensitization). A multi-centre study from USA,
Brazil and Spain reported that 82.8% of challenge-proven shrimp al-
lergic subjects were IgE-positive to the recombinant TM Lit v 1,27
while Gamez et al. detected 98% sensitization to rPen a 1 in shrimp
allergic Spanish subjects.30 The lower sensitization rate to TM espe-
cially among ‘true’ shrimp allergic subjects reported herein coincides
with studies from Japan and Italy. Our results thus highlight that the

major shrimp allergens could differ among populations, and TM is a
common sensitizing allergen across populations but IgE binding to
TM is associated with clinical manifestation of shrimp allergy only in
selected cohorts. Our present analysis also illustrates that SCP, TnC,
FABP and GP are clinically relevant shrimp allergens besides TM.

This study extends our understanding to the diagnostic poten-
tial of the shrimp allergens. In concordance to our previous report,®
shellfish SPT and shrimp-slgE level are poor predictors of shrimp al-
lergy with low AUC values and specificity. Significant proportion of
tolerant subjects had positive shellfish SPT and shrimp slgE, implying
that IgE reactivity to whole allergen extracts has poor correlation
with clinical reactions but indicates cross-reacting allergens. Studies
by Pascal et al. and Gamez et al. highlighted the role of AK as a cross-
reactive marker on top of the pan-allergen TM.??3! Coherently, our
shrimp tolerant subjects showed IgE reactivity to Pen m 1 (3/20),
Pen m 2 (4/20) and Pen m 6 (4/20). It is therefore plausible that sen-
sitization to AK could be a biomarker of cross-reactivity rather than
clinical reactivity.

Several studies suggest that component-based slgE analyses
are better predictor for food allergies. For instance, tropomyosin-
slgE yielded higher specificity (0.77), positive predictive value
(PPV, 0.72) and negative predictive value (NPV, 0.91) than SPT and
shrimp extract-sIgE.30 Pascal et al, on the contrary, reported that
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sensitization to SCP was superior to shrimp extract in predicting
shrimp allergy (AUC 0.641 versus to 0.616) despite its low sensi-
tization rate (29.3%-34.5%).% Although we did not determine the
sensitivity, specificity, PPV and NPV of the component tests, our
data are concordant to previous reports that component-based
diagnostics are more predictive than shrimp extract-sIgE tests
based on AUC values except Pen m 14-slgE assay due to the lower
recognition frequency to this novel allergen. Our results also il-
lustrate that Pen m 4-slIgE test was the second-best diagnostics
in HK (AUC 0.77) and the best diagnostics in Thai subjects (AUC
0.96). Interestingly, our analysis shows that Pen m 1-sIgE test was
the weakest diagnostic test in HK (AUC 0.70) among all the known
biomarkers, but it was the second-best diagnostics among Thai
subjects (AUC 0.89). We are aware that the Thai patients were
characterized as doctor-diagnosed shrimp allergy and compari-
son was made with tolerant subjects from HK that the ROC curve
analysis could be biased. But taken together the results from sim-
ilar studies, Pen m 1 sensitization only adds diagnostic accuracy
in selected populations. Other allergic components such as Pen
m 4, Pen m 6 and Pen m 13 might offer better predictive power
at AUCs at 0.77-0.78 in populations with low TM sensitization.
Incorporating these component tests as a second-step test follow-
ing SPT in the diagnostic workflow might improve the diagnostic
accuracy for shrimp allergy.

Our current study is limited by small sample size, but our data
emphasize that the optimal allergenic components for shrimp
allergy diagnosis differ among different populations due to pre-
sumably differences in genetic backgrounds, environmental
exposures and dietary preferences. Screening for the relevant
components would therefore be essential with the aim of preci-
sion diagnosis of shrimp allergy. Another limitation is the lack of
challenge-proven shrimp allergy in Thai subjects. We compared
doctor-diagnosed shrimp allergy in Thailand and challenge-proven
shrimp tolerant subjects in HK, which might result in differences
in AUCs. In addition, this study has not investigated the perfor-
mances of different allergen component tests such as their sensi-
tivity, specificity, PPV and NPV as there was no agreed standard/
optimal decision point for ELISA. Each allergen might also display
different IgE binding kinetics in ELISA that leads to signal visu-
alization bias, thus limiting accurate cross-comparison of absor-
bance signals among different allergens. Our findings need to be
replicated in larger cohorts of challenge-proven shrimp allergic
and tolerant subjects from other countries and latitudes, on dif-
ferent immunological platforms, and evaluate the effects on pos-
sibility of allergy among shrimp species (e.g. between seawater
and freshwater shrimps).

In summary, this study expands the allergen profile of shrimp
with the identification of GP (Pen m 14) as a novel shrimp allergen.
We provide strong evidence on clinically relevant components in
shrimp allergy such as SCP, TnC, FABP and GP that sensitization to
these allergens is associated with positive shrimp DBPCFC and are

relevant biomarkers for shrimp allergy diagnosis. We also illustrated

that TM is not the major allergen in DBPCFC-proven shrimp allergic
subjects that only provides added diagnostic value in selected pop-
ulations. Overall, this study shows that component-based approach
enhances the diagnostic resolution for shrimp allergy in independent
Asian populations.
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