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Crab meat and roe are highly nutritious delicacies in China. While extensive research has been con-
ducted for allergens derived from crab-meat, data relevant to the allergenic potential of crab roe derived
proteins, of which hemocyanin is a principal contender, are almost entirely absent. Using bioinformat-
ics prediction and IgE-binding assays, the three principal immunodominant epitopes of hemocyanin
were identified and then combined as a single recombinant fusion protein (rHc). This together with the

Keywords: full-length recombinant protein (Hc) were expressed in Escherichia coli and subsequently identified by
Eriocheir sinensis . . . . .

Food allergy SDS-PAGE and immunoblotting. Ninety-five percent of our patients were found to carry rHc-specific
Hemocyanin IgE antibodies by ELISA. Dot-blot inhibition, together with ELISA inhibition studies, showed that pre-

incubation of patient sera with the recombinant epitope protein could inhibit26% to 63% (mean: 50%) of
IgE binding to immobilized, full-length Hc and the dose-response curve represents as a sigmoid shape.
The recombinant protein (rHc) represents a versatile biologic tool with which to diagnose and investigate

Linear epitope
Recombinant allergen

therapies for E. sinensis allergy.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Food allergy (FA) is a type I hypersensitivity disorder that affects
up to 2-8% of the population (Munoz-Garcia et al., 2013), with
clinical symptoms ranging from mild oral mucosa inflammation
to life-threatening anaphylaxis. Shellfish allergy is relatively com-
mon, with a worldwide prevalence of 10% in food allergy (Nwaru
et al., 2014; Wai et al., 2014), and a particularly high burden in
Asian countries (Shek et al., 2010; Kim et al., 2008). Unlike egg
and milk allergies, shellfish allergy is typically a life-long disorder,
which can significantly impair the quality of life (Ayuso et al., 2010).
Despite its prevalence, there are neither unified standardized test
substances, nor an effective treatment for this allergic response.
Among shellfish, Eriocheir sinensis is an economically important
aquaculture species in China (Gongetal.,2010; He et al., 2015). Due
to its nutritional value and delicious taste, crab roe, which includes
the hepatopancreas and ovary, is the favored part of the crab for

Abbreviations: FA, food allergy; MW, molecular weight; TM, tropomyosin; AK,
arginine kinase.
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consumption in China. Consequently, crab roe is, potentially, an
important instigator of food allergy for which there is an urgent
need to develop safe and effective diagnoses and therapies.

Over the past 25 years, a variety of allergens have been identified
and their physicochemical properties analyzed (Lopes de Oliveira
etal., 2013).Asaresult, there has beenincreased interest in the abil-
ity to measure component-specific immunoglobulins as a way to
improve our diagnosis of food allergens (Hoffmann-Sommergruber
etal., 2015; Sicherer and Sampson, 2014). While tropomyosin (TM)
and arginine kinase (AK) are the major allergens of shellfish, others
have shown that component sensitization can vary by region, and
with the individual (Calderon et al., 2015; Salo et al., 2014). Con-
sequently, interest has also been shown in the allergenic potential
of other proteins. Additionally, research on allergens derived from
crab-meat has almost entirely ignored the allergenic potential of
crab roe.

In a previous study (Ying-Ying et al., 2015), we showed that
hemocyanin bound IgE from the sera of 14 of 23 (61%) patients
allergic to E. sinensis. Hemocyanin is an oxygen-transport protein
found in crustacean hemolymph, which accounts for 75-95% of its
total protein content (Pedrosa et al., 2015). We were interested
in this protein because it is major allergen in E. sinensis roe (Cao
et al., 2014), with demonstrably high IgE-binding. Hemocyanins


dx.doi.org/10.1016/j.molimm.2016.05.003
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2016.05.003&domain=pdf
mailto:lhq@tmu.edu.cn
dx.doi.org/10.1016/j.molimm.2016.05.003

126 Y. Zhang et al. / Molecular Immunology 74 (2016) 125-132

Table 1
Characterization of E. sinensis - allergic patients.

Table 2
Primer sequences used to clone Hc.

No. Gender Age(years) other allergies crab sIgE (KUA/L) Primer Name Primer Sequence Restriction Site

1 F 23 No 0.59 Hifor ACATGGGGACCAACGAGTC None

2 M 42 CN 0.93 H1back CGGCAGTCTGCTAGACTATGTG None

3 F 1 milk 1.1 H2for AAGGAAACCATGGGGACCAACGAGTCCA Ncol

4 F 2 CN 1.8 H2back AAGGAAACATATGGTGTTCCTCGATGTGGTAAACC Ndel

5 M 19 No 0.73

6 F 36 EW 0.61

7 M 4 No 12 volunteers, without history of type I allergy to common allergens,
8 F 29 EW, milk 0.65 . . .

9 M 37 EW, shrimp 31 were included. Our study was approved by the Ethics Commit-
10 F 29 shrimp 10.5 tee of the Tianjin Medical University. A written informed consent
11 F 24 beef, shrimp 1.9 was obtained from all the allergic and normal subjects, including
12 F 4 CN, milk, shrimp 552 caretakers of children.

13 M 32 shrimp 14.7

14 M 36 EW, shrimp 5.6

15 F 21 No 0.49 2.2. Preparation of hemocyanin cDNA and polymerase chain

16 M 24 CN, milk 2.90 reaction (PCR)

17 F 60 shellfish, shrimp 123

18 F 2 milk, shrimp 8.7 . . . ... .

19 F 45 CN, milk, shrimp, shellfish, PA  15.6 E. sinensis was purchased from local st_Jpplle_rs (T!anjln, China),
20 M 5 milk, shrimp 115 representing the type of crab consumed widely in China. Total RNA
21 M 54 shrimp 8.7 was isolated from 1g E. sinensis roe using Trizol reagent (Invitro-

M, male; F, female; CN, cashew nut; EW, egg white; PA, pineapple.

are large macromolecular assemblies relevant to molecular evolu-
tion, with potential biotechnological and therapeutic applications
(Zhang et al., 2013; Glazer et al., 2013), as well as relevant to innate
immune responses (Zhu et al., 2014). Therefore, research on E.
sinensis roe hemocyanin is of particular significance for the Chinese
population.

Some shellfish components, such as TM (Abramovitch et al.,
2013) and AK (Mao et al., 2013), have made their availability in
recombinant form a prerequisite for detailed immunologic charac-
terization. This has substantially improved their use in diagnosing
shellfish allergy by the measurement of IgE binding (Gamez et al.,
2011). In the last several years, those epitopes to which IgE binds
have also been identified in some food allergens (Perez-Gordo et al.,
2013; Baaretal.,2014). Furthermore, for some foods such as peanut,
milk, and egg, a positive relationship has been found between
recognition of certain linear IgE-binding epitopes and the aller-
gic reactivity of patients (Wang et al., 2010; Lin et al., 2012). The
increasing availability of crab-roe derived recombinant allergens
with known immunodominant epitopes will help to illuminate the
underlying mechanisms of allergen-antibody interactions, and pro-
vide valuable data for diagnosis and, ultimately, allergen-specific
immunotherapy (Gepp et al., 2014).

In this study, we identified ten epitopes of hemocyanin, includ-
ing three immunodominant epitopes; and then design and express
a tri-epitope fusion protein (rHc) in Escherichia coli (E. coli). The
immunological characterization of rHc was then assessed using
sera collected from patients allergic to E. sinensis.

2. Materials and methods
2.1. Patients’ sera

Sera from 21 E. sinensis allergic patients were collected from
the Academy of Traditional Chinese Medicine Affiliated Hospi-
tal (Tianjin, China), and then stored in aliquots at —20°C until
use (Table 1). The diagnosis of E. sinensis allergy was based
on symptoms observed following exposure to E. sinensis, a his-
tory of a typical case, and/or the presence of serum total IgE
(>100KkUA/L), and crab-specific IgE (>0.35 kUA/L), as determined
with the ImmunoCAP System (Thermo Fisher Scientific, Sweden).
A sera pool was made by mixing equal volume of 20 sera for ELISA
inhibition experiments. As negative controls, sera from 7 healthy

gen, USA). A detailed description of the primers is given in Table 2.
The cDNA coding for hemocyanin was subsequently PCR ampli-
fied using the specific primers (detailed in Table 1) and Pfu DNA
polymerase (Fermentas, Lithuania). The PCR parameters were as
follows: 98 °C for 305, 35 cycles of 98 °C for 10,68 °C for 30's, 72 °C
for 80s, and finally 72 °C for 10 min. The amplified PCR product was
then excised from the agarose gel and purified using the Universal
DNA Purification Kit (TIANGEN, China).

2.3. Epitope prediction and molecular modeling of hemocyanin
protein

In order to improve the accuracy of antigen epitope predic-
tion, we used three calculation softwares to predict antigenic
hemocyanin epitopes, including DNAstar Protean system (DNAs-
tar Inc., Madison, WI, USA), ABCpred (Saha and Raghava, 2006),
and Bepipred Antibody Epitope Prediction (Larsen et al., 2006). The
amino acid sequence coding for hemocyanin (GenBank database,
Accession number AEG64817.1) was used as the input sequence
for epitope prediction. The hemocyanin protein was analyzed
for hydrophilicity, flexibility, accessibility and antigenic index.
10 peptides with high scores for each of these categories were
selected as candidate antigenic epitopes. To further investigate epi-
tope location, we then generated a three-dimensional (3D) model
of hemocyanin using the SWISS-MODEL structure homology-
modeling server (Arnold et al., 2006). Hemocyanin from E. sinensis
was modeled based on the structure of the hemocyanin from Pan-
ulirus Interruptus (PDB ID: 1hcy), which is the mostly closely related
to hemocyanin (highest sequence identity: 59%) in the structure
database. The images were obtained and rendered using the PyMOL
software (http://www.pymol.org/).

2.4. Epitope recognition by dot-blot assays

Dot-blot assay was performed as described (Chen et al., 2012).
Our 10 candidate antigen epitopes were synthesized by Sangon
Biotech Corporation (Shanghai, China) and solubilized in PBS buffer
(27.4mM Nacl, 0.54 mM KCl, 0.4 mM KH,POg4, 2 mM Na,HPO4, pH
7.4). 10 g of each peptide were spotted onto Nitrocellulose mem-
branes (Millipore, USA) and blocked with 5% skim milk in TBST
(Tris-Buffered Saline with 0.05% Tween-20, pH 7.4), overnight at
4°C, The membranes were then washed three times with TBST
for 10 min and incubated with a 1/10 dilution of the patient sera
for 2h at room temperature. Serum from a non-allergic patient
was used as a negative control. After washing three times with
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Fig. 1. SDS-PAGE and immunoblotting analysis of Hc. (A) SDS-PAGE: lane MW:
molecular weight marker; lane 1: lysate from un-induced bacteria; lane 2: lysate
from induced bacteria; lane 3: the wash fractions from nickel chelate columns; lane
4: the purified recombinant protein Hc. (B) Immunoblotting analysis: lane MW,
pre-stained protein marker; lanes 1, immunoblotting using sera from a E. sinensis
allergic patient; lanes 2, immunoblotting using mouse anti-His antibody; lane N,
immunoblotting using control serum (serum from non-allergic subject).

TBST, the membranes were incubated with mouse anti-human
IgE horseradish peroxidase-conjugate (Sigma, USA) at a dilution
of 1:20000 in TBST for 2 h at room temperature. The membranes
were washed three times with TBST for 10 min, before visualizing
bound IgE antibodies using the ECL Plus Western blotting detec-
tion reagents (GE, USA). All incubation procedures were done with
shaking.

2.5. Construction of recombinant plasmids

In order to investigate the immunogenicity of the predicted
allergenic epitopes, we engineered a recombinant allergen, des-
ignated rHc, which was designed according to the reaction
frequencies of the predicted linear epitopes. The three epitopes
with the highest responder frequency (peptides 181-207,331-350,
and 360-378) were linearly combined in sequence, using two
flexible intervening peptide sequences composed of 6 glycines
respectively. The rHc sequence was synthesized at Sangon Biotech
Corporation and then inserted into the pET-28a vector via Xhol and
EcoRI. Additionally, the full-length cDNA of hemocyanin (Hc) was

PCR amplified, with restriction sites introduced by the primer set.
The amplified product was purified and inserted into pET-28a as an
Ncol/Ndel insert.

2.6. Expression and purification of the recombinant antigens

The plasmids pET28a-rHc and pET28a-Hc were transfected into
E. coli Rosetta (DE3) competent cell (CWBIO, China); positive clones
were then identified and sequenced. Protein induction in E. coli
cultures were grown in Luria-Bertani (LB) medium at 37°C and
achieved with 1 mM isopropyl b-p-thiogalactoside (IPTG), for cul-
tures grown to an optical density (OD) measured at 600 nm of
0.6-0.8. Induced bacteria were subsequently cultured overnight,
at 16°C. Bacteria were then harvested by centrifugation (10 min,
9000g, 4°C) before being re-suspended in PBS (20 mM, pH 7.4).
After ultrasonic disruption, proteins were collected by centrifuga-
tion (5 min, 12000g, 4 °C). Recombinant proteins were then purified
under denaturing conditions using Ni*-NTA affinity column chro-
matography (Invitrogen, USA) according to the manufacturer’s
instructions. Protein concentrations were measured using the
Pierce™ BCA Protein Assay Kit (Thermo Scientific, USA).

2.7. SDS-PAGE and immunoblotting

SDS-PAGE under reducing conditions was carried out following
the Laemmli method (Laemmli, 1970). Purified rHc and Hc proteins
were treated in a denaturing buffer and heated at 100 °C for 5 min.
Protein extracts, together with purified proteins and pre-stained
molecular weight markers (Biorad, USA) were then resolved using
a 12% separating gel with a 5% stacking gel (Mini Protean 3 Sys-
tem, BioRad, USA). To ensure proper protein visualization, gels were
stained with Coomassie Brilliant Blue R-250.

To assess their IgE-binding properties, our recombinant epitope
construct (rHc), and full-length (Hc) proteins were transferred onto
polyvinylidene fluoride membranes (0.22 um, Millipore, USA) for
immunoblotting analysis (Hilger et al., 2011). And then the mem-
branes were blocked with 5% skimmed milk in TBST for 2h at
37°C. Sera from 1 E. sinensis —allergic patient and a non-allergic
control were diluted 1:10 in TBST and mouse anti-His antibody
was diluted 1:1000 in TBST. Then, the membranes were incubated
with antibodies overnight. For sera incubated membranes, alka-
line phosphatase conjugated mouse anti-human IgE (Sigma) was
used as the secondary antibody at a dilution of 1:1000. For anti-His
antibody incubated membranes, alkaline phosphatase conjugated
rabbit anti-mouse IgE (Sigma) was used as the secondary antibody
at a dilution of 1:5000. Visualization was with the NBT/BCIP sub-
strate (BioRad, USA). All incubation procedures were done with
shaking.

2.8. IgE-Binding capacity of rHc in comparison with Hc by
dot-blot and dot-blot inhibition assay

For dot-blot assay, blocking and incubation were performed, as
described above. 5 g of Hc and rHc were spotted onto Nitrocel-
lulose membranes and blocked with 5% skimmed milk in TBST,
overnight at 4°C. Membranes were then washed three times
with TBST for 10 min and incubated with a 1/10 dilution of the
patient sera for 2 h at room temperature. Serum from a non-allergic
patient was used as negative control. For dot inhibition assays, the
membranes were incubated with patient sera, following its pre-
incubation with 5 pg of inhibitor (rHc) per milliliter of serum for
2 h at room temperature. After washing three times with TBST, the
membranes were incubated with alkaline phosphatase conjugated
mouse anti-human IgE (Sigma) at a dilution of 1:1000 in TBST for
2 hatroom temperature. The membranes were washed three times
with TBST for 10 min, and visualization of bound membrane IgE was
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performed using the NBT/BCIP substrate. All incubation procedures
were done with shaking.

2.9. ELISA for rHc-specific IgE

For IgE ELISA (Hilger et al., 2014), a 96-well plate (Thermo,
USA) was coated with 100 ng/well of rHc, diluted in coating buffer
(0.1 M sodium carbonate, pH 9.6), overnight at 4 °C. The plate was
then blocked with 200 ul PBS containing 0.05% Tween-20 and 5%
skimmed milk for 1h at 37°C. After washing with PBS contain-
ing 0.05% Tween-20 three times, the plate was incubated with
200 pl/well patient sera diluted 1:20 in blocking buffer. The plate
was then washed, and incubated with 150 pl/well horseradish
peroxidase conjugated mouse anti-human IgE (Sigma), at a dilu-
tion of 1:20000, for 1h at 37°C. After termination of the reaction
using 2 M H2S0y, IgE reactivity was detected by the addition of
3,3,5,5'-tetramethylbenzidine substrate solution (Thermo, USA),
with colorimetric measurements taken at 450 nm. Sera from five
non-allergic patients were used as negative controls. All tests were
performed in duplicate, with the average OD value used.

2.10. ELISA Inhibition and Sequential ELISA Inhibition

For ELISA inhibition, blocking and detection were performed, as
described above. In inhibition assays, the plates were coated with
100 ng purified Hc protein overnight at 4°C. Sera from 20 allergic
patients were diluted 1:20 in blocking buffer and pre-incubated for
2 h at room temperature with 5 g of inhibitor (rHc) per milliliter
of serum. Serum from a non-allergic patient was used as negative
control. After blocking with 5% skimmed milk, the plates were incu-
bated with patient sera-rHc mix. Bound human IgE antibody was
then detected with a 1:20000 dilution of a HRP-mouse anti-human
IgE antibody conjugate.

Then, we performed a sequential ELISA inhibition assay to illus-
trate the dose-dependency of rHc mediated inhibition. A sera pool
from 20 allergic patients was diluted 1:20 in blocking buffer and
pre-incubated for 2 h at room temperature with dilutions of rHc
ranging from 0.5 pg to 500 g per milliliter of serum. Serum from
a non-allergic individual was again used as a negative control. The
percentage inhibition of IgE binding was then calculated as follows:
Percentage inhibition (%)=100 — (ODp/ODs) x 100, where ODp and
ODs represent the optical densities after pre-incubation with the
pre-immune and immune serum, respectively.

2.11. Statistical analysis

Statistical evaluation of our ELISA experiment was performed
using an unpaired-sample t-test; data from the ELISA inhibition
assay with human IgE were examined using a paired-sample ¢t-test.
All statistical analyses were carried out using GraphPad Prism 5
software. A p-value<0.05 was considered as statistically signifi-
cant.

3. Results
3.1. Expression and identification of full-length recombinant Hc

Recombinant Hc was expressed in E. coli as a (C-terminal) hex-
ahistidine fusion protein. A 2067 bp open reading frame for the E.
sinensis hemocyanin cDNA (GenBank accession AEG64817.1) was
identified and cloned following PCR amplification. Sequence align-
ment analyses confirmed 100% sequence identity with the known
hemocyanin gene sequence. The mature hemocyanin protein com-
prises 688 amino acids, with a theoretical molecular mass of 79 kDa.
The purification steps were monitored by SDS-PAGE (Fig. 1A). Res-
olution by SDS-PAGE resulted in a correct size band (lane 4) at the

Table 3
Statistical analysis of epitopes recognized by patient sera.

Hc peptides Sera with reaction
E1l 5,10, 13-16, 19-21
E2 2,11,14-21

E3 13

E4 1-7,9-21

E5 14,17

E6 19

E7 4,20

E8 1,8, 11

E9 8,9

E10 6,16

expected molecular weight. The recombinant protein Hc was highly
purified by Ni*-NTA affinity column chromatography. Given the
predicted immunogenicity of Hc, the purified protein was then sub-
jected to immunoblotting analysis using sera obtained from patient
allergic to E. sinensis and anti-His antibody (Fig. 1B). In contrast to a
non-allergic control serum, both of the “allergic” sera and anti-His
antibody showed reactivity to the 79 kDa protein. So we confirmed
that the purified protein Hc have IgE-binding activity.

3.2. Identification of IgE-binding epitopes of hemocyanin

Firstly, we used three calculation softwares to predict antigenic
hemocyanin epitopes, including DNAstar Protean system, ABCpred,
and Bepipred Antibody Epitope Prediction. The hydrophilicity plot,
flexibility plot, surface probability plot, and the antigenic index of
hemocyanin were obtained by DNAstar Protean system (Fig. 2A).
Most amino acid sequence of hemocyanin had high hydrophilic-
ity, better flexibility and surface probability, and the regions which
antigenic index more than 1.0 were distributed. The IgE-binding
epitopes of hemocyanin were further analyzed by ABCpred, and
Bepipred Antibody Epitope Prediction (Data not show). Based on
the results from these three tools, ten candidate linear epitopes
(Fig. 2B) of hemocyanin were synthesized. For further analysis of
the interaction of Ig with hemocyanin, we predicted its tertiary
structure by SWISS-MODEL structure homology-modeling server
(Fig. 20C).

Epitopes for hemocyanin were chosen based on the intensity
and frequency of their recognition by dot-blot assays (Fig. 3). In
agreement with our in-silico epitope mapping exercise for hemo-
cyanin, we then showed that sera from twenty-one patients with
allergy to E. sinensis reacted to at least one of the synthesized pep-
tides (Fig. 3A). Given that all ten of the predicted linear epitopes
were recognized by “allergic” sera, it would appear that allergenic
epitopes are distributed over the full-length allergen. The percent-
age of patients that react to each epitope varied from 5% to 95%
(Fig. 3B), although only three peptides generated a frequency of
response in excess of 40%. The statistical analysis of epitopes recog-
nized by patient sera was shownin Table 3.IgE reactivity of epitopes
is depicted by colors based on their response frequency as fol-
lows: strong (red) and weak (blue) (Fig. 2C). Based on these criteria,
three peptides (1, 2, and 4) were identified as the immunodomi-
nant hemocyanin —specific IgE binding sequences. A recombinant
allergen combining these sequences (rHc) was then designed.

3.3. Expression, purification and identification of rHc

The recombinant allergen rHc was expressed as a fusion pro-
tein and assayed for IgE reactivity. SDS-PAGE of the purified
protein showed a single major band migrating at about 12 kDa
(Fig. 4A), which corresponded to the predicted molecular mass.
Immunoblotting was then performed using serum IgE from 1 aller-
gic patient to determine the reactivity of IgE to this protein species.
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Fig. 2. The cDNA cloning and bioinformatics analysis of hemocyanin. (A) Linear
epitopes of hemocyanin predicted by the DNAstar Protean system. (B) Location of
the IgE-binding epitopes in hemocyanin. The IgE epitopes designated as E1-E10
are shown in boxes. (C) Molecular model and the predicted IgE-binding epitopes
of hemocyanin. The different strengths of IgE-binding epitopes are colored blue
(weak), and red (strong). Different levels of IgE binding intensity are defined as:
weak (0-20%), and strong (40-100%). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

As shown in Fig. 4B, immunoblotting revealed a 12 kDa band, indi-
cating the rHc protein; both patient sera and anti-His antibody can
react to the 12 kDa species.

3.4. Immunologic characterization of rHc

Sera from 21 allergic patients and 5 non-allergic subjects were
then used to analyze sIgE binding activities to rHc by direct ELISA
(Fig. 5). The results indicated that the serum of twenty (95%) sub-
jects demonstrated IgE binding to the purified 12 kDa protein, with
an increase in ELISA unit (over control serum) of 1.3- to 2.0-fold.
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Fig. 3. Mapping of IgE-binding epitopes (E1-E10) by dot-blotting. (A) Ten pep-
tides spanning almost the entire sequence of hemocyanin were tested for reactivity
toward serum IgE from 21 E. sinensis -allergic patients and a non-allergic control (N).
+: goat anti-mouse IgG as positive control; —: PBS buffer as negative control. The
diagram on the bottom-right shows the pattern of peptides on the blots. (B) Donor
response frequency profile for the 10 hemocyanin peptides.

The difference in absorbance between the positive (i.e. allergic), and
negative serum samples, were significantly different (p <0.001). No
antibody binding was detected to non-allergic controls.

To determine the relative IgE-binding capacity of rHc in com-
parison with Hc, non-denaturing dot-blot and dot-blot inhibition
assays were then performed using sera from 21 allergic patients
(Fig.6); each showed strong binding to Hc (row a) and weaker bind-
ing to rHc (row b) which was absent from a control “non-allergic”
serum. Pre-incubation of patient sera with 5 pg/ml rHc affected IgE
binding to Hc (row c). The binding of serum IgE from 48% patients
were completely inhibited by pre-incubation with rHc, with partial
inhibition achieved for serum IgE from other patients. These inhi-
bition experiments suggested that rHc and Hc shared IgE-binding
immunodominant epitopes.

Using an IgE-binding inhibition ELISA assays, we confirmed the
reduction of IgE reactivity with 5 g/ml inhibitor rHc. For this pur-
pose, sera from 20 allergic patients with rHc-specific IgE were
pre-incubated with 5 pg/ml rHc. As shown in Fig. 7A, compared
with the IgE reactions from a control array (Bar N), which was
incubated with serum from a non-allergic patient, rHc strongly
inhibited IgE binding to Hc for 20 patient sera. In the absence of the
inhibitory protein, the absorbance attributable to IgE binding, mea-
sured at 450 nm was 0.292 4+ 0.023 (Black bars). With inhibition,
absorbance was reduced to 0.146 £ 0.006 (Grey bars). Clearly, pre-
incubation with rHc could greatly attenuate the binding of IgE in
“allergic” seratoHc(p<0.001), witha percent inhibition of between
26% and 63% (mean: 50%).

We then investigated the dose-dependency of this inhibition
using a sequential ELISA inhibition assay. A serum pool from 20
allergic patients was pre-incubated with different concentrations
of soluble inhibitor (rHc) ranging from 0.5 pg/ml to 500 p.g/ml.
Then, soluble, unbound Hc-specific antibodies were allowed to
react to the coated Hc. The sigmoidal shape of the dose-response
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4

Fig. 4. SDS-PAGE and immunoblotting analysis of rHc. (A) SDS-PAGE: lane MW:
molecular weight markers; lane 1: lysate from un-induced bacteria; lane 2: lysate
from induced bacteria; lane 3: the wash fractions from nickel chelate columns; lane
4: the purified recombinant protein rHc. (B) Immunoblotting analysis: lane MW, pre-
stained protein marker; lanes 1, immunoblotting using sera from a E. sinensis allergic
patient; lanes 2, immunoblotting using anti-His antibody; lane N, immunoblotting
using control serum (serum from non-allergic subject).
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Fig. 5. IgE-reactivity of human sera against rHc. The binding of rHc to serum IgE
from 21 patients allergic to E. sinensis, and 5 control individuals (negative) were
tested by ELISA.
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Fig. 6. Dot-blot immunoassay of Hc and rHc. (a) Dot-blot immunoassay of Hc bind-
ing to serum without pre-incubation. (b) Dot-blot immunoassay of rHc binding to
serum without pre-incubation. (c) Dot-blot immunoassay of Hc binding to serum
with pre-incubation. Lanes 1-21: dot-blot immunoassay using sera from 21 patients
allergic to E. sinensis; lane N: dot-blot immunoassay using serum from a non-allergic
control.

A Bl serum
0.61 W preimmune serum
0.44
£
3
o
0.2
0.0-
L S I R S T SRR N R R I S R
Subjects
B _ -
100 -e- Positive
= 80 -=- Negative
3
2 60
s
S 40
2
£ 201
—
V] - T T T
° 33 O O 3
Qg,\? i ¥ o,“QQ

Fig. 7. Purified rHc inhibited patient derived IgE from binding Hc. (A) 5 pg/ml of
inhibitor (rHc) inhibited 20 patients allergic to E. sinensis derived IgE from binding
Hc. Bar N, control serum (serum from a non-allergic subject). Black bars are average
0ODgs0 value of Hc binding to serum without pre-incubation, grey bars are average
0ODgys0 value of Hc binding to serum with pre-incubation. (B) Hc (100 ng) was used
as solid phase, with a positive serum pool pre-incubated with increasing concen-
trations of purified rHc (circles). Serum from a non-allergic subject pre-incubated
with increasing concentrations of purified rHc was our negative control (squares).
All tests were performed in duplicate, with the average OD value used.

curve confirmed the specificity of Ag-Ab binding (Fig. 7B). The bind-
ing of serum IgE to immobilized Hc was inhibited by 93% when
using 500 pg of soluble rHc per milliliter of serum; a 50% inhibition
(IC50) was achieved using 6 g rHc per milliliter of serum. Taken
together, these results demonstrate that the rHc construct carried
the major allergenic epitopes of hemocyanin.

4. Discussion

In this study, the IgE binding epitopes and diagnostic utility of a
recombinant allergen comprising the immunodominant epitopes
of hemocyanin derived from E. sinensis roe are described for the
first time. Investigation of the allergenic properties of rHc included
an evaluation of IgE reactivity by immunoblotting, ELISA, dot-blot
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inhibition, and ELISA inhibition assay. These findings are significant
given that this recombinant allergen, carrying immunodominant
epitopes (rHc), can be used to standardize testing and, potentially,
provide a therapeutic tool against E. sinensis allergy.

Ten IgE-binding epitopes, including three immunodominant
epitopes of hemocyanin, were first identified by bioinformatics
prediction and then confirmed by IgE-binding assays. Hemocyanin
undergoes heat processing and enzymatic digestion before its
induction of an anaphylactic reaction. Hemocyanin is a heat-
stable protein due to its copper active site and disulphide bridges
(Piboonpocanun et al., 2011; Zanjani et al., 2014; Yesilyurt et al.,
2008). The feature of heat-stable allows hemocyanin to retain the
ability to elicit an immune reaction under conditions such as heat-
ing and enzymatic degradation as tropomyosin (Yadzir et al.,2015).
But in these proteins, conformational changes and linear epitopes
exposure will increase antibody binding after heating (Kamath
etal., 2014). Therefore the immune response to linear epitopes was
considered to be relevant (Mao et al., 2013). As seen in Fig. 3, differ-
ent epitopes of hemocyanin were recognized by IgE derived from
different allergic patients, in agreement with previous findings sug-
gesting the existence of various epitopes that could be differentially
recognized (Wang et al., 2010; Lin et al,, 2012; Martinez-Botas
et al,, 2013). All of the candidate epitopes could be bound by sera
from some allergic patients, suggesting that they were genuine, lin-
ear, IgE-binding epitopes of hemocyanin. These data indicated that
our epitope prediction using the bioinformatics approach corre-
lated well with subsequent experimental data (Chen et al., 2014).
The IgE reactivity to the tested epitopes varied from 5% to 95%,
with the response frequency to epitopes 1, 2, and 4 predominating
(all >40%); these data lead to our categorization of these epitopes
as immunodominant. The determination of allergen-specific, IgE-
binding epitopes, is an important first step in understanding the
complexity of hypersensitivity reactions and provides a useful tool
for testing and, potentially, therapy.

Generally, the low performance of commercially available
extracts can complicate the diagnosis of food allergy (Aalberse et al.,
2013; Palomares et al., 2014). Confounding factors includes extrac-
tion procedure, batch-to-batch variation, protease content, and
storage conditions (Palomares et al., 2014). Therefore, recombinant
allergens offer a more reliable alternative for the in-vitro diagno-
sis of food allergy (Mao et al., 2013; Crameri, 2013). Exploitation
of molecular cloning allowed us to generate a recombinant protein
containing the three immune-dominant epitopes, between flexi-
ble spacer peptides. Our SDS-PAGE analyses indicated the expected
12 kDa protein that bound IgE derived from allergic sera, indicating
preservation of the IgE epitopes.

In this study, the cDNA encoding hemocyanin was isolated from
a cDNA expression library constructed from E. sinensis roe. We
chose to clone and express the full-length cDNA of hemocyanin
(Hc) in order to evaluate the immunogenicity of this construct
relative to a recombinant allergen containing the three primary
immunodominant epitopes alone (rHc). The results showed that
hemocyanin genes are 2067 bp in size, encoding 688 amino acid
residues. The amino acid sequence deduced from the hemocyanin
encoding cDNA was identical with those described in the earlier
researches (Sun et al., 2012).

To assess whether rHc could serve as a candidate recombinant
allergen for the diagnosis and treatment of patients allergic to
E. sinensis, we conducted a series of inhibition and ELISA assays.
Firstly, we detected sIgE reactivity in allergic and non-allergic
patients using the recombinant rHc allergen by ELISA. Ninety-five
percent of these patients had generated rHc-specific IgE. The results
showed that rHc reactivity could be used to discriminate between
positive and negative sera, suggesting suitability for clinical diag-
nostic applications. Dot-blot and inhibition assays confirmed the
allergenicity of rHc relative to Hc. All 21 of a cohort of E. sinensis

- sensitized patients showed IgE reactivity to Hc and rHc, con-
firming its relevance as an important E. sinensis allergen, while
pre-incubation with rHc abolishing IgE binding to Hc (Fig. 6), sug-
gesting their shared expression of allergenic epitopes. An ELISA
competition experiment then allowed us to quantitate the inhi-
bition achieved using the rHc construct as between 26% and 63%
(mean: 50%). Plausible explanations for these data (i.e. incomplete
inhibition) include of the rHc protein construct to express all of
the relevant allergenic epitopes in hemocyanin and/or an insuffi-
cient concentration of inhibiting rHc. Subsequent investigations of
the specificity of the antigen-antibody interaction (using a sequen-
tial competitive ELISA) indicated a sigmoidal dose-response curve,
confirming the specificity of Ag-Ab binding (Fig. 7B). 500 g of sol-
uble rHc was required to compete out 93% of serum IgE binding
to immobilized Hc. This indicated expression of the major immun-
odominant epitopes of hemocyanin within the rHc fusion protein.
An increasing knowledge of allergen content and the character-
istics of individual food allergens can facilitate the replacement
of unstandardized food protein extracts by a component-resolved
strategy (Aleksicetal.,2012). Such an approach applied for Eriocheir
sinensis allergy diagnosis and treatment increased the sensitivity of
the diagnostic tests and individual therapy.

At present, clinical diagnostic kits mostly used crab muscle
extracts for detecting serum sIgE. The addition of allergens from
crab roe to clinical diagnostic kits would improve the sensitiv-
ity of the crab allergy diagnosis. In the case of hemocyanin, we
identified three immunodominant epitopes and confirmed their
utility as allergenic epitopes. The recombinant tri-epitiope allergen
will, compared to crude E. sinensis extracts, enable standardization
and adequate quality control of allergenic biologics, with similar
IgE binding reactivity sensitivity for in vitro and in vivo diagnostic
procedures. Compared to the full length Hc, the recombinant tri-
epitiope allergen rHc may further increase the positive predictive
value of laboratory tests, provide information on the natural his-
tory of E. sinensis allergy, that is whether the patients may outgrow
their allergy, and perhaps provide information on the potential
severity of the allergic reaction to E. sinensis (Caubet et al., 2011).
Further research is now needed to fully understand the relationship
between linear IgE-binding epitopes and the allergic reactivity of
patients. Any clinical role for rHc remains to be determined in future
trial studies with patients allergic to E. sinensis. This study increases
our understanding of relevant Hc epitopes, and provides much
needed data for diagnosis and immunotherapeutic approaches to
allergic disease.

In conclusion, our combination of the three major immun-
odominant epitopes of E. sinensis hemocyanin as a fusion protein
will allow us to develop more specific diagnostic and therapeutic
approaches with which to diagnose E. sinensis allergy.
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