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Abstract: Background: Gal d 1 (ovomucoid) is the dominant allergen in the chicken egg white.
Hypoallergenic variants of this allergen can be used in immunotherapy as an egg allergy treatment
approach. We hypothesised that disruption of two of the nine cysteine-cysteine bridges by
site-directed mutagenesis will allow the production of a hypoallergenic variant of the protein;
Methods: Two cysteine residues at C192 and C210 in domain III of the protein were mutated to alanine
using site-directed mutagenesis, to disrupt two separate cysteine-cysteine bridges. The mutated
and non-mutated proteins were expressed in Escherichia coli (E. coli) by induction with isopropyl
[3-D-1-thiogalactopyranoside (IPTG). The expressed proteins were analysed using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting to confirm expression.
Immunoglobulin E (IgE) reactivity of the two proteins was analysed, by immunoblotting, against a
pool of egg-allergic patients’ sera. A pool of non-allergic patients’ sera was also used in a separate blot
as a negative control; Results: Mutant Gal d 1 showed diminished IgE reactivity in the immunoblot
by showing lighter bands when compared to the non-mutated version, although there was more
of the mutant protein immobilised on the membrane when compared to the wild-type protein.
The non-allergic negative control showed no bands, indicating an absence of non-specific binding of
secondary antibody to the proteins; Conclusion: Disruption of two cysteine bridges in domain III of
Gal d 1 reduces IgE reactivity. Following downstream laboratory and clinical testing, this mutant
protein can be used in immunotherapy to induce tolerance to Gal d 1 and in egg allergy diagnosis.

Keywords: allergens; egg allergy; immunotherapy; hypoallergens

1. Introduction

Hypersensitivity to chicken egg is caused by allergens present in the egg white and egg yolk.
Among these, Gal d 1 (ovomucoid) is known to be the most allergenic and predominant allergen and it
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is found in the chicken egg white [1,2]. This 28 kDa glycoprotein accounts for approximately 11% of the
total egg white protein. The tertiary structure of Gal d 1 is composed of 186 amino acids which form
three domains, with each domain containing approximately 60 amino acids. The tertiary structure is
robustly supported by nine intra-domain cysteine-cysteine disulphide bridges and five oligosaccharide
side chains. The function of Gal d 1 is known to be a trypsin inhibitor; however, the trypsin inhibitory
activity is limited to the second domain [1]. Hypersensitivity to Gal d 1 occurs because of its ability to
efficiently bind to immunoglobulin E (IgE). It has eight IgE binding epitopes [2], some of which are
linear while others are conformational. The highly IgE-reactive epitopes present in the third domain
make it the most allergenic domain of the three. The presence of linear IgE binding epitopes in Gal
d 1 makes it resistant to conditions such as heat and/or proteolytic digestion [3]. Since egg-allergic
patients are often allergic to cooked egg [4], it can be suggested that Gal d 1 plays a crucial role in
cooked egg allergy due to its rigidity. These specific features of Gal d 1 make it the prime allergen
when compared to other allergens in chicken egg and an ideal target for the development of egg allergy
treatment strategies.

There is no long-term cure for egg allergy. Strict avoidance of egg is the currently recommended
management strategy; however, avoidance is difficult and may cause malnutrition in children [5,6],
especially in financially disadvantaged families where procurement of more expensive nutritional
supplements or food that can replace eggs may be difficult. It is also problematic to completely avoid
eggs because of the presence of components or traces of egg in various food products, pharmaceutical
products and vaccines [7,8]. Allergen-specific oral immunotherapy (OIT) offers a potential treatment
strategy, not only for egg allergy but also for other types of food allergies. OIT essentially involves
the gradual oral feeding of an allergen to the patient in order to induce tolerance [9,10]. However,
OIT can be perilous for some patients, primarily because of the high allergenecity of some allergens
and the sensitivity of the patient, which may cause adverse conditions such as anaphylaxis that
can even lead to death [11-13]. Adverse reactions to OIT are currently a potential barrier to clinical
application [14,15]. Therefore, production of less allergenic versions, or hypoallergens, of allergens
has been the focus of many research groups [16-18], because these hypoallergens can offer improved
safety of oral immunotherapy.

Production of hypoallergenic Gal d 1 can be achieved by using mutagenesis as a tool in two
different strategies: the first is by mutating the sequences of the IgE binding epitopes and the second
is by targeting the secondary structure of the proteins. Drew et al. (2004) [19] successfully produced
a hypoallergenic variant of the major latex allergen Hev b 6.10 by disrupting the cysteine-cysteine
bonds of the protein to reduce its IgE reactivity. In this study, we have successfully produced a
hypoallergenic variant of Gal d 1 by targeting only two of the nine cysteine-cysteine bridges using
site-directed mutagenesis.

2. Methods

2.1. Site-Directed Mutagenesis of Gal d 1

The cDNA of Gal d 1 was cloned into pTrcHisA expression vector as discussed in
Dhanapala et al. 2015 [20]. This construct was used for site-directed mutagenesis of nucleotides
coding two cysteine residues, using QuickChange Lightning Multi Site-Directed Mutagenesis
kit (Agilent Technologies, Santa Clara, CA, USA). Two TGC triplicates coding for cysteine
192 and 210 (Figure 1) were targeted in order to disrupt two different cysteine-cysteine
bridges located in domain III of Gal d 1 (Figure 2). The TGC codons were changed to GCC
codons that code for alanine. Initially, mutagenic primer pairs were designed according to the
mutagenesis kit guidelines. The two pairs were named PM7 and PM9, because the mutations
were targeting the seventh and the ninth cysteine-cysteine bridges, respectively. The primers
are as follows; PM7 forward 5-GGCAACAAGTGCAACTTCGCCAATG CAGTCGTGGAAAG-3/,
PM7 reverse 5-CTTTCCACGACTGCATTGGCGAAGTTGCACTTGTTGCC-3/, PM9 forward
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5-ACTCTCACTTTAAGCCATTTTGGAAAAGCCTGAAAGCTTGGCTGT-3/, PM9  reverse
5'-ACAGCCAAGCTTTCAGGCTTTTCCAAAATGGCTTAAAGTGAGAGT-3'.  The bolded and
underlined GCC on forward primers show the mutations. To mutate the Gal d 1 cDNA in pTrcHisA
vector, the above mentioned primers and the cDNA constructs (as template DNA) were subjected to a
polymerase chain reaction (PCR). The PCR reaction was set up according to Table 1. The PCR was
then run according to the cycling parameters outlined in Table 2. Following the PCR, the reaction was
digested with Dpn I for 5 min at 37 °C, to digest the non-mutated template DNA.

5’-ATG GCC ATG GCA GGC GTC TTC GTG CTG TTC TCT TTC GTG CTT TGT GGC TTC CTC CCA
M A M A G vV F \Y L F S F v L C G F L P
: | 10

GAT GCT GCC TTT GGG GCT GAG GTG GAC TGC AGT AGG TTT CCC AAC GCT ACA GAC AAG
D A A F G A E v D C S R F P N A i D K

20 30
GAA GGC AAA GAT GTA TTG GTT TGC AAC AAG GAC CTC CGC CCC ATC TGT GGT ACC GAT
E G K D v L v C N K D L R P 1 C G T D
40 S0
GGA GTC ACT TAC ACC AAC GAT IGC TTG CTG IGT GCC TAC AGC ATA GAA TTT GGA ACC
G \" T Y T N D C L L C A Y S I E F G T
60 70
AAT ATC AGC AAA GAG CAC GAT GGA GAA TGC AAG GAA ACT GTT CCT ATG AAC TGC AGT
N 1 S K E H D G E C K E T V P M N C S
80 90

AGT TAT GCC AAC ACG ACA AGC GAG GAC GGA AAA GTG ATG GTC CTC IGC AAC AGG GCC
S Y A N T T S E D G K v M VvV L C N R A
100 110

TTC AAC CCC GTC TGT GGT ACT GAT GGA GTC ACC TAC GAC AAT GAG TGT CTG CTG TGT
F N P Vv C G T D G \" T Y D N E C L L C
120 130

GCC CAC AAA GTA GAG CAG GGG GCC AGC GTT GAC AAG AGG CGT GAT GGT GGA TIGT
A H K \Y E Q G A S v D K R R D G G C
140 150

AGG AAG GAA CTT GCT GCT GTG AGT GTT GAC TGC AGT GAG TAC CCT AAG CCT GAC TGC
R K E L A A v S v D C S E Y P K P D C
160 170

ACG GCA GAA GAC AGA CCT CTC TGT GGC TCC GAC AAC AAA ACA TAT GGC AAC AAG TGC
T A E D R P L C G S D N K T b 4 G N K C
180

AAC TTIC TGC AAT GCA GTC GTG GAA AGC AAC GGG ACT CTC ACT TTA AGC CAT TTT GGA
N A C N A \" \Y E S N G T L T L S H F G

190 200
AAR TGC TGA-3’
kKL ¢ Istop
210

Figure 1. The nucleotide and amino acid sequence of Gal d 1. The squared cysteine (C) residues at
positions C192 and C210 are the targeted residues. These were replaced with alanine by mutating the
nucleotides to GCC.

Table 1. Mutagenic polymerase chain reaction (PCR) master mix components.

Reaction Component Volume Used (uL)
10x QuickChange Lightning Multi reaction buffer 2.5
Double-distilled water 15.5
Template DNA 1 (50 ng)
Mutagenic primers 1 of each primer (100 ng of each primer)
Deoxy-nucleoside triphosphate (ANTP) mix 1
QuickChange Lightning Multi enzyme blend 1

Total 25
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Figure 2. The secondary structure of Gal d 1 showing the total number of cysteine bridges. The two
arrows show the two cysteine bridges that would be destroyed by the mutations shown in Figure 1.
Figure adapted from: Kato et al., 1987 [1].

Table 2. Mutagenic PCR conditions.

Segment Cycles Temperature Time
1 1 95°C 2 min
95°C 20s
2 30 55 °C 30s
65 °C 3 min (30 s/kb of plasmid length)
3 1 65 °C 5

2.2. Chemical Transformation into E. coli

The mutated plasmids were then transformed into XL10-Gold ultracompetent E. coli cells
following manufacturer’s guidelines provided with the mutagenesis kit. The reaction was incubated
with 0.5 mL of pre-heated Luria broth (LB) media at 37 °C for 1 h at 250 rpm. The transformant
was then spread-plated on LB agar with 50 pg/mL ampicillin and incubated overnight at 37 °C.
The next day, 6 clones were grown in fresh LB media with ampicillin and grown overnight. The cells in
overnight cultures were pelleted by centrifuging at 13,000 rpm for 5 min and subjected to a mini-prep
(Qiagen, Hildon, Germany) to isolate the plasmid constructs following manufacturer’s guidelines.
The isolated plasmids of the six clones were sequenced to confirm the mutations. The sequences
were aligned and compared with wild-type Gal d 1 using the NCBI BLAST tool. The clones that had
the correct sequence and the mutations were then transformed into Express I chemically competent
E. coli cells (New England BioLabs, Boston, MA, USA) following manufacturer’s guidelines. The
transformants were plated on LB agar with ampicillin and incubated overnight at 37 °C. In addition
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to the mutant transformants plate, a sample of glycerol-stocked E. coli containing the wild-type
ovoumucoid construct was also plated on LB agar with ampicillin.

2.3. Time-Course Expression of Mutant Gal d 1 to Determine Optimum Expression Time

A single colony of the mutant Gal d 1 was grown overnight in LB media with 50 pg/mL ampicillin.
The overnight culture was then subcultured in 10 mL of fresh LB media and grown to mid-log phase
(ODgpp 0.4-0.6). A 1 mL sample of the cells was pelleted to be used as the unexpressed control (0 h)
of the time-course expression. Expression was then induced with 40 uL of IPTG and the cells were
incubated for 6 h at 37 °C with shaking at 250 rpm. A 1 mL sample was collected every one hour for
the 6 h period. The pellets collected at time points 0, 2, 4, 5 and 6 were lysed using 400 uL of Cell Lytic
B (Sigma Aldrich, Natick, MA, USA) lysis reagent and centrifuged at 13,000 g for 5 min to separate
the pellet (insoluble fraction) and the supernatant (soluble fraction). The two fractions were analysed
using SDS-PAGE and western blot according to the methods described in Dhanapala et al. 2015 [20].

2.4. Expression and Immunoblotting of Wild-Type and Mutant Gal d 1 Using Three Different
Detection Antibodies

The wild-type and mutant Gal d 1 were expressed in E. coli to their optimum time points
as determined by the time-course expressions (wild-type Gal d 1 optimum time was determined
in Dhanapala et al. 2015 [20]). Cells were pelleted and lysed using Cell Lytic B as previously
described. The soluble fractions of both proteins were run on SDS-PAGE in equal amounts
(15 uL), along with a molecular weight marker. A gap lane was left between the two proteins to
avoid any cross-contamination between the two variants. The SDS gel was then transferred on to a
nitrocellulose membrane to be used for western blotting. A total of five nitrocellulose membranes were
prepared this way, of which two would be used in the analysis described in Section 2.5. Three prepared
nitrocellulose membranes were subjected to Western blotting using three different antibodies that can
detect the expressed protein (e.g., anti-Xpress antibody, tetra-His antibody and penta-His antibody).

2.5. Immunological Analysis of Wild-Type vs. Mutant Gal d 1 Using Western Blot

The two remaining nitrocellulose membranes from Section 2.4 were used for immunoblotting
using egg allergic and non-allergic patients’ sera to test for IgE reactivity. In a previous study, we used
a pool of egg allergic patients’ sera and a pool of non-allergic patients’ sera for immunological analysis
of recombinant egg white proteins [20]. In this study we used the same pooled serum preparations
and incubated one membrane with allergic patients’ sera and the other with non-allergic patient’s
sera, and incubated overnight at 4 °C. The blots were then incubated with anti-human IgE (alkaline
phosphatase conjugated) secondary antibody produced in goat at a dilution of 1:1000. The bands were
detected using a chromogenic substrate as used in the Western blots described in Section 2.4.

3. Results

3.1. Mutagenesis of Gal d 1

Following site-directed mutagenesis to alter C192 and C210, six clones were sequenced to confirm
the mutations. Five of the six clones had only one mutation present. One clone had both of the
mutations at the expected locations of the sequence. When the wild-type Gal d 1 sequence was aligned
with the mutant Gal d 1 sequence on NCBI BLAST, it was seen that the TGC codons (cysteine) for C192
and C210 had been changed to GCC, which in turn codes for alanine.

3.2. Time-Course Expression of Mutant Gal d 1 to Determine Optimum Expression Time

The mutant Gal d 1 protein was expressed in E. coli following IPTG induction for 6 h, and pellets
were collected every 1 h, including one before IPTG induction. The pellets from time points 0, 2, 4, 5
and 6 were lysed and the soluble and insoluble fractions were analysed using SDS-PAGE and Western
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blot. The results show that the optimum expression time point for mutant Gal d 1 is 5 h (Figure 3B),
as compared to 2 h for wild-type Gal d 1 (Figure 3A) [20]. It can also be seen that the expression level
of mutant Gal d 1 decreased after 5 h.

(A) Insoluble fraction Soluble fraction Insoluble fraction | Solublefraction
- —. - .
-m,m €~ 28kDa
Time points (hours)- 0 2 4 5 6 0 2 4 5 6 ZALS. O
(8) Insoluble fraction Soluble fraction Insoluble fract} Soluble fraction
J--. <€~ 28kDa
Time points (hours)- 0 2 4 5 6 0 2 4 5 6 ONN2FEARRS 6 002074 506

Figure 3. Time-course expression of the mutant Gal d 1. A time-course expression of the wild-type Gal
d 1 (A) was previously published in Dhanapala et al. 2015 [20]. The mutant Gal d 1 (B) was subjected
to a time-course expression to determine its optimal expression time and conditions and was compared
to the wild-type Gal d 1 expression shown in (A).

3.3. Expression and Immunoblotting of Wild-Type and Mutant Gal d 1 Using Three Different
Detection Antibodies

The wild-type and mutant recombinant Gal d 1 proteins were expressed in LB until their
respective optimum time points by induction with IPTG. The proteins were analysed by SDS-PAGE
and Western blotting using three different antibodies (anti-Xpress, Tetra-His and Penta-His antibodies).
The SDS-PAGE shows that similar amounts of both proteins were loaded on to the gel (Figure 4).
The Western blots show that there was a slightly higher amount of mutant protein present on the
nitrocellulose membrane (Figure 4).

SDS-PAGE Anti-Xpress Tetra-His Penta-His
v
28 kDa—>| -
Z 2 Z Z 2 Z A A Z
% % 3 % 0ty % 3 %
z % Z % Z £ Z %
) ) ? )

Figure 4. Inmunoblot comparison of the wild-type and mutant Gal d 1 immobilised on nitrocellulose.
Three Western blots were conducted using His-tag—specific antibodies (Tetra-His & Penta-His) and
anti-Xpress antibody to compare the expression level of wild-type and mutant (PM7/9) Gal d 1.
SDS-PAGE shows the profile of the loaded proteins.
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3.4. Immunological Analysis of Wild-Type vs. Mutant Gal d 1 Using Western Blot

Two nitrocellulose membranes were prepared using the same samples used for the blots shown in
Figure 4. The two membranes were subjected to Western blotting using egg-allergic patients’ sera and
non-allergic sera. The egg-allergic patients’ sera blot showed reduced binding (lighter colouration) for
the mutant Gal d 1 lane when compared to the wild-type Gal d 1 (Figure 5). The non-allergic sera blot
showed no detectable bands in either of the lanes representing wild-type or mutant Gal d 1 (Figure 5).

SDS-PAGE Allergic sera Non-allergic sera
control
28 kDa—>) .

zZ ¢ Z 2z 2 Z 7 42 %

*3 5 T3 %5 T3 %
2 % 2 % 2 =
) © )
© © ©

Figure 5. Inmunological comparison of IgE reactivity of wild-type and mutant Gal d 1. Western blots
were conducted, with exactly the same amount of proteins loaded against egg-allergic and non-allergic
patients’ sera. Anti-human IgE produced in goat was used as the secondary antibody. Non-allergic
controls were used to test for any non-specific binding of secondary antibody. The blots show a loss of
IgE reactivity in the mutant PM7/9.

4. Discussion

Hypersensitivity to chicken egg white is mainly caused by four major egg white allergens.
Of these, Gal d 1 is known to be the most allergenic protein. Gal d 1 is known to cause hypersensitivity
in its natural or cooked form. This may primarily be due to its rigid tertiary structure which allows
it to withstand harsh conditions such as heat and stomach/digestive acids. Due to the lack of an
effective curative treatment, strict avoidance is currently the standard method of managing egg allergy.
However, this strategy is not feasible due to the difficulty in achieving complete egg avoidance and
the high nutritional value of eggs in a balanced diet, especially for children. Induction of tolerance
to allergens is a well-established strategy for treatment of different types of allergies such as insect
venom or pollen allergy. Immunotherapy, specifically oral immunotherapy (OIT), which is a type
of allergen-specific immunotherapy (SIT), has been explored for the induction of tolerance to food
allergens. OIT involves feeding a patient increasing amounts of raw or cooked versions of the allergen
source, in order to induce desensitization or long-lasting tolerance to the allergen [21]. One barrier
to implementation of OIT in the clinical setting is the high rate of adverse reactions necessitating
discontinuation of therapy, which primarily involve immediate allergic reactions to the allergen [14,15].
Recombinant versions of allergens offer an approach to reduce adverse reactions, thereby allowing
improved effectiveness [22]. These recombinant allergens are purer and free from contamination
from other allergens of the food source, and thus may also be useful for the diagnosis of allergy
(e.g., skin prick tests or immunoassay).
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Food allergies, including allergy to chicken egg, may sometimes cause severe reactions such
as anaphylaxis. In such patients, use of natural allergens for diagnosis or immunotherapy may
be associated with unwanted allergic reactions. Therefore hypoallergenic, or less allergenic,
versions of allergens would be useful in such patients with severe allergic reactions. Production
of hypoallergenic variants has been rigorously pursued in allergy research, for example the production
of a hypoallergenic variant of the major latex allergen Hev b 6.01 by site-directed mutagenesis by Drew
et al., 2004 [19], and the development of a vaccine using hypoallergenic derivatives of the birch pollen
allergen Bet V 1 by Niederberger et al., 2004 [23]. In this study, we developed a hypoallergenic variant
of the major egg white allergen Gal d 1 (Gal d 1) which showed reduced IgE reactivity when compared
to its wild-type counterpart.

For mutagenesis, it was decided to use alanine as a replacement for cysteine residues at C192 and
C210 because it is the most common amino acid that does not have extreme electrostatic or steric effects
on the conformation of the protein [24]. The sequencing result of the six clones post-mutagenesis
showed that five clones had only one of the desired mutations present. The mutagenesis kit used in
this study allowed introducing multiple mutations in a single reaction. Therefore, the low efficiency
can be attributed to factors such as the quality of the template DNA or the efficiency of the mutagenic
primers. Nevertheless, one clone had both of the desired mutations at C192 and C210, replacing TGC
codons (cysteine) with GCC (alanine). The Gal d 1 secondary structure is made up of three tandem
domains (I-III), with domain III showing high IgE reactivity [25]. By targeting C192 and C210,
we aimed to destroy two cysteine-cysteine disulphide bridges in domain III, thus altering its
conformation. We hypothesised that altering the conformation of domain III may have a significant
effect on IgE reactivity of the whole protein.

The mutant Gal d 1 was successfully expressed in E. coli. A time-course expression was conducted
to determine the optimum time point for the expression of the mutant protein. We previously reported
that the wild-type recombinant Gal d 1 was best expressed at 2 h post-induction with IPTG [20].
However, the expression pattern of the mutant protein was different to that of the wild-type, as shown
in Figure 3. The mutant protein’s expression level increased with time up until 5 h, as opposed to the
wild-type protein’s which showed a reduction in expression after 2 h. Similar to the wild-type, the
mutant was highly expressed in the insoluble fraction, indicating that the expression of the protein
causes the formation of inclusion bodies in E. coli. Nonetheless, the amount expressed in the soluble
fraction was sufficient for the remainder of this study.

When analysing two proteins on an immunoblot to compare their reactivity for an antibody,
it is essential to immobilise similar amounts of the two proteins. When comparing recombinant
proteins, it is crucial that the proteins are purified to allow loading of similar amounts of proteins
to a gel to be transferred on to a nitrocellulose membrane. In this study, we did not have purified
recombinant versions of the wild-type or mutant Gal d 1. Therefore, after inducing expression until
the optimum time point of each variant, we loaded similar volumes of the crude E. coli extracts onto
gels, transferred on to nitrocellulose and subjected to detection using different antibodies to confirm
that both proteins are expressed and loaded at similar quantities. When analysed on SDS-PAGE
and Western blotted using Anti-Xpress, Tetra-His and Penta-His antibodies, it was evident that there
was more of the mutant protein immobilised on the nitrocellulose membrane when compared to
the wild-type protein. This was not a significant issue as we were testing the IgE reactivity of the
mutant against the wild-type Gal d 1. It was only vital to ensure that the wild-type protein did not
exceed the amount of mutant protein on the membrane. Following the aforementioned immunoassays,
the two proteins were compared against each other for IgE reactivity using egg-allergic patients’ sera.
The blot in Figure 5 clearly shows that there is a significantly visible reduction of IgE reactivity in
the mutant protein, although there is more of the mutant protein immobilised on the membrane.
One may argue that the IgE in the sera may have attached /reacted to E. coli protein; however, we have
previously shown that the IgE in the egg-allergic sera we used did not react to E. coli proteins [20].
The membrane incubated with non-allergic sera showed no bands, indicating that the secondary
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antibody, anti-human IgE produced in goat, does not non-specifically bind to the recombinant proteins.
Furthermore, breaking down and accumulation of the protein was evident by the presence of multiple
bands on the immunoblots on Figure 4. The presence of less bands in the Penta-His antibody blot,
compared to Tetra-His, can be attributed to the detection of proteins broken down at the histidine tag
by the Tetra-His antibody.

This study shows that disruption of only two out of nine cysteine-cysteine bridges in Gal d 1 by
targeting C192 and C210 significantly reduces its reactivity to egg-specific IgE. The result also suggests
that the structure of the protein plays a crucial role in its allergenecity. This mutant Gal d 1 has the
potential to be used in safer egg oral immunotherapy. This study provides preliminary results for
future research involving the production of hypoallergenic variants of egg allergens, in particular
Gal d 1. The result obtained from this study should be followed by further in vitro and in vivo
experimentation. The foremost next step is purification of the protein from the soluble fraction of E. coli.
We have expressed the protein with a 6 x histidine tag; therefore, nickel affinity purification techniques
can be utilsed for this purpose. The purified protein can then be used in B-cell and T-cell activation
tests/assays. T-lymphocytes (T-cells) are known to be important in allergic desensitization [26,27];
therefore, it is imperative to test the ability of the hypoallergenic Gal d 1 produced in this study to
stimulate T-cells. Animal models also play a pivotal role in food allergen research [28], and therefore it
should be suggested that the hypoallergenic Gal d 1 we produced should undergo animal model-based
experimentation prior to clinical testing. We have previously shown that Gal d 1 is more reactive
in comparison to other allergens when tested against egg-allergic patients’ sera [20]. In addition,
the same study showed that patients show reactivity to more than one allergen, even the patients
showing high reactivity to Gal d 1. Therefore, it should be highlighted that a hypoallergenic variant of
Gal d 1 is only useful for reducing allergic response in patients allergic to multiple allergens during
immunotherapy, rather than complete abolition of reactivity, thus showing the importance of research
into the development of hypoallergenic variants of other allergens in the egg.

5. Conclusions

In summary, we have successfully produced a hypoallergenic variant of the major egg white
allergen Gal d 1 by disrupting two cysteine-cysteine bridges using site-directed mutagenesis.
This hypoallergenic variant, upon purification and further immunological analysis, may be used
as an excellent constituent in future immunotherapy vaccines for egg allergy.

Acknowledgments: We would like to thank the Poultry Cooperative Research Centre (CRC) (established and
supported under the Australian Government’s Cooperative Research Centres Program) and Deakin University’s
Molecular and Medical Research (MMR) Strategic Research Centre (SRC) for providing this study with the required
research funding, the Australian Animal Health Laboratory (AAHL) of Commonwealth Scientific and Industrial
Research Organisation (CSIRO) for supplying animal tissues required for the study, and the Murdoch Childrens
Research Institute (MCRI) at the Royal Children’s Hospital Melbourne for supplying egg-allergic patients’ sera
which was crucial for the immunological analysis. The Murdoch Childrens Research Institute is supported by the
Victorian Government’s Operational Infrastructure Support Program. Author P.D. was supported by a Deakin
University Post Graduate Research Scholarship and a Poultry CRC Top-Up PhD Scholarship.

Author Contributions: C.S. and T.D. conceived and supervised the study. P.D. and D.W.-D. performed
experiments, collected data and prepared manuscript. M.L.K.T. provided reagents essential for the immunological
analysis. All authors reviewed and edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
IgE immunoglobulin E
OIT oral immunotherapy

SPT skin prick tests



Nutrients 2017, 9,171 10 of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kato, I; Schrode, ].; Kohr, W.J.; Laskowski, M. Chicken ovomucoid: Determination of its amino acid sequence,
determination of the trypsin reactive site, and preparation of all three of its domains. Biochemistry 1987, 26,
193-201. [CrossRef] [PubMed]

Mine, Y.; Zhang, ]. Identification and Fine Mapping of IgG and IgE Epitopes in Ovomucoid. Biochem. Biophys.
Res. Commun. 2002, 292, 1070-1074. [CrossRef] [PubMed]

Kovacs-Nolan, J.; Zhang, J.W.; Hayakawa, S.; Mine, Y. Immunochemical and Structural Analysis of
Pepsin-Digested Egg White Ovomucoid. J. Agric. Food Chem. 2000, 48, 6261-6266. [CrossRef] [PubMed]
Des Roches, A.; Nguyen, M.; Paradis, L.; Primeau, M.N.; Singer, S. Tolerance to cooked egg in an egg allergic
population. Allergy 2006, 61, 900-901. [CrossRef] [PubMed]

Savage, J.H.; Matsui, E.C.; Skripak, ].M.; Wood, R.A. The natural history of egg allergy. ]. Allergy
Clin. Immunol. 2007, 120, 1413-1417. [CrossRef] [PubMed]

Iannotti, L.L.; Lutter, C.K.; Bunn, D.A; Stewart, C.P. Eggs: The uncracked potential for improving maternal
and young child nutrition among the world’s poor. Nutr. Rev. 2014, 72, 355-368. [CrossRef] [PubMed]
Kiosseoglou, V.; Paraskevopoulou, A. Eggs. Bakery Products Science and Technology; John Wiley & Sons, Ltd.:
Hoboken, NJ, USA, 2014; pp. 243-258.

Karabus, S.; Gray, C.L.; Goddard, E.; Kriel, M.; Lang, A.C.; Manjra, A.L; Risenga, S.M.; Terblanche, A.].;
van der Spuy, D.A.; Levin, M.E. Vaccination in food allergic patients: Continuing medical education. S. Afr.
Med. ]. 2015, 105, 73. [CrossRef]

Nurmatov, U.; Devereux, G.; Worth, A.; Healy, L.; Sheikh, A. Effectiveness and safety of orally administered
immunotherapy for food allergies: A systematic review and meta-analysis. Br. J. Nutr. 2014, 111, 12-22.
[CrossRef] [PubMed]

Jones, S.M.; Burks, A.W.; Dupont, C. State of the art on food allergen immunotherapy: Oral, sublingual, and
epicutaneous. J. Allergy Clin. Immunol. 2014, 133, 318-323. [CrossRef] [PubMed]

De Boer, J.; Hogan, A. Baseline Specific IgE levels Are Useful to Predict Safety of Oral Immunotherapy in
Egg-Allergic Children. Pediatrics 2014, 134 (Suppl. S3), S150-5151. [CrossRef] [PubMed]

Muraro, A.; Werfel, T.; Hoffmann-Sommergruber, K.; Roberts, G.; Beyer, K.; Bindslev-Jensen, C.; Cardona, V.;
Dubois, A.; duToit, G.; Eigenmann, P; et al. EAACI Food Allergy and Anaphylaxis Guidelines: Diagnosis
and management of food allergy. Allergy 2014, 69, 1008-1025. [CrossRef] [PubMed]

Sampson, H.A. Anaphylaxis and Food Allergy. In Food Allergy; John Wiley & Sons Ltd.: Hoboken, NJ, USA,
2013; pp. 178-191.

Vazquez-Ortiz, M.; Alvaro-Lozano, M.; Alsina, L.; Garcia-Paba, M.B.; Piquer-Gibert, M.; Giner-Munoz, M.T,;
Lozano, J.; Dominguez-Sanchez, O.; Jiménez, R.; Dias, M.; et al. Safety and predictors of adverse events
during oral immunotherapy for milk allergy: Severity of reaction at oral challenge, specific IgE and prick
test. Clin. Exp. Allergy 2013, 43, 92-102. [CrossRef] [PubMed]

Varshney, P; Steele, PH.; Vickery, B.P.; Bird, ].A.; Thyagarajan, A.; Scurlock, A.M.; Perry, T.T.; Jones, S.M.;
Wesley Burks, A. Adverse Reactions During Peanut Oral Immunotherapy Home Dosing. ]. Allergy
Clin. Immunol. 2009, 124, 1351-1352. [CrossRef] [PubMed]

Wai, C.Y.Y,; Leung, N.Y.H.; Ho, M.H.K; Gershwin, L.J.; Shu, S.A.; Leung, P.S.C.; Chu, K.H. Immunization
with Hypoallergens of Shrimp Allergen Tropomyosin Inhibits Shrimp Tropomyosin Specific IgE Reactivity.
PLoS ONE 2014, 9, €111649. [CrossRef] [PubMed]

Curin, M.; Weber, M.; Thalhamer, T.; Swoboda, I.; Focke-Tejkl, M.; Blatt, K.; Valent, P.; Marth, K.; Garmatiuk, T.;
Gronlund, H.; et al. Hypoallergenic derivatives of Fel d 1 obtained by rational reassembly for allergy
vaccination and tolerance induction. Clin. Exp. Allergy 2014, 44, 882-894. [CrossRef] [PubMed]
Focke-Tejkl, M.; Weber, M.; Niespodziana, K.; Neubauer, A.; Huber, H.; Henning, R.; Stegfellner, G.;
Maderegger, B.; Hauer, M.; Stolz, F; et al. Development and characterization of a recombinant,
hypoallergenic, peptide-based vaccine for grass pollen allergy. |. Allergy Clin. Immunol. 2015, 135, 1207-1217.
[CrossRef] [PubMed]

Drew, A.C.; Eusebius, N.P; Kenins, L.; de Silva, H.D.; Suphioglu, C.; Rolland, J.M.; O’hehir, R.E.
Hypoallergenic Variants of the Major Latex Allergen Hev b 6.01 Retaining Human T Lymphocyte Reactivity.
J. Immunol. 2004, 173, 5872-5879. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/bi00375a027
http://www.ncbi.nlm.nih.gov/pubmed/3548816
http://dx.doi.org/10.1006/bbrc.2002.6725
http://www.ncbi.nlm.nih.gov/pubmed/11944924
http://dx.doi.org/10.1021/jf000358e
http://www.ncbi.nlm.nih.gov/pubmed/11141283
http://dx.doi.org/10.1111/j.1398-9995.2006.01134.x
http://www.ncbi.nlm.nih.gov/pubmed/16792596
http://dx.doi.org/10.1016/j.jaci.2007.09.040
http://www.ncbi.nlm.nih.gov/pubmed/18073126
http://dx.doi.org/10.1111/nure.12107
http://www.ncbi.nlm.nih.gov/pubmed/24807641
http://dx.doi.org/10.7196/SAMJ.9106
http://dx.doi.org/10.1017/S0007114513002353
http://www.ncbi.nlm.nih.gov/pubmed/23945022
http://dx.doi.org/10.1016/j.jaci.2013.12.1040
http://www.ncbi.nlm.nih.gov/pubmed/24636471
http://dx.doi.org/10.1542/peds.2014-1817FF
http://www.ncbi.nlm.nih.gov/pubmed/25363938
http://dx.doi.org/10.1111/all.12429
http://www.ncbi.nlm.nih.gov/pubmed/24909706
http://dx.doi.org/10.1111/cea.12012
http://www.ncbi.nlm.nih.gov/pubmed/23278884
http://dx.doi.org/10.1016/j.jaci.2009.09.042
http://www.ncbi.nlm.nih.gov/pubmed/19913285
http://dx.doi.org/10.1371/journal.pone.0111649
http://www.ncbi.nlm.nih.gov/pubmed/25365343
http://dx.doi.org/10.1111/cea.12294
http://www.ncbi.nlm.nih.gov/pubmed/24552249
http://dx.doi.org/10.1016/j.jaci.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25441634
http://dx.doi.org/10.4049/jimmunol.173.9.5872
http://www.ncbi.nlm.nih.gov/pubmed/15494541

Nutrients 2017, 9,171 11 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dhanapala, P.; Doran, T.; Tang, M.L.K,; Suphioglu, C. Production and immunological analysis of IgE reactive
recombinant egg white allergens expressed in Escherichia coli. Mol. Immunol. 2015, 65, 104-112. [CrossRef]
[PubMed]

Nowak-Wegrzyn, A.; Fiocchi, A. Is oral immunotherapy the cure for food allergies? Curr. Opin. Allergy
Clin. Immunol. 2010, 10, 214-219. [CrossRef]| [PubMed]

Valenta, R.; Linhart, B.; Swoboda, I.; Niederberger, V. Recombinant allergens for allergen-specific
immunotherapy: 10 years anniversary of immunotherapy with recombinant allergens. Allergy 2011, 66,
775-783. [CrossRef] [PubMed]

Niederberger, V.; Horak, F; Vrtala, S.; Spitzauer, S.; Krauth, M.-T.; Valent, P.; Reisinger, J.; Pelzmann, M.;
Hayek, B.; Kronqvist, M.; et al. Vaccination with genetically engineered allergens prevents progression of
allergic disease. Proc. Natl. Acad. Sci. USA 2004, 101 (Suppl. S2), 14677-14682. [CrossRef] [PubMed]
Cunningham, B.; Wells, ]. High-resolution epitope mapping of hGH-receptor interactions by alanine-scanning
mutagenesis. Science 1989, 244, 1081-1085. [CrossRef] [PubMed]

Zhang, ] W.; Mine, Y. Characterization of IgE and IgG Epitopes on Ovomucoid Using Egg-White-Allergic
Patients’ Sera. Biochem. Biophys. Res. Commun. 1998, 253, 124-127. [CrossRef] [PubMed]

Rolland, J.; O’Hehir, R. Immunotherapy of allergy: Anergy, deletion, and immune deviation.
Curr. Opin. Immunol. 1998, 10, 640-645. [CrossRef]

Palomares, O. The role of regulatory T cells in IgE-mediated food allergy. J. Investig. Allergol. Clin. Immunol.
2013, 23, 371-382. [PubMed]

Van Gramberg, J.L.; de Veer, M.].; O'Hehir, R.E.; Meeusen, E.N.T.; Bischof, R.J. Use of Animal Models to
Investigate Major Allergens Associated with Food Allergy. J. Allergy 2013. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.molimm.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25656803
http://dx.doi.org/10.1097/ACI.0b013e3283399404
http://www.ncbi.nlm.nih.gov/pubmed/20431369
http://dx.doi.org/10.1111/j.1398-9995.2011.02565.x
http://www.ncbi.nlm.nih.gov/pubmed/21352238
http://dx.doi.org/10.1073/pnas.0404735101
http://www.ncbi.nlm.nih.gov/pubmed/15310844
http://dx.doi.org/10.1126/science.2471267
http://www.ncbi.nlm.nih.gov/pubmed/2471267
http://dx.doi.org/10.1006/bbrc.1998.9761
http://www.ncbi.nlm.nih.gov/pubmed/9875231
http://dx.doi.org/10.1016/S0952-7915(98)80082-4
http://www.ncbi.nlm.nih.gov/pubmed/24459813
http://dx.doi.org/10.1155/2013/635695
http://www.ncbi.nlm.nih.gov/pubmed/23690797
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Site-Directed Mutagenesis of Gal d 1 
	Chemical Transformation into E. coli 
	Time-Course Expression of Mutant Gal d 1 to Determine Optimum Expression Time 
	Expression and Immunoblotting of Wild-Type and Mutant Gal d 1 Using Three Different Detection Antibodies 
	Immunological Analysis of Wild-Type vs. Mutant Gal d 1 Using Western Blot 

	Results 
	Mutagenesis of Gal d 1 
	Time-Course Expression of Mutant Gal d 1 to Determine Optimum Expression Time 
	Expression and Immunoblotting of Wild-Type and Mutant Gal d 1 Using Three Different Detection Antibodies 
	Immunological Analysis of Wild-Type vs. Mutant Gal d 1 Using Western Blot 

	Discussion 
	Conclusions 

