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Characterization of the allergenic potential of
proteins: an assessment of the kiwifruit
allergen actinidin

Rebecca J. Dearman®*, Lorna Beresford®, Emily S. Foster®,
Scott McClain® and lan Kimber®

ABSTRACT: Assessment of the potential allergenicity (IgE-inducing properties) of novel proteins is an important challenge in
the overall safety assessment of foods. Resistance to digestion with pepsin is commonly measured to characterize
allergenicity, although the association is not absolute. We have previously shown that specific IgE antibody production
induced by systemic [intraperitoneal (i.p.)] exposure of BALB/c strain mice to a range of proteins correlates with allergenic
potential for known allergens. The purpose of the present study was to explore further the utility of these approaches using
the food allergen, actinidin. Recently, kiwifruit has become an important allergenic foodstuff, coincident with its increased
consumption, particularly as a weaning food. The ability of the kiwifruit allergen actinidin to stimulate antibody responses
has been compared with the reference allergen ovalbumin, and with the non-allergen bovine haemoglobin. Haemoglobin
was rapidly digested by pepsin whereas actinidin was resistant unless subjected to prior chemical reduction (reflecting
intracellular digestion conditions). Haemoglobin stimulated detectable IgG antibody production at relatively high doses
(10%), but failed to provoke detectable IgE. In contrast, actinidin was both immunogenic and allergenic at relatively low
doses (0.25% to 1%). Vigorous IgG and IgG1 antibody and high titre IgE antibody responses were recorded, similar to those
provoked by ovalbumin. Thus, actinidin displays a marked ability to provoke IgE, consistent with allergenic potential. These
data provide further encouragement that in tandem with analysis of pepsin stability, the induction of IgE after systemic
exposure of BALB/c strain mice provides a useful approach for the prospective identification of protein allergens. Copyright
© 2013 John Wiley & Sons, Ltd.
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As an example, allergy to sesame, an important allergen in
countries such as Israel, has become much more common in the
UK in line with increasing consumption (Aaronov et al., 2008;
Derby et al., 2005). It is clear that a spectrum of allergenic potential
and potency exists among food proteins. Most cases of food
allergy are associated with a relatively limited number of foods
and food products; most commonly peanuts, tree nuts, hens’
egg, cows’ milk, wheat, soybeans, fish and shellfish (Gupta et al.,
2011; Sicherer and Sampson, 2009).

Current recommendations for the assessment of the potential
allergenicity of novel (GM) food proteins incorporate consider-
ation of the source of the gene, bioinformatics search compari-
sons for amino acid sequence or structural homology with
known allergenic proteins, measurement of the resistance or
stability of the protein to digestion by pepsin and, if appropriate
(source of the transgene is allergenic/homology with known

Introduction

In common with other IgE-mediated allergic diseases, the
prevalence of food allergy appears to have been increasing over
the last decade or more. Indeed, it has been suggested that the
most recent increases in food allergy represent a ‘second wave'
of the allergy epidemic, that has lagged behind the rise in
asthma and allergic rhinitis that has been witnessed during the
last 40 or 50years (Prescott and Allen, 2011). Although it had
been previously estimated that 3-4% of adults and 4-6%
children in the USA suffer from a food allergy (Sicherer and
Sampson, 2009), more recent studies suggest that the incidence
may be even higher. Thus, it is estimated that a challenge-
proven IgE-mediated food allergy affects up to 10% of infants
in Australia (Prescott and Allen, 2011), and a recent study in
the USA suggested that the prevalence in children is 8% (Gupta
et al., 2011). IgE-mediated allergies are of particular relevance to
toxicology. With the development of novel foods and food

|
products, including those that are produced by genetic modifica-
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tion (GM), there is an important need for the safety assessment
of transgene products, and in particular for the characterization
of potential allergenic activity (Lack et al, 2002; Selgrade et al.,
2009). This is a legitimate concern given that there is strong
evidence that changing patterns of food consumption and
dietary habits can result in alterations in the demographic
profile of those foods identified as major allergens in a population.
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allergen is confirmed), in vitro IgE binding tests (Goodman and
Tetteh, 2011). The inclusion of pepsin digestibility results from
the observation that there is an association between stability
to pepsin and allergenic potential, with many confirmed human
allergens being stable, whereas common plant proteins that
apparently lack allergenic potential are digested very rapidly
(Astwood et al., 1996). However, this relationship is not absolute,
with reports of both pepsin resistant non-allergens (Thomas
et al, 2004) and pepsin sensitive allergens (Fu et al, 2002;
Herman et al., 2007).

The various investigations described above provide useful
information as part of the overall safety assessment of novel
food proteins, and are particularly appropriate for identifying
whether there is sequence homology (and potential cross-
reactivity) or other shared biophysical features with known
human allergens (Sharma et al., 2011). However, these tests
do not individually or collectively provide a direct evaluation
of inherent sensitizing potential and are therefore not able
to identify de novo protein allergens that do not have
homology with known allergens and to which there has been
no previous exposure. This is of particular importance when
considering appropriate strategies for evaluating the safety
and allergenic potential of proteins from unusual sources.
Among such are, for example, thermoresistant proteins from
thermophilic microorganisms and the ice structuring protein
originating from an arctic fish for activity at low temperatures
(Bindslev-Jensen et al., 2003; Bruins et al., 2001). For this reason,
there has been interest in the development of more holistic ap-
proaches, including the use of appropriate animal models
(Dearman and Kimber, 2009; Lehrer and McClain, 2009). The
general consensus is that experimental animals may not be able
to model accurately all aspects of the likely prevalence,
persistence and severity of food allergy among human
populations exposed to a novel allergen in the diet, however,
they may have value in the identification of allergenic potential.

Such experimental models have utilized a variety of animals
[rodents (rats and mice), dogs or pigs], different routes of
exposure (oral or systemic exposure) and the presence or
absence of adjuvants such as cholera toxin (Dearman and
Kimber, 2009; Ladics et al, 2010; Lehrer and McClain, 2009).
One experimental system that has shown some promise with
respect to differentiating between allergenic proteins and those
proteins that apparently lack allergenic potential employs
systemic (intraperitoneal) exposure of BALB/c strain mice to
the test protein in the absence of adjuvant (Dearman et al.,
2003). Protein-specific IgG and IgE antibody production are
measured as markers of immunogenicity and allergenicity,
respectively. To provide further evidence of the utility of the
standardized animal model approach for the identification of
potential allergens, it is important to examine a wider range of
protein allergens, including important plant allergens.

To this end, the ability of the kiwifruit allergen actinidin (Act d
1), a proteolytic enzyme, (Palacin et al, 2008; Pastorello et al.,
1998) to stimulate antibody responses has been compared with
bovine haemoglobin, a protein that lacks known allergenic
properties. In the past 10 years, kiwifruit has become an impor-
tant allergenic foodstuff in the UK, coincident with its increased
consumption, particularly as a weaning food. From the first case
report in 1981 (Fine, 1981), kiwifruit allergy is now recognized as
a common allergen that can cause severe life-threatening
reactions (Lucas et al, 2004; Palacin et al., 2008). In addition,
the resistance to digestion with pepsin has been characterized.

Materials and Methods

Animals

Young adult (8-12 weeks old) female BALB/c strain mice (Harlan
Olac, Bicester, UK) were used throughout these studies. Mice
were housed on sterilized wood bedding with materials
provided for environmental enrichment. Food (Beekay Rat and
Mouse Diet No. 1 pellets; B&K Universal, Hull, UK) and water were
available ad libitum. The ambient temperature was maintained at
21 +/- 2°C and relative humidity was 55 +/- 10% with a 12-h
light/dark cycle. All procedures were approved by the UK Home
Office and carried out in compliance with the Animals (Scientific
Procedures) Act, 1986 under a Home Office granted Project
Licence.

Test Materials

Commercial preparations of ovalbumin (OVA; Grade V, 98%
pure) and bovine haemoglobin (98% pure) were obtained from
Sigma Chemical Co., St Louis, MO, USA. Actinidin was a gift from
the New Zealand Pharmaceuticals (Central Palmerston North,
New Zealand). The protein content of preparations was deter-
mined using a modification of the Lowry assay, the Bio-Rad DC
Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA), a
colorimetric assay for determination of protein concentration
using a standard reference curve of bovine serum albumin
(BSA; Sigma). The endotoxin content of protein preparations
was measured chromatographically by limulus amebocyte
(LAL) assay according to the manufacturer’s instructions
(Cambrex BioSciences, Wokingham, UK). Aliquots of test
proteins were reduced by incubation at 20 mg ml™" in water with
2.4 M 2-Bmercaptoethanol (BME) and 8 M urea (Sigma) for 2 h at
37°C. Reduced protein solutions were dialysed extensively
against 0.05% acetic acid followed by distilled water; native
protein solutions were dialysed extensively against water alone.

Analysis of Protein Digestibility
Pepsin digestion assay

The method used was based upon the multi-laboratory study
published by Thomas et al. (2004). For each protein, a single tube
containing 1.52ml of simulated gastric fluid [SGF; 0.084 N HCl,
35mM NaCl, pH 1.2, and 4000 units of porcine pepsin (Sigma)]
and 0.08 ml of test protein solution (5mg ml™') was prepared.
The tube contents were mixed by mild vortexing and the tube
was immediately placed in a 37 °C water bath. Aliquots of
200 pl were removed after 0, 0.5, 2, 5, 10, 20, 30 and 60 min of
incubation and immediately quenched with 70 ul 5x Laemmli
buffer [40% glycerol, 5% BME, 10% sodium dodecyl sulphate
(SDS), 0.33 M Tris, 0.05% bromophenol blue, pH6.8] and 70 pl
200 mM NaHCO3 pH 11 and placed in a heat block at > 75°C
for approximately 10 min. Controls for pepsin auto-digestion
(pepsin without test protein) and controls to show test protein
stability under test conditions in the absence of pepsin (reaction
buffer with test protein but without pepsin) were included.
Aliquots of these control samples were taken at 0 and 60 min
only. Samples were stored at =20 °C prior to analysis.

SDS-PAGE electrophoresis

Samples from each time point and control reactions were
subjected to SDS-PAGE electrophoresis in reducing conditions
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using 15-well, 0.75-mm thick, 10% polyacrylamide peptide gels.
Resolving gels were made with 5ml of water, 3 ml of lower gel
buffer (1.5M Tris-HCI, pH 8.8, 0.4% SDS), 4ml of NN -
methylenebisacrylamide 37.5:1 (acrylamide; Sigma), 18l N,N,
NN’ - tetramethylethylene-diamine (TEMED; Sigma) and 43.2 pl
ammonium persulfate (APS; Sigma, 10% solution in water).
Stacking gels were made using 3.25 ml of water, 1.25 ml of upper
gel buffer (0.5 M Tris-HCl, pH 6.8, 0.4% SDS), 0.5 ml of acrylamide,
7 ul TEMED and 15 pl APS. Mark10 standard markers (Bio-Rad)
containing 10 proteins ranging in size from 10 to 250 kDa were
included on all gels. A tricine buffer (100 mM Tris, 100 mM
Tricine, 0.1% SDS pH8.2; Bio-Rad) system was used for resolving
small polypeptides. Samples were loaded at 10 ul per well and
markers at 5 pl per well and run at 125 Volts.

Gel staining

Gels were fixed for less than 5min in 5% trichloroacetic acid,
followed by washing in 45.5% methanol/9% glacial acetic acid
for 1h. Gels were stained in Coomassie biosafe brilliant blue
solution (Biorad, G-250) for 10 min and destained in water.

Gel analysis

Gels were scanned using a Li-cor gel scanner (Li-cor Biotechnology,
Lincoln, NE USA) and densitometric analysis carried out using
Odyssey® software (Li-cor). Integrated intensity (intensity and area
of band after subtraction of background values) was calculated to
facilitate between gel comparisons. The percentage change in
band density compared with the time zero value was calculated.

Sensitization procedure

Groups of mice (n=5) received 0.25 ml of various concentrations
(w/v) of protein in phosphate-buffered saline (PBS) by
intraperitoneal (i.p.) injection. Seven days later the treatment
was repeated. Mice were exsanguinated 14days after the
initiation of exposure. Individual and pooled serum samples
were prepared and stored at -20 °C until analysis.

Antibody Analyses
Anti-Protein IgG and IgG subclass antibody analysis

Protein-specific 1gG, IgG1 and IgG2a antibodies were detected
using an enzyme-linked immunosorbent assay (ELISA). Plastic
microtitre plates (Nunc, Copenhagen, Denmark) were coated
with 100 ug mI™" of protein in PBS overnight at 4 °C. The plates
were blocked with 2% BSA in PBS at 37°C for 30 min. Serial
doubling dilutions of pooled or individual mouse serum samples
in 1% BSA in PBS were added and plates incubated for 3 h at
4°C. Plates were incubated for 2h at 4°C with horseradish
peroxidise labelled sheep anti-mouse IgG (1 in 4000), rat anti-
mouse IgG1 (1 in 1000) or rat anti-mouse IgG2a (1 in 2000) anti-
body; all antibodies were from Serotec, Kidlington, UK. Enzyme
substrate (o-phenylenediamine and urea hydrogen peroxide)
was added and the reaction stopped by the addition of 0.5M
citric acid. Substrate conversion at optical density (OD) 450 nm
was measured using an automated reader. Titre was determined
as the maximum dilution of serum at which an OD450 nm
reading of greater than 0.5 was achieved. For negative control
serum (untreated mouse sera) readings never exceeded this
OD, even at the maximum concentration tested. Data are
displayed according to logarithmic transformation as mean
and SD log, antibody titres.

Measurement of Anti-Protein IgE antibody

The presence in mouse serum of IgE antibodies was detected by
homologous passive cutaneous anaphylaxis (PCA) assay. In order
to determine the number of IgE responder animals per
treatment group, PCA assays were performed with individual
serum samples (neat or diluted 1 in 2). Individual serum samples
were injected (30pl) into the dermis of the ears of naive
recipient mice (n=2). Pooled serum samples diluted to various
extents with PBS were injected (30 pl) into the dermis of the ears
of naive recipient mice (n=3 or 4). Concurrent negative control
serum samples (derived from naive animals) diluted to an
equivalent extent with PBS were incorporated into every PCA
assay. Two days later, 0.25 mg of relevant protein, together with
Evans Blue dye (1.25 mg), in 0.25 ml of PBS were injected intrave-
nously. Thirty minutes after the challenge, mice were killed and
the diameter of cutaneous reactions measured. A positive (IgE)
response was recorded if the challenge resulted in a>3-mm
blue lesion in the skin in the majority of recipient animals
(pooled serum samples), with antibody titre recorded as the
highest dilution of serum resulting in a positive PCA reaction.
For individual serum samples, the mean diameter of the
cutaneous reaction in the two recipient animals was recorded,
and the serum sample was identified as positive for IgE antibody
if the mean diameter of the challenge-induced cutaneous
reaction was >3 mm.

Statistical Analyses

For 1gG antibody responses, the reciprocal IgG titres for the
individual serum samples were considered by anova after
logarithmic transformation, separately for each concentration
of protein. Differences between individual group means were
compared using Student’s t-test based on the error mean square
of the analysis of variance. The statistical significance of
differences in the number of IgE and IgG responder animals
was considered by comparison of each pair of groups using
Fisher's exact text. The statistical significance of differences in
IgE titres between pairs of proteins was considered by compari-
son of the whole dose response using the Sign test. The statisti-
cal significance of effects of pepsin on protein stability was
analysed by anova followed by Dunnett’s post-hoc test.

Results

The stability of bovine haemoglobin and actinidin to digestion
with pepsin was examined. Aliquots of protein were incubated
for various periods of time (0 to 60 min) with pepsin, the reaction
quenched and the samples analyzed by SDS-PAGE electrophore-
sis (Fig. 1; representative gels). In each gel, lanes 11 and 12
contain pepsin alone (after 0 and 60 min, respectively) and
illustrate that the molecular weight is approximately 35 kDa (as
expected) and that there is no autodigestion of pepsin under
these conditions. Lanes 1 and 2 contain the protein alone (after
0 and 60min), with the major band for haemoglobin at
approximately 15kDa as reported previously (Sun and Palmer,
2008) and the major band for actinidin at 25 kDa. There was little
effect of incubation of either protein in SGF buffer for 60 min in
the absence of pepsin. However, haemoglobin was very
unstable in the presence of pepsin, with a marked loss of full-
length protein after 0.5-min incubation, whereas the main
actinidin band was visible throughout the time course. In
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Figure 1. Pepsin digestion of haemogloblin and actinidin using simu-
lated gastric fluid (SGF): representative images. Native haemoglobin
(A), native actinidin (B) and reduced actinidin (C) were incubated at
37 °C with SGF for 60 min. At 0.5, 2, 5, 10, 20, 30 and 60 min samples were
removed and the reaction quenched. Controls were prepared concur-
rently and quenched at 0 and 60 min (the positive control contained test
protein alone in reaction buffer, to show stability of the test protein in
the absence of pepsin; the negative control contained pepsin and no
test protein to show autodigestion of pepsin). The samples were
analysed using SDS-PAGE (10% Tris-HCl gel) with a tricine buffer system
for resolving small peptides. Bands were stained with Coomassie brilliant
blue. Representative gels for native haemoglobin (A), native actinidin (B)
and reduced actinidin (C) are shown. Molecular weight markers are indi-
cated (M), with molecular weights ranging from 10 to 250 kDa. Lanes 1
and 2 are protein alone incubated for 0 and 60 min, lanes 3-10 are for
protein incubated with pepsin for 0, 0.5, 2, 5, 10, 20, 30 and 60 min, lanes
11 and 12 are pepsin alone incubated for 0 and 60 min.

addition to native actinidin, the stability of chemically reduced
actinidin to pepsin was examined (Fig. 1C). This material was
considerably less stable than the native protein, with reduced
band intensity observed after 5min. The effect of pepsin on

protein stability was quantified using densiometric scanning
using a Li-cor scanner (Fig. 2; three independent experiments).
Within 0.5min of incubation with pepsin, the full length
haemoglobin band intensity was reduced by 80% (P < 0.01),
significant fragments were not detected at any time point and
there was no detectable full length protein after 10min. In
contrast, native actinidin was considerably more resistant to
digestion. Although there was a gradual loss of band intensity
with time, with > 50% loss recorded after 60 min, the reduction
did not reach statistical significance and was paralleled by
increased expression of fragments with a slightly lower molecu-
lar weight (Fig. 1B). After chemical reduction, however, actinidin
was more rapidly degraded and to a greater extent, with <20%
of the protein remaining after 10 min (P < 0.01) and no detect-
able fragments.

After systemic exposure to BALB/c strain mice, the ability of
actinidin and bovine haemoglobin to induce immune (IgG)
and allergic (IgE) antibody responses was examined. Antibody
production was compared with that provoked by OVA, a known
human food and inhalant allergen (Escudero et al, 2003; Tay
et al, 2007) that is used frequently as a reference allergen in
experimental systems (Dearman et al, 2003; Dearman and
Kimber, 2007; Untersmayr et al, 2010). Prior to immunization,
proteins were tested for their endogenous endotoxin content
by LAL assay. It has been reported previously that such levels
can vary from 1 to 2000 endotoxin units (EU) mg™' of protein
and levels of >100 EU mg™' of protein may have adjuvant
effects on immune responses to proteins (Dearman and Kimber,
2007). Indeed, endotoxin may have a complicated relationship
with the induction of antibody responses, with relatively low
doses reported to have an IgE-inducing adjuvant effect whereas
high doses have an inhibitory effect on IgE (Eisenbarth et al.,
2002; Ormstad et al, 2003). The results of the LAL assay
demonstrated that all three proteins had acceptable levels of
endogenous endotoxin, with bovine haemoglobin expressing
the highest levels at 15 EU mg™' and somewhat lower levels of
8 and 10 EU mg™' recorded for OVA and actinidin, respectively.
Mice received i.p. injections of 2%, 1% or 0.25% OVA, 0.25%,
0.5% or 1% actinidin or of 1% or 10% haemoglobin on days
0 and 7, and serum was isolated 14 days after the initiation of
exposure. Serum samples were analyzed for IgG, 1gG1 and
IgG2a-specific antibody (Fig. 3) and for specific IgE antibody
expression (Fig. 4). As reported previously, treatment with all
doses of OVA induced vigorous IgG antibody responses in a
dose-dependent manner (Dearman et al, 2003; Herouet-
Guicheney et al, 2009) (Fig. 3). Bovine haemoglobin was
considerably less immunogenic than OVA, such that treatment
with 1% of this protein stimulated only low levels of IgG
antibody in 4 out of 5 animals (Fig. 3) and doses of 0.5% and
0.25% failed to provoke any detectable antibody (data not
shown). However, i.p. injection of 10% bovine haemoglobin
stimulated specific IgG antibody at levels approaching those
induced by exposure to 0.25% OVA. All doses of actinidin were
moderately immunogenic and stimulated equivalent levels of
IgG antibody production to those observed for 10%
haemoglobin and 0.25% OVA. The distribution of IgG1
(upregulated with IgE antibody and often used as a surrogate
marker for allergic responses) and IgG2a (reciprocal relationship
with IgE) subclasses were examined for selected samples
(Stevens et al., 1988; Zakroff et al, 1989). In spite of vigorous
induction of IgG1 antibody responses, anti-OVA IgG2a responses
were less marked, such that the ratio of IgG1 to IlgG2a antibody

wileyonlinelibrary.com/journal/jat

Copyright © 2013 John Wiley & Sons, Ltd.

J. Appl. Toxicol. 2013



Allergenicity of actidinin

Journal of

AppliedToxicology

(A) (8)
= =
2120 T 120
| o= { o
2100 2 100
£ £
T a0 T 80
3 3
© 60 o 60
(@) (@)
g4l . & 40
= ey
(&) (&)
2 20 .. =2 20
* K K K
0052 51020 3060
Time (min)

0052 510203060
Time (min)

©

—y
N
o

100

= O
o o o

% change bandintensity
N
o

0052 510203060
Time (min)

Figure 2. Pepsin digestion of haemogloblin and actinidin using simulated gastric fluid (SGF): densiometric analyses. Native haemoglobin (A), native
actinidin (B) and reduced actinidin (C) were incubated at 37 °C with SGF for 0 to 60 min and samples analysed by SDS-PAGE gel electrophoresis as
described in Fig. 1. Bands were quantified using a li-cor gel scanner and Odyssey software. The integrated intensity values for each band were used
to calculate the percentage change in intensity for each of the samples in comparison with the 0 min time point. The mean and SE percentage intensity
change for three independent experiments is shown. One-way anova and post-hoc Dunnett’s test was conducted in comparison with the zero time

point (*=P < 0.01).

responses was approximately 3.5:1 (Fig. 3). Interestingly, the
subclass distribution of serum samples from actinidin-treated
animals was less skewed, with a comparatively more vigorous
IgG2a antibody response recorded such that the IgG1:gG2a
ratio was 1.6:1.

Exposure to OVA provoked marked IgE responses, with titres
of 1in 32, 1in 8 and 1 in 4 recorded across the dose range, again
similar to those observed previously (Dearman et al., 2003;
Herouet-Guicheney et al, 2009). All five mice in the 1% OVA
dose groups were also identified as IgE responders. However,
neither dose of bovine haemoglobin stimulated detectable IgE
antibody production, with a titre of zero recorded for pooled
serum and with 0/5 IgE responders in both groups. In contrast,
actinidin produced an allergenic response, with relatively high
titre IgE antibody levels induced across the dose range (titres
of 1in 8 to 1 in 64 recorded). Furthermore, at the lowest
sensitization dose of actinidin (0.25%), all individual serum
samples tested positive for IgE, demonstrating that all mice were
IgE responders.

Discussion

The stability of actinidin to digestion by pepsin and its ability to
provoke IgG and IgE antibody responses after systemic exposure
to BALB/c strain mice have been compared with a reference
food allergen OVA, and with a control (non-sensitizing) protein
bovine haemoglobin. Actinidin is a highly abundant protein in
Green kiwifruit (Actinidia deliciosa), comprising up to 50% of
soluble protein at harvest, and belongs to the family of
thiol/sulfhydryl proteases that includes the well-characterized
allergens bromelain and papain (Nieuwenhuizen et al., 2007).
In many kiwifruit allergic populations (Austrian, Spanish, Dutch
and Swiss, for example), it has been shown to be an important
allergen (Bublin et al., 2004, 2008, 2010; Palacin et al., 2008;
Pastorello et al., 1998). IgE-binding activity to actinidin was
associated with severe (anaphylactic) reactions in some of these
patient populations (Palacin et al, 2008). In other countries,
however, notably for kiwi-allergic patients from the UK, actinidin
was found not to be a major allergenic protein (Lucas et al.,
2007). The reasons for these geographical variations are unclear;
it has been suggested that patterns of consumption may be

different (Lucas et al., 2007), that different cultivars of kiwifruit
contain different amounts of actinidin (Bublin et al, 2004;
Ciardiello et al., 2009; Nieuwenhuizen et al., 2007) and that the
time of harvest impacts on the level of expression (Gavrovic-
Jankulovic et al., 2005). Up to 11 allergenic proteins have been
identified to date in kiwifruit; however, a recent review
concluded that actinidin was the most reliable allergenic marker
for diagnostic purposes in most patient groups (Ballmer-Weber
and Hoffmann-Sommergruber, 2011). Thus, in spite of some
uncertainty about whether actinidin is always the major kiwifruit
allergen, there is no doubt that it is an important food allergen
and that any characterization strategies for allergens should be
able to identify this protein as positive.

The pepsin digestibility assay revealed that the control protein
bovine haemoglobin was very rapidly digested, which is
consistent with its known lack of allergenicity and with
published data in which this protein has been utilized as a
model substrate for pepsin (Samloff and O'Dell, 1985). There is
some controversy regarding the digestibility by pepsin of
kiwifruit allergens, including actinidin. In addition, considerable
variation in the molecular weight of the material has been
observed. In the investigations described here, the major band
for actinidin was recorded at 25 kDa; in other previous studies
the major band has been reported variously as 25kDa (Lucas
et al,, 2007), 27 kDa (Bublin et al., 2004) and 30 kDa (Pastorello
et al, 1998). This may be as a result of different preparation
techniques or isolation of different isoforms and from different
cultivars. In addition, in common with other proteolytic
enzymes, actinidin is secreted in an inactive form as actininidin,
which has a molecular weight of 39 kDa. It has been suggested
that actinidin might only display allergenic potential after the
pro-sequence is cleaved (Pastorello et al., 1998). The material used
herein is used commercially as a high-quality meat tenderizer, so
it is produced in its proteolytically active form. In fact, the proteo-
lytic activity of actinidin is believed to have played a major role in
early difficulties with the identification of kiwi-allergic individuals
employing conventional skin prick tests and the need, therefore,
for fresh fruit prick-to-prick tests (Lucas et al, 2003). There are
several reports that demonstrate that actinidin is very rapidly
digested by pepsin (within 0.5 min) (Lucas et al, 2008; Fu et al.,
2002; Yagami et al., 2000). Two of those studies utilized kiwifruit
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Figure 3. IgG subclass antibody responses induced by actinidin,
haemoglobin and ovalbumin. Animals (n=5) received 250 pl of 2%, 1%
or 0.25% OVA, 1%, 0.5% or 0.25% actinidin or 10% or 1% haemoglobin
in PBS by intraperitoneal (i.p.) injection on days 0 and 7. Seven days later
animals were exsanguinated, and individual serum samples tested for
the presence of specific IgG (A), IgG1 (B) or IgG2a (C) antibody by ELISA.
Negative control serum samples (from naive animals) were tested
concurrently and were routinely negative (data not shown). Data are
expressed as individual responders (¢) and as mean (and SEM) IgG
reciprocal titre (log,). There were no significant differences in responder
frequencies (Fishers’ exact test). IgG titre induced by 1% haemoglobin
was significantly lower (P < 0.01) than all other groups; IgG titre induced
by 2% OVA was significantly higher (P<0.01) than all other groups
(Student’s t-test).

extracts, whereas in the third study (Fu et al., 2002), the purified
protein was examined. It has been reported that actinidin
stability is very dependent upon the pH of the reaction, with
resistance to pepsin digestion recorded when pH of 2.5 and
above were used (Lucas et al, 2008), rather than pH1.2, the
recommended pH for the assay for regulatory purposes (Thomas
et al, 2004). The pepsin—protein ratio will also play a role in the
extent of digestion. In the study in which purified actinidin was
digested rapidly by pepsin, a ratio of 13:1 was used (Fu et al.,
2002). In a subsequent study in which purified actinidin was
found to be relatively stable to pepsin, SGF conditions of pH 2.0
and a pepsin-protein ratio of 1:20, said to be more
physiologically relevant, were used (Bublin et al, 2008). In the
present study (which utilized standard conditions of pH 1.2
and 3:1 pepsin:protein), native actinidin was resistant to
digestion with pepsin. It has been shown that actinidin exists as
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Figure 4. IgE antibody responses induced by actinidin, haemoglobin
and ovalbumin. Animals (n=5) received 250 ul of 2%, 1% or 0.25%
OVA, 1%, 0.5% or 0.25% actinidin or 10% or 1% haemoglobin in
phosphate-buffered saline (PBS) by intraperitoneal (i.p.) injection on days
0 and 7. Seven days later animals were exsanguinated, and individual
and pooled serum samples tested for the presence of specific IgE anti-
body by homologous passive cutaneous anaphylaxis (PCA) assay. (A)
Pooled serum samples were serially diluted to determine IgE titre on a
treatment group basis. Data are displayed as mean and SE of the PCA re-
action (n=3 to 4) for each dilution tested. ND=no detectable IgE with
neat serum. OVA and actinidin-induced significantly higher IgE titres
than did haemoglobin (P < 0.01) (Sign test). (B) Individual serum samples
were tested (diluted 1 in 2) to determine the number of IgE responder
animals; data are displayed as mean diameter of PCA reaction for each
serum sample (tested in n=2 animals). Negative control serum samples
(from naive animals) were tested concurrently. The horizontal line
denotes the cut off for a positive PCA reaction; 3 mm. OVA and actinidin
induced significantly higher responder frequencies than did
haemoglobin (P < 0.01) (Fisher's exact test).

at least 10 different isoforms with the same molecular weight
and cysteine protease activity but which vary in isoelectric point
from acidic (pl 3.9) to basic (pl 9.3) (Nieuwenhuizen et al., 2007).
These isoforms may have differential allergenicity and it is also
possible that they exhibit differential sensitivity to pepsin
digestion.

Concerns have also been raised that the standard method
of protein staining after electrophoretic separation (by Coomassie
or other stains) may not be sufficiently sensitive. Several
previous studies have demonstrated that immunoblotting of
digested protein with either sera from patients or with
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polyclonal antibodies raised in experimental animals detected
fragments that were not stained by Coomassie (Guimaraes
et al.,, 2010; Lucas et al., 2008). Regardless of the debate regard-
ing the optimal conditions for analysis, it is of interest to
consider the potential physiological relevance of the stability
of proteins for the development of allergic responses. It has
been suggested that the relationship simply reflects the fact
that pepsin-resistant proteins will survive in the gut environ-
ment for a sufficient time to interact with the immune system
and to generate an immune response. However, it has been
shown that even those proteins that are digested very rapidly
(within 1min) by pepsin are still able to induce immune
responses after oral exposure (Dearman et al., 2002). This leads
to the hypothesis that resistance to intracellular digestion,
particularly within antigen-presenting cells (APC) of the
immune system, may be more important. In order to generate
an immune response, exogenous protein is broken down into
peptides within endosomal and lysosomal compartments of
APC and the peptides displayed on the cell surface. A complex
series of reactions takes place within the cell, including
unfolding (facilitated by low pH), proteolysis and reduction to
break down disulphide bonds that appears to be critical for
unfolding and efficient proteolysis during antigen processing
(Li et al., 2005; Maric et al., 2001). In the current studies, the
resistance of actinidin to digestion has also been examined
after chemical reduction of disulphide bonds. Compared with
the native material, the reduced material was significantly more
labile to digestion with pepsin, with significant loss of intact
protein observed after 10 min. It has been suggested that intact
disulphide bonds are important for allergenicity, although in
general the readout for immunogenicity has been binding of
serum IgE, rather than the induction of IgE antibody responses
(del Val et al., 1999).

An alternative method for the assessment for protein allerge-
nicity, and one that has the potential to identify novel allergens,
is the measurement of induced IgE antibody responses in vivo;
here assessed in BALB/c strain mice after systemic (intraperito-
neal) exposure. In these studies, this route was used to avoid oral
tolerance and down-regulation of immune and allergic
responses that is common in rodent models (Dearman and
Kimber, 2009). Intraperitoneal exposure, a route used frequently
for experimental immunization to proteins, generally provokes
vigorous immune responses. However, the method does not
incorporate the use of adjuvants such as alum or cholera toxin,
used frequently to maximize allergic responses (Lehrer and
McClain, 2009). Although co-administration of adjuvant can
enhance IgE antibody responses to proteins, and improve the
sensitivity of such animal models, there is some concern that this
approach will result in loss in selectivity, potentially causing false
positive responses. It is important to be able to interpret a
negative IgE result with confidence, thus, in the context of the
experimental configuration described herein, the failure to
generate an IgE antibody response is only interpreted as a lack
of potential allergenicity under conditions where the protein
induces a concordant and robust IgG antibody response. Thus,
the low dose (1%) bovine haemoglobin that fails to stimulate
either vigorous IgG or detectable IgE antibody is a potential false
negative. However, at considerably higher doses (10%), I1gG
antibody responses that are equivalent to those provoked by
either OVA or actinidin were recorded for bovine haemoglobin
in the absence of detectable IgE, supporting a more substantive
conclusion of no allergenic potential. That is, the animals have

been exposed to an amount of material sufficient to provoke
an immune response, which is consistent with a foreign protein,
but is not able to stimulate the quality of immune response
necessary for the allergen associated induction of IgE antibody.
Complete failure to generate an IgG antibody response may be
as a result of a lack of immunogenicity in the mouse strain of
choice, the preparation of the protein solution (protein structure,
vehicle choice or a combination), or it may relate to prior dietary
exposure to similar or cross-reactive proteins (Dearman and
Kimber, 2009; Lehrer and McClain, 2009). In the case of bovine
haemoglobin, given the degree of homology with murine
haemoglobin, it is not surprising that it is relatively lacking in
immunogenicity and that high doses are required for IgG
responses.

In contrast, exposure to actinidin induced vigorous IgG and
IgE antibody responses, even at relatively low doses (0.25%),
consistent with allergenic potential. In addition to IgE antibody
production, the subclass distribution of the IgG antibody
response was investigated. Although IgE antibody is accepted
as the major mediator of immediate hypersensitivity allergic
reactions in humans, in mice a subclass of IgG (IgG1) can also
sensitize mast cells and trigger anaphylaxis (Silva et al.,, 2008).
The IgG1 subclass is subject to similar immune regulation as is
IgE and is therefore used as a surrogate marker for IgE antibody
responses (Birmingham et al, 2002; Robinson et al., 1996). In
contrast, IgG2a antibody production displays a reciprocal
relationship with IgE and IgG1 antibody responses (Stevens
et al., 1988; Zakroff et al, 1989). In the experiments reported
herein, both allergens (OVA and actinidin) provoked vigorous
IgG1 antibody responses, but also the expression of the IgG2a
antibody, albeit at lower levels, which might be considered as
a negative predictor of allergenicity. In many experimental
models of allergenicity it is reported that proteins with known
allergenic potential stimulate skewed responses with respect
to IgE and IgG subclass distribution. For example, in a recent
study with a panel of 29 food, pollen, latex, dander and mould
allergens, immunization of BALB/c strain mice resulted in each
case in high IgG1 levels and a complete absence of IgG2a
(Roesler et al., 2009). However, in that study the immunization
protocol utilized the adjuvant alum, which is known to promote
IgE and IgG1 antibody responses. Systemic (intraperitoneal)
administration of allergens such as latex in the absence of alum
has been shown to elicit a more mixed pattern of antibody
responses, with both IgG1 and IgG2a subclasses, in addition to
IgE (Kurup et al, 1994). Furthermore, it is clear that only a
fraction of IgG1 antibodies exhibit mast cell binding and
anaphylactic properties, with this property being dependent
on the glycosylation status of the molecule (Silva et al., 2008).
Therefore, although the distribution of IgG1 and IgG2a
antibodies is of mechanistic interest, it is probably prudent to
utilize IgE antibody as the primary marker of allergenicity and
to examine total IgG antibody production as a marker of
immunogenicity and exposure.

In conclusion, there is potential benefit in the development of
more holistic approaches to be used in tandem with the
assessment of pepsin stability in order to facilitate the safety
assessment of proteins. The stability of proteins to pepsin is part
of the current weight of evidence approach to protein
allergenicity testing but there are questions regarding the most
appropriate assay conditions. The absolute relationship between
pepsin stability and in vivo response parameters has also
been difficult to determine. The measurement of IgE-inducing
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properties in BALB/c strain mice offers promise for a model
that could be used in tandem with assessment of pepsin stability
that can distinguish a number of allergens (including the
important kiwifruit allergen actinidin) from non-allergens such
as haemoglobin.
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