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Abstract

Background: Cross-reactivity between wheat and other cereals is a crucial issue in the
management of wheat allergy. Few studies have reported in vitro cross-reactivity in
immediate-type wheat allergy. The aim of this study aimed to examine cross-reactivity
of the three fractions (albumin/globulin, gliadin, and glutenin fractions) among cereals
in children with wheat allergy.

Methods: Sera from 128 children with immediate-type wheat allergy were collected.
Specific immunoglobulin E (sIgE) levels against each fraction of wheat, barley, and rye
were measured by enzyme-linked immunosorbent assay (ELISA). Cross-reactivities of
each fraction among wheat, barley, and rye were examined via inhibition ELISA.
Results: All subjects were sensitized to all fractions of wheat, barley, and rye. The
wheat slIgE levels were significantly higher than those of barley and rye in all the
fractions (p <.001) and were significantly correlated with sIgE levels in each fraction
(r=.887-.969, p <.001). Inhibition ELISA revealed that wheat inhibited the IgE binding
to most of the solid phases at lower protein levels compared with barley and rye in all
fractions.

Conclusions: In children with immediate-type wheat allergy, sensitization to all the
three fractions of wheat was observed. In addition, they showed sensitization to bar-
ley and rye caused by in vitro cross-reactivity with wheat in each fraction. When
managing children with wheat allergy, sensitization to barley and rye caused by the

cross-reactivities should be considered.
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important issue in the management of wheat allergy.”® Examination

Wheat allergy is a food allergy with different clinical types, includ-
ing immediate-type, wheat-dependent exercise-induced anaphy-
laxis (WDEIA), baker's asthma, and celiac disease.>? In Japan, the
immediate-type wheat allergy is one of the most common types of
food allergy among children.® Cereals, including wheat, are used

as food material worldwide.* Cross-reactivity among cereals is an

of in vitro cross-reactivity among cereals might be helpful in consid-
ering clinical cross-reactivity.

Wheat proteins are classified into three fractions: (a) the water/
salt-soluble fraction: the albumin/globulin (alb/glob) fraction, (b) the
alcohol-soluble fraction: the gliadin fraction, and (c) the alcohol-
insoluble fraction: the glutenin fraction.” In baker's asthma, a-

amylase inhibitor and peroxidase, belonging to the alb/glob fraction,
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have been considered major allergens.®? A gliadin protein, -5 gli-
adin, has been identified as a major allergen in WDEIA and among
children with immediate-type wheat aIIergy.m’13 Furthermore, glu-
tenin is an allergen in patients with immediate-type wheat allergy
and WDEIA.**'° These reports indicate that various wheat proteins
in each fraction can act as causative allergens in wheat allergy.

Wheat (Triticum aestivum) belongs to the Triticeae tribe in the
Poaceae family. Barley (Hordeum vulgare) and rye (Secale cereale) are
also members of the same tribe. Some in vitro studies have evalu-
ated cross-reactivity among wheat, barley, and rye in adult patients.
In a study on baker's asthma, cross-reactivity in the alb/glob frac-
tion among these cereals was confirmed in a competitive radioal-
lergosorbent inhibition assay.*® Another study reported that most
patients with WDEIA were sensitive to r-3 hordein (barley), r-70, and
r-35 secalin (rye), which cross-react with -5 gliadin according to
enzyme-linked immunosorbent assay (ELISA).Y

However, limited information is available regarding the cross-
reactivity of each fraction in immediate-type wheat allergy.
Therefore, we performed an in vitro assay to clarify the cross-
reactivity of each fraction among wheat, barley, and rye in children
with immediate-type wheat allergy. In addition, the allergenicity
of cereals and the relationship between in vitro and clinical cross-
reactivity are discussed based on the results of inhibition ELISA.

2 | METHODS
2.1 | Patientsera

Sera were obtained from 128 children (median age, 6.3years) with
sensitization to wheat who showed positive results in the wheat oral
food challenge or had a clinical history of immediate allergic reaction
after consuming wheat. Clinical characteristics of study subjects are
shown in Table S1. We excluded sera from children with WDEIA and
baker's asthma in this study. Cereal allergen-specific immunoglobu-
lin E (sIgE) levels were measured by using the ImmunoCAP system
(Thermo Fisher Scientific/Phadia). Sensitization to cereals was de-
fined as an IgE level 20.10 kU,/L. The median time between the
last allergic reaction to wheat and measurement of sIgE levels was
7 months (IQR, 3-14 months). Serum samples were stored at -30°C
for immunological analysis.

2.2 | Cereal protein extraction

Wheat, barley, and rye flour were purchased from different manu-
facturers. We confirmed with the manufacturers that there was little
possibility of other cereals being contaminated in the manufacturing
process. The protocol for protein extraction for each fraction was in
accordance with that reported by Sandiford et al.'8

The flours were defatted with ether and then air-dried. The
alb/glob fraction was extracted in 0.125M ammonium bicarbonate
(1:10 w/v) for 48h at 4°C and centrifuged at 15,000 g for 20 min.

Key Message

Wheat is one of the most important causative food allergens
in children and adults. Wheat and other cereals are used
as food materials worldwide. Therefore, when managing
immediate-type wheat allergy, sensitization to barley and rye
caused by the cross-reactivity to wheat in all fractions should

be considered.

The supernatant (alb/glob fraction) was dialyzed against 0.005M
ammonium bicarbonate for 24 h and freeze-dried. The pellet was
washed with distilled water for 30min at 4°C and centrifuged at
5000 g for 10 min. Then, the pellet was extracted in 70% cold eth-
anol for 1 h at 4°C and centrifuged at 10,000 g for 15min. The
supernatant (the gliadin fraction) was dialyzed against 1% acetic
acid for 24 h and freeze-dried. The pellet was washed with distilled
water for 30 min at 4°C and centrifuged at 5000 g for 10 min. Then,
the pellet was extracted in 50% propanol, 1% acetic acid, and 2%
2-mercaptoethanol for 1 h at 25°C and centrifuged at 10,000 g for
10 min. The supernatant (the glutenin fraction) was dialyzed in dis-
tilled water for 6 h, then dialyzed against in 1% acetic acid for 24 h,
and freeze-dried.

Protein concentrations in the extracted fractions (shown in
Table S2) were measured using Bradford's method (DC protein assay
kit, Bio-Rad Laboratories).*?

2.3 | Fluorescent ELISA

Fluorescent ELISA was performed to measure slgE levels for each
cereal fraction as previously described.?® Each fraction dissolved
in 0.1 mol/L carbonate-bicarbonate buffer (pH 9.6) was coated for
4 h at 37°C in a polystyrene microplate (C96 WHITE MAXISORP
FLUORONUNC CERT; Thermo Fisher Scientific) at a concentration
of 2 pg dry weight/well, blocked with 1% bovine serum albumin in
PBS for 1 h at 37°C, and incubated for 4 h at 25°C with diluted sera
from the patients. Furthermore, p-galactosidase-conjugated anti-
human IgE (CAP System; Thermo Fisher Scientific) was added. After
incubation for 18 h at 25°C, 4-methylumbelliferyl-p-p-galactopyran
oside was added to the wells and incubated for 1 h at 37°C. After
the enzyme reaction was terminated with glycine-NaOH, the fluo-
rescence intensity was read using a microplate fluorescence reader
(TECAN GmbH; Salzburg, Austria) at an excitation and an emission

wavelength of 360 and 465 nm, respectively.

2.4 | Inhibition ELISA

Inhibition ELISA was performed to assess in vitro cross-reactivity
as previously described.?! First, six subjects were randomly se-
lected, and their sera were mixed in equal proportions. Pooled
sera were preincubated with each fraction of wheat, barley, and
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rye (2.56ng-1 mg dry weight/ml) as inhibitors for 1 h at 37°C.
Thereafter, preincubated sera were added to microplates coated
with each fraction of wheat, barley, and rye. Subsequent experi-
ments were performed by fluorescent ELISA as described above.
Inhibition analyses were performed for each fraction. IgE reactivity
in the inhibition analyses was determined as a rate of inhibition,
and the results were presented as inhibition curves with the protein
amount of inhibitor as the horizontal axis and the rate of inhibition

as the vertical axis.

2.5 | Statistical analysis

Data were analyzed using GraphPad Prism 6 (GraphPad Software
Inc.). Medians and IQRs were determined, and Kruskal-Wallis tests
were performed for continuous variables. Spearman's correlation
coefficient was used to determine the relationships among continu-
ous variables. A p<.05 was considered statistically significant.

2.6 | Ethical consideration

The study was performed in accordance with the tenets of the
Declaration of Helsinki. Written informed consent was obtained
from all participants or their guardians. The Ethics Committee of the
National Hospital Organization Sagamihara National Hospital ap-

proved this study (approval no. 160106).

3 | RESULTS

3.1 | Sensitization against each fraction

For sIgE levels measured using fluorescent ELISA, all subjects were
sensitized to the three fractions of wheat. They reacted to each frac-
tion of barley and rye, although some cases had low sIgE levels against
the alb/glob fraction. The wheat sIgE levels of all fractions were sig-
nificantly higher than those of barley and rye (p<.001, Figure 1). No

significant differences in sIgE levels were observed between barley

(A) Albumin/globulin fraction

(B) Gliadin fraction

WI LEYM

and rye. Strong correlations among the slgE levels against these
cereals were observed in all the fractions (r = .887-.969, p<.001,
Figure 2).

slgE levels measured using the ImmunoCAP system, revealed
similar results as those measured using ELISA. They also showed
sensitization to barley and rye. The median (IQR) sIgE levels against
wheat, barley, and rye were 32.8 kU, /L (12.9-159kU, /L), 11.1kU, /L
(3.10-38.3 kU, /L), and 14.0 kU, /L (4.50-61.1 kU, /L), respectively.
Wheat slIgE levels were significantly higher than those of barley
and rye (p<.001, Figure S1A), and the slIgE levels of these cereals
showed strong correlations (r = .949-.960, p <.001, Figure S1B).

In this study, cross-reactivity of wheat to barley and rye was

100% from the viewpoint of sensitization.

3.2 | Inhibition ELISA in each fraction
Figure 3 shows the results of the inhibition assay for each fraction
using pooled sera.

In the alb/glob fraction (Figure 3A-C), all cereals inhibited IgE
binding by over 50% to all solid phases in a dose-dependent manner.
Furthermore, wheat inhibited IgE binding at the lower protein levels
for all solid phases.

In the gliadin fraction (Figure 3D-F) and glutenin fraction
(Figure 3G-I), wheat inhibited IgE binding to barley and rye solid
phases, as in the alb/glob fraction. In the wheat solid phase, barley
and rye did not inhibit IgE binding to wheat (Figure 3D,G). In the bar-
ley gliadin and glutenin solid phases (Figure 3E,H), the protein levels
required for 50% inhibition were higher in barley than in wheat and
rye.

3.3 | Relationship between clinical and in vitro
cross-reactivity

Of the 128 patients, 18 (14%) were allergic to barley (barley-allergic
group) and 35 (27%) were able to consume barley (barley-tolerant
group). The remaining 75 (59%) had never consumed barley. No one

had ever consumed rye.

(C) Glutenin fraction
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FIGURE 1 Distribution of wheat, barley, and rye slgE levels in the three fractions. Cereal slIgE levels in albumin/globulin (A), gliadin (B),
and glutenin (C) fraction were measured by fluorescent ELISA. The wheat sIgE levels of all fractions were significantly higher than those of
barley and rye. ELISA, enzyme-linked immunosorbent assay; sIgE, specific immunoglobulin E

95UB01 7 SUOWIWOD 9A 181D 8]qeot [dde 8y} Ag peusenob afe sajole YO 9SN J0 S9N Joj Akeig i 8UlUQ A8]IM UO (SUONIPUD-PUE-SWRI/LIO" A8 | 1M AleIq 1jBul [UO//:SANL) SUONIPUOD puUe SWis | 8u18es *[£202/10/.2] uo AkeiqiTauliug Ao|im ‘joodenlT JO Aisealun Ag TEBET .d/TTTT OT/I0p/W00 A8 1M AReIq Ul |UD//:Scny WOy pepeojumoq ‘. ‘ZZ0¢ ‘8E0E665T



40f8 TAKEI ET AL.
WILEY
(A) Albumin/globulin fraction
108 108+ 108y
107 v 107+ 1074 Ve
10° 106+ [y o 106+ '-_'--?'i
Wie .t .ot
s 5] C Wl 5 ol
710 o 10 £ o 10°3 --Lf
& & ot . & B 20
@ qg¢ 1044 Bt 1049 ) SO
LAY °, @ °
. - S
103 . 103 LI 10° e 0t
r=0.903* ] o r=0.887* ; L r=0931*
102 102+ 1024
101 rrreemy m L m e 101 e m . . = . m 101 = - . - = . -
10" 102 10® 10* 105 10% 107 108 10" 102 10® 10* 105 10% 107 108 10" 102 10® 10* 105 10%® 107 108
Wheat Wheat Barley
(B) Gliadin fraction
108 108+ 1084
107 107 4 1074
. o5 6] 6
10 x4 10 1064
4
> 105 . 1051 1054
@ 2% [ [
= el & &
m qp4 :“"-‘it 104+ '--'.:_ . 104+
w -‘.
103 103+ 103
r=0.958* r=0.960* 3 r=0.969*
102 102+ 1024
10 1 e ey rrmy—rrery—-rrey—ry 10" e Ty Ty 101 e e e
10" 102 10% 104 105 108 107 10" 102 10° 104 105 106 107 108 10" 102 10® 104 105 10 107 108
Wheat Wheat Barley
(C) Glutenin fraction
108 108+ 1084
107 107 3 107+
108 106+ o 1064
.gﬁf
o Boey
> 105 1054 J'.f 1054
) o ST o
5 & ] &
@ 104 104+ -.._"3;. 104+
10° 102 it 10° .
. r=0.953* ] . r=0.935* 3 . r=0.948*
102 102+ 1024
10 1 ey 101 e 101 —————
10" 102 10% 104 105 108 107 10" 102 10% 104 105 10% 107 108 10" 102 10° 10 105 106 107 108

Wheat

Wheat

Barley

FIGURE 2 Correlations among wheat, barley, and rye slIgE levels in the three fractions. Correlations among cereal sIgE levels in albumin/
globulin (A), gliadin (B), and glutenin (C) fraction are shown. There were significant correlations among cereals. *p <.001; sIgE, specific

immunoglobulin E

The barley sIgE levels were significantly higher in all the three
fractions in the barley-allergic group (p<.001, Figure S2). The cor-
relation coefficients between wheat sIgE and barley slIgE in the three

fractions were not significantly different between the two groups

(data not shown).

fraction (Figure 4).

Inhibition ELISA of barley using wheat as an inhibitor showed
differences in the inhibition pattern between barley-allergic and
-tolerant groups in all the three fractions. The differences were more

pronounced in the gliadin and glutenin fractions than in the alb/glob
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FIGURE 3 |Inhibition ELISA curve of each fraction among wheat, barley, and rye. The horizontal axis indicates the protein amount of
inhibitor; the vertical axis indicates the rate of inhibition. The dotted straight line shows the 50% inhibition rate. Solid phases were albumin/
globulin fraction (A-C), gliadin fraction (D-F), and glutenin fraction (G-I). Wheat (closed circle with solid line), barley (open triangle with
dotted line), and rye (open square with dotted line) were used as inhibitors for each solid phase; wheat (A,D,G), barley (B,E,H), and rye (C,F,I).

ELISA, enzyme-linked immunosorbent assay

4 | DISCUSSION

The results of this study revealed that children with immediate-type
wheat allergy had sensitization to all the three fractions of wheat,
and cross-reactivity to barley, and rye in all the three fractions.
Moreover, the allergenicity of wheat appeared to be higher than
that of barley and rye, suggesting that wheat is a primary source of

sensitization, and sensitization to barley and rye was caused by the
cross-reactivity. To the best of our knowledge, this is the first study
to clarify the in vitro cross-reactivity of each fraction among cereals
in immediate-type wheat allergy.

All subjects were sensitized to barley and rye. The slIgE levels
against wheat were significantly higher than those of barley and
rye. Furthermore, strong correlations among the sIgE levels were
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FIGURE 4 Inhibition ELISA curve of
each fraction among barley-allergic and
-tolerant groups. The horizontal axis
indicates the protein amount of inhibitor;
the vertical axis indicates the rate of
inhibition. The dotted straight line shows
the 50% inhibition rate. Solid phases were
barley of each fraction. Wheat (A,C,E)
and barley (B,D,F) were used as inhibitors
for each fraction. ELISA, enzyme-linked
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observed among wheat, barley, and rye. Sandiford et al. measured
the sIgE levels of cereal alb/glob fractions in 31 patients with baker's
asthma through a competitive radioallergosorbent inhibition assay
and reported that 94% and 97% of the patients were sensitized to
barley and rye, respectively. Furthermore, the sIgE levels against
these cereals were highly correlated with each other.® In a previ-
ous study on children with wheat allergy (n = 18), sensitization to
barley was observed in 89% of the subjects, and the correlation of
sIgE levels between wheat and barley, as measured using the ELISA
method, were relatively high.2> We obtained similar results among
wheat, barley, and rye, with strong correlations in each fraction and
in a larger population.

In vitro cross-reactivity among cereals was previously evaluated

16,23 and

in the alb/glob fraction among patients with baker's asthma
in the gliadin fraction among adult patients with WDEIA.Y*?* In the
present study, we showed that wheat has cross-reactivity with bar-
ley and rye in all the fractions among children with immediate-type
wheat allergy, suggesting that IgE-binding epitopes in barley and

rye might be shared with those in wheat. Moreover, the results of

105

inhibition ELISA showed that wheat inhibited IgE binding to barley
and rye solid phases with lower amounts of protein than barley and
rye in all the fractions. Similar results were observed in the gliadin
fraction from patients with WDEIA.Y The results of the present
study suggest that wheat has the strongest allergenicity among
wheat, barley, and rye in children with immediate-type wheat al-
lergy. Wheat sIgE levels were significantly higher than those of bar-
ley and rye, thereby supporting these results. Thus, we considered
that wheat is a primary source of sensitization; barley and rye re-
sult in secondary sensitization owing to cross-reactivity to wheat.
Regarding the relationship between barley and rye, barley proteins
exhibited 50% inhibition at higher amounts than rye protein in the
barley gliadin and barley glutenin fractions, indicating that the aller-
genicity of rye might be higher than that of barley in the gliadin and
glutenin fractions in our study population.

All children in our study showed sensitization to other cereals,
indicating only in vitro cross-reactivity, not clinical cross-reactivity.
Srisuwatchari et al. described that 6 of 10 wheat-allergic children
had allergy to barley based on large skin prick test diameters or
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previous history and showed in vitro cross-reactivity to barley in the
gliadin and glutenin fractions.?> Another study showed that children
with wheat allergies had 56% clinical cross-reactivity to barley in an
oral food chaIIenge.22 For other cereals, Jones et al. reported that
20% of the patients with cereal allergy reacted to two or more ce-
reals.2® These results suggest that some patients with wheat allergy
may show allergic symptoms to other cereals, whereas others may
be able to consume the cereals without allergic symptoms. In the
present study, only less than half of the patients had ever consumed
barley grain, and approximately 1/3 of them were allergic to barley.
The barley-allergic group in our study had significantly higher bar-
ley slgE in all three fractions. Furthermore, inhibition ELISA showed
that all three fractions of barley were inhibited by wheat inhibitors at
lower concentrations in the barley-allergic group than in the barley-
tolerant group. The results were particularly marked in the gliadin
and glutenin fractions. This suggests that clinical cross-reactivity to
barley might correlate with high levels of barley sIgk as well as in
vitro cross-reactivity in the gliadin and glutenin fractions between
wheat and barley.

This study has some limitations. First, we did not evaluate
cross-reactivity to cereals other than barley and rye (e.g., oat, corn,
and rice, which belong to the Poaceae family). Further studies are
needed to clarify the cross-reactivity between wheat and other ce-
reals. Second, only children who developed immediate-type wheat
allergy were eligible for this study. Varying results might be obtained
for patients who are only allergic to barley or rye and are not allergic
to wheat. However, no such patients were present in our hospital
during the study period, and to our knowledge, no studies to date
have focused on these patient populations. Finally, our study mainly
showed in vitro cross-reactivity among cereals. Since barley and rye
are not commonly consumed in Japan, we could not accurately ex-
amine clinical cross-reactivity among cereals. For managing wheat
allergies, it may also be important to investigate whether patients
are at a risk of other cereal allergies. Therefore, further studies
are required to evaluate the clinical cross-reactivity among these
cereals.

In conclusion, wheat is the primary source of sensitization, and
sensitizations to all the three fractions were observed in children
with immediate-type wheat allergy. We also found in vitro cross-
reactivity of all fractions among wheat, barley, and rye in all children
in this study. In the management of children with wheat allergy, it
is important to consider sensitizations to other cereals caused by
in vitro cross-reactivity. Further studies are expected to assess the

clinical cross-reactivity among cereals.
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