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Abstract

Background: Oral food challenges have demonstrated that diagnosis of almond al-
lergy based on extract-sIgE tests displays low specificity. Molecular allergy diagnosis
is expected to improve accuracy, but its value in diagnosing almond allergy remains
unknown. The aim of this study was to identify relevant almond allergens and examine
their ability to improve almond allergy diagnosis.

Methods: IgE-reactive proteins were purified from almond kernels. IgE binding to
almond extract and the allergens was analyzed by quantitative ELISA using sera from
18 subjects with a proven almond allergy. The control group consisted of sera from
18 subjects allergic to peanut and/or tree nuts but tolerant to almond.

Results: Three IgE-binding proteins were identified: legumin (Pru du 6), alpha-hair-
pinin (Pru du 8), and mandelonitrile lyase (Pru du 10). Positive IgE (20.35 kU/L) to
almond extract showed 94% sensitivity but only 33% specificity. IgE to Pru du 6
maintained high sensitivity (83%) and provided superior specificity (78%). Sera
from almond-allergic subjects had significantly higher IgE levels to almond extract
(P <.0001) and Pru du 6 (P < .0001) than sera from tolerant donors. Sensitization to
Pru du 6 was highly specific for almond allergy, while frequencies of sensitization to
legumins from peanut, walnut, hazelnut, and cashew were similar in both groups. IgE
to Pru du 8 and Pru du 10 was less sensitive (41% and 67%), but showed specificities
of 100% and 61%.

Conclusion: The use of almond allergens markedly increases the diagnostic specific-
ity compared to the extract. Pru du 6 is a potential new molecular marker for almond

allergy.
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allergy
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GRAPHICAL ABSTRACT

Three allergens were identified in almond kernels: Pru du 6, Pru du 8, and a new allergen, Pru du 10, belonging to a novel family of allergenic
proteins. Sensitization profiles of almond-allergic individuals were dominated by almond-specific allergens, particularly Pru du 6. The use of
almond allergens for IgE tests markedly increased the diagnostic specificity compared to the extract.

Abbreviations: FPLC, fast protein liquid chromatography; LC-MS/MS: liquid chromatography tandem mass spectrometry; sIgE: specific IgE

1 | INTRODUCTION

Almond, along with walnut, hazelnut, and cashew, is considered an
important cause of tree nut allergy in children and adults. Recent
survey data in the United States reported almond and cashew with
prevalences of 0.7% each as the most common tree nut allergies in
children and adults.? Australian studies reported almond allergy
prevalences of 0.2% in adolescents® and 0.3% in children.* The pro-
portion of patients with peanut allergy who have concurrent almond
sensitization is high with rates from 45% to 71%, though only up
to 11% reported allergic symptoms.>” Almond sensitization among
those with tree nut allergy was 54% and 44%, yet the prevalence of
food-challenge-defined almond allergy was <2%.87

The main challenge in managing patients with suspected aller-
gies to peanut and tree nuts is to distinguish between concurrent
allergy and asymptomatic co-sensitization due to multitude of food
sources to be avoided. Current data from oral food challenges
(OFCs) have revealed that routine almond allergy diagnosis based
on clinical history confirmed by extract-based tests such as skin
prick test (SPT) and serum-specific IgE (sIgE) test is poor in pre-
dicting almond allergy.X®** From 590 patients who were referred
for an OFC for suspected almond allergy, 97% were sensitized to
almond extract, but only 5% failed almond challenge.’® Similarly,
of 400 patients who underwent almond-OFCs, 96% were sen-
sitized to almond, yet 4% failed the challenge.!! In both cohorts,
neither almond sensitization nor prior history of almond reaction

were predictive of challenge failure. Consequently, OFC remains

the diagnostic standard for almond allergy to prevent unnecessary
elimination diets.

In recent years, molecular allergy diagnosis using single allergens
to quantify slgE levels in serum has been shown to be a valuable tool
to elucidate distinct sensitization profiles and more accurately re-
flect clinical reactivity, avoiding the need for a challenge. Allergens,
suchas Arah 2,2 Jugr 1,*° Cor a 14,* and Ana o 3,'° were described
as superior in predicting allergic reactions to peanut, walnut, hazel-
nut, and cashew, compared to the extracts. In contrast to peanut
and other tree nuts, the value of almond allergens in diagnosing al-
mond allergy is unknown. Prior to this study, there were five almond
allergens registered in the WHO/IUIS database of allergens: Pru du
3 (nonspecific lipid-transfer protein),16 Pru du 4 (profilin),17 Pru du
5 (60S ribosomal protein),*® Pru du 6 (legumin),**?° and Pru du 8
(ax-hairpinin antimicrobial protein).21 Pru du 6, also known as aman-
din, is a highly abundant storage protein which is frequently recog-
nized by IgE from almond sensitized patients.'?” Almond profilin Pru
du 4 seems to be relevant for patients with grass pollinosis.}’” The
other three allergens have been identified by cDNA cloning from im-
mature almonds but their presence in mature almond kernels was
not investigated.'22

The aim of this study was to (a) identify and purify IgE-binding
proteins from almond kernels, (b) establish the allergen sensitization
profiles of patients with proven almond allergy, and (c) investigate
the ability of individual almond allergens to discriminate between
almond-allergic and almond-tolerant patients with peanut and other

tree nuts allergies.
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2 | MATERIALS AND METHODS

A more detailed version of the Methods section can be found in the

supplement.

2.1 | Patient's sera

Eighteen patients with almond allergy were included in the study:
14 sera were collected from patients with a positive double-
blind, placebo-controlled food challenge (DBPCFC) to almond
and four from patients with a convincing history of almond al-
lergy. DBPCFCs were performed at the Sean N. Parker Center for
Allergy and Asthma Research at Stanford University using stand-

2325 and as

ardized methodology according to validated guidelines
previously described.? The inclusion criteria for DBPCFC were
suspected almond allergy, defined as an slgE = 0.35 kU/L and/or
a positive skin prick test (SPT) to almond. The blood was drawn
before the challenge. A challenge was considered positive if objec-
tive symptoms occurred within 4 hours of exposure. Inclusion cri-
teria for four almond-allergic subjects enrolled at the Department
of Dermatology, University Hospital St. Poelten, were a history of
an allergic reaction after ingestion of almond and sIgE or positive
SPT to almond.

To compare allergen recognition profiles between almond-al-
lergic and almond-tolerant patients and to analyze the diagnostic
specificity of the almond allergens, a control group consisting of 18
subjects was included. In the tolerant group, peanut and/or nut al-
lergic patients were included who reported regular consumption of
almonds without any allergic symptoms. The inclusion criteria were a
clinically proven history of a peanut and/or tree nut allergy but toler-
ance of almond and sIgE to peanut and/or tree nuts (Tables 2 and S1).
An additional negative control group consisted of four atopic subjects
with no history of food allergy and negative slgE tests to food aller-
gens. Allergen-slIgE levels were measured by ImmunoCAP (Thermo
Fisher Scientific) or ALEX (Macro Array Diagnostics GmbH). The use
of clinical data and serum samples for this study was approved by
the local ethics committees (Stanford Institutional Review Board,
the Ethics Committee of Lower Austria, and the Ethics Committee of
the Medical University of Vienna), and signed informed consent was

obtained from all patients.

2.2 | Purification and characterization of
almond allergens

IgE-binding proteins were purified from almonds using different pro-
tein extraction conditions and diverse chromatographic techniques.
Protein identification was performed by Nano-LC ESI-Orbitrap MS/
MS and N-terminal sequencing. Purity of the proteins was ana-
lyzed by SDS-PAGE, 2D electrophoresis, and Coomassie Brilliant
Blue staining. Secondary structure content was determined by CD-

spectroscopy. To demonstrate IgE binding, immunoblotting and

quantitative ELISA were performed. The detailed protocols are de-
scribed in the supplement.

2.3 | Statistical analysis

The Mann-Whitney U test was used for comparing allergen-
specific IgE levels of patients with and without almond allergy.
Chi-square test was applied to assess statistically significant dif-
ferences between the percentages of sera from the two groups
reacting with individual allergens or extracts. Receiver operating
characteristics (ROC) curves were generated to evaluate the diag-
nostic capacity of the test for specific IgE levels. An optimal cut-
off point for sIgE to the tested allergens was obtained using the
Youden index (sensitivity + specificity - 1). Paired correlation was
calculated by using the Pearson test. P-values < .05 were consid-

ered significant.

3 | RESULTS
3.1 | Patients' characteristics

Sera from 18 patients with clinically relevant allergic reactions fol-
lowing ingestion of almonds were included in this study (Table 1). The
most common symptoms elicited by almond were urticaria (n = 10),
rash (n = 4), and angioedema (n = 6). Most of the patients (56%) had
a history of immediate reaction to peanut, 44% to cashew, 39% to
hazelnut, and 44% to walnut. As control group, 18 sera from patients
with allergy to at least one tree nut or peanut were used (Table 2).
At the time of inclusion, all control patients indicated to consume
almond regularly without allergic symptoms. Similar to the almond-
allergic group, most of the patients had peanut (72%) and hazelnut
allergy (67%) followed by walnut allergy (61%). The total IgE levels

and slgE levels to peanut, hazelnut, walnut, Brazil nut, and macada-

mia did not differ significantly between the two groups (Table S1).

3.2 | Identification of novel almond allergens

SDS-PAGE analysis of almond extract showed multiple protein bands
in the range of 10-100 kDa (Figure 1, lanes 1-2). Immunoblotting of
the extract with a pool of sera from almond-allergic patients (Table 1,
sera 4, 5, 10 and 16) showed several IgE-binding signals in this range
(Figure 2A, lanes 1-2). After purification, IgE-binding proteins were
identified as Pru du 6, Pru du 8, and mandelonitrile lyase 2, a novel
plant food allergen (Figure 1, lanes 3-8 and Table S2). The complete in-
hibition of IgE binding after preincubation of the serum pool with the
mixture of the three proteins indicated that the IgE-binding bands in
the extracts represent the isolated proteins (Figure 2A, lane 3). Pru du
6 migrates as a band of around 60 kDa and dissociates under reducing
conditions into two subunits of 20 and 40 kDa (Figure 1, lanes 3-4). As
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TABLE 1 Almond-allergic (1-18) patients: clinical characteristics and IgE sensitization pattern as determined by quantitative ELISA

Almond
allergy
Pat confirmed  Sex/ Symptoms to
No. by Age almond Other food allergies
1 DBPCFC M/7 Pruritus, rash, Peanut, cashew, egg,
angioedema, milk
nasal
congestion
2 DBPCFC F/12 Urticaria Hazelnut
3 DBPCFC M/8 Rash Peanut, cashew,

hazelnut, walnut

4 DBPCFC F/4 Rash
DBPCFC F/5

6 DBPCFC F/10

Angioedema

Urticaria Cashew, hazelnut,

walnut

7 DBPCFC M/6 Urticaria, rash Peanut, cashew,

hazelnut, walnut

8 DBPCFC F/11 Urticaria Peanut, cashew,
hazelnut, walnut
9 DBPCFC F/7 Urticaria Egg
10 DBPCFC F/12 Urticaria Cashew, hazelnut,
walnut
11 DBPCFC F/9 Throat tightness, None
abdominal pain
12 DBPCFC M/12 Urticaria, None
angioedema
13 DBPCFC M/15 Urticaria None
14 DBPCFC M/9 Urticaria None
15 positive Angioedema Peanut, hazelnut,
history walnut, cashew,
pecan,
16 positive M/4 Urticaria Peanut, cashew,
history pistachio
17 positive F/18 Angioedema, Peanut
history oropharyngeal

pruritus and
mild erythema

18 positive F/48
history

Angioedema,
oropharyngeal
pruritus and
mild erythema

Peanut, walnut

Peanut, milk, wheat

Peanut, egg, walnut

slgE (kU/L)

Pru Pru Pru Bet Phlp Prup
Extract dué dus8 dul0 v1 12?2 3?
71 6.7 <0.35 <0.35 0.6 0 <0.35
183.8 148.1 13.4 75.7 25.5 <0.35
125.9 69.4 159.1 33.1 2.1 0.7 3.2
7.5 11.5 <0.35 0.9 <0.35 <0.35 <0.35
6.3 59 <0.35 <0.35 1.0 <0.35 <0.35
0.4 <0.35 <0.35 <0.35 21.8 <0.35 <0.35
8.0 6.5 <0.35 1.0 <0.35 1.7 1.1
317.2 181.7 44.5 24.2 <0.35 <0.35 <0.35
2.7 2.0 1.3 <0.35 <0.35 <0.35 <0.35
12.6 3.6 <0.35 14.4 14.2 <0.35 <0.35
274 8.7 1.5 4.0 3.6 <0.35 <0.35
2.2 1.1 1.3 <0.35 6.0 1.5 <0.35
211 6.0 54.1 2.0 33.4 <0.35 <0.35
73.7 81.1 0.5 95.1 18.7 <0.35 <0.35
38.2 8.7 <0.35 0.9 <0.35 <0.35 9.6
19.3 22.9 <0.35 3.3 7.0 <0.35 <0.35
1.6 <0.35 <0.35 04 <0.35 3.1 34
<0.35 <0.35 <0.35 <0.35 2.6 <0.35 2.1

IgE specific to Bet v 1, Phl p 12, and Pru p 3 was measured as representatives of an almond Bet v 1-homologue, almond profilin, and almond nsLTP,

respectively.

shown in 2D-PAGE (Figure S1), Pru du 6 occurs in different processed
forms indicated by multiple spots of similar molecular masses but var-
ying isoelectric points (pls). Pru du 8 migrates at 13 kDa under reduc-
ing and at 26 kDa under nonreducing conditions (Figure 1, lanes 5-6
and Figure S1) indicating dimer formation. The newly identified man-
delonitrile lyase 2 migrates at about 60 kDa and a pl of 5.5 (Figure 1,
lanes 7-8 and Figure S1). This allergen was designated Pru du 10 by the
WHO/IUIS Allergen Nomenclature Sub-Committee.

The three proteins showed high purity (>95%) and no cross-con-

tamination with other allergens, as determined by high-accurate

tandem mass spectrometry (Table S2). A clear IgE reactivity to Pru
du 6 and Pru du 10 was observed under nonreducing (Figure 2A,
lines 5-6 and 11-12) as well as reducing conditions (Figure 2B, lines 1
and 5). However, IgE reactivity to Pru du 8 was only observed under
nonreducing conditions (Figure 2A, line 8 and Figure 2B, line 3). No
considerable reduction of IgE binding to Pru du 10, a glycoprotein,
was observed after inhibition of IgE antibodies specific to CCDs using
HRP, indicating involvement of protein residues in the IgE binding
(Figure 2A, lines 11-12). Similarly, IgE binding to the other allergens

was not altered upon preincubation of sera with HRP (Figure 2A,B).
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TABLE 2 Almond-tolerant (19-36) and atopic (37-40) patients: clinical characteristics and IgE sensitization pattern as determined by

quantitative ELISA

Almond Sex/ Symptoms

Pat No. allergy?® Age to almond Other food allergies

19 No F/31 None Peanut, hazelnut,
walnut, poppy seed

20 No F/22 None Peanut, hazelnut,
lupine, peach, kiwi

21 No M/7 None Peanut, hazelnut,
walnut, milk

22 No M/18 None Peanut

23 No M/17 None Hazelnut, walnut,
milk, egg

24 No M/20 None Hazelnut, macadamia

25 No F/27 None Peanut, walnut

26 No F/9 None Peanut, hazelnut,
walnut, cashew

27 No F/37 None Hazelnut walnut,

28 No M/28 None Peanut

29 No F/31 None Peanut, hazelnut,
walnut

30 No M/10 None Peanut, apple

31 No F/26 None Peanut, hazelnut,
walnut

32 No F/21 None Peanut, hazelnut,
walnut

33 No F/42 None Walnut

34 No M/18 None Peanut

35 No F/48 None Hazelnut, walnut

36 No F/30 None Peanut, hazelnut

37 No F/48 None None

38 No M/29 None None

39 No M/32 None None

40 No M/50 None None

slgE (kU/L)
Pru Pru Pru du Bet v Phl p Prup
Extract dué du8 10 i 12° 3°
4.2 <0.35 <0.35 <0.35 17.1 <0.35 <0.35
14 0.9 <0.35 3.3 <0.35 <0.35 <0.35
3.2 11.3 0.41 1.8 21.3 <0.35 <0.35
<0.35 1.0 <0.35 <0.35 4.3 <0.35 <0.35
<0.35 <0.35 <0.35 <0.35 25.4 <0.35 <0.35
0.4 <0.35 <0.35 0.6 <0.35 <0.35 <0.35
2.0 1.6 <0.35 0.9 6.0 <0.35 <0.35
4.1 <0.35 <0.35 14 <0.35 <0.35 <0.35
0.8 <0.35 <0.35 0.7 4.4 <0.35 16.3
0.6 <0.35 <0.35 <0.35 3.1 <0.35 <0.35
<0.35 <0.35 <0.35 <0.35 7.9 <0.35 <0.35
<0.35 <0.35 <0.35 0.5 6.7 <0.35 <0.35
0.8 <0.35 <0.35 <0.35 2.0 <0.35 <0.35
<0.35 <0.35 <0.35 <0.35 15.3 <0.35 <0.35
0.45 <0.35 <0.35 <0.35 <0.35 <0.35 3.4
<0.35 <0.35 <0.35 <0.35 0.9 <0.35 <0.35
0.4 <0.35 <0.35 <0.35 <0.35 <0.35 <0.35
0.5 <0.35 <0.35 <0.35 0.5 <0.35 <0.35
<0.35 <0.35 <0.35 <0.35 0.6 <0.35 <0.35
<0.35 <0.35 <0.35 <0.35 25.5 <0.35 <0.35
<0.35 <0.35 <0.35 <0.35 2.1 <0.35 <0.35
<0.35 <0.35 <0.35 <0.35 <0.35 <0.35 <0.35

?Based on a detailed questionnaire, all subjects consumed almonds regularly without allergic symptoms.

bIgE specific to Bet v 1, Phl p 12, and Pru p 3 was measured as representatives of an almond Bet v 1-homologue, almond profilin, and almond nsLTP,

respectively.

Changing protein extraction conditions such as the use of differ-
ent buffers, pH values, salt concentration, and water-alcohol ratios
did not result in detection of other IgE-binding proteins (eg, vicilins
and 2S albumins), typically present in other tree nuts.

3.3 | Sensitization profiles to individual almond
allergens differ between almond-allergic and almond-
tolerant subjects

IgE reactivity to almond allergens differed substantially between
the almond-allergic and almond-tolerant group (Tables 1 and 2,

Figure 3 and Table S1). Almond-allergic patients had significantly

more frequently (P < .001) IgE specific to Pru du 6 than patients
who tolerate almond. Sixteen of 18 (89%) sera from almond-allergic
subjects had specific IgE levels of 20.35 kU, /L, while only 22% (4 of
18) of sera of the control group were positive to the allergen. Rates
of IgE binding to other allergenic legumins from peanut (Ara h 3),
walnut (Jug r 4), hazelnut (Cor a 9), and cashew (Ana o 2) were simi-
lar among almond-allergic and asymptomatic patients indicating that
IgE binding to Pru du 6 was specific for almond allergy (Figure 4).
Sensitization to Pru du 8 was observed in 44% of the almond-al-
lergic patients and to the newly identified allergen Pru du 10 in 67%.
Only one serum from the control group reacted with Pru du 8, and
7 sera with Pru du 10. Sixteen almond-allergic patients (89%) were

sensitized to at least one almond allergen and six (33%) to all three
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allergens. The two sera negative to the three almond allergens were
positive to Bet v 1 and the Bet v 1-homologous allergens Cor a 1.04,
Mal d 1, and Gly m 4. One of these patients also had IgE specific to
Pru p 3, as a representative of almond nsLTP (Tables 1 and 2). The
IgE-binding frequency to Bet v 1 was 67% and in the control group
72%. Sensitization to Phl p 12, as a representative of almond profilin,
was observed in 28% of almond-allergic and 6% of almond-tolerant
subjects. No serum from the atopic control subjects reacted with al-
mond allergens.

There was a strong correlation (R? = .9) between the IgE reac-
tivity to almond extract and slgE reactivity to the three almond al-
lergens, expressed as the sum of sIgE values of the three individual
allergens (Figure S2), indicating that IgE to these allergens represents
the majority of almond-specific IgE.
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FIGURE 1 Coomassie-stained 15% SDS-PAGE of almond
protein extract and purified allergens separated under reducing (R)
and nonreducing (NR) conditions
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When specific IgE antibody levels to individual allergens were
investigated, sera from almond-allergic subjects had significantly
higher IgE specific to Pru du 6 (median, 8.7 kU,/L; range, 1.1-181.7,
P < .0001), Pru du 8 (median, 7.4 kU,/L; range, 0.5-159.0 kU,/L,
P=.013),and Prudu 10 (median, 3.6 kU, /L; range, 0.4-95.1, P =.031)
compared to the tolerant group (Figure 3 and Table S1). The median
levels of sIgE to Bet v 1 and Pru p 3 were similar between reactive
and nonreactive patients. IgE specific to cashew extract (median,
17.3 kU, /L, P =.0030) and Ana o 3 (median, 20.9 kU,/L; P = .0073)
was significantly higher in the group of allergic patients owing to the
fact that most patients had co-existing cashew allergy. There was no
difference in the quantity of IgE specific to other extracts or aller-
gens listed in Table S1.

3.4 | Using single almond allergens increases
diagnostic specificity

Seventeen (94%) of 18 patients with almond allergy and 12 (67%)
of 18 almond-tolerant patients had sIgE 20.35 kU,/L to almond ex-
tract. The median level of sIgE to almond extract (12.6 kU,/L; range,
0.4-317.2 kU, /L, P < .0001) was significantly higher in sera from pa-
tients allergic to almond compared with tolerant patients (Tables 1,
2 and Table S1). Positive sIgE to almond extract was highly sensitive
(94%), but not specific (33%). At the same threshold level, Pru du 6
maintained high sensitivity (83%), but provided superior specificity
(78%). Pru du 8 and Pru du 10 were less sensitive (44% and 67%),
but with specificities of 100% and 61%. The cutoff almond-sIgE level
that predicted clinical reactivity with the highest sum of sensitiv-
ity and specificity was 5.2 kU,/L, with a sensitivity of 72% and a
specificity of 100% (Table 3). The optimal cutoff point of IgE to Pru
du 6 was 1.8 kU, /L, with sensitivity and specificity of 77% and 94%,
respectively. The calculated optimal cutoff point for Pru du 8 was
0.35 kU, /L with a sensitivity of 44% and specificity of 100%, and

(B) IgE immunoblots (reducing)
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IgE immunoblots of almond extract and allergens under reducing and nonreducing conditions. IgE reactivity of pooled sera

(SP) from 4 almond-allergic patients (sera: 4, 5, 10, and 16). To inhibit CCD-specific antibodies, serum pool was preincubated with HRP
(+HRP). IgE inhibition of the serum pool (SP inhib.) was performed using a mix of Pru du 6, Pru du 8, and Pru du 10. As a negative control, a
pool of 2 sera (NHS pool) from atopic subjects (sera: 43 and 44) was used
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FIGURE 3 Specific IgE concentrations (kU,/L) to almond extract and individual purified allergens in sera from almond-allergic, almond-
tolerant, and other atopic subjects. Horizontal bars indicate medians + interquartile ranges. IgE values < 0.01 kU, /L were set to 0.01 kU, /L.
Dotted lines indicate the 0.10 and 0.35 kU, /L cutoff levels. Differences between the patient groups were analyzed by nonparametric Mann-

Whitney U test. *P < .05, ***P <.001, ****P < .0001

for Pru du 10 0.75 kU, /L with a sensitivity of 61% and specificity
of 78% (Table 3). Based on the calculations of areas under the ROC
curves, slgE to almond extract and Pru du 6 had the highest accuracy
in discriminating between allergic and tolerant individuals: area (95%
Cl), almond extract (0.89), Pru du 6 (0.87), Pru du 10 (0.71), and Pru
du 8 (0.70) (Figure 5).

4 | DISCUSSION

Recent studies have demonstrated that diagnosis of almond allergy
by extract-based tests poorly differentiate between sensitized and
allergic individuals. Thus, the diagnosis is heavily reliant on OFCs.
Molecular diagnostics, which measure allergen-specific IgE, offer
the potential to improve the diagnostic accuracy, but no information
about diagnostic performance of almond allergens is available. In this
study, we identified relevant allergens in almond kernels and deter-
mined allergen sensitization profiles of almond-allergic and almond-
tolerant patients. Furthermore, we evaluated for the first time the
diagnostic value of molecular diagnosis of almond allergy in particu-
lar with regard to specificity compared with that of an extract-based

diagnosis.

Our results showed a difference in the allergen compositions of
almond compared with peanut and other tree nuts. Allergies to pea-
nut and tree nuts are typically associated with sensitization to seed
storage proteins (2S albumins, legumins, and vicilins) and additionally
often to one or several less prominent allergens. With exception of
almond legumin (Pru du 6), which was also previously detected as
an important aIIergen,” 2S albumin and vicilin, typically abundant
in other nuts, could not be detected in almond kernels. Although re-
cently a vicilin-related cDNA was isolated from immature almonds
and a recombinant protein produced has been shown to bind IgE,
the presence of its natural counterpart in mature almonds was not
confirmed.?? In line with our results, neither a vicilin nor a 2S albu-
min was identified by mass spectrometric proteome analysis of the
almond kernel.?”

Instead, we purified two almond-specific allergens, Pru du
10 and a 13 kDa IgE-binding protein which was identified as a
C-terminal fragment of previously reported almond allergen Pru du
8. Recombinant Pru du 8 obtained by cDNA cloning from immature
almonds is a 26 kDa protein belonging to the a-hairpinin family.?® Our
results indicate that this sequence codes for a preproprotein which
in mature almond undergoes post-translational proteolytic process-

ing, as has been shown for a homologous protein from wheat.?®
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FIGURE 4 Percentages of sensitization of almond-allergic and
almond-tolerant subjects to Pru du 6 homologous from walnut (Jug
r 4), peanut (Ara h 3), cashew (Ana o 2), and hazelnut (Cor a 9)

TABLE 3 Sensitivity and specificity of different cutoff sIgk
levels for almond extract, Pru du 6, Pru du 8, and Pru du 10

Youden

Test cutoff (kUA/L)  Sensitivity (%)  Specificity (%)  index
Almond slIgE

20.1 100 11 0.11

20.35% 94 33 0.28

25.2° 72 100 0.72
Pru du 6 sIgE

20.1 89 56 0.50

20.35° 83 78 0.61

>1.8° 77 94 0.72
Pru du 8 sIgE

20.1 45 83 0.29

20.35%° 44 100 0.44
Pru du 10 sIgE

20.1 72 50 0.22

>0.35% 67 61 0.28

20.75" 61 78 0.38

2Clinically used cutoff value.
bCalculated optimal cutoff points.

Interestingly, IgE-binding peptides from the a-hairpinin protein fam-
ily have also been identified in peanut?’ and walnut,®C but in contrast
to almond those peptides originate from the N-terminal region of
vicilin preproproteins.

Anotherinteresting finding of this study is the identification of
almond mandelonitrile lyase 2 as a novel allergen, which was des-
ignated Pru du 10. Mandelonitrile lyase 2, a key enzyme for a pro-
cess known as cyanogenesis, is the most studied almond protein.

It is a flavoprotein belonging to the glucose-methanol-choline

0 20 40 60 80 100
100% - Specificity (%)

FIGURE 5 Receiver operating characteristic curves for sIgk to
almond extract, Pru du 6, Pru du 8, and Pru du 10 with regard to
discrimination between almond allergy and tolerance of almond

oxidoreductase family. Although N-glycosylation sites were pre-
viously identified by crystallography,31 our results showed that
glycan moieties are not involved in IgE reactivity to Pru du 10.

As a next step, we used the panel of purified almond allergens
to establish sensitization profiles of 18 almond-allergic subjects. We
showed that 94% of almond-allergic patients had IgE to at least one
of those three allergens and that most patients displayed IgE reac-
tivity to Pru du 6 (83%).

The main finding of our study was that sensitization to almond
legumin Pru du 6 was highly specific for almond allergy. Notably,
sensitization to other allergenic legumins from peanut, walnut, ha-
zelnut, and cashew was similar in almond-allergic and almond-tol-
erant groups, which may qualify Pru du 6 as a specific biomarker
for symptomatic almond allergy. The degree of sequence identity
between Pru du 6 and the other legumins is low, ranging from 41%
to 51%,%2 but future inhibition experiments will be necessary to eval-
uate the extent of cross-reactivity between allergens from almond
and other nuts.

Furthermore, we evaluated the diagnostic value of molecular di-
agnosis of almond allergy with regard to specificity compared with
that of an extract-based diagnosis. Because there is currently no com-
mercially available diagnostic tool, measurement of sIgkE to almond
was performed using an in-house developed quantitative ELISA. In

711 e found a high sensitization frequency to

line with other studies,
almond extract not only among almond-allergic, but also almond-tol-
erant patients and that almond-allergic patients had significantly
higher median slgE levels to almond extract. Our data demonstrate
that positive sIgE to almond extract was sensitive (94%), but not spe-
cific (33%). At the same threshold level, Pru du 6 maintained high sen-

sitivity (83%) but provided superior specificity (78%). These results
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clearly demonstrate that the use of single almond components in-
creases the diagnostic specificity compared to extract.

This observed improvement is in accordance with other com-
ponent-resolved diagnosis studies showing that measurement of
specific IgE to allergens from hazelnut (Cor a 14), walnut (Jug r 1),
or cashew (Ana o 3) improved specificity compared with whole
extracts. 131538

According to the above-mentioned studies and current state of
knowledge, 2S albumins seem to be most important and potent aller-

t,12 but also in hazelnut, walnut, and cashew.

gens not only in peanu
Compared to almond allergy, those allergies are common and often
severe. One could speculate that the distinct allergen composition of
almond, in particular the absence of a 2S albumin, might give rise to
usually uncommon and mild reactions to almond.

The limitations of this study are its monocentric retrospective
design and the rather small size of the sample consisting mainly of
children. Our findings need to be replicated in other populations,
different geographic areas, and larger cohorts. For example, in birch
endemic areas, almond allergy is often associated with birch pollino-
sis which may be caused by a cross-reacting Bet v 1-homologue.?#3°
Although evidence for a Bet v 1-homologue in almond was provided at
the mRNA level, to our knowledge no one has yet confirmed presence
of a corresponding protein in almond kernels. In our study, we also
could not detect it by immunoblot at the protein level using sera from
almond-allergic patients containing Bet v 1-specific IgE. Identification
of a Bet v 1-homologue in almond requires further studies.

Further, interpretation of our findings is limited by the fact that
the two groups, almond-allergic and almond-tolerant subjects, were
not comparable by age. The almond-allergic group consisted mainly
of children, while the almond-tolerant group included mostly ado-
lescents and adults. Although the results of a previous study using
sera of adult almond-allergic patients identified Pru du 6 as a major
aIIergen,” validation in adults should be the focus of future studies
on almond allergy. However, despite these limitations, as being an
exploratory in-depth analysis of almond allergens and sensitization
profiles of almond-allergic subjects, our results will be of much help
for subsequent studies specifically aimed at establishing predictive
protocols in even larger cohorts.

In conclusion, we found marked differences in allergen compo-
sition of almond compared to other tree nuts. Our study provides
the first comprehensive evaluation of the sensitization profiles of
almond-allergic patients using a panel of allergens isolated from al-
mond kernels. We showed that the sensitization profile of almond-al-
lergic individuals is dominated by sensitization to almond-specific
allergens, particularly Pru du 6, which may potentially assist in effec-

tively discriminating almond-allergic from tolerant patients.
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