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Abstract

Background: IgE antibodies to cross-reactive carbohydrate determinants (CCD) are
usually clinically irrelevant but they can be a cause of false positive outcomes of
allergen-specific IgE tests in vitro. Their prevalence and levels have been so far cross-
sectionally examined among adult allergic patients and much less is known about their
origins and relevance in childhood.

Methods: We examined CCD with a cross-sectional approach in 1263 Italian pollen
allergic children (Panallergen in Paediatrics, PAN-PED), as well as with a longitudinal
approach in 612 German children (Multicenter Allergy Study, MAS), whose cutaneous
and IgE sensitization profile to a broad panel of allergen extracts and molecules was
already known. The presence and levels of IgE to CCD were examined in the sera of
both cohorts using bromelain (MUXF3) as reagent and a novel chemiluminescence
detection system, operating in a solid phase of fluorescently labelled and streptavidin-
coated paramagnetic microparticles (NOVEOS, HYCOR, USA).

Results: IgE to CCD was found in 22% of the Italian pollen allergic children, mainly in
association with an IgE response to grass pollen. Children with IgE to CCD had higher

total IgE levels and were sensitized to more allergenic molecules of Phleum pratense
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than those with no IgE to CCD. Among participants of the German MAS birth cohort
study, IgE to CCD emerged early in life (even at pre-school age), with IgE sensitization
to group 1 and 4 allergen molecules of grasses, and almost invariably persisted over
the full observation period.

Conclusions: Our results contribute to dissect the immunological origins, onset, evo-
lution and risk factors of CCD-sIgE response in childhood, and raise the hypothesis
that group 1 and/or 4 allergen molecules of grass pollen are major inducers of these

antibodies through an antigen-specific, T-B cell cognate interaction.

allergens and epitopes, allergic rhinitis, CCD, grass pollen, IgE, pediatrics
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GRAPHICAL ABSTRACT:

PAN-PED cohort

IgE antibodies to CCD in childhood, tested in the PAN-PED (cross-sectional approach) and MAS (longitudinal approach) cohorts, are as
follows: (1) very frequent in patients with pollen allergy (22%, 275/1263), (2) associated with strong and broad IgE response to grass pollen,
(3) emerging with IgE sensitization to grass group 1 and 4 allergens, (4) can start very early in life (positive IgE seen in second year of life) and

(5) once started, are almost invariably persistent.

1 | INTRODUCTION
Patients with IgE-mediated allergic diseases develop specific IgE
(slgE) antibodies against protein epitopes of allergenic molecules
from natural sources, which translate into positive sIgE results
in vitro and skin prick test (SPT) in vivo."? In addition, many pa-
tients present IgE reactivity to a few glycans attached to a wide
variety of carrier proteins and thus, as defined since their discov-
ery, IgE antibodies to “cross-reactive carbohydrate determinants”
(ccp).®

CCDs consist of asparagine (Asn)-linked oligosaccharides on gly-
coproteins, and are believed to be the most frequent individual IgE
epitope structures.* These N-glycans—MUXF, MMXF—are found in
all main plant allergen sources and rubber latex. Classical CCD epi-
topes display core ol,3-linked fucose and/or f1,2-linked xylose—
common posttranslational modifications of plant (both) and insect
glycoproteins (fucose) that are absent in humans—considered to be

the cause of their immunogenicity.®

Key Messages

e Cross-reactive carbohydrate determinants (CCD) inves-
tigated in a cross-sectional and a longitudinal cohort of
children.

e |gE response to CCD is very frequent among children
with pollen allergy in these cohorts.

e Group 1 and/or 4 allergen molecules of grass pollen may

be major inducers of CCD.

The clinical significance of CCDs remains a debated topic.
Although several studies observed that they do not usually induce
degranulation after interaction with IgE on mast-cells or basophils,
and therefore do not elicit in vivo a positive reaction to SPT with
the allergen extract, nor allergic symptoms upon allergen expo-

3,6-8

sure, others have shown in vitro activation of degranulating
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cells mediated by IgE to CCD.”*° Their role in causing false positive
outcomes in in vitro singleplex or multiplex IgE tests has been con-
firmed throughout populations,3 making them a causal agent for
cross-reaction that hinders correct allergy diagnosis.!! The debated
lack of degranulating capacity of IgE to CCD remains unexplained. A
proposed explanation for this has been the very low affinity of IgE to
CCD, compared to IgE to protein epitopes,*? but this hypothesis has
been confuted.'® Another possible cause might be the interference
of CCD-specific IgG antibodies, induced by a diet rich in vegetable
food containing plant N-glycans.*

Notwithstanding their apparent lack of function, IgE to CCD
are quite frequent in humans. IgE antibodies to CCD were found in
22%! and 23%’ of European allergic patients. This prevalence in-
creased to 31% among pollen-allergic patients, and to 71%’ among
patients with multiple pollen sensitizations.” A significant correla-
tion was also observed between total IgE (tIgE) levels and CCD
positivity.”

The evolutionistic meaning and the inducing factors of the IgE
response to CCD are still hotly debated.'® Within a Ugandan pop-
ulation endemically infected by Schistosoma mansoni, the preva-
lence of IgE to CCD reached 40% and was inversely associated
with asthma,® suggesting their protective role in the context of
the immune response against helminths. In a European, western-
ized population, the prevalence of IgE to CCD increased with age
and an onset in childhood was hypothesized.!* Allergen molecules
of pollen, insect venom and mites express CCDs that are recog-
nized in vitro by IgE antibodies of allergic patients,3 but it is still
unclear which molecule of these allergen sources is responsible
for the induction of these antibodies and what is the mechanism
of induction.’

Studies of the IgE response to CCD in childhood that may ad-
dress some of the above listed questions are lacking. To fill this
knowledge gap, we examined the IgE response to CCD, both with a
cross-sectional approach in a large cohort of Italian children affected
by seasonal allergic rhinitis (SAR), and with a longitudinal approach in
a birth cohort of German children.

2 | MATERIALS AND METHODS
2.1 | Study populations

We examined the biodata banks of two large populations with a
cross-sectional (PAN-PED cohort, Italy) and a longitudinal approach
(MAS cohort, Germany). The population sample and study design of
the PAN-PED*8 and the MAS® cohorts have been described else-
where and are briefly summarized below.

211 | PAN-PED cohort

e Study population—The “Panallargen in Pediatrics” (PAN-PED) en-
rolled 1360 patients during routine appointments in 16 paediatric

outpatient clinics in 14 Italian cities between 2009 and 2011.
Criteria for eligibility were: (i) age 4-18 years, (ii) history of pollen-
induced allergic rhino-conjunctivitis (AR) and/or asthma in one
of the two last pollen seasons, and (iii) positive SPT for the rele-
vant pollen extracts. Exclusion criteria were: (i) previous specific
immunotherapy (SIT) for any pollen allergen, and (ii) any other
severe chronic disease. Recruited children's parents answered
a standardized questionnaire, and patients underwent SPT and
blood draw. IgE to extracts, molecules and tIgE were performed

(description in Appendix $1).2°

2.2 | MAS birth cohort

e Study design—The Multicenter Allergy Study (MAS), a prospective
birth cohort study, enrolled 1314 infants born in 1990 throughout
5 German cities. It was approved by the local ethics committees.
Each parent provided written informed consent at the time of en-
rolment. All children were asked to undergo a blood draw during
follow up visits at the age 1, 2, 3, 4, 5, 6, 7, 10, 13 and 20years.
Sera of consenting children were tested for tIgE and sIgE antibod-
ies (ImmunoCAP, TFS, Uppsala, Sweden) to five airborne (mites,
cat, dog, birch, grass) and four food (milk, egg, soy, wheat) allergen
extracts.

e Examined population subset—In the present study, we first ad-
dressed participants examined in 2010 around their 20th birth-
day, then we focused on the patients with a positive response to
CCD and examined backwards all their available sera collected at
the time points 1, 2, 3,4, 5, 6, 7, 10 and 13 years of age.

221 | IgEtoCCD

The presence and levels of IgE to CCD were examined in sera of
both cohorts using bromelain (MUXF3) (NOVEOS, HYCOR, USA)
(description in Appendix 51).2* We have previously validated the IgE
concentration to CCD obtained with the NOVEOS by matching it
against that obtained with the ImmunoCAP (MUXF3) (Thermofisher,

Uppsala, Sweden) (data not shown).

2.2.2 | Statistics

Quantitative variables were summarized as mean and standard de-
viation (sd), categorical variables were summarized as number and
percentage (%). The Chi-square test was used for categorical vari-
ables, to test differences between groups and T-test was used to
compare quantitative variables between the two groups (positive or
negative patients tested for CCD).

A logistic regression was used to evaluate the relationship be-
tween CCD positivity and the number of Phl p molecules. The odd
ratio (OR), the relative confidence interval at 95% (Cl 95%) and the p
value were reported.
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TABLE 1 Characteristics of the

darnEiie] G e “Panallargen in Pediatrics” (PAN-PED)
n=988 n=275 study population.
n % n % p°
Male 664 67.27 194 70.55 .304
Age (y) (mean, SD) 40.48 3.34 10.39 3.58 .652
Parental allergy 653 66.09 186 67.6 .632
Parental smoking 481 48.68 125 45.45 .343
Age at SAR onset (y) (mean, SD) 5.27 2.84 5.13 2.74 455
Duration SAR (y) (mean, SD) 5.22 8838 5.25 4.86 .864
SAR severity (ARIA) 939
Mild intermittent 240 24.3 68 24.7
Mild persistent 236 23.89 63 2291
Moderate/severe intermittent 93 9.41 29 10.55
Moderate/severe persistent 419 42.41 115 41.82
RC VAS (index) (mean, SD) 58.76 21.34 58.89 22.36 .928
Asthma 391 39.57 113 41.09 .650
Asthma VAS (index) (mean, SD) 46.79 19.96 48.28 21.59 493
OAS 230 23.28 81 29.45 .036
Anaphylaxis 66 6.68 7 2.55 .009
Urticaria/Angioedema 210 21.26 54 19.64 .559
Atopic dermatitis 351 35.53 102 37.09 .632
Gl allergic symptoms 59 5.97 26 9.45 .041
Other allergies 88 8.91 28 10.18 517

Note: Data were summarized as numbers (n) and frequencies (%) if they were categorical, or mean

and standard deviation (SD) if quantitative.

Numbers refer to negative and positive patients tested for cross-reactive carbohydrate

determinants (CCD) with cut-off >0.35kU/L.

PChi-square test was used to compare categorical data between groups; T-test was used to

compare continuous variables between groups.

Pearson correlation was used to evaluate the relationship be-
tween tlge and CCD IgE in CCD-positive patients.

Univariable and multivariable logistic regression was used to
investigate the relationship between CCD positive and Phl p mole-
cules. OR, CI95% and p-value have been reported. Two multivariable
regressions were implemented using recombinant Phl p 4 or native
Phlp 4.

A p-value of <.05 was considered statistically significant. The
statistical analysis was performed with stata software (stata 16.2,
College Station TC77845).

3 | RESULTS

3.1 | Characteristics and sensitization pattern of
patients with IgE to CCD

Overall, 1263 Italian children with seasonal allergic rhino-
conjunctivitis were included in the cross-sectional study. Among
them, 275/1263 (22%) had IgE to CCD (cut-off >0.35kU/L). Their

clinical condition (Table 1), and sensitization to allergen extracts
(Table S1) and molecules (Table 2) were compared to those of the
988 patients with no IgE to CCD:

e Clinical characteristics—Patients with IgE to CCD were not dif-
ferent from those without IgkE to CCD in terms of age, parental
allergy and parental smoking. They were also not different in
terms of age in relation to SAR onset, duration and severity.
However, they had more oral allergy syndrome (OAS) (29.5%
vs. 23.3%, p=.036) and gastrointestinal symptoms (9.5% vs.
6.0%, p<.041), but less anaphylaxis (2.6% vs. 6.7%, p<.009)
(Table 1).

e Sensitization to allergen extracts—When compared with the
988 patients without IgE to CCD, the CCD-positive (n=275)
had more frequently a positive SPT to allergen extracts of pol-
len and vegetable food (Table S1). This difference was selec-
tive and stronger for some allergens, with Timothy (97%) and
Bermuda (89%) grass showing very high correlation, followed
by Farinaccio (78%), Plantago lanceolate (73%), Hazelnut (55%),
Birch (50%), Plane tree (48%), Russian thistle (36%) and Mugwort
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TABLE 2 Sensitization to pollen,
vegetable food, mite, cat and alternaria,
by CCD-slgE seropositivity in the
“Panallargen in Pediatrics” (PAN-PED)

study population.

Extract

Timothy grass

Birch
Olive
Cypress
Mugwort
Pellitory

CCD-slgE negative® CCD-slgE positive®

n=988 n=275

Molecule n % n % p°

rPhip 1 748 85.29 256 97.34 <.001
rPhlp 2 354 40.41 187 71.10 <.001
rPhip 4 284 34.13 158 63.71 <.001
rPhlip 5 448 51.32 226 85.93 <.001
rPhlp 6 387 44.33 217 82.51 <.001
rPhip 7 19 1.94 21 775 <.001
rPhip 11 164 18.83 127 48.29 <.001
rPhip 12 177 18.12 110 40.59 <.001
rBetv1 215 22.01 80 29.63 .009
nOlee 1 520 53.22 202 74.54 <.001
nCupal 303 79.53 104 90.43 .008
rArtv 1 83 29.23 35 29.66 930
rParj 2 247 59.23 63 53.39 .256

Numbers refer to negative and positive patients tested for cross-reactive carbohydrate
determinants (CCD) with cut-off >0.35kU/L.

PChi-square test was used to compare data between groups.

FIGURE 1 Prevalence of IgE to CCD 100
by number of Timothy grass molecules 90
recognized by IgE. Percentage of IgE to o
bromelain MUXF3 is shown according to s
the amount of timothy grass molecules gﬂ 70
recognized by the grass pollen allergic g 60
Italian children (n=1131) affected by S
S . s “ 50
seasonal allergic rhino-conjunctivitis. g
2 40
o
$ 30
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20
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(34%) (p <.001); while no association was found between IgE to
CCD and skin sensitization to pellitory, cypress and ragweed.
Moreover, no association was found between CCD slIgE and IgE
sensitization to allergen extracts of Dermatophagoides pteron-
yssinus, cat and Alternaria. Interestingly, SPT reactivity to the
extract of palm tree (whose main or only allergen is profilin)
was almost double as frequent among patients with IgE to CCD
(Table S1).

IgE sensitization to allergen molecules—Among patients with
IgE to CCD, 256 (97%) had IgE antibodies to rPhl p 1, while 158
(63.7%) had IgE to recombinant Phl p 4. IgE sensitization to Phl p
molecules and Ole e 1 were those most strongly associated with
IgE to CCD (p<.001) (Table 2). The prevalence of IgE to CCD in
grass pollen allergic patients was also highly related (OR=1.84 (ClI
95% 1.67-2.03), p<.001) to the number of allergen molecules of

3.2 |
allergen extracts, molecules and total IgE

2 3 4 5 6 7 8

Phl p molecules recognized by IgE (n)

timothy grass recognized, ranging from 0% in patients with no ap-
parent response to almost 80% in those with slIgE to eight Phleum
pratense allergen molecules (Figure 1).

Relationship between IgE levels to CCD,

Among the 275 patients with IgE to CCD, we examined the distri-
bution of the levels of these antibodies (Figure 2), the relationship
between the levels of IgE to CCD and those of IgE antibodies to al-
lergen extracts (Figure 3A), their initiator molecules (major allergens
that start sensitization cascades) (Figure 3B) and all the molecules of
timothy grass (Figure 3C).
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e Distribution of CCD-slgE levels—In 103 (37%) patients, the CCD-
slgE antibody levels ranged between 0.35 and 1kU/L, in 143
(52%) between 1 and 10kU/L and only in 29 cases (11%) above
10kU/L. (Figure 2).

e Relationship of CCD-sIgE levels with those of IgE to other al-
lergens—IgE levels to CCD were more related to those of IgE
to the extracts of Timothy and Bermuda grasses (Figure 3A)
and their initiator molecules Phl p 1 and Cyn d 1 (Figure 3B)
than to the levels of IgE to other pollen, such as Pellitory, and
Olive (Figure 3A) and their initiator molecules Parj 2 and Ole e
1 (Figure 3B). No correlation was observed between the levels
of IgE to CCD and those of IgE to Dermatophagoides pteronys-
sinus, cat and Alternaria (Figure 3A). Lastly, the analysis within
Phleum pratense showed a hierarchy of correlation between
the levels of IgE to CCD and those of IgE to each of the eight
molecules examined (Spearmann correlation coefficient), with
rPhlp 1 and rPhl p 7 showing the best and the worst correlation,
respectively (Figure 3C).

e Relationship of CCD-slgE levels with those of total IgE—IgE levels
to CCD were related to tIgE levels (Figure S1). However, the aver-

age ratio between CCD-slgE and tIgE was as low as <1%.

3.3 | IgE to CCD in the MAS birth cohort

Within the 1314 participants in the follow-up at 20y of the MAS
birth cohort, 612 were examined. Of these, 330 (54%) were at-
opic and 319 had available aliquotes, and therefore had CCD-slgE

CCD IgE Class Distribution

140
120

100

60
40
20
I — —

0.35-0.69 0.7-3.49 3.5-17.49 17.5-49 50-99 >100
LEVELS OF CCD IGE (KU/L)

NUMBER OF PATIENTS
8

FIGURE 2 Frequency distribution of CCD IgE levels in the
PanPed population. Distribution of IgE antibody levels to bromelain
MUXF3 (>0.35kU/L) among 275 CCD-slgE positive Italian children
with seasonal allergic rhino-conjunctivitis.

determination done in their serum. Only 24 subjects were positive,
with a prevalence of 3.9% (24/612) in the whole population sam-
ple and of 7.5% (24/319) in the examined atopic fraction (Figure S2).
Major characteristics of the population sample, by serological condi-
tion, are shown in the e-repository (Table S2). From these 24 sub-
jects, a number of 7, 9, 8, 2, 17, 18, 20, 17, 19 and 24 sera were
collected at 1, 2, 3, 4, 5, 6, 7, 10, 13 and 20years of age, respec-
tively, for a total of 141 serum samples (Table 3). Age at first detec-
tion of CCD-slgE was widely distributed from 2years to 20years of
age, with 3 children showing a first response already within the first
3years of life, 10 other children between the 5th and the 7th years,
and two, six and three children at 10, 13 and 20years of age, respec-
tively (Table 3). Interestingly, once started, the IgE response to CCD
persisted in 23/24 (95%) subjects and was transiently remittent in
one case only (Table 3). A deeper analysis showed that at the time
of first detection of their IgE sensitization to CCD: (A) almost all the
24 children were already sensitized to more than one airborne ex-
tract among grass and birch pollen, mite, cat and dog; (B) all but two
(22/24, 90%) were already sensitized to grass pollen, in most cases
at high or very high intensity; (C) many of the grass pollen-sensitized
children already presented IgE to many different allergen molecules
of Phleum pratense; and (D) children sensitized to grass pollen were
already sensitized to Phl p 1, while three were not sensitized to Phl p
5, and two were not sensitized to Phl p 4 (Table 4).

4 | DISCUSSION

In our Italian and German paediatric populations, we found that IgE
response to CCD: (1) is very frequent among children with pollen
allergy; (2) is associated, in both populations, with an IgE response
to grass pollen; (3) emerges with IgE sensitization to group 1 and 4
allergen molecules of grasses; (4) can start early in life (even at pre-
school age); and (5) once started, is almost invariably persistent. To
our knowledge, this is the first study evaluating the IgE to CCD in
paediatric patients and including a longitudinal design.

4.1 | CCD prevalence in our study populations

The prevalence rate of CCD-sIgE was very high in our Italian popu-
lation, composed mostly of grass pollen allergic children. However,
this prevalence is consistently lower than those reported 20years
ago among lItalian pollen allergic adults (31%) or their polysensi-
tized subset (71%).” Although from a relatively similar setting, the
mean age of our population was much lower, suggesting that IgE
sensitization to CCD may also start after the first two decades of

FIGURE 3 Correlation between CCD-slgE levels and allergen-sigE levels. The relationship between the serum levels of IgE to bromelain
MUXF3 and the serum levels of IgE antibodies to (A) Allergen extracts—Bermuda grass, Timothy grass, Birch, Olive, Cypress, English
Plantain, Mugwort, Ragweed, Alternaria, Pellitory, HDM and Cat, (B) Initiator molecules—Cynd 1, Phlp 1,Betv 1,0lee 1, Cup a 1, Parj
2,Artv 1 and Pru p 3, and (C) Molecules of Phleum pratense—Phl p 1, Phl p 2, Phl p 4, Phl p 5, Phl p 6, Phl p 7, Phl p 11, Phl p 12. Units are

shown as kU/L.
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TABLE 3 IgE values to CCD at all tested

Age time-points for the 24 CCD-positive

Sample 1 2 3 4 5 6 7 10 13 20 subjects of MAS at 20years of age.
#1 <01  1.52° 095° 040 1.38 0.79 1.29
#2 0.80  2.07 2.89 438 446 2.38 0.60
#3 <01 434 222 220 482 354 5.77 3.49
#4 <0.1 588 921 18.80  9.04 3.22
#5 0.52 0.4 0.45 0.37
#6 0.10 236 323 438 1823 997 6.36
#7 <01 <01 036 061 951 1342 081
#8 0.27 044 064 079 0.29 0.42
#9 <01 0.30 233 288 435 1516 217
#10 <01 <01 0.28 0.58 1.33 470 3.25 1.31
#11 <0.1 1.01  16.24 1.21
#12 0.34 0.14  0.53 1.70
#13 <01 026 051 0.73 1.95 0.63
#14 <0.1 1.13 1.76
#15 <01 0.18  2.55 2.23 0.54
#16 <01 <01 <01 <01 <01 019 0.53 0.47
#17 <0.1 0.35 0.37
#18 <01 <01 <01 013 3.35 12.67
#19 <01 <01 <01 <01 <01 0.54 1.67
#20 0.50 0.45
#21 <01 <01 <01 <01 <01 1075 2.23
#22 <01 <01 <01 <01 <01 <01 0.49
#23 <01 <01 <01 <01 <01 <0.1 0.76
#24 <0.1 013 <01 0.10 0.49

#Values in orange show onset of CCD positivity for each subject.

BValues in green show CCD positivity for the following time points after the onset.

life. The steady incidence observed in our MAS study population,
as discussed below, further supports this interpretation. On the
other hand, the low and higher frequency of IgE to CCD in the MAS
and PAN-PED cohorts, respectively, is reflecting the different tar-
get population, coming from the general or selective pollen allergic
population. The prevalence rate to CCD may also change geographi-
cally, reflecting the different sensitization profiles and patterns that
exist throughout the world, and therefore systematic studies on
this topic are required. The methodology used in our study (Hycor
platform) differs from the one used in the majority of other studies
(ImmunoCAP). Nevertheless, this should not originate discrepancies
in CCD positivity, as the systems have been compared previously by

our group and showed good correlation (data not shown).

4.2 | CCD-slgE is mainly associated with IgE to
grass pollen extract and its molecules

CCD-slgE was primarily associated in both population samples with
IgE sensitization to pollen, and especially grass pollen. Albeit this as-
sociation is expected among the Italian population of patients with

history of pollen-induced allergic rhinitis, the fact that it was also
observed in the MAS cohort is very interesting and rebuts possi-
ble bias of results arising from the characteristic of the cohort.
Moreover, considering the much lower prevalence of venom allergy,
compared to pollen allergy, in any general population of westernized
countries, it can be inferred that pollen origin of CCD-slgE is also
more frequent in the general population. Actually, insect venom al-
lergy is quite infrequent in childhood, and although it is well known
that insect venom is also an inducer of IgE to CCD,?? the epidemio-
logical impact of this induction mechanism is probably marginal in
the general population. This finding confirms previous observations
that some pollen is more active than other in inducing CCD-slgE.
We did not find, for example, any birch pollen monosensitized pa-
tients with CCD-slgE, which is in line with previous reports.23’24 We
cannot conclude, however, that grass pollen was the only inducer
of CCD-slgE in our Italian patients. In particular, IgE sensitization to
cypress was also very frequent, and a few patients with CCD-slgE
were sensitized to cypress but not to grass pollen. Hence, we may
suspect that in a small minority of patients, cypress extract and its
major allergenic molecule (Cup a 1) may have contributed to gener-
ate a CCD-slgE response. By expanding our analysis at molecular
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level, we found that the association, both qualitative and quantita-
tive, of CCD-slgE with IgE to Phl p 1, was stronger than that to other
“initiator” molecules, suchas Betv 1,Cupa1,Olee 1, Artv 1, Parj
2. However, a strong association was also found between the levels
of CCD-slgE and those of IgE to nPhl p 4. Taken together, this data
confirm that grass pollen can be a major inducer of CCD-sIgE>” and
suggests that Phl p 1 and Phl p 4 may both contribute to induce this

response.15'25

4.3 | Onset and persistence of CCD-sIgE antibodies

Our study highlights that the IgE response to CCD may start at
any point in the first two decades of life, even at pre-school age.
Moreover, once started, this response tends to be persistent over
time, at least within the limit of the monitoring period of our birth co-
hort study. This finding suggests the existence of long-living plasma
cells producing IgE to CCD, similar to those existing for any other
plasma-cell producing IgE to protein derived B-cell epitopes. Stable
incidence and persistence also explain why the prevalence of CCD-
slgE increases with age, and the above discussed remarkable differ-
ence in the prevalence of this response in populations polysensitized
to pollen allergens and characterized with different average ages.

4.4 | Profile of molecular IgE sensitization at/
before onset of CCD-sIgE

The analysis of the IgE molecular sensitization profile before and at
the time of the first detection of the IgE response to CCD has been
quite informative. Phl p 1, not Phl p 4 nor Phl p 5, is invariably ob-
served at the very first detection of a CCD-slgE response among
participants in the MAS birth cohort. A sensitization to Cypress
or other potential CCD-sIgE inducer (insect venom, mites) was not
found in these sera (not shown), suggesting that Phl p 1, not only Phl
p 4, may be an inducer of CCD-slIgE, as previously hypothesized.!®
Indeed, group 1 grass pollen molecules are not only extremely po-
tent allergens?® but are glycosylated and may express two different
forms of CCD.%’ Nevertheless, our data are also consistent with the
hypothesis that, in some sera, also Phl p 4, a molecule containing
multiple CCDs,?® has contributed in part or totally to the induction
and expansion of the patient's CCD-slIgE response.

4.5 | Biological implications: origin and
evolution of the CCD-slgE response

Our results suggest that IgE to CCD emerge with time during the
intra-molecular, B-cell-epitope spreading process of the IgE re-
sponse. Namely, we hypothesise that the IgE response would start
against dominant B-cell epitopes formed by the protein skeleton of
the inducing molecule (e.g. Phl p 1, Phl p 4) and only at a later stage,
especially in patients with a high atopic propensity, would spread

also to the much weaker antigenic determinants, such as CCD. At
this very advanced stage, the patient's IgE responses have already
involved dominant B-cell epitopes of other allergenic molecules of
the same allergen source (e.g. Phl p 5), through a process of inter-
molecular B-cell epitope spreading, also defined as “molecular
spreading",” so that the CCD-slgE positive patient is invariably also
polymolecularly sensitized to the allergen source (e.g. grass pollen).
The ability to produce IgE to a weak B-cell epitope such as CCD,
also implies that the atopic/genetic propensity of the patient to pro-
duce IgE responses is strong enough to cause sensitization to other,
weaker pollen, thus explaining the strong association between CCD-
slgE and pollen polysensitization. In this perspective, IgE production
to CCD would be part of a cognate, antigen-specific T-B cell inter-

action,3o'31

a hypothesis to be further explored. Interestingly, the
hypothesis that CCD-containing initiator molecules are essential to
generate an IgE to CCD is further supported by the lack of any IgE
to CCD in allergic patients monosensitized to birch pollen, whose
initiator is Bet v 1, a non glycosylated allergen molecule.®? The CCD
positive patients within the PAN-PED population presented more
frequently OAS and gastrointestinal symtoms, but less anaphylaxis.
A possible protective role of CCD IgE, like in the helminth endemic
population against asthma, leading to a decrease in anaphylaxis is an

interesting hypothesis that should be studied in more depth.

4.6 | Diagnostic implications

The high frequency of CCD-sIgE and the evidence that high levels
(i.e. >10 kU/L) of these antibodies can be found in allergic children
may have an impact on the diagnostic precision in paediatric aller-
gology. Inhibition tests confirm that these antibodies may generate
false positive results not only against extracts containing CCDs®*°
but also against any reagent, including for example Ara h 2, in di-
agnostic tests whose solid phase or cellulose matrix contains CCD
epitopes.® Thus, our results highlight the need of raising awareness
among allergists, paediatricians and laboratory doctors about the
risk of these false positive results and subsequent unnecessary pre-
ventive/therapeutic measures in allergic children.}?33 The impact of
CCDs as culprits of false positive results within non-allergic children

and adult populations also merits further investigation.

5 | CONCLUSIONS

In conclusion, our results contribute to dissect the immunological
origins, onset, evolution and risk factors of CCD-slgE response in
childhood, and raise the hypothesis that group 1 and/or 4 allergen
molecules of grass pollen are major inducers of these antibodies

through an antigen-specific, T-B cell cognate interaction.
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Materials and Methods

1. PAN-PED cohort

Skin Prick Tests - SPT were performed using a standard panel of commercial extracts (ALK-
Abello, Milan, Italy) of seasonal airborne allergens (Phleum pratense, Cynodon dactylon,
pellitory, Plantago lanceolata, Chenopodium album, mugwort, Salsola kali, ragweed,
cypress, birch, plane tree, Olea europaea, elm, hazel), food allergens (peach, apple, wheat,
soybean, peanut, hazelnut), and latex. A commercial date palm pollen extract enriched in
profilin (ALK-Abello, Milan, Italy) was used to detect profilin sensitization. Histamine 0.1
mg/ml and glycerol solution were used as positive and negative controls, respectively.
Morrow-Brown needles were used to prick the skin, and the wheal reactions were read after

15 min. A wheal 23 mm after subtraction of the negative control was regarded as positive.

IgE to extracts and molecules; tIgE - Serum samples were tested for tIgk and sIgE to pollen
extracts (Cynodon dactylon, Betula verrucosa, Cupressus arizonica, Platanus orientalis, Olea
europaea, Parietaria judaica, Artemisia vulgaris, Plantago lanceolata, and Ambrosia
artemisiifolia) and to perennial airborne allergens (Dermatophagoides pteronyssinus, cat
dander and Alternaria alternata) (ImmunoCAP FEIA). IgE to a panel of Phleum pratense
molecules (rPhl p 1, rPhl p 2, nPhl p 4, rPhl p 5, rPhl p 6, rPhl p 7, rPhl p 11, rPhl p 12), birch
(rBetv 1, rBetv 2, rBet v 4), bermuda grass (nCyn d 1), olive tree (nOle e 1), cypress (nCup a
1), mugwort (rArt v 1), pellitory (rPar j 2), ragweed (rAmb a 1), plane tree (rPla a 1), plantago
lanceolata (rPla | 1) (ImmunoCAP FEIA, Thermo Fisher Scientific, Uppsala, Sweden) was
measured in sera of patients showing a SPT wheal reaction 23 mm elicited by the respective
extracts. IgE reactivity to Phl p 4 was also defined by a positive response on an ELISA with
rPhl p 4 in the solid phase (Allergopharma, Reinbeck, Germany), as previously described (20).

Results were considered positive if > 0.35 kUA/L.

IgE to CCD (NOVEOS, HYCOR, USA)- A chemiluminescence detection system, operating in a solid
phase of fluorescently labelled and streptavidin-coated paramagnetic microparticles was used.
Briefly, the microparticles are first incubated with a biotinylated allergen that binds the streptavidin
molecules. After an extensive wash, the bound microparticles are then incubated with patient
serum containing allergen sIgE and the resulting bound complex is washed by aspirating unbound
material from retained beads in the cuvette. They are subsequently incubated with an anti-IgE

antibody conjugated to horseradish peroxidase and, after an incubation period, are washed to
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remove any unbound conjugate from bound material. The chemiluminescent signal is originated by
adding a substrate solution. The concentration of allergen slIgE is directly proportional to the light
intensity after correction (via fluorescence) for microparticle loss and is compared to an IgE
reference curve traceable to World Health Organization (WHO) reference preparations (NIBSC

11/234) (21).
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Legend to figure

Figure E1 — Relationship of total serum IgE levels with the serum levels of CCD-sIgE.

Figure E2 - Flow diagram of MAS birth cohort participants in the study. “No IgE data” — no IgE data
of the 9 allergen extracts examined. Atopic patients are described as having > 1 positive IgE result
(>0.35 kU/L) to the 9 allergen extracts examined.



Table E1 - Sensitization to pollen, vegetable food, mite, cat, and alternaria, by CCD-sIgE seropositivity.

CCD-slgE negative ° CCD-sIgE positive °
n= 988 n=275
n % n % p°
Pollen (SPT wheal reaction >3mm)
Bermuda Grass 638 64.57 244 88.73 <0.001
Timothy Grass 861 87.15 267 97.09 <0.001
Russian Thistle 179 22.38 81 36.00 <0.001
Oak 55 7.05 26 11.87 0.021
Farinaccio 488 60.70 178 78.41 <0.001
Hazelnut Tree 304 36.49 128 54.70 <0.001
Olive Tree 580 58.70 180 65.45 0.043
Pellitory 344 34.82 102 37.09 0.485
Plantago lanceolata 551 55.88 202 73.45 <0.001
Cypress 406 41.09 125 45.45 0.195
Birch 336 34.01 138 50.18 <0.001
Mugwort 223 22.57 94 34.18 <0.001
Ragweed 178 22.22 63 27.75 0.070
Plane Tree 308 31.17 132 48.00 <0.001
Global Score (Pollen)
Number of positive SPT (mean, SD) 4.3 2.20 5.4 2.00 <0.001
Pollen index (mean, SD) © 20.32 13.02 24.75 14.19 <0.001
Vegetable food (SPT wheal reaction >3mm)
Apple 148 14.98 53 19.27 0.085
Wheat 179 18.12 71 25.82 0.005
Peanut 284 28.74 104 37.82 0.004
Soy 80 8.10 35 12.73 0.018
Hazelnut 243 24.60 87 31.64 0.019
Peach
Global Score (Vegetable food) 196 19.84 54 19.64 0.006
Number of positive SPT (mean, SD) 1.14 1.45 1.47 1.58 0.001
Vegetable food index (mean, SD) © 10.7 11.32 14.81 12.60 <0.001
Profilin (SPT wheal reaction >3mm) 208 21.05 106 38.50 <0.001
IgE to extracts (>0.35 kU/L)
Dermatophagoides pteronyssinus 545 55.50 145 53.31 0.521
Cat 323 32.89 101 37.13 0.191
Alternaria 298 30.35 92 33.82 0.273

Note: Data were summarised as numbers (n) and frequencies (%) if they were categorical, or mean and standard deviation (SD) if quantitative

? Numbers refer to negative and positive patients tested for Cross-reactive carbohydrate determinants (CCD) with cut-off >0.35 kU/L



b Chi-square test was used to compare categorical data between groups; T-test vas used to compare quantitative variables between groups

¢ Cumulative wheal diameter to allergen extracts of pollen and vegetable food, respectively.
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Table E2. Characteristics of the MAS subset study population at 20 years
of age.

CCD negative CCD positive
295 n=24 o]
Male (n, %) 175 59 14 58 0.924
Parental atopy (n, %) 167 57 18 75 0.079
Parental smoking (n, %) 102 35 9 38 0.772
Asthma (n, %) 46 16 8 33 0.042
IgE to Food Extracts (n, %) 81 27 23 96 <0.001
Allergic rhinitis (AR) (n, %) 192 65 20 83 0.069
Age at AR onset (y) (mean, SD) 9 5.9 8 5.8 0.425
Duration SAR (y) (mean, SD) 12 5.8 11 5.9 0.418

aChi-square or Fisher exact test was used to compare categorical variables between groups. T-test was

used to compare continous variables between groups.
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