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Abstract

Background: There is growing interest both in testing IgE in nasal secretions (NS) and
in molecular diagnosis of seasonal allergic rhinitis (SAR). Yet, the reliability of nasal
IgE detection with the newest molecular assays has never been assessed in a large
cohort of pollen allergic patients.

Obijective: To investigate with microarray technology and compare the repertoires of spe-
cific IgE (sIgE) antibodies in NS and sera of a large population of children and adults with
SAR.

Methods: Nasal secretions were collected with an absorbent device (Merocel 2000®,
Medtronic) and a minimal dilution procedure from 90 children and 71 adults with
SAR. Total IgE (tIgE) (ImmunoCAP, Thermo Fisher Scientific (TFS)) and slgE antibod-
ies against 112 allergen molecules (ISAC-112, TFS) were measured in NS and serum.
Results: Nasal sIgE was detectable in 68.3% of the patients. The detected nasal sIgE
antibodies recognized airborne (88%), vegetable (10%), and animal food or other
(<1%) allergen molecules. The prevalence and average levels of sIgE in NS and serum
were highly interrelated at population level. A positive nasal sIgE antibody to a given
molecule predicted the detection of the same antibody in the patient's serum with a
specificity of 99.7% and a sensitivity of 40%.

Conclusions: The concentration of sIgE is much lower in nasal secretions than in the
serum. sIgE assays with very high analytical sensitivity and sampling methods with
minimal dilution will be therefore needed to validate nasal secretions as alternative

to serum in testing the slgE repertoire.

Abbreviations: AR, Allergic rhinitis; ARIA, Allergic Rhinitis and its Impact on Asthma; Cl, Confidence interval; FEIA, Fluorescent enzyme immunoassay; GINA, Global Initiative for
Asthma; HDM, House dust mite; ICC, Intraclass correlation; IgE, Immunoglobulin E; ImmunoCAP, Immunoassay capture test; ISAC, ImmunoCAP Solid-Phase Allergen Chip; ISU, ISAC
Standardized Units; KUA/L, Kilounits/liter; NS, Nasal secretions; N-sIgE, Nasal specific IgE; Pe, Pooled estimated; SAR, Seasonal allergic rhinitis; SD, Standard deviation; sIgE, Specific
Immunoglobulin E; SPT, skin prick test; tIgE, Total IgE; TPC, Total protein concentration; WNS, Weight of collected nasal secretions.
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1 | INTRODUCTION

There is growing interest in the examination of nasal secretions (NS) in
patients affected by allergic rhinitis (AR).* Evidence of a local produc-
tion of immunoglobulin E (IgE), the key mediator in allergic diseases,
in the nasal mucosa, was first discovered in the 197052 and further
investigated since then.>® More recently, the analysis of NS has been
proposed as a useful non-invasive approach to AR diagnosis,”*! for
definition and diagnosis of allergic rhinitis in children? and adults*>*
with no systemic IgE sensitization (“local allergic rhinitis [LAR]"), and
to establish an endotype for non-allergic rhinitis (NAR).*>® Moreover,
nasal specific IgE (N-slgE) has been proposed as a control parame-
ter for the efficacy of allergen-specific immunotherapy (AIT).}”*
IgE testing in NS has been also suggested as a potentially beneficial
non-invasive tool to identify the local onset of IgE production in small
children.2%-2

Many efforts have been made to standardize the methodology of
NS collection.! The list includes the collection of secretions from the
nasal cavity trough aspiration devices,’” nasal washing,* and absor-
bent materials.>'%%22% Major targets in NS sampling are preventing
dilution artefacts and minimize the patient's discomfort.! However,
there is still no international consensus on optimal validated stan-
dards for collection, procession, and evaluation of NS.! Studies test-
ing N-sIgE in AR often differ in procedures and have small population
numbers. The most used extract-based singleplex IgE assays have
the disadvantageous need of high sample volumes, leading to higher
dilution. IgE in NS is present at quite low concentrations,?* so that
sample dilution often pushes them below the detection limits of
classic IgE assays.?

The development of microarray technologies provided a highly
sensitive immunologic assay requiring only microliters of sample to
test IgE specificities against large panels of allergenic molecules.?
In a preliminary work, we have successfully applied this technology
on NS for slgE detection against mite molecules in patients with
AR10

We aimed the present study to investigate the repertoire of
antigen-specific IgE antibodies in NS with biochip technology. We
intended to characterize the local IgE reactivity profiles of allergic
patients on larger scale and compare them to their serum IgE re-
sponses. To these ends, we have examined NS and sera of 161 pe-
diatric and adult patients affected by seasonal allergic rhinitis (SAR),
participating in a broader study on pollen allergy in Italy.?” In more
detail, we tested specific IgE reactivity to 112 allergenic molecules
present on a microarray (ISAC-112TM; TFS) in their NS and sera. To
our knowledge, this is the first time that local allergen-specific IgE
antibodies have been assessed in NS of such a large population of AR

patients using biochip technology.

Key Message

We investigated the allergen specific IgE repertoire in nasal
secretions (NS) of children and adults with seasonal allergic
rhinitis (SAR) with biochip technology. As a non-invasive
method, IgE testing in NS could become very interesting
in the diagnostic work-up of SAR, especially in pediatrics.
Nasal secretions are a suitable medium for IgE-testing and
reflect at population level the systemic sensitization pro-
files. Testing nasal IgE to allergen molecules predicted with
a high specificity but low sensitivity the serum sensitization
profile of a large population of SAR patients. Development
of biochips with higher sensitivity could validate NS as an

alternative to serum in the diagnostic of pollen allergy.

2 | METHODS
2.1 | Study design and population

Subjects were participants of an observational longitudinal clini-
cal study, recruited in 2016 among patients affected by SAR due
to pollen. Children (10-18 years) were enrolled in the Department
of Pediatrics of “Sandro Pertini” Hospital in Rome (Italy), and adults
(19-60 years) were enrolled in the Hospital “S.Maria degli Angeli” of
Pordenone (ltaly).?” The recruited patients underwent interviews
with standardized questionnaires, skin prick test (SPT), and blood
drawing, followed by a second visit, including NS collection. A subset
of patients underwent a second blood drawing, performed the same
day as the NS sampling (for further details, see Methods in Appendix
S1). The local ethic committees have approved the study design and

procedures.

2.2 | Collection and processing of NS

Nasal secretions were collected with a sponge (“Merocel 2000®
Kennedy Laminated Sinustent”, 3.5 cm x 0.6 cm x 1.2 cm, Medtronic
Xomed) (for further details, see Methods in Appendix 51).2° A nov-
elty of this study consists in the dilution process of the NS samples.
We designed a “minimal dilution method,” based on the application
of a different, personalized dilution factor inversely proportional to
the volume of the NS collected in the individual patient, thereby
getting enough sample volume for the envisaged analyses and to

create a large biobank of nasal secretions from well-phenotyped AR
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patients, while keeping the dilution at a minimum and maximizing
test sensitivity. The dilution factors ranged from 2x (WNS = 700 pL)
to 10x (WNS = 140 plL). We derived the concentration of proteins
and IgE in the collected samples by multiplying the values measured
in the diluted samples available for testing by their respective dilu-

tion factor.

2.3 | Total and specific IgE

Total IgE (tIgE) levels were measured in serum and NS with sin-
gle ImmunoCAP fluorescent enzyme immunoassay (FEIA) (TFS).
Specific IgE to 112 allergenic molecules was measured with a mul-
tiplex microarray (ISAC-112™, TFS) in NS and serum (for further de-
tails, see Methods in Appendix S1).

2.4 | Statistics

Statistical analyses were performed using STATA v 14 (StataCorp). A
P-value < .05 was considered as statistically significant. Data were
presented as mean (standard deviation, SD), as median (interquar-
tile range, IQR; or min-max range, range) when continuous, and as
numbers and percentage when categorical. The association between
two continuous variables was established by Pearson's linear correla-
tion coefficient or, when appropriate, by non-parametric Spearman's
rho coefficient. IgE responses and levels to a given allergenic source
were defined by the presence of nasal sIgE antibodies against one
or more of its examined species-specific molecules (see Methods in
Appendix S1).

3 | RESULTS
3.1 | Study population

We examined 161 patients with SAR: 90 children (aged 10 years-
18 years) recruited in Rome and 71 adults (aged 18 years-
65 vyears) recruited in Pordenone. About 2/3 of the patients
were affected by a moderate/severe, persistent SAR in both age
groups (70% and 66.7% for children and adults, respectively).
Most children and a considerable proportion of adults were
highly polysensitized. Timothy grass (96.7%), olive tree (90.0%),
and cypress (87.8%) in Rome, and timothy grass (83.1%), Birch
(56.3%), and cypress (38.0%) in Pordenone were the most fre-
quently sensitizing pollens, tested by SPT. Since the pediatric
and the adult population were recruited in two different areas,
one in the center and one in the northeast of Italy, with different
variety of plants and pollination seasons and concentrations, this
may have affected some differences between the two popula-
tion groups. Most of the children and about half of the adults
were also sensitized to indoor airborne allergens (see Table S1
in Appendix S1).

TABLE 1 Characteristics of nasal secretion samples (n = 161)

Mean SD Median  Range
Volume (pL) 643 3449 600 50-2233
Dilution factor 3.2 2.0 2.3 2-10
Total protein (mg/mL)b 9.2° 1.7 8.8 0.5-91.7
Total IgE (kU/L) 26.9° 21 24.1 8.1-211.8

Geometric mean.

b5% of missing values.
3.2 | Characteristics of NS samples

The collected samples of NS broadly varied with regard to their vol-
ume. Based on our “minimal dilution method,” the applied dilution
factor changed accordingly (see Figure S1A in Appendix S1). The
concentration of total protein and tIgE in NS was highly heteroge-
neous (Table 1). Total protein concentration (TPC) and tIgE showed
both an inverse relationship with the collected volume (see Figure
S1B,C and Results in Appendix S1).

3.3 | Specific IgE in NS and sera

slgE was detected in the NS of 110/161 patients (68.3%), with a broad
range of recognized molecules (1-26). By contrast, sIgE was found in
the serum of all the patients except one (99.4%). The number of rec-
ognized molecules in the serum ranged from 2 to 59. Most of the de-
tected N-slgE antibodies were directed to airborne molecules, the most
frequents being Phl p 1 (47%), Phl p 5 (33%), Cup a 1 (27%), Cyn d 1
(25.5%), and Der p 2 (25.5%), while N-sIgE antibodies to food animal
molecules were detected in only one patient (Figure 1, left). The av-
erage levels of N-sIgE toward each molecule ranged between 0.2 ISU
(Api m 4) and 11.5 ISU (Bet v 1) and were unrelated to the prevalence
of detected responses to the respective molecule (Figure 1, right).
Reflecting the trends at the molecular level, the IgE responses to air-
borne sources were the most frequently detected in the population,
with timothy grass ranking first (51.55%), followed by house dust mites
(31.06%), cypress (27.33%), bermuda grass (25.47%), and birch (22.98%)
(Figure 2). The prevalence of N-slIgE against vegetable foods was below
10% for all tested molecules, N-sIgE against animal foods was sporadic
(Figure 2). The overall prevalence of IgE reactivity was highest to air-
borne, intermediate to vegetable food, and lowest to animal food aller-
gens, both in NS and in serum (see Table S2 in Appendix S1).

3.4 | Relationship of local vs systemic sensitization

At population level, the prevalence (Spearman's rho = 0.906, P < .001)
(Figure 3A) and average levels (Spearman's rho = 0.726, P < .001)
(Figure 3B) of the IgE responses to each of the examined 112 mol-
ecules in the 161 NS samples were highly correlated with the IgE
responses observed in the 161 sera, but lower. We examined the

relationship of local vs systemic sensitization at source level, by using
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FIGURE 1 Prevalence (left) and average levels (right) of sIgE to allergen molecules in nasal secretions of 161 SAR patients. The results
of molecules with at least 1 positive IgE value (20.06 ISU) are shown. Colors show the most relevant exposure route for each molecule
(airborne [green], vegetable food [orange], animal food [red], other [gray])

SPT outcomes to compare NS and sera sIgE testing (see Results and
Figure S2 in Appendix S1).

3.5 | Prediction of sIgE in the serum by testing sIgE
in NS

When examined at individual level, the presence of sIgE to major al-
lergenic molecules in NS predicted with extremely high specificity
(pooled estimated (pe) = 99.7%) but with low sensitivity (pe = 40.0%)
the presence in the serum of sIgE to the same molecule (Table 2).
When this analysis was repeated after increasing the cutoff of serum
slgE positivity from 0.1 ISU to 3 ISU, the sensitivity of N-sIgE de-
termination increased (pe = 53.2%), while its specificity remained
extremely high (pe = 96.1%) (see Table S3 in Appendix S1). The best

performance, in terms of combination of sensitivity and specificity,
of testing N-sIgE was observed at the cutoff point for serum sIgE

positivity of 3 ISU (see Figure S5 in Appendix S1).

4 | DISCUSSION

We used the state of the art allergen chip technology to investigate
the allergen-specific IgE repertoire in NS of adults and children with
SAR. This approach could be particularly beneficial in children be-
cause of its non-invasive procedure. We found that NS, if collected
and processed with the lowest possible dilution, are a suitable me-
dium for IgE testing and reflect at population level the systemic
sensitization profiles. We also found that the detection of N-sIgE an-

tibodies to an allergen molecule predicts with absolute confidence
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FIGURE 2 Prevalence and levels of sIgE responses to allergenic sources in the NS of 161 SAR patients. Circles show the prevalence
(y-axis) and levels (diameter) of detectable sIgE responses (>0.06 ISU) to allergenic sources (see Methods for definition). The exposure
category to which the allergenic sources of individual molecules belong is specified: airborne (green), vegetable food (orange), animal food
(red), other (gray). The values are ordered from left to right according to the prevalence in each exposure category

the presence of those antibodies in the serum. Notwithstanding, our
data also suggest that sIgE detection in diluted nasal secretions with
the current biochip technology is not sensitive enough to provide us
with a valid and reliable substitute to the serum sIgE measurements.
To our knowledge, this is the first study describing the nasal IgE rep-
ertoire to a broad range of allergenic molecules in such a large popu-
lation of patients suffering from SAR.

4.1 | NS for IgE testing

Nasal IgE originate mainly from the spillover from blood, but evidence
has been given that the nasal mucosa itself is a capable primary site
for sIgkE production.?* Therefore, methods to measure allergen-spe-
cific IgE at a nasal level in patients with AR are of great interest. An
effective local IgE assessment could provide a non-invasive diagnostic
tool for AR that would be especially advantageous in pediatrics.?%?*
The NS collection with sinus sponges has already been successfully
assessed on younger children?’; however, the systematic assessment
of the tolerance of the procedure and the compliance of children com-
pared to other techniques has never been done. Local sIgE detection
in NS could also be an important non-invasive way to differentiate

between non-allergic rhinitis and allergic rhinitis,*>¢

especially in the
absence of systemic sensitization.>** In our study, NS were collected
from children and adults easily and without complications using an
absorptive device already tested and validated.?®> We succeeded in
measuring tIgE and TPC in each of the 161 samples. This outcome
was facilitated by avoiding excessive dilution, which could reduce the
concentration of IgE below the detection limits of immunoassays.?
Because of the rhinorrhea characteristic of the inflammatory disease,
anatural dilution is already occurring and sample dilution is not limited
to the one applied by the operator during procession.?? Accordingly,
the original TPC in our samples was inversely related to the amount
of secretion collected, and so was the tIgE concentration (see Figure
S1in Appendix S1).

4.2 | IgE repertoire in NS and in serum

In southern Europe, patients are exposed to the simultaneous pol-
lination of a rich variety of allergenic plants.?” Hence, polysensitiza-
tion to many different pollen sources is typical in patients with SAR
living in these areas.”’ This characteristic emerged also in our study
population. The repertoire of allergens recognized by IgE in the pa-
tients’ secretions at a molecular (Figure 1) and source level (Figure 2)
confirmed a predominance of airborne-specific molecules. This sce-
nario was almost identical when the sera of our study population
were examined (see Figures S3 and S4 in Appendix S1). The overall
prevalence values (Figure 3A) and average levels (Figure 3B) of N-slgE,
respectively, showed a very good correlation with those found in the
sera, although both were consistently lower in the NS. Similarly, the
prevalence of IgE antibodies to allergen sources in the NS was highly
related, although at lower values, to that of positive SPT to the same
sources (see Figure S2 in Appendix S1). Interestingly, a few patients
showed moderate to high levels of IgE to milk, egg, or cod fish mol-
ecules, indicating that the IgE repertoire of the NS is not limited to
airborne molecules. We are prompted to speculate that the IgE reper-
toire of NS of young infants with cow milk, egg, or other food allergies
is mostly dominated by those animal food allergens. The presence of
IgE to animal foods has been already described in the nasal mucosa,?®

but this aspect remains quite open for further investigations.

4.3 | Testing sIgE in NS

No slgE was detected with the ISAC test in nasal secretions of almost 1/3
(81.3%) of our pollen allergic patients, while their sera were positive to
the same ISAC test. Accordingly, the sensitivity of testing IgE in the NS
in predicting the presence of IgE to the respective molecule in the serum
was quite low for all the examined molecules (overall estimate of sensi-
tivity = 40%). However, the specificity and the positive predictive value

were extremely high. Data about the N-sIgE presence among patients
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with positive serum sIgE are extremely variable between one study and
another, with reported sensitivity values from 0% to 100%. This could
partly be due to the relatively small study population size,'! to the diver-
sity in collection and procession methods,’ or the sensitivity of the IgE
assays. We hypothesize that the low sensitivity of testing IgE in NS is,
in our study population, mostly because, even in a condition of minimal
dilution, the concentration of sIgE in NS is too low to be detected by the
test we have used. Moreover, the presence and levels of local specific
IgE could have been affected by the period and area of sampling, since
allergen exposure stimulates the production of sIgE at nasal level. In a
previous study, which pioneered the use of the allergen biochip on NS of
30 patients severely allergic to house dust mites (HDM) and 29 healthy,
non-atopic controls, N-slgE to selected major HDM molecules was de-

tected with a good sensitivity compared to the serum sIgE reactivity.°

Here, we examined the sIgE to a large panel of allergen molecules in a
population of AR patients only, with different levels of atopic sensitiza-
tion. Therefore, the two studies had different targets, study designs, and
reagents. Testing IgE to 112 different allergen molecules in the NS of 161
AR patients predicted with high specificity but low sensitivity the serum
slgE responses (Table 2). In our population, testing nasal specific IgE could

not be satisfactorily applied as a diagnostic test for allergen sensitization.

4.4 | Limitations

We have to acknowledge some limitations of our study. First, the serum
and NS of the patients were collected at two different time points.

However, the tIgE and sIgE outcomes in sera obtained the very same day
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TABLE 2 Prediction of serum
IgE responses by testing IgE in nasal
secretions in 161 patients with SAR with a

serum cutoff of 0.1 ISU
Allergen molecules?

Phlp 1
Phip5
Cupal
Cynd1
Derp 2
Derf 2
Parj2
Feld 1
Phlp 2
Derf1
Oleel
Betv1
Alta1l
Phlp 4
Derp1
Cora 1.0101
Cryj1
Alng1
Phlp 6
Plal1l
Hevb 8
Mald 1
Mera 1l
Phlp 11
Glym4
Prup1

Pooled estimate

WILEY-Z

Sensitivity Specificity Accuracy PPV NPV
% % % % %
51 100 55 100 15
58 100 76 100 64
38 100 55 100 38
33 100 49 100 32
66 99 86 98 82
62 98 84 95 81
58 100 87 100 84
30 100 60 100 51
36 99 68 97 62
49 100 81 100 77
30 100 60 100 52
30 83 53 100 43
55 99 87 96 85
25 98 55 96 47
42 100 80 100 76
41 100 80 100 76
22 100 52 100 44
45 100 84 100 81
23 100 65 100 61
35 100 84 100 82
37 100 85 100 84
26 100 77 100 75
33 100 84 100 82
34 99 85 92 84
28 98 84 82 85
21 99 76 91 75
40 99.7

20nly molecules with at least 10 subjects who had a molecule-specific IgE response were
considered for this analysis.

of NS collection in a nested study of 21 patients were highly related to
those obtained at the recruitment visit (Pearson's r = .92, P < .001; and
ICC =0.79,95% Cl = 0.77-0.81, respectively) and had a similar predictive
capacity in relation to the serum sIgE outcomes (see Table S4 in Appendix
S1). Second, since the local IgE detection can be highly influenced by envi-
ronmental condition, and the moment of the NS collection did not always
cover all the pollination seasons or peaks of the allergens the patients
where sensitized to, this could have affected the results. Third, we used
one single microarray commercial method to test sIgE antibodies and

cannot extend our conclusions to all other techniques currently available.

4.5 | Conclusions

Our study shows that the concentration of sIgE is much lower in

nasal secretions than in the serum. Consequently, sIgE assays with

very high analytical sensitivity and sampling methods with minimal
dilution will be therefore needed before nasal secretions can be
validated as alternative to serum in testing the slgE repertoire in pa-

tients with seasonal allergic rhinitis.
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Methods

Study design and population - Allergic rhino-conjunctivitis symptoms were assessed according to the
validated International Study of Asthma and Allergies in Childhood (ISAAC) protocol.®* The severity of the
allergic rhinitis was defined according to ARIA (Allergic Rhinitis and its Impact on Asthma) international

criteria.®* ©

Co-morbidities were evaluated and the severity of asthma was assessed with the diagnostic
criteria of the Global Initiative for Asthma (GINA).™

Skin-prick tests - SPT were performed with a standard panel of 16 commercial extracts (ALK-Abelld, Italy)
including timothy grass, olive, cypress, mugwort, pellitory, birch, hazel, ragweed, alternaria, plane tree,
Russian thistle, Dermatophagoides pteronyssinus, Blatta germanica, Bermuda grass, cat, and dog epithelium.
Positive control was Histamine 0.1 mg/ml; negative control was glycerol solution. Morrow-Brown needles

were used to prick the skin and the dimension of the wheal reactions was measured after 15 min. An

average wheal diameter >3 mm after subtraction of the negative control was considered positive.”

Collection and processing of nasal secretions: NS were collected with a sponge (“Merocel 2000®Kennedy
Laminated Sinustent”, dressing 3.5 cm * 0.6 cm * 1.2 cm Medtronic Xomed, Inc Jacksonville FL USA 32216),
as previously described.®™ The sponges were sealed in pairs in 15 ml tubes (Falcon, Becton Dickinson
Labware, Lincoln Park, NJ) and weighted before the sampling process.” The patient was asked to blow
his/her nose beforehand to remove any mucus and impurities adhering to the nasal mucosa. Under direct
vision, the examiner inserted one sponge into each of the nasal cavities via the patient’s nostrils and placed
them along the anterior third of the nasal septum, where they were left for 5 minutes. After removal, both
sponges were placed back in the Falcon tube and weighed again. The weight of collected NS (WNS) was
determined by comparison of the weights of the sponges in their respective tubes before and after
collection, the volume was derived by assuming a specific liquid weight of 1 g/ml. To mobilize the nasal fluid
out of the sponge, a case-specific amount of physiologic saline solution (0,9% NaCl) was added, following our
‘minimal dilution method’, based on the application of a personalized dilution factor inversely proportional
to the volume of the NS collected in the individual patient. This method was designed in order to get enough

sample volume for the envisaged analyses without using excessive dilution that lowers test sensitivity. The
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dilution factors ranged from 2x (WNS>700ul) to 10x (WNS<140ul). The procedure required the application of
a minimum dilution of 1:2 in order to mobilize the fluid from the spongesand avoid insufficient fluid
recovery. After the addition of saline solution, the devices were placed in the shaft of a 5ml syringe (Becton-
Dickinson S.A.), and the liquid was squeezed into the tube using the piston of the syringe. At last, tubes were
centrifuged at 3000 rpm and 4°C for 10min and the supernatants collected and stored in aliquots at -20°C
until analysis. We assumed that no selective loss of mediators (total proteins, IgE) occurred in the collection
procedure. Therefore, we derived the concentration of proteins and IgE in the collected samples by
multiplying the values measured in the diluted samples available for testing by their respective dilution

factor.

Total protein - Total protein concentrations in NS were measured by the bicinchoninic acid (BCA) protein
assay (PierceTM, Thermo Scientific, Rockford, IL, USA), as previously described.® Briefly, the samples were
incubated with BCA reagent at 37° for 30min, then cooled to room temperature. The absorbance was read at
the wavelength of 562 nm. The working range of the assay was 20-2000 pg/ mL. BSA (bovine serum albumin)

was used as the standard.

Total IgE - Total IgE (tIgE) levels were measured in the serum and nasal secretions with ImmunoCAP
Fluorescence Enzyme Immuno-Assay (FEIA) (TFS, Uppsala, Sweden).” The results were expressed in kU/L

and the detection range was 2—2000 kU/I.

Determination of sIgE in nasal secretions and sera - The allergen-chip (ISAC-112™, TFS, Uppsala, Sweden)
contains either highly purified natural or recombinant allergen components. The test was performed
following the manufacturer’s recommendations, as previously described.f® The microarray slides were
washed in TBS-T buffer (150 mM sodium chloride, 10 mM Tris base, and 0.5% Tween 20, pH 8.0) and then 20
ul of undiluted patient’s serum or of patient nasal fluid was applied directly to the individual reaction sites of
the microarray. After incubation in a humid chamber for 120min, excess serum or nasal fluid was removed
by a washing step in TBS-T buffer and 20 ul of fluorescence-labelled anti-human IgE detection antibody were

applied. After a 60min staining reaction and a second washing step to remove unbound detection antibody,
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the slides were scanned in an appropriate microarray scanner (CapitalBio LuxScan-10K/A). Allergens become
visible in a false color display mode. Results were evaluated using Phadia Microarray Image Analysis
software and expressed in semi-quantitative ISAC Standardized Units (ISU) obtained by comparing the
patient outcomes with those of calibrations curve, with a cutoff of 0.06 ISU in nasal secretions and 0.1 ISU in
serum as already validated in our previous study.® Finally, the original concentration of proteins, tIgE and
slgE in the collected, still undiluted secretions, was obtained by multiplying the actual measured levels by the

individually applied dilution factor.

Statistics - To better analyze the dependence of the Total Protein Concentration (TPC) and tIgE on the
collected volume of nasal secretions, a linear regression spline was applied. The knot was detected by the
inspection of the scatter plot between the analyzed protein and volume and fixed at 500 ul. Each model was
realized after the elimination of the respective outliers, individuated on the basis of a DF BETA [for further
details see Results]. To evaluate the reliability in the test-retest of the total IgE levels in sera at TO and at T1,
the Intraclass correlation coefficient (ICC) was calculated with the corresponded Confidence Interval at 95%
(ClI). The overall concentration of IgE antibodies to airborne, vegetable foodborne, and animal foodborne
allergens were calculated in each participant by adding-up the positive levels of IgE antibodies for each of
the molecules belonging to the respective category, both in nasal secretions and serum. Results obtained at
a molecular level were also used to analyze outcomes at the source level. Highly cross-reacting molecules
(PR-10 molecules, profilin, serum albumin) have been excluded, with some exception (Bet v 1, marker of
sensitization to birch pollen, and others). Overall, analyses at the source level included 86 molecules and 45
sources (storage mites and House dust mites were considered as one source) [Table E5]. The IgE
concentration to each allergenic source was calculated by adding-up the positive levels of IgE antibodies to
each of the non-cross-reactive molecules belonging to that allergenic source. The geometric mean (95%
Confidence interval, Cl) of these values was obtained. To compare the prevalence of IgE responses to 3
allergenic categories (animal foodborne, vegetable foodborne, and airborne allergens) in both nasal
secretions and serum, the mean prevalence (and its SD) of IgE responses to the allergenic molecules within

the 3 allergenic categories were calculated. These mean values were then compared, and a P value was
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estimated by using a mixed logistic model in which subjects accounted for the random effects. A linear
mixed regression model was used to evaluate the trend of IgE levels across the three categories of exposure,
in both nasal secretions and serum. Considering each molecule as a binary diagnostic test based on sIgE cut-
off in the nasal secretions (>0.06 I1SU), its performance in identifying positive patients for sIgE in the serum
was calculated, in terms of sensitivity and specificity, varying the sIgE cut-off in the serum at 0.05, 0.1, 0.3,
0.6,1, 2 and 3 ISU. To obtain a pooled sensitivity and specificity from each molecule, hierarchical logistic

regression model was used for meta-analysis of diagnostic test accuracy.
Results

Minimal dilution method — Following the protocol of ‘minimal dilution method’, we applied a case-specific
amount of saline solution to each NS sample accordingly to its collected volume [Figure E1A]. Overall, 7/161
(4.3%) of our samples were diluted with saline with the maximal allowed dilution (10x), 69/161 (42.8%) with

minimal allowed dilution (2x) and 112/161 (52.9%) with dilution factors ranging from 2 to 10.

Inverse association of TPC and collected volume - A linear regression spline model was applied to describe
the dependence of TPC on NS volume. The model applied to all 161 patients shows that for a volume <500
ul, the estimated mean of TPC significantly decreases by -0.0021 (95% Confidence Interval, Cl =-0.0028 to -
0.0014; p<0.001) for each 1 ul increase in volume of the nasal secretion. For a volume >500 pl, the estimated
mean of TPC significantly decreases by -0.0003 (95% Cl = -0.0006 to -0.00004; p=0.027) and for a volume
equal of 500ul the predicted TPC was equal to 8.52 mg/ml (95% Cl 7.64-9.50 mg/ml). Considering all patients
the model explained 34% of variability of TPC (R*=0.34). On the basis of DF BETA, we individuated 5 outliers
that showed a DF BETA higher than 2/sqrt(total sample). We excluded these patients in the model in Figure

E1B.This model explained 62% of the variability of TPC (R*=0.62).

Inverse association of tIgE and collected volume — A linear regression spline model was applied to describe
the dependence of nasal tIgE on NS volume. The model applied to all 161 subjects showed a coefficient of
determination (R?) =0.12, indicating that 12% of the variability of tIgE was explained by this model. On the

basis of DF BETA, we individuated 13 influencing patients that showed a DF BETA higher than 2/sqgrt(total
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sample). We excluded these patients in the model in Figure E1C.The R? improved and was equal to 0.23.
These excluded subjects showed higher nasal specific IgE activity compared to the included patients [Table

E6).

Relationship of local vs systemic sensitization: The prevalence of systemic sensitization to 15 airborne
allergenic sources, as shown by SPTs, was highly correlated to the prevalence of sIgE antibodies in both NS
(Spearman’s rho = 0.871, p < 0.001) [Figure E2A] and sera (Spearman’s rho = 0.946, p < 0.001) [Figure E2B].
However, the prevalence of positive SPT was underestimated by N-sIgE testing, while it was fairly well

predicted by Serum-sIgE testing.

Reproducibility of total IgE and sIgE determination over time - Serum total IgE levels and the repertoire of
slgE were tested twice, once at the time of the initial examination and once at the time of the collection of
the nasal secretions, in 21 patients. An excellent correlation was found between the serum sIgE levels to the
112 molecules in the two blood samples, with an intraclass correlation coefficient (ICC) of 0.79 (95% Cl =
0.77-0.81). In addition, the correlation between tIgE levels was excellent (Pearson’s r=0.92, p<0.001). The
values of pooled estimated sensitivity (z test p=0.916) and specificity (z test p=0.449) obtained in testing the
nasal secretions and concomitant collected sera of the 21 patients did not significantly differ from the values
of obtained in the total population [Table E4]. Based on these results we considered that this limitation

could not significantly affect our results.
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Legend of Figures

Figure E1. Characteristics of nasal secretion samples of patients with SAR. A) Relationship between the
applied dilution factor and the volume of collected nasal secretions in 161 SAR patients. B) Relationship
between TPC and volume in NS of 156 subjects described by a linear regression spline model with a knot at
500 pl. C) Relationship between nasal tIgE and volume of NS of 148 subjects described through a linear
regression spline model with a knot at 500 pl.

Figure E2. Relationship between the prevalence of SPT positivity to allergen extracts (x-axis) and sIgk
antibodies to allergen sources (y-axis) in the nasal secretions (A) and serum (B) of 161 patients with SAR. The
Spearman rank correlation coefficients and the respective P values are shown. The identity line is shown.
The molecules used in the microarray for each allergen source were the following: Phl p 1, Phl p 2, Phl p 4,
Phl p 5, Phl p 6, Phl p 11 (timothy grass); Cyn d 1 (Bermuda grass) Ole e 1, Ole e9 (olive tree); Cup a 1
(cypress); Bet v 1 (birch); Cor a 1.0101 (hazelnuss); Par j 2 (pelliltory); Pla a 1, Pla a 2 (plane tree); Alta 1, Alta
6 (Alternaria); Sal k 1 (Russian thistle); Art v 1 (Mugwort); Amb a 1 (Ragweed); Der f 1, Der f 2, Der p 1, Der p

1, Der p 2 (house dust mites); Canf 1, Canf2, Canf 5 (dog); Fel d 1, Fel d 4 (cat).

Figure E3. Prevalence (left) and average levels (right) of sIgE to allergen molecules in serum of 161 SAR
patients. The results of molecules with at least 1 positive IgE value (20.1 ISU) are shown. The colors show the
exposure route for each molecule (inhaled [green], vegetable food [orange], animal food [red], other [grey]).
Figure E4. Prevalence and levels of specific IgE responses to allergenic sources in the serum of 161 SAR
patients. Circles show the prevalence (y-axis) and levels (diameter) of detectable sIgE responses (20.1 ISU) to
allergenic sources (see the Method section for definition). The exposure category to which the allergenic
sources of individual molecules belong is specifed: airborne [green], vegetable food [orange], animal food
[red], other [grey]. The values are ordered according to the prevalence in each exposure category.

Figure E5. Performance of testing IgE in nasal secretions in identifying positive serum sIgE varying the serum
slgE cut off from 0.05 to 3 ISU. Sensitivity and specificity at each cutoff point were pooled estimates of the

values observed in each of 26 selected allergen molecules (molecules with at least 10 subjects who had a



211 molecule-specific IgE response); the results are shown on the graph. The dashed line indicates the cutoff

212 point provided by the reference serum (20.1 ISU).
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TABLE E1. Characteristics of study populations

ROME (n= 90)'

PORDENONE (n=71)!

Male
Age (y) (mean, SD)

Allergic rhinitis

Age atonset (y) (median, IQR)
ARIA classification (n,%)

Mild Intermittent

Mild Persistent

Mod./Severe Intermittent

Mod./Severe Persistent

Allergic asthma

Age atonset (median, IQR)

Other allergic comorbidities (n,%)

Oral Allergic Syndrome
Urticaria/Angioedema
Atopic Dermatitis
Gastro-intestinal disorders

Anaphylaxis episode

Skin Prick Test positivity (23 mm)

Outdoor airborne allergens (n,%)
Timothy grass

Bermuda grass

Olive tree

Cypress

Birch

Hazel

Wall pellitory

Plane tree

Alternaria

Russian thistle

Mugwort

Ragweed

Indoor airborne allergens (n,%)
House Dust Mite

Catdander

Dog dander

57
14

17

63

28

29
16
25

87
81
79
75
42
41
62
54
44
40
32
32

65
65
71

63.3
2.9

(4-8)

6.7
18.9
4.4
70.0

31.1
(3-10)

32.2
17.7

27.8
3.3
8.9

96.7
90.0
87.8
83.3
46.7
456
68.8
60.0
48.9
44.4
35.6
35.6

72.2
72.2
78.9

42
35

17

12
46

19
15

18

10

59
29
26
27
40
27

10

10

29
24

59.1
14.5

(9.5-25.5)

2.9
13.0
17.4
66.7

26.8
(12-29)

25.3
8.5

14.1
0.0
1.4

83.1
40.8
36.6
38.2
56.3
38.0
4.2
8.5
14.1
2.8
14.1
8.5

40.8
33.8
7.0

tSporadic missingvalues for each ofthe variable examined.
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TABLE E2. Average prevalences of nasal and serum IgE responses to allergens per category in 161 SAR patients

Prevalence of IgE *

oral vs inhaled n of .
amount + Nasal secretions  p valuen Serum p value”
route molecules
mean (%) SD mean (%) SD

1 airborne inhaled high 45 9.8 10.8 <0.001 26.3 23.9 <0.001
vegetable oral intermediate 22 1.1 reference 7.4 10. reference
foodborne category category

animal oral low 10 0.2 03 0.003 22 13 <0001

foodborne

* average ( +SD) prevalence of detected IgE (> 0.06 ISU in nasal secretions; > 0.1 ISU in serum) to each of the molecules in the category

2 calculated by two level mixed logistic regression

'Selected molecules for each category:

1. Phip 1, Phlip 11, Phip 2, Phlp 4, Phlip 5, Phlp 6;Derf1, Derf2, Derp 1, Derp2,Blot5,Llepd2; Cupal;Cynd1;Betv1;Feld1,Feld4; Parj2;0le
el,0lee9;Altal,Alta6;Coral1.0101;Alng1;Cryj1;Plall;Meral;Canfl,Canf2, Canf5;Plaal,Plaa2;Artv1;
2. Mald1;Berel;Anao2;Prup3;,Glymb5,Glymé6;Arah1,Arah2, Arah3,Arah6;Cora9;Jugrl,Jugr2;Actd1, Actd2, Actd5;Apig1;Sesil;

5. GalidE,VGdl ;2:6’0/ d3,Bos d74,' BOVSVd 5, Bosd 8, Bosd Lactoferrin ; Gad c 1; Pen m 2, Pen m 4



TABLE E3. Prediction of serum IgE responses by testing IgE in nasal secretions in

217 161 patients with SAR with a serum cut-off of 3 I1SU
Sensitivity Specificity Accuracy PPV NPV
% % % % %
Allergen molecules ~
Phlp 1 63 88 71 92 52
Phl p 5 64 95 80 92 74
Cupal 49 95 72 91 65
Cynd1 48 88 73 71 73
Derp 2 84 97 94 93 94
Derf2 83 95 92 85 94
Parj2 68 98 91 90 91
Feld1 48 96 81 86 80
Phl p 2 43 94 78 76 78
Derf1l 63 98 89 93 88
Oleel 44 95 80 78 80
Betv1l 53 98 85 93 84
Alta 1l 59 98 89 92 88
Phlp 4 44 95 81 76 82
Derp1l 50 96 85 79 86
Cora 1.0101 54 98 88 87 88
Cryjl 37 95 80 71 81
Alng1 64 98 92 86 93
Phl p 6 32 96 81 71 83
Plall 53 97 92 64 95
Hevb 8 50 97 91 64 94
Mal d 1 38 98 88 77 89
Mera 1 44 97 91 62 93
Phl p 11 48 98 91 77 93
Glym 4 45 96 93 45 96
Prup1 25 96 87 45 90
Pooled estimate 53.2 96.1

~Only molecules with atleast 10 subjects who had a molecule-speficic IgE
response were considered for this analysis.
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TABLE E4. Prediction of serum IgE responses by testing IgE in nasal secretions in
21 patients with SAR with a serum cut-off of 0.1 ISU

Sensitivity Specificity Accuracy PPV NPV

% % % % %
Allergen molecules

Phlp 1 53 100 62 100 33
Phl p 5 45 90 67 83 60
Cupal 20 100 62 100 58
Cynd1 25 89 52 75 47
Derp 2 50 93 81 75 82
Derf2 50 93 81 75 82
Parj2 0 100 90 oo 90
Feld1 40 100 71 100 65
Phl p 2 20 91 57 67 56
Derf1l 67 100 90 100 88
Oleel 23 100 52 100 44
Betv1 56 100 81 100 75
Alta 1l 50 100 90 100 89
Phl p 4 25 92 67 67 67
Derp 1l 60 100 90 100 89
Cora 1.0101 50 100 81 100 76
Cryj1l 30 100 67 100 61
Alng1l 44 100 76 100 71
Phl p 6 0 92 57 0 60
Plal1l 43 100 81 100 78
Hevb 8 40 100 86 100 84
Mal d 1 38 100 76 100 72
Mera 1 40 100 86 100 84
Phl p 11 25 100 86 100 85
Glym 4 20 94 76 50 79
Prup1l 43 100 81 100 78

Pooled Estimate 38 98




TABLE E5. Selection of the molecules at source and category level

Category Molecules Inclusion  Reason for exclusion Category Molecules Inclusion  Reason for exclusion
Alder Apple
rAing 1 yes rMal d 1 yes
2 1 9 Alternaria Brazilnut
rAlta 1 yes rBere 1 yes
rAlta 6 yes Cashewnut
Aspergillus rAna o 2 yes
rAsp f 1 yes Hazelnut
rAsp f 3 yes nCora 9 yes
rAsp f 6 yes rCora 8 no LTP, CR
Bermuda rCor a 1.0401 no PR.10, CR
nCynd1 yes Kiwi
Birch nActd 1 yes
rBetv1 yes nActd 2 yes
rBetv 2 no Profilin, CR nActd5 yes
rBetv 4 no Polcalcin, CR nActd 8 no PR.10, CR
Blomia tropicalis Peach
rBlot5 yes rPrupl no PR.10, CR
Cat nPrup3 yes
rFel d 1 yes Peanut
nFel d 2 no Serumalbumin, CR nAra h 1 yes
rFel d 4 yes vegetable nAra h 2 yes
Cladosporium foodborne nAra h 3 yes
rClah8 yes nAra h 6 yes
Cockroach rArah 8 no PR.10, CR
Blag1l yes rAra h 9 no LTP, CR
Blag2 yes Sellery
Blag5 yes rApig 1 yes
nBlag7 no Tropomyosin, CR Sesame
Cypress nSesil yes
nCupal yes Soy
Dermatophagoides farinae rGlym4 no PR.10, CR
nDerf 1 yes nGly m5 yes
nDer f 2 yes nGly m 6 yes
Dermatophagoides pteronyssinus Walnut
nDerp1 yes rurgrl yes
nDerp 2 yes njurg r2 yes
rDer p 10 no Tropomyosin, CR njurgr3 no LTP, CR
Dog Wheat
rCanf1l yes nFag e 2 yes
rCanf2 yes nTria aA_Tl yes
nCanf3 no Serumalbumin, CR rTri a 19.0101 yes
rCanf5 yes rTria 14 yes
Goosefoot
rCheal yes Anisakis
Hazel rAnis 1 yes
rCor a 1.0101 yes rAnis 3 no Tropomyosin, CR
Horse Bee
nEquc3 no Serumalbumin, CR nApi m 1 yes
rEqucl yes nApi m 4 yes
Japanese cedar Bromelain
nCryj1l yes nMUXF3 no CccD
Lepidoglyphus destructor other Common wasp
rLep d2 yes rVesv5 yes
Mercury Paper wasp
rMeral yes rPol d 5 yes
Mouse Latex
nMus m 1 yes rHevb 1 yes
Mugwort rHevb 3 yes
nArtv 1 yes rHevb 5 yes
nArtv 3 no LTP, CR rHevb 6 yes
Olive pollen rHevb 8 no Profilin, CR
nOlee 1 yes
nOlee?7 no LTP Cod
rOlee9 yes rGadc1 yes
Plane tree Milk
rPlaal yes nBos d 4 yes
nPlaa?2 yes nBos d 5 yes
rPlaa3 no nBos d 6 no Serumalbumin, CR
Plantain nBos d 8 yes
rPlall yes nBos d lactoferrin yes
Ragweed Egg
nAmb a 1 yes nGald1 yes
Saltwort nGald2 yes
nSal k 1 yes nGald3 yes
Timothy nGal d 5 no Serumalbumin, CR
rPhlip 1 yes Shrimps
rPhl p 2 yes nPen m 1 no Tropomiosin, CR
nPhlp 4 yes nPenm?2 yes
rPhl p 5 yes nPenm4 yes
rPhip 6 yes
rPhip 7 no Polcalcin, CR
rPhip 11 yes CCD - Cross-reactive carbohydrate determinants
rPhl p 12 no Profilin, CR CR - Crossreaction
Wall pellitory LTP - Lipid transfer protein

rParj2 yes PR.10 - Pathogenesis-related protein 10



220

221

Table E6. Included and excluded patients for Figure E1C

Specific IgE activity
(sIgE/t-IgE ratio)
n Median  Range p-value
Included patients 148 0.19 0-6.80

) 0.0015'
Excluded patients 13 0.82 0.02-1.99

*Geometric mean

*non parametric Mann-Whitney test
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Figure E1

A o -

Dilution factor

nasal TPC (mg/ml)

1000 1500

500

Volume ()

Sl s . .
T

1500
Volume (ul)

nasal tigE levels (kU/L)

b
I

8

8

Y
o

[
o
N

Ly et sphne model — — - 95% Confidence Interval

1500
Volume (ul)

by Inaar sphng model ——— = G5% Confudence Intensl



223 Figure E2 At

224 ol
&
w
o
"
I
o
2 60
= Thimothy grass
E i
T a0 A
1 House Dust Mite
§ 3 Cypress
5 Wall pellitory ® & Bermuda grass
< 20 4 e Gt olive
Allernzrla & Hazel ¢ ® e
- |
Mug\:vnrt Dog — Birch
AW T Rnelies 8 rho=0.871, p<0.001
. Ragweed 'y
° 20 a0 60 &0
Prevalence of positive SPT (%)
B 100
Thirnoth\‘grass
= w0 Bermuda grass
w -
o Cypresse
-
§ Cat Oive
g 60 . .
2 House Dust Mite
=
= -
]
g' Pl t
ane tree
‘5 a0 P
: . ® Hazel E'Kh
g wall pellitory % _ Dog
& .
g Alternaria
o 0
Mugwort rho=0.946, p<0.001
-
Ragweed —» ¥ Saltwort
o - L 1} i i
o 20 40 60 80 100

Prevalence of positive SPT (%)



225 Figure E3

Prevalence of sensitization (serum sigE = 0.1I5U) (%)
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