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Abstract: The association between pollen food allergy syndrome (PFAS) and allergic march remains
unclear. In this prospective cohort study of the general population in Tokyo (T-Child Study), we
found that sensitization to Cry j 1 and Fel d 1 at ages 5 and 9 years was associated with an increased
risk of PFAS at 13 years old (at 5 years, Cry j 1: adjusted odds ratio aOR, 2.74; 95% confidence
interval CI, 1.53–4.91; Fel d 1: aOR, 2.61; 95% CI, 1.31–5.19; at 9 years, Cry j 1: adjusted odds ratio
aOR, 4.28; 95% confidence interval CI, 1.98–9.25; Fel d 1: aOR, 2.40; 95% CI, 1.33–4.32). In particular,
sensitization to Bet v 1 at ages 5 and 9 years was associated with a strong risk of PFAS at the age of
13 years (at 5 years: aOR, 10.6; 95% CI, 2.64–42.5; at 9 years: aOR, 9.1; 95% CI, 4.71–17.6). PFAS risk
by age 13 years was increased by any allergic symptom at 5 or 9 years, a combination of wheezing,
eczema, and rhinitis, and Bet v 1 sensitization. Our findings suggest that PFAS may be associated
with allergic march.

Keywords: allergic (atopic) march; Bet v 1; Cry j 1; pollen food allergy syndrome; sensitization

1. Introduction

Pollen food allergy syndrome (PFAS) is characterized by oral allergy syndrome (OAS),
which is an immediate allergic symptom in the oral mucosa seen in patients with pollen
allergy after eating fruits and vegetables [1,2]. PFAS is associated with plant-related
allergen components found in fruits and vegetables, including lipid transfer proteins,
profilin, and PR-10 proteins, and is caused by cross-reactivity between pollen allergens and
fruit and/or vegetable allergens [3,4]. Birch pollen is a representative inhaled pollen that
induces PFAS. In Europe, about half of the patients sensitized to birch pollen developed
symptoms of PFAS after consuming fresh fruits and vegetables [5,6]. Moreover, a recent
Japanese epidemiological study showed that the positivity rate of birch pollen-specific
immunoglobulin E (IgE) was significantly higher in participants with PFAS symptoms than
in those without these symptoms, suggesting that Bet v 1 sensitization could be associated
with the development of PFAS [7].

The prevalence of PFAS may vary depending on the geographical differences in
the trees, grass, and weeds that cause pollen allergy [3]. A cross-sectional study using
prospective birth cohort data in Japan reported that the prevalence of PFAS in children aged
13 years was 11.7% [8]. Among them, 72.7% were sensitized to one or more of the tree-,
grass-, and/or weed-derived allergens. However, the epidemiological studies on PFAS
are all cross-sectional and/or retrospective, and the longitudinal studies on the association
between allergen sensitization and the development of PFAS have yet to be conducted.

Allergic march refers to the natural history of allergic diseases that develop during
infancy and childhood [9]. Classically, allergic march begins with atopic dermatitis (AD)
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and progresses to IgE-mediated food allergy (FA), allergic asthma (AA), and allergic rhinitis
(AR). Allergic march is driven by both genetic and environmental factors, resulting in type
2 immune responses and sometimes causing elevated IgE levels [9,10]. Many epidemi-
ological studies have suggested a link between AD, AA, and AR development [11–13].
According to the Canadian Healthy Infant Longitudinal Development birth cohort study,
AD with sensitization to inhalants, foods, or both at 1 year of age increased the risk of
physician-diagnosed asthma at 3 years of age, suggesting that food sensitization, possibly
through transcutaneous sensitization, could be more likely to have additional atopic comor-
bidities [12]. Belgrave et al. [13] showed an increasing prevalence of AR and a decreasing
prevalence of AD and wheeze with age using data from the Avon Longitudinal Study
of Parents and Children and the Manchester Asthma and Allergy Study. However, no
studies have evaluated the association between PFAS and AD, AA, and AR in terms of
allergic march.

Thus, in this study, we aimed to evaluate the factors associated with the development
of PFAS using a birth cohort study of the general population in the Tokyo Children’s Health,
Illness, and Development Study (T-Child Study) [14–18].

2. Materials and Methods
2.1. Study Design, Setting, and Participants

We performed a longitudinal study on the association between PFAS incidence in
participants aged 13 years with allergic symptoms and/or IgE component sensitization in
those aged 5–9 years using a prospective birth cohort study of the general population in the
T-Child Study (Figure 1). The T-Child Study was conducted at the National Center for Child
Health and Development (NCCHD) of the National Children’s Hospital in Tokyo, Japan.

Figure 1. Flow chart of the participants included in this study. PFAS, pollen food allergy syndrome.

A total of 1701 pregnant women who attended their first antenatal visit at the NCCHD
were registered between 2003 and 2005. A total of 1550 newborn babies were enrolled
in the study between March 2004 and August 2006. The target population in this study
was children who were followed up until they reached the age of 13 years, completed all
variables for questionnaires, and underwent medical examinations and blood tests.

2.2. Exposure Variables

The exposures evaluated in this study included wheezing, eczema, and rhinitis status
and sensitization to the pan-allergens or indoor inhalant allergens listed in Table S1 at ages
5 and 9 years; wheeze status at ages 5 and 9 years was judged on the basis of the following
questionnaire item at ages 5 and 9 years: “Has your child ever had wheezing or whistling
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in the past 12 months?”. Eczema status at age 5 or 9 years was judged on the basis of the
following questionnaire item at age 5 or 9 years: “Has your child ever had itchy eczema in
the past 12 months?”. Rhinitis status at ages 5 and 9 years was judged on the basis of the
following questionnaire item at ages 5 and 9 years: “In the past 12 months, has your child
had a problem with sneezing, or a runny, or blocked nose when he/she did not have a cold
or the flu?”. A specific IgE of ≥0.3 ISU (ISAC standardized units) for the analyzed allergen
was considered positive sensitization.

2.3. Outcome Variables

The outcomes evaluated in this study included hay fever, OAS, pollen allergy, and
PFAS (Table S1). Hay fever was judged on the basis of the following questionnaire item
at age 13 years: “Has your child ever had hay fever? (Hay fever ever at 13 y)”, and OAS
was judged on the basis of the following questionnaire items at age 13 years: “Has your
child ever had an itchy mouth or redness around his/her mouth after eating fruits and
vegetables? (OAS ever at 13 y)”. Pollen allergy was evaluated on the basis of the definition
of meeting both of the following criteria “Hay fever ever at 13 y” and “sensitization to
pan allergens.” PFAS was evaluated on the basis of the definition of meeting both of the
following criteria: “Pollen allergy ever at 13 y” and “OAS ever at 13 y”. The questionnaires
were developed by certified allergists and epidemiologists. Component-specific IgE (sIgE)
levels were analyzed using ImmunoCAP ISAC [19,20]. Pan-allergens are proteins that take
part in key processes of organisms with highly conserved sequences and structures and
belong to various families, such as profilin, polcalcin, non-specific lipid transfer protein
(LTP), and pathogenesis-related protein family 10 (PR-10) [21]. Thirty-six pan-allergens
derived from 20 plants were included in this study (Table S2).

2.4. Questionnaire Survey

A paper-based questionnaire in Japanese, which included the International Study of
Asthma and Allergies in Childhood (ISAAC) [22–24] and clinical history of hay fever and
OAS, was completed by the participants’ parents. The responses were used to evaluate the
clinical symptoms of PFAS and other allergic diseases at ages 5, 9, and 13 years.

2.5. Blood Sampling and IgE Component Measurement

Serum samples were obtained from participants aged 5, 9, and 13. Allergen component
sIgE antibody titers were measured using the commercially available multiplex array
ImmunoCAP ISAC [19,20] (Thermo Fisher Scientific, Tokyo, Japan). The specimens were
managed by an independent contract laboratory (SRL, Inc., Tokyo, Japan).

2.6. Bias and Study Size

To minimize sampling bias, all participants aged 13 years who completed the ques-
tionnaire surveys, underwent a medical check-up, and provided a blood sample for the
T-Child Study were included. The 13-year-olds who participated in the study had been
followed prospectively since their birth. The study size was not determined, as this study
was an exploratory study.

2.7. Statistical Analysis

Descriptive statistics were used to analyze all outcomes. Potential confounders were
familial history of allergic diseases, including rhinitis, smoking, pet ownership, sex, siblings,
and family income. Univariate and multivariate logistic regression analyses were used to
evaluate the association between allergic diseases, sensitization status at ages 5 or 9 years,
and PFAS at the age of 13 years. These potential confounders were included in multivariate
models to obtain adjusted odds ratios (aORs). Multiple imputation (MI) was used to
manage missing values. We generated 20 data sets with the missing data imputed in MI
processes. To show the robustness of the results from MI, the aORs based on the complete
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dataset (any with missing data were deleted) were presented as well. All associations based
on these models are presented with ORs and 95% confidence intervals (CIs).

All statistical analyses were performed using R statistical software, version 4.0.3 (the
R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Participant Characteristics

Among the enrolled 1550 newborn babies, 907 participants were followed up and
responded to the questionnaire at the age of 13 years. Some participants were excluded
due to insufficient data on pan-allergens (n = 382) and PFAS (n = 4) at the age of 13 years.
Thus, 521 participants were included in the analysis (Fig 1). The baseline characteristics of
the eligible participants were evaluated. Of the 521 participants, 292 (56%) had a history of
hay fever; 82 (15.7%) had a history of OAS; 264 (50.7%) had a pollen allergy; and 59 (11.3%)
had a history of PFAS. A comparison between the participants included and excluded in
our study showed differences in the number of “wheeze current at 5 years old” (p = 0.048),
“rhinitis current at 5 years old” (p = 0.033), “pet keeping at 6 months” (p = 0.03), “siblings”
(p = 0.001), “maternal history of allergy” (p = 0.049), and “maternal history of rhinitis”
(p = 0.006) (Table S3).

3.2. Association of Allergen Sensitization at 5 or 9 Years of Age with PFAS Outcomes at 13 Years
of Age

Table 1 shows the association between pan-allergen or aeroallergen sensitization at
5 and 9 years of age and PFAS at 13 years of age in univariate, MI, or multivariate complete-
case analyses. Sensitization to any pan-allergen at 5 years of age was associated with an
increased risk of PFAS at age 13 years in the MI analysis (adjusted odds ratio (aOR]), 3.23;
95% CI, 1.58–6.62). Sensitization to Cry j 1 or Fel d 1 at the age of 5 years was associated
with an increased risk of PFAS at 13 years of age (Cry j 1: aOR, 2.74; 95% CI, 1.53–4.91; Fel
d 1: aOR, 2.61; 95% CI, 1.31–5.19), whereas that to Der p 1, Der f 1, or Can f 1 at the age of
5 years was not significantly associated with an increased risk of PFAS at 13 years of age
(Der p 1: aOR, 1.66; 95% CI, 0.92–2.99; Der f 1: aOR, 1.71; 95% CI, 0.94–3.09; Can f 1: aOR,
1.49; 95% CI, 0.48–4.60).

Table 1. Association between allergen sensitization at 5 or 9 years and PFAS at 13 years of age.

OR 95% CI p aOR † 95% CI p aOR ‡ 95% CI p

Lower Upper Lower Upper Lower Upper

At 5 years

Pan-allergen sensitization (278) 3.52 1.72 7.17 <0.001 3.23 1.58 6.62 0.0014 3.06 1.42 6.62 0.0044

Bet v 1 sensitization (9) 17.4 4.22 71.9 <0.001 10.6 2.64 42.5 0.0010 11.1 1.67 73.8 0.013

Cry j 1 sensitization (150) 2.88 1.62 5.11 <0.001 2.74 1.53 4.91 <0.001 2.59 1.34 5.01 0.0048

Der p 1 sensitization (181) 1.59 0.90 2.82 0.11 1.66 0.92 2.99 0.096 1.47 0.75 2.90 0.26

Der f 1 sensitization (194) 1.65 0.94 2.92 0.083 1.71 0.94 3.09 0.078 1.65 0.84 3.23 0.14

Can f 1 sensitization (28) 1.32 0.44 3.97 0.62 1.49 0.48 4.60 0.49 2.11 0.65 6.89 0.21

Fel d 1 sensitization (59) 2.92 1.48 5.79 0.0021 2.61 1.31 5.19 0.0066 2.83 1.28 6.25 0.010

At 9 years

Pan-allergen sensitization (291) 12.8 3.9 41.7 <0.001 8.17 2.80 23.9 <0.001 11.7 3.50 39.0 <0.001

Bet v 1 sensitization (63) 9.64 5.13 18.1 <0.001 9.10 4.71 17.6 <0.001 8.65 4.05 18.5 <0.001

Cry j 1 sensitization (268) 5.15 2.38 11.2 <0.001 4.28 1.98 9.25 <0.001 5.35 2.27 12.6 <0.001

Der p 1 sensitization (236) 1.84 1.03 3.31 0.040 1.82 0.99 3.35 0.055 1.79 0.92 3.48 0.085

Der f 1 sensitization (250) 1.94 1.07 3.52 0.030 1.83 0.98 3.39 0.058 1.72 0.88 3.38 0.11

Can f 1 sensitization (43) 1.59 0.67 3.78 0.29 1.40 0.58 3.41 0.46 1.93 0.73 5.13 0.18

Fel d 1 sensitization (118) 2.78 1.55 4.99 <0.001 2.40 1.33 4.32 0.0037 2.47 1.27 4.81 0.0076

† Multiple imputations; ‡ complete data; confounding factors included sex, pet-keeping, smoking exposure,
siblings, family income, and parental history of rhinitis. (N) Categorized number; aOR, adjusted odds ratio; CI,
confidence interval; OR, odds ratio; PFAS, pollen food allergy syndrome.
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Interestingly, the sensitization to Bet v 1 at the age of 5 years was associated with the
strongest risk of PFAS at the age of 13 years (aOR, 10.6; 95% CI, 2.64–42.5).

The association between allergen sensitization at early ages and PFAS at the age
of 13 years was similar to that between sensitization at 5 and 9 years of age, although
sensitization to any pan-allergen or Cry j 1 at age 9 years was associated with an even
stronger risk of PFAS at the age of 13 years (pan-allergen: aOR, 8.17; 95% CI, 2.80–23.9, Cry j
1: aOR, 4.28; 95% CI, 1.98–9.25). Similar trends were observed in the complete-case analysis.

3.3. Association between Symptoms Suggestive of Allergic Diseases at 5 Years of Age and PFAS
Outcomes at 13 Years of Age

Table 2 shows the association between symptoms suggestive of allergic diseases with
or without sensitization to pan-allergen, Bet v 1, or Cry j 1 at the age of 5 years and PFAS
at the age of 13 years in univariate, MI, or multivariate complete-case analyses. Any
symptoms of current wheezing, current eczema, or current rhinitis at the age of 5 years
were associated with a risk of PFAS at the age of 13 years in the MI analysis (wheeze
current: aOR, 2.03; 95% CI, 1.09–3.80; eczema current: aOR, 2.26; 95% CI, 1.27–4.03; rhinitis
current: aOR, 2.26; 95% CI, 1.27–4.00). Comorbidity of allergic diseases at the age of 5 years
significantly affected the development of PFAS at the age of 13 years (wheeze current and
eczema current: aOR, 3.15; 95% CI, 1.41–7.06; wheeze current and rhinitis current: aOR,
2.57; 95% CI, 1.23–5.35; eczema current and rhinitis current: aOR, 2.66; 95% CI, 1.39–5.09).
Triple symptoms at the age of 5 years also significantly affected the development of PFAS at
13 years of age (aOR, 3.47; 95% CI, 1.34–8.98). Current rhinitis with sensitization to any pan-
allergen and the presence or absence of the other symptoms were associated with a strong
risk of PFAS at 13 years of age (rhinitis current with pan-allergen sensitization: aOR, 4.07;
95% CI, 2.22–7.46; wheeze current and rhinitis current with pan-allergen sensitization: aOR,
3.47; 95% CI, 1.31–9.17; eczema current and rhinitis current with pan-allergen sensitization:
aOR, 3.93; 95% CI, 1.91–8.10).

Table 2. Association of allergic diseases at 5 years with PFAS at 13 years of age.

OR 95% CI p aOR † 95% CI p aOR ‡ 95% CI p

Lower Upper Lower Upper Lower Upper

At 5 years

Wheeze current (98) 2.10 1.15 3.86 0.016 2.03 1.09 3.80 0.027 1.98 0.99 3.94 0.052

Eczema current (128) 2.30 1.31 4.04 0.0038 2.26 1.27 4.03 0.0056 1.77 0.93 3.38 0.082

Rhinitis current (198) 2.40 1.38 4.16 0.0019 2.26 1.27 4.00 0.0055 2.23 1.19 4.18 0.0124

Rhinitis current, pan-allergen
sensitization (87) 4.34 2.41 7.83 <0.001 4.07 2.22 7.46 <0.001 4.66 2.32 9.34 <0.001

Rhinitis current, Bet v 1 sensitization (8) 14.0 3.25 60.3 <0.001 9.87 2.24 43.6 0.0027 6.1 0.79 46.4 0.083

Rhinitis current, Cry j 1 sensitization (78) 3.22 1.74 5.96 <0.001 2.96 1.57 5.55 <0.001 3.67 1.79 7.52 <0.001

Wheeze current, eczema current (37) 3.23 1.47 7.07 0.0034 3.15 1.41 7.06 0.0055 2.85 1.16 7.00 0.022

Wheeze current, rhinitis current (52) 2.64 1.29 5.37 0.0076 2.57 1.23 5.35 0.012 2.18 0.95 5.04 0.067

Wheeze current, rhinitis current,
pan-allergen sensitization (25) 3.31 1.32 8.30 0.011 3.47 1.31 9.17 0.013 3.13 1.01 9.69 0.048

Wheeze current, rhinitis current, Bet v 1
sensitization (1) - - - - - - - - - - - -

Eczema current, rhinitis current, Cry j 1
sensitization (23) 2.28 0.81 6.38 0.118 2.37 0.80 6.99 0.12 2.51 0.74 8.51 0.14

Eczema current, rhinitis current (73) 2.88 1.53 5.40 0.0010 2.66 1.39 5.09 0.0032 2.47 1.19 5.13 0.0151

Eczema current, rhinitis current,
pan-allergen sensitization (45) 4.26 2.11 8.61 <0.001 3.93 1.91 8.10 <0.001 3.73 1.61 8.69 0.0022

Eczema current, rhinitis current, Bet v 1
sensitization (6) - - - - - - - - - - - -

Eczema current, rhinitis current, Cry j 1
sensitization (41) 2.79 1.29 6.04 0.0093 2.50 1.13 5.54 0.024 2.84 1.16 6.96 0.023

Wheeze current, eczema current, rhinitis
current (23) 3.69 1.45 9.37 0.0062 3.47 1.34 8.98 0.011 3.03 0.99 9.27 0.052
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Table 2. Cont.

OR 95% CI p aOR † 95% CI p aOR ‡ 95% CI p

Lower Upper Lower Upper Lower Upper

Wheeze current, eczema current, rhinitis
current, pan-allergen sensitization (16) 5.02 1.75 14.4 0.0026 4.91 1.67 14.4 0.0040 4.15 1.12 15.4 0.033

Wheeze current, eczema current, rhinitis
current, Bet v 1 sensitization (1) - - - - - - - - - - - -

Wheeze current, eczema current, rhinitis
current, Cry j 1 sensitization (14) 3.22 0.98 10.6 0.055 3.08 0.91 10.4 0.071 3.14 0.75 13.2 0.118

† Multiple imputations; ‡ complete data; confounding factors included sex, pet-keeping, smoking exposure,
siblings, family income, and parental history of rhinitis. (N) Categorized number; aOR, adjusted odds ratio; CI,
confidence interval; OR, odds ratio; PFAS, pollen food allergy syndrome.

Interestingly, current rhinitis with Bet v 1 sensitization strongly affected the develop-
ment of PFAS at the age of 13 years (aOR, 9.87; 95% CI, 2.24–43.6), although the association
between rhinitis with Bet v 1 sensitization and the other symptoms was not evaluated
due to an insufficient number of the analyzed participants. Current rhinitis with Cry j 1
sensitization was associated with PFAS at the age of 13 years (aOR, 2.96; 95% CI, 1.57–5.55).
However, the association between rhinitis with Cry j 1 sensitization complicated with other
allergic symptoms and PFAS at the age of 13 years was only observed in patients with
eczema and rhinitis with Cry j 1 sensitization (aOR, 2.50; 95% CI, 1.13–5.54).

3.4. Association between Symptoms Suggestive of Allergic Diseases at 9 Years of Age and PFAS
Outcomes at 13 Years of Age

Table 3 shows the association between symptoms suggestive of allergic diseases with
or without sensitization to pan-allergen, Bet v 1, or Cry j 1 at the age of 9 years and PFAS at
the age of 13 years in univariate, MI, or multivariate complete-case analyses.

Table 3. Association between allergic diseases at 9 years and PFAS at 13 years of age.

OR 95% CI p aOR † 95% CI p aOR ‡ 95% CI p

Lower Upper Lower Upper Lower Upper

At 9 years

Wheeze current (56) 3.47 1.78 6.76 <0.001 3.84 1.91 7.73 <0.001 3.64 1.65 8.02 0.0014

Eczema current (108) 1.97 1.09 3.56 0.025 2.02 1.10 3.71 0.024 2.55 1.32 4.91 0.0052

Rhinitis current (291) 5.00 2.40 10.4 <0.001 4.90 2.31 10.4 <0.001 3.96 1.83 8.59 <0.001

Rhinitis current, pan-allergen
sensitization (201) 7.93 3.89 16.2 <0.001 6.68 3.29 13.6 <0.001 6.78 3.16 14.6 <0.001

Rhinitis current, Bet v 1 sensitization (45) 12.5 6.28 24.8 <0.001 11.3 5.50 23.3 <0.001 9.0 4.00 20.0 <0.001

Rhinitis current, Cry j 1 sensitization (192) 6.04 3.14 11.6 <0.001 5.30 2.75 10.2 <0.001 5.67 2.73 11.8 <0.001

Wheeze current, eczema current (16) 6.72 2.40 18.8 <0.001 7.10 2.41 20.9 <0.001 7.09 2.12 23.7 0.0015

Wheeze current, rhinitis current (46) 4.14 2.06 8.33 <0.001 4.50 2.18 9.32 <0.001 3.92 1.73 8.90 0.0011

Wheeze current, rhinitis current,
pan-allergen sensitization (37) 3.96 1.84 8.54 <0.001 4.02 1.82 8.88 <0.001 3.96 1.63 9.63 0.0024

Wheeze current, rhinitis current, Bet v 1
sensitization (9) 31.9 6.44 158 <0.001 - - - - 36.5 6.44 207 <0.001

Eczema current, rhinitis current, Cry j 1
sensitization (35) 3.11 1.38 7.02 0.0064 3.07 1.33 7.07 0.0087 3.36 1.35 8.36 0.0093

Eczema current, rhinitis current (77) 2.69 1.44 5.02 0.0020 2.66 1.39 5.08 0.0033 3.46 1.71 7.00 <0.001

Eczema current, rhinitis current,
pan-allergen sensitization (56) 3.25 1.64 6.43 <0.001 2.92 1.44 5.94 0.0031 4.36 2.04 9.30 <0.001

Eczema current, rhinitis current, Bet v 1
sensitization (17) 6.30 2.30 17.3 <0.001 6.14 2.09 18.0 0.0011 6.97 2.32 21.0 <0.001

Eczema current, rhinitis current, Cry j 1
sensitization (54) 3.02 1.50 6.08 0.0019 2.68 1.31 5.52 0.0075 4.01 1.86 8.66 <0.001

Wheeze current, eczema current, rhinitis
current (13) 7.29 2.36 22.5 <0.001 7.80 2.38 25.6 <0.001 8.26 2.13 32.1 0.0023



Nutrients 2022, 14, 2658 7 of 10

Table 3. Cont.

OR 95% CI p aOR † 95% CI p aOR ‡ 95% CI p

Lower Upper Lower Upper Lower Upper

Wheeze current, eczema current, rhinitis
current, pan-allergen sensitization (12) 6.08 1.86 19.8 0.0028 6.17 1.78 21.3 0.0043 8.26 2.13 32.1 0.0023

Wheeze current, eczema current, rhinitis
current, Bet v 1 sensitization (5) 33.9 3.72 308 0.0018 - - - - 35.5 3.55 356 0.0024

Wheeze current, eczema current, rhinitis
current, Cry j 1 sensitization (11) 4.77 1.35 16.8 0.015 4.69 1.26 17.4 0.022 6.12 1.48 25.4 0.012

† Multiple imputations; ‡ complete data; confounding factors included sex, pet-keeping, smoking exposure,
siblings, family income, and parental history of rhinitis. (N) Categorized number; aOR, adjusted odds ratio; CI,
confidence interval; OR, odds ratio; PFAS, pollen food allergy syndrome.

The MI analysis showed that current wheezing, current eczema, or current rhinitis
at the age of 9 years was associated with a risk of PFAS at the age of 13 years (wheeze
current: aOR, 3.84; 95% CI, 1.91–7.73; eczema current: aOR, 2.02; 95% CI, 1.10–3.71; rhinitis
current: aOR, 4.90; 95% CI, 2.31–10.4). Comorbidity of allergic diseases at the age of 9 years
significantly affected the development of PFAS at 13 years of age (wheeze current and
eczema current: aOR, 7.10; 95% CI, 2.41–20.9; wheeze current and rhinitis current: aOR,
4.50; 95% CI, 2.18–9.32; eczema current and rhinitis current: aOR, 2.66; 95% CI, 1.39–5.08).
Notably, triple symptoms at the age of 9 years strongly affected the development of PFAS
at the age of 13 years (aOR, 7.80; 95% CI, 2.38–25.6).

Rhinitis with sensitization to pan-allergen, Cry j 1, or Bet v 1 sensitization at the
age of 9 years was associated with a risk of PFAS at age 13 years of age, irrespective of
concomitant symptoms, such as current wheezing or eczema. In particular, rhinitis with Bet
v 1 sensitization markedly affected the development of PFAS at the age of 13 years (rhinitis
current with Bet v 1 sensitization: aOR, 11.3; 95% CI, 5.50–23.3). Furthermore, rhinitis
with Bet v 1 sensitization concomitant with wheezing and/or eczema greatly affected the
development of PFAS at 13 years of age in the complete-case analysis (rhinitis current with
Bet v 1 sensitization and wheeze current: aOR, 36.5; 95% CI, 6.44–207; rhinitis current with
Bet v 1 sensitization and eczema current: aOR, 6.97; 95% CI, 2.32–21.0, rhinitis current with
Bet v 1 sensitization, wheeze current, and eczema current: aOR, 35.5; 95% CI, 3.55–356),
although the association between previous development of rhinitis and Bet v 1 sensitization
concomitant with wheezing with or without eczema was not evaluated due to insufficient
participants in MI analysis.

4. Discussion

In this study, we evaluated the manifestation of allergic march associated with the
development of PFAS in a birth cohort study of the general population in Tokyo. Sensitiza-
tion to pan-allergens at 5 and 9 years of age was associated with an increased risk of PFAS
at 13 years of age. Sensitization to Cry j 1 and Fel d 1, but not Der p 1, Der f 1, or Can f 1,
at the ages of 5 and 9 years was associated with an increased risk of PFAS at 13 years of
age. In particular, the sensitization to Bet v 1 at ages 5 and 9 years was associated with a
strong risk of PFAS at the age of 13 years. Previous development of any allergic symptoms
of wheezing, eczema, or rhinitis at 5 or 9 years of age was associated with a risk of PFAS at
the age of 13 years. Moreover, the previous development of triple symptoms of wheezing,
eczema, and rhinitis strongly affected the development of PFAS at the age of 13 years.
Previous development of allergic symptoms with Bet v 1 sensitization most significantly
affected the development of PFAS at the age of 13 years.

We previously reported that the prevalence of PFAS was 11.7% in patients at 13 years of
age in Japan, which was higher than what we had anticipated [8]. Many of the PFAS patients
(72.7%) were sensitized to one or more of the tree-, grass-, and/or weed-derived allergens.
These findings suggest that PFAS is becoming more common in adolescents, and pollen
sensitization may be associated with PFAS. In this study, we showed that sensitization to
pan-allergens, Bet v 1, Cry j 1, or Fel d 1, but not Der p 1, Der f 1, or Can f 1, at pre-school
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and school age could increase the risk of PFAS development in adolescence. In particular,
Bet v 1 sensitization at pre-school or school age was the strongest risk factor for PFAS
development in early adolescence. Although these were all aeroallergens, sensitization to
pollen-derived allergens was a crucial risk factor for the subsequent development of PFAS.
In addition, it is interesting that sensitization to Fel d 1, but not to Can f 1, was positively
associated with PFAS development. Some studies have shown that dog ownership, but not
cat ownership, is negatively associated with the occurrence of allergic comorbidities [25,26].
This suggests that the sensitization of dog-derived allergens could have a preventive effect
on subsequent PFAS development, although further detailed studies are required.

This study also showed that antecedent development of allergic symptoms of wheez-
ing, eczema, and/or rhinitis at pre-school or school age was a risk factor for PFAS devel-
opment in early adolescence. Multiple atopic comorbidities are highly associated with
subsequent PFAS development, suggesting that PFAS is related to a late phase of atopic
march progression. We propose that PFAS should be included as one of the updated
versions of allergic march. Atopic comorbidities and/or pollen sensitization, including
Bet v 1, are increasing in many countries [27,28]. Our previous study showed that the
proportion of IgE sensitization to Bet v 1 (birch) was 2.2% at age 5 years and 13.9% at age
9 years, and pediatric participants were also highly sensitized to Cry j 1 (Japanese cedar)
(32.8% at age 5 years and 57.8% at age 9 years) [14]. Given that previous development of
allergic symptoms and/or the sensitization to pollen, especially Bet v 1 at pre-school and
school age, was a risk factor for PFAS in adolescence as shown in our study, it is possible
that PFAS prevalence could increase in the future.

Classically, allergic march begins with AD and progresses to IgE-mediated FA, AA, and
AR [9,29]. Several studies have suggested that the mechanisms underlying the development
of atopic comorbidities could involve an impaired cutaneous barrier, resulting in cutaneous
sensitization, thereby leading to a systemic Th2-dominant immune response to cutaneous
inflammation [9,11]. It would be interesting to evaluate the association between atopic
comorbidities, such as AD and FA, at early ages and subsequent PFAS development;
however, we did not evaluate this association in this study.

This study has some limitations. Information on hay fever and OAS was based on
questionnaire responses given by the children’s parents and not a doctor’s diagnosis.
These aspects could add a factor of variability to the results, despite evaluating PFAS
on the basis of IgE component sensitization data. Second, this study was conducted in
Tokyo, a metropolitan area; thus, the results cannot be generalized to the general pediatric
population in Japan. As pollen sensitization varies in regions and/or countries, the results
could vary in regions where pollen sensitization patterns are different. This warrants
further investigation of regional differences in the association between the sensitization to
Bet v 1 and/or the previous atopic comorbidities and subsequent PFAS development.

5. Conclusions

In conclusion, to our knowledge, this is the first longitudinal study to show that the
preceding allergic features of allergy march were risk factors for the development of PFAS.
We showed that the previous development of wheezing, eczema, or rhinitis at 5 or 9 years
of age was associated with the risk of PFAS at 13 years of age using a birth cohort study of
the general population in Tokyo. Moreover, the previous development of triple symptoms
of wheezing, eczema, and rhinitis strongly affected the development of PFAS at the age of
13 years. Previous Bet v 1 sensitization remarkably affected the development of PFAS at
the age of 13 years. These findings suggest that previous allergic comorbidities and/or Bet
v 1 sensitization are positively associated with PFAS. Thus, our results propose that PFAS
may be associated with allergic march progression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14132658/s1, Table S1: Definition of exposures and outcomes;
Table S2: Pan-allergens for the analysis in this study; Table S3: Comparison of basal characteristics
between the included and excluded participants.
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