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ABSTRACT Abnormalities in the human microbiota are associated with the etiology
of allergic diseases. Although disease site-specific microbiota may be associated with
disease pathophysiology, the role of the nasal microbiota is unclear. We sought to
characterize the microbiota of the site of allergic rhinitis, the inferior turbinate, in
subjects with allergic rhinitis (n = 20) and healthy controls (n = 12) and to examine
the relationship of mucosal microbiota with disease occurrence, sensitized allergen
number, and allergen-specific and total IgE levels. Microbial dysbiosis correlated sig-
nificantly with total IgE levels representing combined allergic responses but not with
disease occurrence, the number of sensitized allergens, or house dust mite allergen-
specific IgE levels. Compared to the populations in individuals with low total IgE lev-
els (group IgE'*w), low microbial biodiversity with a high relative abundance of Firmi-
cutes phylum (Staphylococcus aureus) and a low relative abundance of Actinobacteria
phylum (Propionibacterium acnes) was observed in individuals with high total serum
IgE levels (group IgEMigh). Phylogeny-based microbial functional potential predicted
by the 16S rRNA gene indicated an increase in signal transduction-related genes and
a decrease in energy metabolism-related genes in group IgEM9h as shown in the mi-
crobial features with atopic and/or inflammatory diseases. Thus, dysbiosis of the in-
ferior turbinate mucosa microbiota, particularly an increase in S. aureus and a de-
crease in P. acnes, is linked to high total IgE levels in allergic rhinitis, suggesting that
inferior turbinate microbiota may be affected by accumulated allergic responses
against sensitized allergens and that site-specific microbial alterations play a poten-
tial role in disease pathophysiology.

KEYWORDS inferior turbinate, nasal mucosa, commensal microbiota,
immunoglobulin E, multiple-allergen simultaneous test, skin prick test, allergic
rhinitis, Staphylococcus aureus, Propionibacterium acnes

llergic rhinitis (AR) is a nasal allergic disease characterized by nasal hyperrespon-

siveness, immunoglobulin E (IgE) production, skewing of mucosal immune homeo-
stasis toward a T,2-type response, and accumulation of eosinophils and mast cells (1,
2). AR is a global health problem affecting 25% of the general population, and its
worldwide prevalence has steadily increased over recent decades (3). Intriguingly, the
epidemic is related to increased urbanization, a westernized diet, and overuse of
antibiotics (4). The modern lifestyle reduces exposure to microbes and foreign antigens,
which subsequently increases susceptibility to allergic diseases (5). This high incidence
of allergic diseases is attributed to immature development of, and/or an imbalanced
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antigen response by, the host immune system, a process that relies on cross talk
between host systems and the resident microbiota (6, 7).

The human body is densely populated by complex microbial communities, referred
to as the microbiota. Genetic and environmental factors shape distinct communities of
microbes at different body sites (8, 9). The microbiota plays a crucial role in host
immunity (10). Disturbance or loss of the microbiota, termed dysbiosis, correlates with
asthma and atopic dermatitis (11, 12). Accordingly, abnormalities in the microbiota and
their subsequent effects on the immune system have attracted much attention. Several
studies demonstrate that the commensal microbiota regulates susceptibility to allergic
diseases. The absence of commensal bacteria augments basophil proliferation, in-
creases the total number of infiltrating lymphocytes and eosinophils, exacerbates T,,2
cell responses and allergic inflammation, and reduces the number of RORyt™ regulatory
T cells (Tregs) and T,,17 cells (6, 13). Conversely, administration of Lactobacillus strains
to germfree mice induces a T,1-mediated immune response and ameliorates T2-
related cytokine production and allergic sensitization (14). Furthermore, dysbiosis of the
microbiota increases susceptibility to allergic diseases. Antibiotic-induced dysbiosis of
the gut microbiota promotes food allergies and allergic airway inflammation in peanut
allergen- and papain-induced allergy models, respectively (15, 16). Therefore, disrup-
tion of the microbe-host immune system interactions might be a primary cause of
allergic disease. However, the role of alterations in the microbiota in allergic diseases
has been highlighted only for the gut; the role played by the commensal microbiota in
the nasal cavity in the development of AR has not been determined.

The inferior turbinates are the first line of immunological defense against external
environmental irritants (17). The inferior turbinates become persistently enlarged in
chronic AR patients, whereas they return to their normal size in healthy individuals. This
mucosal enlargement increases epithelial permeability by stretching intercellular tight
junctions (18) and induces cytokine secretion from ciliated cells or goblet cells, which
eventually alters airway epithelial phenotypes (19). These epithelial phenotypes result
in abnormal liquid accumulation at the airway surface, which, in turn, may affect the
commensal microbiota in the nasal mucosa. In this regard, the local microbiota
interacts closely with the local immune system and may have a direct effect on
pathophysiology at the disease site; however, the association between the commensal
microbiota at the disease site and AR pathogenesis is unknown.

This study aimed to identify the community structure, composition, and functional
potential of the commensal microbiota in the inferior turbinate mucosae of AR patients
and healthy subjects using 16S rRNA gene-based 454 pyrosequencing. The results
suggest that total IgE levels representing combined allergic responses against all
sensitized allergens, rather than AR occurrence or individual allergen-specific IgE levels,
affect the composition and functional potential of the inferior turbinate mucosa
microbiota.

RESULTS

Comparison of the inferior turbinate mucosa microbiota between AR and
healthy subjects. In this study, inferior turbinate mucosa samples (depicted in Fig. 1A)
and clinical data from a total 32 participants were used. Criteria for participant enroll-
ment and AR diagnosis and group categorizations for each comparison are shown in
Fig. S1. 16S rRNA gene sequencing of inferior turbinate mucosa samples yielded
100,943 high-quality reads (3,145 * 57 reads per sample). To investigate the effect of
AR on the inferior turbinate microbiota, participants were first divided into two groups
according to AR occurrence: one group was diagnosed with AR (n = 20; skin prick test
[SPT] positive and multiple-allergen simultaneous test [MAST] positive; group AR+),
whereas the other comprised healthy subjects with no AR (n = 12; SPT negative and
MAST negative; group AR—) (Table 1; see also Table S1 in the supplemental material).
We found no significant differences in inferior turbinate microbial community (Fig. S2A
and B), diversity (Fig. S2C), or functional potential (Fig. S2F and G) between the AR+
and AR— groups, although we did find differences in the relative abundances of several
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FIG 1 Effect of immunoglobulin E (IgE) levels on the inferior turbinate mucosa microbiota and microbial diversity and community
composition. (A) Schematic drawing showing harvesting of nasal mucosa from the inferior nasal turbinate. (B) Principal-
coordinate analysis of weighted UniFrac distances of the inferior turbinate mucosa microbiota. Each point represents an
individual microbiota. (C) Average weighted UniFrac distances representing intragroup and intergroup variability within the
microbiota. (D) Comparison of alpha-diversity indices between IgE levels. Bars and dots represent the average diversity index
score and diversity index score, respectively, for each sample. (E) Mean relative abundances of bacterial phyla (inner circles) and
genera (outer circles) in groups IgE'*" and IgEhigh. Only taxonomic groups at >0.5% of the total microbiota are shown. For panels
C and D, P values were calculated by two-tailed Mann-Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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TABLE 1 Subject characteristics

Value for subject groupc

Allergic rhinitis Healthy IgE level 3 IgE level 1
Parameter (AR*) (AR™) (IgEhigh) (IgE'ow)
No. of subjects® 20 12 1 18

Male (%) 16 (80.0) 8(66.7) 10 (90.9) 11(61.1)

Female (%) 4(20.0) 4(33.3) 1(9.1) 7 (38.8)

SPT* and MAST* (%) 20 (100) 10 (90.9) 8(44.4)

SPT— and MAST— (%) 12(100) 1(9.1) 10 (55.6)

Serum IgE level 3 (%) (range: =200 IU/ml) 10 (50.0) 1(8.3) 11 (100)

Serum IgE level 2 (%) (range: 100-199 IU/ml) 2(10.0) 1(8.3)

Serum IgE level 1 (%) (range: 0-99 1U/ml) 8(40.0) 10 (83.3) 18 (100)
Age range, yrs 18-57 18-52 19-57 18-52
Mean age, yrs (SEM) 29.2 (£2.6) 35.0 (£3.1) 32.2 (+4.1) 32.8 (+2.5)
No. of allergens positive for MAST®.4 2.7 (£0.2) 3.3 (*£0.3) 2.0 (£0.4)
Mean levels of MAST reactivity®e 3.7 (+x0.2) 43 (*0.3) 2.9 (+0.5)

aAll subjects (n = 32) were tested for both AR and total serum IgE levels.

b0Only MAST-positive participants were considered.

Subjects showing IgE level 3 and IgE level 1 were considered IgEhigh and IgE'ow, respectively. The three patients with IgE level 2 were omitted for comparative
analysis between the IgE groups.

9A significant difference (P = 0.016) was observed between the IgE groups (values of <0.05 were considered to indicate significant difference).

eA significant difference (P = 0.011) was observed between the IgE groups.

taxa (Fig. S2D and E), suggesting that AR occurrence itself was not sufficient for alpha-
or beta-diversity dysbiosis in inferior turbinate mucosa microbiota. Sex or age specificity
of the inferior turbinate microbiota was not observed (data not shown).

Association of the number of sensitized allergens with the inferior turbinate
mucosa microbiota. AR patients sensitized to multiple allergens (polysensitization) are
known to have more inflammation and severe symptoms than those who are sensitized
to a single allergen (monosensitization) (20). AR subjects in our cohorts were sensitized
to one to five allergens (Table S1). To investigate the inferior turbinate microbiota
according to the number of sensitized allergens, we compared microbiota among three
groups categorized into three sensitization patterns as follows: (i) not sensitized to any
tested allergens (no-sensitization group), (ii) sensitized to only one allergen (monosen-
sitization group), and (iii) sensitized to multiple allergens (polysensitization group).
There were no differences in microbial diversity or community composition among the
three groups (Fig. S3). We further correlated microbiota with the continuous values of
the number of sensitized allergens. The number of sensitized allergens was not
significantly associated with microbial community separation (R?2 = 0.11 and P = 0.08)
and microbial diversity (R2 = 0.09 and P = 0.06). Taken together, these results
suggested that the number of sensitized allergens was not a direct determinant for
alteration or dysbiosis of inferior turbinate mucosa microbiota.

Comparison of the inferior turbinate mucosal microbiota according to serum
IgE-based allergen sensitivity levels. We hypothesized that the inferior turbinate
microbiota was affected by levels of allergen sensitivity rather than the number of
sensitized allergens. We classified allergen sensitivity into individual allergen sensitivity
(individual allergen-specific IgE levels) and combined sensitivity against all sensitized
allergens (total IgE levels). To identify which individual allergen-specific IgE levels were
associated with the inferior turbinate microbiota in AR patients, we categorized sub-
jects into three groups according to specific IgE levels against house dust mite allergens
(allergic reaction observed in >90% of AR patients [Table S1]) as follows: (i) low level
(0 to 0.69 IU/ml) (group Mite-IgE'w), (ii) intermediate level (0.7 to 17.49 IU/ml) (group
Mite-Ilge™ed), and (i) high level (=17.5 IU/ml) (group Mite-IgEhigh). Although lower
microbial diversity was observed in the Mite-IgEMish group, the overall composition of
the microbial community in the inferior turbinate was not significantly different among
the three groups, suggesting that individual allergen specific-IgE levels did not sepa-
rately affect the inferior turbinate microbiota (Fig. S4).
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TABLE 2 Group categorization according to AR occurrence and total IgE levels

Infection and Immunity

Value for group

Parameter AR—IgE'>w AR+IgE'ow AR+IgEhigh
No. of subjects? 10 8 10
Male (%) 6 (60.0) 5(62.5) 9(90.0)
Female (%) 4 (40.0) 3(37.5) 1(10.0)
SPT+ and MAST* (%) 8(100) 10 (100)
SPT— and MAST~ (%) 10 (100)
Serum IgE level 3 (%) (range: =200 1U/ml) 10 (100)
Serum IgE level 1 (%) (range: 0-99 1U/ml) 10 (100) 8(100)
Age range, yrs 18-52 18-42 19-57
Mean age, yrs (SEM) 36.0 (£3.5) 28.8 (£3.1) 31.6 (=4.5)
No. of subjects positive for multiple allergens (%) 5(62.5) 10 (100)
No. of allergens positive by MAST (range)? 1-4 2-5
Mean no. of allergens positive by MAST?< (SEM) 2.0 (+0.4) 3.3 (+0.3)
Mean of avg MAST reactivity levels<’ (SEM) 3.0 (+0.5) 4.2 (£0.3)
Mean of sum of MAST reactivity levelsdg (SEM) 5.8 (+1.3) 14.1 (x1.4)

aTwenty-eight of the 32 subjects were tested for analysis. The three subjects showing IgE level 2 and one subject showing negative SPT and MAST and IgEhigh

(AR—IgEhigh) results were excluded.
bNumber of positively reactive allergens in MAST.
cAverage of allergen reactivity levels in each subject based on allergen specific-IgE levels.
dSum of allergen reactivity levels of all positively reactive allergens.

eA significant difference (P = 0.016) was observed between the AR+IgE'" and AR+IgEhigh groups (values of <0.05 were considered to indicate significant difference).

For the difference between the AR+IgE'°™ and AR+IgEhigh groups, P = 0.045.
9A significant difference (P < 0.001) was observed between the AR+IgE'" and AR+IgEhigh groups.

Polysensitization is a frequent phenomenon in clinical practice (20). In our study
cohort, most (17 of 20) persistent AR patients were sensitive to multiple allergens. We
assumed that combined allergic responses from multiple sensitized allergens caused by
polysensitization could affect disease phenotype and be used to discriminate the
inferior turbinate microbiota in AR patients. In our study cohort, total serum IgE levels
were positively correlated with a sum of specific IgE levels of each sensitized allergen
(R? = 0.52 and P < 0.001) as well as the number of sensitized allergens (R? = 0.43 and
P < 0.001), indicating that total IgE levels reflect combined allergen sensitivity levels.
Participants were divided into groups according to total serum IgE levels as follows: IgE
level 3 (=200 IU/ml [IgEhigh]; n = 11) and IgE level 1 (0 to 99 IU/ml [IgE'*"]; n = 18)
(Table 1). Principal-coordinate analyses (PCA) revealed significant separation between
two clusters according to total IgE levels (analysis of similarity [ANOSIM], P = 0.001) (Fig.
1B), indicating that the inferior turbinate microbiota in subjects with high total IgE
levels was different from that in subjects with low total IgE levels. To further clarify the
association between the inferior turbinate microbiota and total IgE levels, but not AR
occurrence, we compared the microbiota among the following three groups: AR/total
serum IgE level 3 (AR+IgEMi9h), AR/total serum IgE level 1 (AR+IgE'*%), and non-AR/total
serum IgE level 1 (AR—IgE'°w) (Table 2). We found that the microbiota in group
AR+IgEhigh was significantly different from those in groups AR+IgE'*" and AR—IgE'ow
(ANOSIM, P < 0.01) (Fig. S5A and B). However, the microbiota of group AR+IgE'*" was
not significantly different from that of group AR—IgE'* (Fig. S5C). Microbial differences
were clearer when viewed in terms of total IgE levels rather than AR development (Fig.
1C; see also Fig. S5D to F). Taken together, these data suggest that high levels of total
IgE are associated with alterations in the inferior turbinate mucosa microbiota in AR
patients.

Low biodiversity of the inferior turbinate mucosa microbiota in the high total
IgE group. A previous study reported a reduction in skin microbial diversity in
individuals with high IgE levels (21). Both bacterial diversity and richness were signif-
icantly greater in group IgE'" than in group IgEhieh (Fig. 1D). Similarly, bacterial
diversity was significantly greater in groups AR+IgE'°" and AR—IgE'°™ than in group
AR+IgEhigh (Fig. S6A). Correlation analysis revealed that total IgE levels were negatively
correlated with bacterial diversity and richness (R?2 = 0.219 and P = 0.006 and R? =
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0.244 and P = 0.004, respectively). These results suggested that a reduction in the
biodiversity of the inferior turbinate mucosa microbiota is associated with high total IgE
levels.

Phylum-level changes in the inferior turbinate mucosa microbial community in
the presence of high total IgE levels. We next examined differences in the compo-
sition of the inferior turbinate microbiota in subjects with high and low levels of total
IgE. Four bacterial phyla, Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes,
were dominant in groups IgE'" and IgEMigh; however, the relative abundances of these
phyla in groups IgE'" and IgEhish were markedly different (Fig. 1E; see also Fig. S7). The
phylum Firmicutes (60.9%) was significantly more abundant in group IgEMish than in
group IgE'w, whereas the phyla Actinobacteria and Bacteroidetes were significantly less
abundant (Fig. S7). At the low taxonomic levels, group IgEPish showed higher levels of
the order Bacillales (Firmicutes) and lower levels of the genera Propionibacterium
(Actinobacteria) and Serratia (Proteobacteria) than group IgE'*™ (Fig. S7). These taxa
were consistently detected in group AR+IgEM9h but not in groups AR+IgE'*" and
AR—IgE'*™ (Fig. S6 and S8). These results suggest changes in the composition of the
inferior turbinate mucosa microbial community, including alterations in particular
bacterial taxa in the presence of high total IgE levels.

High abundance of Staphylococcus aureus and low relative abundance of
Propionibacterium acnes in the inferior turbinate mucosa microbiota from the
high total IgE group. To characterize key members of the altered inferior turbinate
microbiota in group IgEM9h at the lowest taxonomic level, we selected discriminant
operational taxonomic units (OTUs) using relative abundance-based comparison be-
tween groups IgEhigh and IgE'ow. Of these, 36 OTUs (=0.5%) accounted for an average
74.8% of the OTUs in group IgE'" and 89.1% of the OTUs in group IgEMi9h. As shown
in Fig. 1D, the low diversity of the microbiota in group IgEM9h may be due to the
dominance of a particular OTU, which was identified as a member of the Staphylococcus
genus (Fig. 2A). OTU 1078527, assigned to type strain Staphylococcus aureus subsp.
aureus with 100% identity in terms of the 16S rRNA gene, was dominant only in group
IgEhish despite being present in both groups (Fig. 2B and C). Consistent with the 165
rRNA sequencing data, the results of quantitative real-time PCR (qPCR) using primers
specific for the femB gene of S. aureus (22) show that the absolute abundance of S.
aureus was higher in group IgEM9h than in group IgE'*w (Fig. 2B). Because S. aureus plays
a role in inducing AR and promoting allergic inflammation cascades via its toxins and
serine protease-like proteins (23-25), enrichment of S. aureus in group IgEPigh may
aggravate AR. In contrast, the amounts of the Staphylococcus epidermidis-assigned OTU
(99.7% identity) were no different between groups IgEMish and IgE'°w (Fig. 2D). S.
epidermidis plays a beneficial role in immune defense devoid of inflammation (26). The
Propionibacterium acnes-assigned OTU (100% identity) was detected in all samples but
was more abundant in group IgE'*" than in group IgEhie" (Fig. 2C and D). In particular,
low levels of the P. acnes-assigned OTU in group IgEhioh were associated with a high
susceptibility to AR; this may be because P. acnes improves atopic symptoms by
inducing T,1 immune responses and Tregs (27). The relative abundance of the OTUs
assigned to Serratia grimesii (100% identity) was lower in group IgEM9" than in group
IgE'°w (Fig. 2D). Correlation analysis revealed that S. aureus was positively correlated
with total IgE levels (Fig. 3), whereas P. acnes and Serratia grimesii were negatively
correlated with total IgE levels and positively correlated with microbial diversity (Fig. 3),
indicating that microbial dysbiosis was caused by changes in the populations of
particular bacterial taxa. Although the Corynebacterium accolens-assigned OTU (99.7%
identity) showed a higher relative abundance in group IgEhigh than IgE'ev, the relative
abundance of this OTU was not correlated with total IgE levels or microbial diversity
(Fig. 2D and 3). Taken together, these data suggest that an increase in S. aureus and a
decrease in P. acnes are representative features of the altered inferior turbinate mucosa
microbiota under high total IgE conditions and that enrichment of allergy-prone S.
aureus and loss of allergy-protective P. acnes might be associated with AR aggravation.
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FIG 2 OTUs that discriminate between two IgE levels, and the predominant OTUs, in the inferior turbinate mucosa microbiota. (A) Each dot
represents mean relative abundance of OTUs in group IgE'*" (x axis) and group IgEPigh (y axis). OTUs significantly enriched in group IgE'*" are
shown in blue, while those significantly enriched in group IgEMih are shown in red. Nondiscriminant OTUs are shown in black. P values of <0.05
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Comparisons of abundances of S. aureus. Two graphs show the mean relative abundance (left) and mean absolute abundance (right) of S. aureus,
respectively. (C and D) Comparison of prevalences (C) and the mean relative abundances (D) of major bacterial OTUs between groups IgE'*" and
IgEhigh. For panels B and D, P values were determined using the two-tailed Mann-Whitney U test. *, P < 0.05; ***, P < 0.001.

The overall community composition of the inferior turbinate mucosa microbiota is
shown in Fig. 1E and Fig. S9.

Altered microbial functional potential in the inferior turbinate mucosa from
the high total IgE group. To determine differences in the functional potential of the
inferior turbinate microbiota from the different groups, we predicted the metagenomes
of the inferior turbinate microbiota using a 16S rRNA gene data set and compared
differences in predicted functional gene abundance with Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthologs using PICRUSt (28). We found significant differences of
functional potential in the total IgE group (ANOSIM, P = 0.003) (Fig. 4A and B). To
identify the predicted microbial functional genes that differed between groups IgEhigh
and IgE'°w, we then compared the relative abundances of 268 KEGG orthology groups
(KOs). At the first level of KO hierarchy, we found that group IgEhis" showed higher
relative abundances of two KOs related to human disease and environmental informa-
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FIG 3 Correlation between the relative abundance of major OTUs and total IgE levels and microbial diversity indices
(Spearman’s correlation analysis). The heat maps shown in yellow to green and white to black depict the mean
relative abundances and prevalences, respectively, of the major OTUs. In the heat map showing relative abun-
dance, the OTUs that discriminate between the two IgE groups are marked by a pound sign. The heat map in blue
to red shows the correlation scores (rho) between the relative abundances of major OTUs and total IgE levels and
between the relative abundance of major OTUs and microbial diversity. In the heat map showing the correlation
scores, significant P values are indicated by asterisks. A phylogenetic tree based on 16S rRNA gene sequences for
each OTU shows the taxonomic position of the major OTUs. #, P < 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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tion processing, and a lower relative abundance of the KO related to metabolism and
organismal systems, than group IgE'ew (Fig. 4C). At the second level of KO hierarchy, we
found that group IgEhioh showed higher relative abundances of KO families related to
infectious diseases, signal transduction, and membrane transport, and lower relative
abundances of KO families related to metabolism (i.e., amino acid metabolism, second-
ary metabolite biosynthesis, energy metabolism, and metabolism of cofactors and
vitamins), than group IgE'*w (Fig. 4C and D). The low relative abundance of KOs (i.e.,
amino acid metabolism) specific to group IgEh9" was also observed in the gut micro-
biome of subjects with FUT2 Crohn’s disease (29) and in the skin microbiome of
individuals with atopic dermatitis (30). A high relative abundance of KOs (i.e., two-
component system of signal transduction) specific to group IgEMi9h was found in cystic
fibrosis patients (31). In addition, enrichment or depletion of several KOs, including
carbohydrate metabolism, energy metabolism, secondary metabolite biosynthesis (de-
pleted in group IgEhigh), signal transduction, and two-component systems (enriched in
group IgEhigh), in group IgEhi9h was consistent with predicted microbial functions in
mice with active colitis (32). Taken together, these results indicate that dysbiosis
accompanying alteration of microbiota composition and predicted microbial gene
content occurs in the inferior turbinate microbiota of patients with high levels of total
IgE and that changes in the commensal microbiota within the inferior turbinate may be
associated with the pathogenesis and aggravation of AR.

DISCUSSION

The commensal microbiota plays both regulatory and stimulatory roles during host
immune development, and its dysbiosis provokes aberrant immune responses (6, 10).
Thus, understanding host-microbe interactions under allergic conditions improves our
knowledge of the pathophysiology of AR. However, no study has examined the
association between AR pathophysiology and the commensal microbiota in the nasal
cavity. In this study, we used 16S rRNA gene-based 454 pyrosequencing to characterize
and compare the inferior turbinate mucosa microbiota in healthy controls and AR
patients and found that microbial dysbiosis of the inferior turbinate in the latter is
associated with high levels of total IgE but not with AR occurrence, the number of
sensitized allergens, or house dust mite allergen-specific IgE. This is the first study to
characterize the commensal microbiota in the inferior turbinate (the anatomical site of
AR), and the results underscore the association between dysbiosis of inferior turbinate
microbiota and AR pathogenesis.

Our study found that the inferior turbinate mucosa microbiota was associated not
with AR occurrence or the number of sensitized allergens but with combined allergic
responses from multiple sensitized allergens (represented as total serum IgE level). In
the 20 participants with AR showing differing total serum IgE levels (50% IgE level 3,
10% IgE level 2, and 40% IgE level 1), all but one of the subjects with total serum IgE
level 3 was assigned to the AR+ group. Also, microbial dysbiosis specific for high total
serum IgE condition was evaluated through multiple comparisons among the
AR—IgE'*w, AR+IgE'°w, and AR+IgEhi9" groups. As a result, it is evident that the
composition of the inferior turbinate microbiota from the subjects was associated with
high total IgE levels in AR. Serum IgE is a diagnostic biomarker and a potential
therapeutic target in AR. IgE is secreted by B cells that are stimulated by inhaled
allergens; allergen-IgE cross-linking then triggers allergic inflammatory responses (1,
33). Thus, a high IgE level is considered a risk factor for allergen-related symptoms, and
it has been experimentally observed in several studies of allergic diseases (6, 15, 34, 35).
Recently, Cahenzli et al. found that a gut microbiota with a low level of diversity would
lead to increased IgE levels, which cause systemic anaphylaxis; however, a highly
diverse gut microbiota does not lead to hyper-IgE (36). Similarly, we found that low
bacterial diversity within the inferior turbinate microbiota was associated with high
total IgE levels. Taken together, these results support a connection between the
commensal microbiota and total IgE levels in AR.

We noted marked phylum-level changes in the inferior turbinate microbiota in those
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with high IgE levels. Unlike the microbial pattern of the inferior turbinate microbiota
noted in healthy individuals, both previously (37, 38) and in this study, the Firmicutes
phylum was dominant in the inferior turbinate microbiota of AR patients under high IgE
conditions, a condition attributable to low diversity of the inferior turbinate microbiota.
Phylum-level alterations are a widely used marker of microbial dysbiosis related to
human health and disease (39); therefore, this finding may be a disease-specific
microbial characteristic of the inferior turbinate environment related to allergic dis-
eases, including AR, although further studies are needed to support this notion.

Individual members of the commensal microbiota are per se expected to have
different immunomodulatory effects in terms of occurrence and progression of allergic
disease. In this study, we observed a high abundance of S. aureus and a low relative
abundance of P. acnes in the altered inferior turbinate microbiota of AR patients with
high levels of total IgE. S. aureus induces IgE production and promotes allergic
inflammation (23, 24). Conversely, high IgE levels elicit a bloom of S. aureus, which
activates mast cell degranulation and contributes to inflammation (21, 39). Further-
more, S. aureus is known to proliferate in disrupted skin microbiota in atopic dermatitis
(40). In this context, we suppose that allergy-prone S. aureus and IgE may enter a
positive-feedback loop in AR patients with high IgE levels, thereby making both an
individual contribution to allergic inflammation and a synergistic contribution when a
bloom of S. aureus organisms occurs. Thus, controlling the levels of both S. aureus and
IgE may be an effective strategy for preventing IgE-associated diseases, including AR. P.
acnes is predominant within the inferior turbinate bacteria population in healthy
individuals (41) and improves atopic symptoms by inducing T,;1 and Treg responses
(27); this implies that a low abundance of P. acnes may be associated with AR
aggravation. Our findings suggest that dominant members of the inferior turbinate
bacteria might be involved in AR progression in individuals with high levels of total IgE.

Consistent with alterations in the composition of the inferior turbinate mucosa
microbiota, we also found alterations of predicted functional genes in subjects with
high IgE levels. The profiles of predicted microbial genes in subjects with high IgE levels
differed from those in subjects with low levels. Notably, alterations of predicted
functions similar to those found in the commensal microbiota of individuals with
Crohn’s disease, atopic dermatitis, and cystic fibrosis were observed in the inferior
turbinate microbiota of subjects with high IgE levels (29-31); this implies that disease-
specific functional features of the inferior turbinate microbiota may contribute to AR
pathophysiology. Polyphasic approaches are needed to better define the functional
interactions between the host and commensal microbiota.

In summary, we showed that alterations toward to dysbiosis in the composition and
predicted function of the inferior turbinate microbiota in individuals with AR are
associated with high total IgE levels. Importantly, the dominance of S. aureus, known to
promote allergic inflammation, in the altered microbiota suggests that microbial dys-
biosis in inferior turbinate microbiota may play an important role in AR development
and progression. This study will help us to understand how the nasal microbiota in the
inferior turbinate environment interacts with the host immune system. Furthermore,
our findings are preliminary; thus, further studies of microbial dysbiosis in the upper
airway may yield new therapeutic approaches to the management of AR.

MATERIALS AND METHODS

Study design and sample collection. The study was approved by the institutional review board
(IRB) of the Yonsei University College of Medicine (4-2014-0114), and all participants provided
informed consent. A total of 32 subjects (24 men and 8 women), all of whom who underwent
septoplasty, were enrolled, and all met the following criteria: (i) =18 years of age, (ii) receiving no
immunotherapy, (iii) no chronic rhinosinusitis confirmed by computed tomography scans, (iv) not
pregnant or breast-feeding, (v) not diagnosed with malignant neoplasm, (vi) no history of nasal
surgery, (vii) no history of allergic skin diseases and allergic asthma, and (viii) receiving no
medication for the treatment of allergic diseases, including AR, during the previous 2 months (Fig.
S1). Next, the subjects were tested to confirm an AR diagnosis. AR (n = 20) was diagnosed when
patients fulfilled the following criteria: (i) presenting with persistent rhinitis symptoms (more than
4 days per week and more than 4 weeks) for over 1 year (according to ARIA) (42), (ii) a positive SPT
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(wheal diameter =3 mm larger than that of negative control after 15 min) to at least one allergen,
and (iii) high titer (=2 positivity; =0.70 IU/ml) of IgE antibodies specific for Dermatophagoides farina,
Dermatophagoides pteronyssinus, house dust mite, animal dander, or mold (like Aspergillus) in the
MAST (43) (Fig. S1). Participants (n = 12) (i) presenting with no symptoms of clinical rhinitis, such
as chronic sneezing and watery rhinorrhea, (ii) negative by the SPT, and (iii) with the lowest levels
(<1 positivity; 0 to 0.34 1U/ml) of allergen specific-lgE antibodies in the MAST were considered
healthy. Total and allergen-specific IgE was measured using Advansure Allostation (LG). All patients
in this study were allergic either to perennial allergens or to both seasonal and perennial allergens
(Table S1). Patients allergic to seasonal allergens alone were excluded. Inferior turbinate biopsy
specimens were taken under general anesthesia at the Department of Otorhinolaryngology, Sever-
ance Hospital, from May 2014 to May 2015. A section of inferior turbinate tissue (Fig. 1A) (about 5
by 5 mm) was harvested as previously described (44) and immediately frozen at —80°C. Group
categorization, MAST reactivity, total serum IgE levels, and general patient characteristics are shown
in Table S1.

DNA extraction, 16S rRNA gene amplification, and pyrosequencing. Microbial genomic DNA was
extracted from the inferior turbinate biopsy specimens using the repeated-bead beating method (45).
The V1-V2 region of the 16S rRNA gene was amplified using barcoded forward primer 27F (5'-XXXXXX
XXXX-GAGTTTGATCMTGGCTCAG-3’, where “X” represents the barcode sequence) with an FLX Titanium
adapter, and reverse primer 338R (5'-TGCTGCCTCCCGTAGGAGT-3') with an FLX Titanium adapter. PCR
mixtures contained 8 ul of diluted DNA template (1:7), 2 ul of primer mix (0.2 uM), and 2X Ex Taq
polymerase premix (TaKaRa) in a total reaction volume of 50 ul. PCR conditions were as follows: initial
denaturation at 94°C for 3 min, 28 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 45 s, and
elongation at 72°C for 60 s, with a final elongation step at 72°C for 8 min. Amplicons were prepared as
eight replicates and purified using a QIAquick PCR purification kit (Qiagen). DNA concentration was
measured using a Quant-iT PicoGreen double-stranded DNA (dsDNA) kit (Invitrogen). The amplicons
were pooled in equimolar concentrations. Pyrosequencing was performed on a 454 GS-FLX Titanium
sequencing platform (Roche).

Analysis of the inferior turbinate mucosa microbiota. A total of 275,826 raw reads were obtained.
The reads were quality filtered and analyzed using the QIIME platform (46). Picking of operational
taxonomic units (OTUs) (=97% identity) was performed against the Greengenes database (2013-08) (47).
Taxonomy was assigned using the RDP classifier against the Greengenes database (47). Unassigned or
non-bacterial kingdom-assigned sequences and singletons were excluded. Finally, 100,943 high-quality
reads (3,145 * 57 reads per sample) were obtained. From the high-quality reads, each sample was
rarefied to 495 sequences to minimize potential bias due to uneven sequencing depth. Alpha-diversity
was then determined using the Shannon diversity index, Chao1, and observed OTUs. Beta-diversity was
determined using PCA on the basis of weighted UniFrac and Bray-Curtis distances. Profiles of microbial
functional potential were analyzed using PICRUSt (28). Functional gene families were predicted based on
KEGG orthology groups (48). The predicted functional gene data set was subsampled to 200,000 KOs.
Details are provided in the supplemental material.

Quantification of S. aureus organisms in the inferior turbinate mucosa. The absolute abundance
of S. aureus in the inferior turbinate mucosa was estimated by qPCR using primers specific for the femB
gene of S. aureus (22). Standard curves were generated by plotting the threshold cycle (49) against PCR
products amplified from genomic DNA derived from an S. aureus isolate from the human inferior
turbinate. The gene copy number in a known amount of amplified DNA was calculated as described
previously (50). Details are provided in the supplemental material.

Statistical analysis. The statistical significance of the different taxonomic and predicted functional
features between groups was determined using two-tailed Mann-Whitney U test. Furthermore, taxo-
nomic and predicted functional characteristics that were deemed significantly different between groups
by the Mann-Whitney U test were analyzed using the best of three models: a negative binomial model
(NB), a Poisson model, or a zero-inflated negative binomial model (ZINB). The best statistical model was
selected using NegBinSig-Test (https://github.com/alifar76/NegBinSig-Test) based on Bayesian informa-
tion criteria. Characteristics showing significance in both of the two statistical tests (Mann-Whitney U test
and the suggested best statistical model [either the NB, Poisson, or ZINB]) were considered significant.
Also, discriminant taxonomic and predicted functional characteristics between groups were determined
using the linear discriminant effect size (LEfSe) analysis (https://huttenhower.sph.harvard.edu/galaxy/)
(51). Correlation analysis was performed using Spearman’s rank correlation coefficient. The statistical
analyses, two-tailed Mann-Whitney U test and Spearman’s rank correlation, were performed using
GraphPad Prism software (version 5.0; GraphPad Software). Differences between microbial communities
and predicted microbial functional gene profiles between groups were statistically tested using ANOSIM
methods. P values of <0.05 were considered statistically significant. Data are expressed as the means *
standard errors of the means (SEMs).

Accession number(s). The metagenome sequences used for this study have been deposited into
the European Nucleotide Archive (ENA) of EMBL-EBI under EMBL accession number PRJEB14731
(ERP016397).
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