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BACKGROUND: Accumulating evidence suggests that the upper airway bacterial microbiota is
implicated in asthma inception, severity, and exacerbation. Unlike bacterial microbiota, the role
of the upper airway fungal microbiome (mycobiome) in asthma control is poorly understood.

RESEARCH QUESTION: What are the upper airway fungal colonization patterns among chil-
dren with asthma and their relationship with subsequent loss of asthma control and exac-
erbation of asthma?

STUDY DESIGN AND METHODS: The study was coupled with the Step Up Yellow Zone Inhaled
Corticosteroids to Prevent Exacerbations (ClinicalTrials.gov Identifier: NCT02066129) clin-
ical trial. The upper airway mycobiome was investigated using Internal transcribed spacer 1
(ITS1) sequencing of nasal blow samples collected from children with asthma when asthma
was well controlled (baseline, n = 194) and during early signs of loss of asthma control
(yellow zone [YZ], n = 107).

RESULTS: At baseline, 499 fungal genera were detected in the upper airway samples, with two
commensal fungal species, Malassezia globosa and Malassezia restricta, being most dominant.
The relative abundance of Malassezia species varies by age, BMI, and race. Higher relative
abundance of M globosa at baseline was associated with lower risk of future YZ episodes (P =
.038) and longer time to development of first YZ episode (P = .022). Higher relative
abundance of M globosa at YZ episode was associated with lower risk of progression from YZ
episode to severe asthma exacerbation (P = .04). The upper airway mycobiome underwent
significant changes from baseline to YZ episode, and increased fungal diversity was correlated
highly with increased bacterial diversity (p = 0.41).

INTERPRETATION: The upper airway commensal mycobiome is associated with future asthma

control. This work highlights the importance of the mycobiota in asthma control and may

contribute to the development of fungi-based markers to predict asthma exacerbation.
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Take-home Points

Study Questions: What is the composition of
mycobiome in the upper airway of children with
asthma? Is the composition of the mycobiome asso-
ciated with future loss of asthma control or exacer-
bation of asthma? Does the mycobiome in the upper
airways of children with asthma change from
asymptomatic at baseline to time of loss of asthma
control? Is the mycobiome correlated with bacterial
microbiome in these children?

Results: We found that two Malassizia species,
Malassezia globosa and Malassezia restricta, were the
major mycobiome components in the upper airways
of children with asthma. Relative abundance of M
globosa at asymptomatic baseline was correlated
inversely with future loss of asthma control. Higher
relative abundance of M globosa at the time of loss of
asthma control was correlated inversely with future
severe asthma exacerbation. The wupper airway
mycobiome underwent significant changes from
baseline to time of loss of asthma control. A complex
correlation was found between fungal mycobiome
and bacterial microbiome in the upper airways of
children with asthma.

Interpretation: In children with asthma, the upper
airway mycobiome is one important component of
the entire microbiome that is associated with future
asthma symptoms and exacerbations.

Asthma is the most common chronic disease in

childhood and is characterized by recurrent episodes
of cough, wheezing, and shortness of breath." Early signs
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of loss of asthma control, often termed yellow zone (YZ),
represent a period when the patient is at risk of
progressing to severe exacerbation that requires oral
corticosteroid treatment.” Prevention of asthma
exacerbation is important because it is strongly
associated with asthma mortality and potentially inhibits
lung growth. Factors related to YZ development and to
progression to acute exacerbation in children with
asthma are not understood fully.

The human upper airway is a unique ecological niche that
is colonized by a collection of bacteria, viruses, and fungi
that interact with each other and with the host. Along with
upper airway mucosa, upper airway microorganisms
serve as the first line of defense against respiratory
pathogens.” Accumulating evidence strongly indicates
that upper airway microbiota are associated with asthma
inception, severity, and exacerbations.”” Our recent work
involving a large cohort of school-aged children with
asthma who were receiving low-dose inhaled
corticosteroids demonstrated that higher relative
abundance of upper airway Staphylococcus or Moraxella
during periods of well-controlled asthma was associated
with an increased risk of subsequent loss of asthma
control (episodes of YZ), whereas higher relative
abundance of the commensal bacteria Corynebacterium
and Dolosigranulum was associated with decreased risk of
subsequent loss of asthma control.” However, the fungal
component of the human upper airway microbiome and
its role in asthma control have not been studied.

The collection of fungal species within the body,
designated as mycobiota, is an important component of
the airway microbiome in humans. Our understanding
of mycobiota in asthma is restricted largely to several
pathogenic fungi that grow at human body temperature
and potentially infect the lungs. Aspergillus’ is one type
of airborne fungus that causes allergic
bronchopulmonary aspergillosis,”” which can contribute
to poorly controlled asthma. Penicillium, Pneumocystis,
and other indoor and outdoor fungal allergens also
contribute to respiratory fungal infection and severe
forms of allergic asthma.'” One study found that up to
30% of children with asthma and up to 60% of children
with severe asthma were sensitized to these
environmental fungi.'' In addition, higher Mucor
exposure in the homes of children living in the inner city
were associated with difficult-to-control asthma.'” With
the development of high throughput sequencing, a
comprehensive characterization of the commensal
mycobiome in asthma is feasible. With a relatively small
number of samples, a recent study showed that upper
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airway fungi are associated with respiratory illness in
children with asthma.'” However, other than these few
reports and despite the strong potential implications of
fungi in respiratory infection and asthma severity, little
is known about the characteristics of the commensal
mycobiome in the upper airway in children with asthma
and their relationship with loss of asthma control and
exacerbation.

The overall goal of the study was to determine the
relationship between the upper airway mycobiota and

subsequent loss of asthma control and exacerbation of
asthma. Leveraging a large, well-characterized
prospective clinical trial,'* we analyzed the mycobiota
from 301 nasal blow samples collected from children
with asthma at baseline and at YZ episode and
reported, for the first time to our knowledge, the
composition and dynamics of the upper airway
mycobiota in children with asthma. A specific fungal
species, Malassezia globosa, was associated with future
asthma activities.

Study Design and Methods
Study Design

This microbiome study was coupled to the Step Up Yellow Zone
Inhaled Corticosteroids to Prevent Exacerbations (STICS) clinical
trial,"® conducted by the National Heart, Lung, and Blood Institute’s
AsthmaNet."" The STICS clinical trial was approved by the
AsthmaNet steering committee, protocol review committee, and data
and safety monitoring board. The trial was approved independently
by each of the institutional review boards of the clinical sites. We
obtained informed consent from all participants.

The STICS clinical trial recruited school-aged children with mild
asthma who were being treated with daily low-dose inhaled
corticosteroids (ICS). Detailed of the STICS clinical trial study
design, YZ criteria, clinical information of study participants, and the
outcomes can be found in a previous publication.'* In brief, 254
children 5 to 11 years of age and from different sites across the
United States were treated for 48 weeks with low-dose inhaled
glucocorticoids. YZ episodes were identified by the occurrence of any
of the following: the use of two doses (four inhalations) of rescue
albuterol in 6 h, the use of three doses (six inhalations) of rescue
albuterol in 24 h, or one night awakening that was the result of
asthma that was treated with albuterol.'* When the children showed
early signs of loss of asthma control (YZ episode), children were
treated randomly with either the same dose of ICS (1 x ICS), or
quintupled dose of ICS (5 x ICS) for 7 days."*

Nasal blow samples were collected in children at the randomization
visit (baseline) when asthma symptoms were well controlled and at
the time of the first episode of early signs of loss of asthma control
(YZ episode) (e-Fig 1). The samples from the YZ time point were
collected before ICS treatment to avoid potential influence of high-
dose ICS to nasal microbiota. YZ samples collected by parents at
home followed the sample collection protocol received at the
randomization visit. Nasal samples were used for characterization of
the bacterial microbiome previously™'* and fungal microbiome in
the current study.

ITS1 Sequencing and Data Processing

Total nucleic acid was extracted from nasal blow samples (200 pL)
using the bioMerieux NucliSENS easyMAG automated extractor kit
following standard protocol. Negative and positive controls were
included in each sequence run. Internal transcribed spacer 1
(ITS1) region of fungal genomic DNA was amplified using
primers: 18S-F—GTAAAAGTCGTAACAAGGTTTC and 5.85-1R—
GTTCAAAGAYTCGATGATTCAC, followed by sequencing on an
Ilumina Miseq (2 x 300 bp) platform. ITS1 was chosen because as it
captures a more diverse fungal population than ITS2 and 18S
rRNA'Ib,|7

Raw sequencing reads were demultiplexed using Illumina software.
Reads in each sample were processed using the Divisive Amplicon
Denoising Algorithm (DADA) 2 pipeline (version 1.16) for taxonomy
assignment to amplicon sequence variants (ASVs) based on the
UNITE database (version 8.3).'% A classification with a confidence
of < 0.5 was assigned as unclassified. To assign taxonomy of
unclassified fungal genera additionally, we aligned all ASV's that were
unclassified at the genus level to the Nucleotide database using the
Basic Local Alignment Search Tool (BLAST+) (version 2.7.1). A
given ASV was assigned to a specific genus based on Nucleotide
taxonomy if the alignment of an ASV read was > 95% identity and
95% coverage to the Nucleotide database, as suggested previously."’

Samples with < 5,000 reads were removed from the analysis. The ITS1
sequencing reads from the remaining samples were rarefied to 5,000
reads/sample and were transformed to relative abundance. Taxa with
mean relative abundance of > 0.1% were used for downstream
analysis. Additionally, taxa identified as plant based on National
Center for Biotechnology Information taxonomy were filtered out,
including Solanum, Dioscorea, Pisum, Sinapis, Daucus, Cicer,
Trifolium, Glycine, and Prunus. All the taxa found within negative
controls (water and extraction controls) were < 0.1% in nasal wash
samples; therefore, our analysis results were not impacted by
potential contamination from negative controls.

Quantification of Fungal Load

We performed a FungiQuant assay (Thermo Fisher Scientific) to
quantify the fungal 18S rRNA gene copy based on a previous
study.” Based on the quantitative polymerase chain reaction
approach, a Candida albicans 185 rRNA gene clone was used as
quantification standard.

Statistical Analysis of the Mycobiota

Hierarchical clustering using complete linkage was used to explore the
mycobiota patterns among all participants. Fungal genera with relative
abundance of > 0.1%, along with the remaining genera aggregated as
“others,” were included in the construct of clustering and generating a
heatmap. Clustering and a heatmap of Malassezia species at baseline
also were produced. Pearson correlation analysis was used to
examine associations between mycobiota characteristics (relative
abundance, richness, Shannon diversity, fungal load) and continuous
clinical variables. The Kruskal-Wallis test or Wilcoxon signed-rank
test were used to test associations between mycobiota characteristics
with categorical clinical variables. Linear regression analysis was
performed for modelling the relationship between the annualized YZ
episodes and the relative abundance of Malassezia species. In the
model, annualized YZ episodes were treated as the response variable;
the relative abundance of Malassezia species was the predictor; and
age, sex, BMI, virus presence in nasal blow samples, or pet exposure
were covariates.
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Cox proportional hazards analysis assessed the association between time
for YZ episode development (response) and log-transformed relative
abundance of the fungal genera (predictor). The association was
examined by likelihood ratio test and was visualized via Kaplan-Meier
curves. Because the predictor (relative abundance of Malassezia
species) was a continuous variable and Kaplan-Meier analysis handles
only categorical predictors, we divided Malassezia species into the
high-abundance group and the low-abundance group, with the best
cutpoint that led to the largest difference in survival by log-rank test
(each group has at least 30% of samples). The proportional hazards
assumption was tested via scaled Schoenfeld residuals and was not
rejected. The model stability was examined by removing two samples
with slightly larger DFBETA, which led to consistent conclusions.

To test the robustness of our results on association between Malassezia
species and future loss of asthma control or asthma exacerbation and
to ensure that results are not driven by data from one geographical
location or sample collection site, we performed sensitivity tests by
excluding samples from one of nine geographic locations, so that
each sensitivity test used samples from the eight remaining
geographic locations.

To identify specific fungi (> 0.1% relative abundance) that statistically
differ between baseline and YZ episode, we performed differential
analyses based on the negative binomial distribution using the

DESeq2 package version 1.34.0 (R Foundation for Statistical
Computing). We further inspected the results by plotting raw and
relative abundance of the fungal data and removed any differential
fungal taxa that likely were driven by one or two samples.

To determine correlations between bacteria and fungi at baseline or YZ
episode, we first performed centered log ratio transformation of
relative abundance of fungi or bacteria. Bacterial genera with mean
relative abundance of > 1% and fungal genera with mean relative
abundance of > 0.5% were selected for Spearman correlation. All
bacteria-fungi correlations were plotted using corrplot package in R
software (R Foundation for Statistical Computing).

All of the above analyses were performed in R version 4.1.2. A P value
of < .05 was considered statistically significant. P values were adjusted
by false discovery rate when multiple comparisons were involved.
These include association analysis between fungi and multiple
clinical factors. An adjusted P value of < .1 was considered
statistically significant.

Data Availability

Raw sequencing of this ITS1 dataset is available from the Sequence
Read Archive (SRA) database with the accession number
PRJNA830491.

Results

Mycobiota Composition in Upper Airway at Baseline

In total, 374 nasal blow samples from 214 children with
asthma were collected and subjected to ITS1 sequencing.
After data processing, 301 samples (194 at baseline and
107 at YZ episode) yielded > 5,000 reads/sample and
were used for downstream analyses. The demographics
and clinical characteristics of these children are shown
in e-Table 1.

We first characterized the upper airway mycobiota
composition at baseline. We identified 499 fungal
genera and 4,704 ASVs from 194 baseline samples. The
lipophilic skin-commensal Malassezia was the most
dominant fungal genus in the samples (62.33% of
relative abundance), followed by Blumeria (4.74%),
Aureobasidium (2.45%), Penicillium (1.44%),
Aspergillus (1.18%), Candida (0.67%), Cladosporium
(0.65%), and Alternaria (0.15%) (Fig 1A). Unsupervised
hierarchical clustering analysis revealed that most
children (154/194 [79.4%]) harbored a single, highly
abundant genus Malassezia (Fig 1B). The dominance by
a single fungal genus in the mycobiota in the upper
airway is different from the bacterial community of the
same cohort in which several bacterial genera were
dominant.® Correlation analysis between Malassezia
and baseline clinical factors showed that BMI and age
were correlated inversely with fungal diversity, whereas
pet exposure was associated with lower fungal load
(e-Fig 2).

Associations Between Malassezia Species and
Clinical Factors at Baseline

Because Malassezia was the most dominant genus at
baseline, we further examined Malassezia species
distribution patterns and their association with clinical
variables. Eight different Malassezia species within the
Malassezia genus were identified, with Malassezia
globosa and Malassezia restricta being the most
abundant (Fig 2A). M globosa and M restricta showed <
90% identity in their ITS1 sequences, indicating a
confident distinction between the two species by ITSI1
sequencing. M globosa was correlated positively with age
(Pagj = 0165 Pgiobosa = 0.1882) (Fig 2B). Alternatively, M
restricta was correlated positively with BMI (P,g; = .018;
Prestricta = 0.187) (Fig 2C). Additionally, relative
abundance of M restricta differed by race, as
demonstrated by higher relative abundance in Black or
African American children (Fig 2D) (P,g; = 0.017)
compared with White children and children who
identified more than one race. We did not find
Malassezia species associated with other clinical
variables (e-Table 1). These findings suggest that
depending on specific species, relative abundance of
Malassezia species vary by age, BMI, and race.

M globosa Is Associated With Better Asthma
Control

Among all children in the analysis, 69.6% experienced at
least one episode of loss of asthma control (YZ episode).
Linear regression analysis showed relative abundance of
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Figure 1 - Upper airway fungal composition,
distribution, and association with clinical vari-
ables at baseline. A, Pie chart showing the
relative abundance of upper airway fungal
genera in nasal blow samples at baseline (n =
194). B, Heatmap generated to identify upper
airway fungal pattern at baseline by hierarchical
clustering and complete linkage approach.
Fungal genera with relative abundance of >
0.1% are shown on the x-axis, and those with
relative abundance of < 0.1% are assigned as
“Others.”
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M globosa at baseline was correlated negatively with
annualized YZ episodes after controlling for age, pet
exposure, BMI, or sex (P = .038) (Fig 3A). These
covariates are associated with the development of a YZ
episode in this cohort.

Although we previously reported that the presence or
absence of respiratory virus in nasal blow samples at
baseline was not associated with future loss of
asthma control or exacerbation of asthma,’ we still
investigated whether the fungal findings were related
to the presence of respiratory virus, given the
important role of viruses in asthma development.
After adjusting for the presence of respiratory virus,
M globosa remained negatively associated with the
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annualized rate of YZ episodes (P = .0122). Children
with higher relative abundance of M globosa at
baseline also showed a longer time to development of
the first YZ episode compared with patients with
lower relative abundance of M globosa (Fig 3B)

(P = .022), as shown by survival analysis with the
Cox proportional hazards model.

To determine whether the Malassezia species were
associated with severe asthma exacerbation when oral
corticosteroid therapy was required, we compared the
relative abundance of Malassezia species at baseline or
during YZ episodes in children with and without asthma
exacerbation. Twenty-six of 214 participants (26.1%)
experienced an asthma exacerbation. We found that the
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Figure 2 — Fungal Malassezia species identified from nasal blow samples at baseline and associations between Malassezia species and clinical
variables. A, Heatmap showing the composition and abundance of Malassezia species in children with asthma at baseline (n = 194) as demon-
strated by hierarchical clustering and complete linkage approach. B, C, Graphs showing Pearson correlations between relative abundance of M
globosa and age at enrollment (B) and M restricta and BMI (C). D, Boxplot showing the relative abundance of M restricta compared across the
following races: African American, White, and more than one race. Statistical significances of mycobiome richness or diversity among clusters were
tested using the Kruskal-Wallis rank-based nonparametric test. Asian and Hispanic or Latino children were excluded in this analysis because of a
limited number of samples (< 2 for both). Each dot represents one participant. The horizontal line in the middle of the boxplot represents the
median value of relative abundance of the mycobiome; the top and bottom horizontal line of the boxplot represent the 25th and 75th percentiles of
the data value.

relative abundance of M globosa during the YZ episode =~ abundance with total fungal load. Results were
was significantly lower in children requiring oral consistent between the absolute abundance analysis and
corticosteroid treatment after controlling for age, pets, the relative abundance analysis (e-Fig 3). Additionally,
BM]I, virus presence, and sex in a linear regression the absolute abundance of M globosa at baseline was
analysis (Fig 3C). significantly lower in children with and without asthma
exacerbation (P = .029) (e-Fig 3B), whereas relative
We further computed the absolute abundance of abundance M globosa showed only marginal statistical
Malassezia species by multiplying their relative difference between the two groups (P = .076) (e-Fig 3B).
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Figure 3 — Associations between the relative abundance of M globosa at baseline and YZ episode and subsequent development of YZ episode or future
asthma exacerbation. A, Graph showing the relative abundance of M globosa correlated with annualized rate of YZ episodes. B, Graph showing higher
relative abundance of M globosa associated with longer time to YZ episode developing. C, Boxplot comparing relative abundance of M globosa at YZ
episode between oral corticosteroid groups (yes = participants who have severe asthma exacerbation requiring OCS; no = participants have no severe
asthma). Statistical significances of mycobiome relative abundance between groups was performed by Kruskal-Wallis test. OCS = oral corticosteroids;

YZ = yellow zone.

However, we did not find a significant association
between M restricta and loss of asthma control or future
exacerbation of asthma (e-Fig 4).

As a sensitivity analysis, we removed all samples from
one geographic location (nine locations in total)
(e-Table 2) and used the remaining samples to perform
the above analyses. The sensitivity tests by geographic
sites showed largely consistent results for M globosa
(e-Table 2). Taken together, the findings suggest that

M globosa in children is associated with a subsequently
lower rate of YZ episodes and lower risk of asthma
exacerbation.

Dynamic Changes of Upper Airway Mycobiota From
Baseline to YZ Episode

Leveraging the longitudinal design of the study, we
determined the changes of upper airway mycobiota from
baseline to YZ episode in the 87 children who
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Figure 4 - Dynamic changes of the upper airway mycobiota from baseline to YZ episode. A, Barplot showing changes in relative abundance of fungal
genera in each child with asthma: the relative abundance of the top 25 fungi at baseline and YZ episode. B, Graph showing significantly different fungi
from baseline to YZ episode by DEseq2 (P,4; < . 05). C, D, Boxplots showing total fungal load (C) and fungal richness difference (D) between baseline
and YZ episode. Statistical differences were tested by the Wilcoxon rank-sum test. YZ = yellow zone.

contributed samples at both time points. We identified
significant changes in these genera from baseline to YZ
episode (Fig 4A). Differential taxa analysis using DESeq2
analysis identified 20 significantly increased and 10
significantly decreased fungal genera at YZ episode (Fig
4B) (P,g; < .05). Pseudopithomyces, which is linked to
facial eczema in animals,”’ showed the highest log2-fold
increase (3.32 folds) from baseline to YZ episode,
followed by an environmental yeast Pseudozyma. Several
previously reported asthma-associated fungi, Alternaria
and Fusarium,'"”*”* also increased from baseline to YZ
episode (Fig 4B) (P,gj < .05). Alternatively,
Mpycosphaerella was decreased significantly at YZ
episode in this cohort (Fig 4B) (P,gj < .05).
Mpycosphaerella was reported to be correlated
negatively with ICS use and enriched in patients with

mild asthma or healthy control participants.*
Surprisingly, we found a mold, Mucor, decreased
significantly at YZ episode.

Our previous study showed that bacterial diversity and
load were increased significantly from baseline to YZ
episode.’ Total fungal load and fungal richness were
significantly higher at YZ episode compared with
baseline (Fig 4C, 4D) (P,q; = .003 and P,q < .09,
respectively, Wilcoxon rank-sum test). These results
suggest an expansion of fungal microbiota from baseline
to YZ episode.

Relationship Among Fungi, Bacteria, and Viruses in
the Upper Airway

Pairwise correlations identified 288 and 247 bacteria-
fungi correlations at baseline and YZ episode,
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Figure 5 — A, B, Fungi-bacteria correlation network at baseline (A) and YZ episode (B). Relationships between bacterial genera and relative abundance
of Malassezia species and other major fungal genera were determined by Spearman correlation after central log ratio transformation of relative
abundance of bacteria or fungi. Red and blue colors represent negative and positive correlations, respectively. “P < .05; "P < .01. C, Pearson correlation
between changes of fungal diversity and changes of bacterial diversity from baseline to YZ episode. YZ = yellow zone.

respectively. At baseline, M globosa was correlated
negatively with Moraxella (Fig 5A), which is a previously
reported pathogenic bacteria that is associated with loss
of asthma control.’ Other interactions include positive
correlations between Candida and common bacteria
pathogens Klebsiella, Staphylococcus, and Gemella,
whereas Aspergillus showed a negative correlation with
pathogenic Haemophilus.

At YZ episode, we identified predominantly positive
correlations between potentially pathogenic fungi and
bacteria (60.3% correlations). For example, fungus
Aureobasidium showed strong positive correlations with
Fusobacterium and Veillonella. Fungal genus
Pseudopithomyces, which also increased during YZ
episode (Fig 5B), showed strong positive correlations
with Streptococcus, which also was increased during YZ
episode.® Correlations between fungi and bacteria at YZ
episode likely reflect concomitant increase of fungi and

bacteria in response to YZ episode. Indeed, we found
increased fungal diversity was correlated positively with
increased bacterial diversity from baseline to YZ episode
(Fig 5C) (P = 2.7 x 107% p = 0.414). These results
suggest a complex co-occurrent and coexclusive
relationships between fungi and bacteria and distinct
correlation patterns between baseline and YZ episode in
the upper airway. Fungal diversity and specific fungal
compositions were not statistically different between
virus-positive and virus-negative samples at either
baseline or YZ episode (e-Fig 5).

Discussion

Our study defined the mycobiota characteristics,
dynamics, and transkingdom interactions in the upper
airway of school-aged children with asthma and
provided the first novel evidence, to our knowledge, for
associations between the airway fungi and asthma
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control. We found an association between abundance of
M globosa and lower rate of annualized YZ episodes,
along with a lower risk of progression from YZ episode
to severe asthma exacerbation. The findings represent an
important first step in studying the role of the
commensal fungal mycobiome in asthma.

Malassezia is a lipid-dependent basidiomycetous yeast
and is one of the most common fungi residing on
human skin.”> We found Malassezia to be the most
abundant fungal genera in nasal blow samples, which is
consistent with previous studies.”®*” The anterior nares
of the nasal passage are lined with keratinized squamous
epithelium. Lipid-rich mucosa of the anterior nares can
promote growth of lipophilic fungi such as Malassezia.
Association between age and Malassizia also is evident
from a study with a cohort of children from 6 to 17 years
of age,"” which is likely because of increasing sebum
production and sex hormone concentrations from early
childhood to puberty.’’** The positive correlation
between Malassezia and BMI also may be related to
higher sebum production in participants with higher
BMIL. > Nevertheless, after controlling for age and BMI,
the association between the abundance of Malassezia
species during a YZ episode and asthma exacerbation
remained significant, suggesting that Malassezia species
may be related to asthma symptoms and exacerbation
independent of age and BMIL

Malassezia is considered a commensal member of the
human microbiome’* that has been understudied
significantly.”*> Its functional significance largely is
derived from studies in skin diseases.””’>”” For the
first time, we reported that increased relative
abundance of M globosa in the upper airway is
associated with better control of asthma in children
with asthma. The exact mechanisms underlying this
potential benefit remain to be elucidated fully.
However, one possible mechanism is through actively
preventing or inhibiting pathogen colonization. For
example, on skin, Malassezia can prevent
colonization by pathogenic Staphylococcus aureus by
secreting proteases.”” Interestingly, our correlation
network analysis identified a coexclusion relationship
between M globosa and bacterial pathogen Morexella
that may be related to asthma exacerbation,”
supporting a competitive role of specific fungi and
bacteria in asthma. Alternatively, M globosa can
suppress inflammation indirectly, such as by inducing
antiinflammatory cytokine IL-10 observed in
keratinocytes after exposure to M globosa.”’

Our study also identified cross-kingdom interactions
between bacteria and fungi, but not between viruses and
fungi, in the airways of children with asthma. Co-
occurrence and a coexclusive relationship between fungi
and bacteria suggest that these organisms may work
cooperatively or competitively in driving asthma
pathogenesis. However, these relationships may be a
result of nutritional preference of these microorganisms.
For example, co-occurrence of the organisms simply
may reflect similar characteristics in nutrient use. Lack
of correlations between viruses and fungi at baseline also
may be the result of no active viral infection being
present at a time when asthma symptoms are well
controlled. More than 70% of children showed positive
virus results at YZ episode, resulting in less statistical
power in detecting any fungi difference in viral-positive
and viral-negative groups. Subsequent in vitro and

in vivo work are warranted to study cross-kingdom
interactions and host immune-microbiome interactions,
allowing for mechanistic understanding of how fungi
influence the pathogenesis of asthma.

Our study has some limitations. First, the patient
population included children with asthma who were
treated with low doses of ICS, which may have an effect
on the upper airway fungal profile. However, this is
unlikely to affect the main findings of the study—the
associations between M globosa abundance and loss of
asthma control—because all study participants received
this daily low dose ICS therapy. In addition, this study
did not include healthy control participants. Therefore,
we cannot exclude the possibility that changes of the
mycobiome profile from the baseline to YZ episode were
confounded by mycobiome changes in healthy
conditions, if there are any. We also could not determine
whether children with asthma have an altered
mycobiome profile or mycobiome maturation trajectory
compared with healthy control participants. Second,
other limitations include lack of lower airway samples.
However, the upper airways increasingly are recognized
as an important gatekeeper to respiratory health.”*’
Upper airway samples are easy to access, rendering in
wider clinical application than lower airway samples.
Third, we cannot exclude the possibility that Malassizia
detected from the nasal blow samples may include some
microorganisms from the skin. However, a recent study
reported that nasal passages and skin showed a similar
fungal profile as the upper airway.’” Therefore, our data
are informative in defining upper airway mycobiota
profiles using nasal blow samples. Finally, our
observations are based on associations; thus, further
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mechanistic studies are needed to demonstrate a causal
relationship of M globosa in loss of asthma control and
exacerbation of asthma.

Interpretation

Overall, a considerable knowledge gap exists regarding
the commensal fungal microbiome in the upper airway
in children with asthma. We took the initial step by
establishing associations between airway mycobiota and
loss of asthma control in children with asthma. These
associations may allow for future mechanistic studies to
understand better the role of commensal fungi in the
pathogenesis of asthma and may open novel avenues to
develop mycobiota-associated biomarkers to predict and
monitor disease outcomes.
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