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Abstract

Background.—Whether microbiome characteristics of induced sputum or oral samples
demonstrate unique relationships to features of atopy or mild asthma in adults is unknown.

Objective.—To determine sputum and oral microbiota relationships to clinical or immunologic
features in mild atopic asthma and the impact on the microbiota of inhaled corticosteroid (ICS)
treatment administered to 1CS-naive asthmatic subjects.

Methods.—Bacterial microbiota profiles were analyzed in induced sputum and oral wash
samples from 32 subjects with mild atopic asthma before and after inhaled fluticasone treatment,
18 atopic non-asthmatic subjects, and 16 non-atopic healthy subjects in a multicenter study
(NCTO01537133). Associations with clinical and immunologic features were examined, including
markers of atopy, type 2 inflammation, immune cell populations and cytokines.

Results.—Sputum bacterial burden inversely associated with bronchial expression of type 2
(T2)-related genes. Differences in specific sputum microbiota also associated with T2-low asthma
phenotype, a subgroup of whom displayed elevations in lung inflammatory mediators and reduced
sputum bacterial diversity. Differences in specific oral microbiota were more reflective of atopic
status. After ICS treatment of asthmatics, the compositional structure of sputum microbiota
showed greater deviation from baseline in ICS non-responders than in ICS-responders.
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Conclusion.—Novel associations of sputum and oral microbiota to immunologic features were
observed in this cohort of subjects with or without ICS-naive mild asthma. These findings confirm
and extend our prior report of reduced bronchial bacterial burden and compositional complexity in
T2-high asthma subjects, with additional identification of a T2-low subgroup with a distinct
microbiota-immunologic relationship.
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Capsule summary:

In mild atopic asthma, sputum bacterial microbiome characteristics associate with several
immunologic features, including type 2-low airway inflammation, and display differential changes
related to response to inhaled corticosteroid treatment.

Keywords
microbiome; cytokines; sputum; oral; asthma; allergic; corticosteroids; type 2 inflammation

INTRODUCTION.

Perturbations in bronchial microbiota composition have been associated with several
phenotypic features of asthma in adults, including airway hyper-responsiveness, airflow
obstruction, response to steroids, and neutrophilic inflammation (1-7). There is concurrent
interest in phenotypic stratification of asthma based on underlying airway immune response
patterns (8-10), and recent studies have described significant relationships between
bronchial microbiota patterns and the level of type 2 (T2) airway inflammation present (3,
11-13). We recently reported findings of reduced bacterial burden in bronchial epithelial
brushings from mild asthma patients with a T2-high inflammation pattern (3), with few
associations between specific bronchial bacteria and T2-related inflammatory markers (3,
11). While sampling the airways by bronchoscopy is desirable for many reasons, practical
constraints limit its utility to investigate a broad range of asthma phenotypes in the larger
population.

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 November 01.
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Studies of sputum have described associations between neutrophilic severe asthma and the
relative abundance of organisms representing potential respiratory pathogens such as
members of the Moraxellaand Haemophilus genera (14-18). However, possible
relationships between eosinophilic asthma and sputum microbiota remain obscure. Further,
treatment with inhaled corticosteroids (ICS) has been shown to influence the composition of
bronchial airway microbiota in asthma patients (3, 4, 13, 15), potentially affecting their
clinical efficacy (3, 4). It remains unclear whether ICS treatment similarly affects the oral
and sputum microbiota. Lastly, potential links between the oral microbiota and features of
atopic asthma in adults have so far been overlooked, despite recent evidence of associations
with risk for atopic disease, particularly asthma, in children (19). We recently showed that
while induced sputum microbiota composition shares features with that of oral wash
samples, the former is nonetheless distinct and in mild asthmatic subjects, more closely
resembles that of bronchial brush samples (20).

Because induced sputum and oral wash are more easily obtained, we here investigated
whether relationships between specific clinical and immunologic features in mild atopic
asthma and the microbiota in these sample types exist. We used samples collected in a multi-
center study from which we previously reported such relationships with bronchial brush
microbiota (3). We hypothesized that distinct characteristics of sputum and oral microbiota
composition associate with phenotypic features in mild asthma, including immunologic
measures related to atopy and/or asthma. We also hypothesized that ICS treatment of
steroid-naive mild asthma subjects induces significantly different changes in the airway and
oral microbiota between ICS-responsive and non-responsive subjects.

METHODS.

Please see Supplemental material for additional details.

Study Population and Sample Collection.

This study analyzed samples and data from a subset of adult subjects enrolled in an NHLBI
AsthmaNet microbiome study (NCT01537133) (3, 20)] and included 32 atopic asthmatic
(AA), 18 atopic non-asthmatic (ANA) and 16 non-atopic healthy control subjects (HC),
whose characteristics are summarized in Table 1 and Table S1. Details of the study protocol
have been previously described (3). At enrollment, all subjects were clinically stable for at
least three months including no use of antibiotics; AAs had not used a controller medication
in the prior six months. Oral wash (OW), induced sputum (IS) and bronchoalveolar lavage
fluid (BAL) were collected at baseline, and in AA subjects also after treatment with inhaled
fluticasone propionate or placebo twice daily for six weeks (3). Each subject provided
informed consent approved by each clinical center’s Institutional Review Board including
use of their samples and data for subsequent analyses.

Bronchial epithelial “Three-gene mean” score evaluation.

Expression levels of three bronchial epithelial genes (CLCAI1, SERPINBZ and POSTN)
previously shown to be induced by IL-13 (21-23), were measured to calculate the “three-
gene mean” (TGM) score for each participant. Type 2 (T2) — high asthma was defined as a

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 November 01.


https://clinicaltrials.gov/ct2/show/NCT01537133

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Durack et al.

Page 5

TGM score =1.117 (two standard deviations above the average TGM-score in HC), as
previously described (3).

BAL and Blood Cell Flow Cytometry, BAL cytokine multiplex testing.

Blood samples for immunophenotyping were collected at bronchoscopy directly into Cyto-
Chex BCT blood collection tubes (Streck, Inc.). BAL was collected and processed within 48
hours for immunophenotyping (24) and cytokine measurements, as detailed in the
Supplement. Among CD45+CD3+CD4+ T cells, cell populations enriched for functionally
distinct T cell subsets (Table S1a) were identified as follows (24): regulatory T cells
(CD25hiCD127l0), Th2 (CCR6-CCR4+), Thl (CCR6-CCR4-) and Th17 (CCR6+). BAL
supernatants were concentrated and assayed using a MILLIPLEX MAP human high
sensitivity T cell panel 21-plex immunology multiplex assay for detection of 21 targeted
cytokines as previously described (20), of which 11 had detectable levels (Table S1b).

Nucleic acid extraction and 16S rRNA-based sequencing of OW and IS samples.

Only IS samples with <80% squamous epithelial cell counts were included for bacterial
community analysis. OW and IS samples were processed as previously described (20) for
bacterial community profiling by sequencing of the V4 region of the 16S rRNA gene on an
[llumina Miseq.

Sequence data processing and quality control

Sequence analysis was performed using the Quantitative Insights into Microbial Ecology
(QIIME) pipeline (25), as described previously (3). Operational taxonomic units (OTUs)
were picked at 97% sequence identity using UCLUST (26) against the Greengenes (27)
database. Reads that failed to hit the reference sequence collection were retained and
clustered de novo. OTUs identified in negative processing controls (2% of total negative
control reads) and those present at less than 0.001% of total counts were removed from the
OTU table. Alpha diversity indices and UniFrac distances were calculated using the OTU
table multiply rarefied (3, 20) to 53,219 sequences per sample. All sequence data related to
this study are available from the European Nucleotide Archive under accession numbers
PRJEB15534 and PRJEB22676.

Statistical analysis:

Statistical analyses were performed in QIIME, R environment or PRISM software. Non-
parametric or parametric tests for between group differences were selected based on the
outcome of Shapiro-Wilk normality test. Results were corrected for multiple testing where
appropriate using g-value or Benjamini-Hochberg method (28). Principal coordinates
analyses (PCoA) were performed on unweighted and weighted UniFrac distance matrices
and distance-based PERMANOVA (29, 30) used to identify factors that explained variation
in bacterial community beta-diversity (between-samples). Negative binomial regression
corrected for multiple testing (q<0.10) was used to determine specific OTUs that differed in
relative abundance between groups. Mantel test (31) based on weighted UniFrac distance
was used to compare community compaosition between paired samples in each treatment

group.

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 November 01.
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RESULTS

Cohort characteristics

As reported previously (3, 20), atopic asthmatic (AA) subjects in this cohort had mild well-
controlled asthma and were more likely to report a history of atopic symptoms compared to
atopic non-asthmatic (ANAs) and non-atopic healthy control (HC) subjects (Table 1). AAs
had significantly higher serum total IgE, blood eosinophil counts and were more likely to be
multi-sensitized to aeroallergens than ANAs (Table 1 and Table S1la-b), indicating an overall
elevated atopic status in this group of subjects. AAs also displayed greater T2 airway
inflammation based on their three-gene mean (TGM) score (3) for IL-13-responsive
epithelial genes in bronchial brush samples (Table 1). Airway hyper-responsiveness
associated with a higher TGM score, serum total IgE, and blood eosinophil percentage, but
inversely with proportion of T regulatory cells in BAL fluid (Table 2).

Sputum and oral microbiota characteristics associate with distinct clinical and
inflammatory features in asthmatic and atopic non-asthmatic subjects.

Neither bacterial burden nor alpha-diversity (i.e. within-sample) measures of bacterial
composition in sputum (IS) or oral wash (OW) differentiated the three groups of subjects
(Table S2). However, there were distinct associations between alpha-diversity measures of
either sample type and clinical and immunologic features (Table S3). Greater OW bacterial
diversity correlated with better pulmonary function (FEV1%) and with the proportion of
BAL Th1l (%CD45") cells. In contrast, IS diversity correlated with neither of these
measures, whereas IS richness correlated positively with the proportion of blood neutrophils.
IS diversity (Shannon index) demonstrated a negative relationship with the pro-
inflammatory cytokines IL-7 and IL-8 in BAL, although this was not statistically significant
after adjustment for multiple comparisons (Table S3). These initial observations suggested
differences in microbiota-immune interactions in the oral versus sputum compartments.

Beta-diversity measures, which capture between-sample differences in microbial
composition, were used next to test differences in either IS or OW bacterial composition
between the subject groups. Specifically, the phylogeny-based Unifrac distance was used
including unweighted and weighted calculations that reflect, respectively, bacterial
membership (i.e. equally emphasizing low and high abundance taxa as present or absent)
and their quantitative composition (whereby high overshadows low abundance taxa), thus
revealing distinct attributes of the microbial assemblages. We observed that the bacterial
membership of IS microbiota in AAs less resembled that of HCs than similarly compared IS
microbiota in ANAs (difference in unweighted UniFrac distance, p=0.03; Figure S1). This
suggested a bacterial dysbiosis gradient between the two atopic groups relative to non-atopic
HCs. Interestingly, this feature was unapparent with oral microbiota, in which the bacterial
membership of OW samples from either atopic group was equally dissimilar to HC subjects
(Figure S1).

To test the hypothesis that compositional differences in OW or IS microbiota associate with
specific BAL or blood immune markers of atopy and asthma, distance-based permutational
analysis of variance (unweighted and weighted Unifrac) was performed. In both OW and IS

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 November 01.
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samples, differences in bacterial community membership associated with post-
bronchodilator change in FEV1%, Asthma Control Questionnaire (ACQ) scores, and BAL
IL-7 levels (unweighted UniFrac, p<0.05; Table S4). In IS samples only, bacterial
community membership also associated with aeroallergen multi-sensitization and blood
eosinophils (unweighted UniFrac, p<0.05). In OW samples, bacterial community
membership associated with study group, serum total IgE, as well as BAL IL-8 levels and
proportion of BAL memory T cells and Th17 T cells (unweighted UniFrac, p<0.05; Table
S4). When the abundances of bacterial taxa were considered (weighted Unifrac), IS bacterial
community structure associated also with serum total IgE, proportion of BAL memory T
cells and BAL CXCL11 levels, suggesting that these associations are likely influenced by
taxa present in higher abundance. These findings overall indicated differences in immune
markers associated with distinct attributes of the bacterial community configurations in
sputum and oral wash samples. Ecologically the oral cavity differs greatly from the
respiratory tract despite some overlap in microbial constituents (20, 32). Thus the possibility
exists for different interactions to occur between the microbiota and immune system within
different mucosal compartments.

We then conducted taxon-level analyses comparing differences between the groups in the
relative abundance of identified bacteria in IS or OW. Of IS bacterial OTUs most likely
associated with asthma (i.e. those present in similarly greater or lesser relative abundance
compared to both control groups; Figure 1; Supplemental Table S5-S7), several belonged to
genera previously reported to be asthma-associated, such as Moraxellaand Streptococcus
(17, 18, 33-35) and Lactobacillus (1). 1t is noted that a number of asthma-associated
Streptococcus OTUs were depleted in asthmatic airways, highlighting likely species or strain
level differences in members of this genus and asthma-related associations. In agreement
with our earlier analysis of bronchial brushings (3), sputum enrichment of Neisseria
appeared asthma-specific, and its relative abundance correlated with BAL IL-7 (Figure S2).
Other IS taxa were found to be more likely associated with atopy (similarly enriched in AAs
and ANAs compared to HCs), specifically enrichment of Granulicatella and depletion of
Aggregatibacter among others (Figure 1). Interestingly, specific taxa in 1S, but not OW,
correlated significantly with several immune markers in blood or BAL including IL-7 and
IL-8 and proportion of BAL memory T cells (Figure S2). In agreement with these
observations, no specific oral taxa were found to be asthma-specific (i.e. present in similarly
greater or lesser relative abundance compared to both control groups; Figure 1;
Supplemental Table S8-S10). Instead differences in specific oral taxa between the groups
seemed more reflective of atopic status.

Sputum microbiota characteristics differ by T2-status among asthmatic subjects.

Bronchial epithelial three-gene mean (TGM) scores, reflective of IL-13-driven immune
response, were higher in AAs compared to non-AAs (Figure 2A). Compared to the T2-low
AAs (n=22), T2-high AAs (n=9) had higher ACQ scores, serum IgE levels, blood
eosinophils, and a lower proportion of circulating Th17 cells (Table S11). T2-high AAs also
demonstrated significantly lower bacterial burden in 1S samples (Figure 2B), confirming our
prior finding from analysis of bronchial brushings (3). T2-high AAs also displayed a trend
towards lower bacterial phylogenetic diversity in both IS and OW (Figure 2C, Figure S3A).

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 November 01.
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Again in comparison to T2-low AAs, sputum bacterial community structure in T2-high AAs
appeared more dissimilar to that of the control group (Figure 2D), a finding likely driven by
the lower burden and diversity in T2-high AAs. In line with this, very few sputum bacterial
taxa were enriched in T2-high compared to T2-low AAs, whereas conversely many more
taxa were enriched in T2-low AAs, including members of Haemophilus, Moraxella, and
Neisseria (Figure 2E; Supplement Table S12-S16, Figure S3C). In contrast, oral microbiota
composition in T2-low and T2-high subjects did not significantly differ in their similarity to
the non-asthmatic control groups (Figure S3B), suggestive of no distinguishing relationships
between OW bacterial composition and level of T2 inflammation.

T2-low mild asthmatics with elevated lung pro-inflammatory cytokines exhibit lower
sputum bacterial diversity.

Given that subtypes of T2-low asthma are poorly understood but microbial associations
implicated (16-18, 36), we enquired whether distinct patterns of lower airway inflammation
exist among the T2-low AAs in our cohort and, if so, whether these associate with bacterial
community differences in IS or OW. Using unsupervised clustering we found that levels of
immune cytokines in BAL differentiated T2-low AAs into two distinct clusters (Figure 3A),
with subjects in inflammatory cytokine cluster (ICC) 1 exhibiting elevated levels of 1L-8,
IL-6, IL-7, and MIP-3a (g<0.1; Table S17).

While both clusters harbored similar sputum bacterial burden and richness, ICC1 (n=5)
exhibited lower sputum bacterial diversity and evenness compared to ICC2 (n=18); Figure
3B), a pattern not observed with the oral microbiota (data not shown). These findings
suggest possible loss of commensal bacteria and/or enrichment in specific microbiota
members in ICC1 T2-low AAs. Analysis for such identified sputum depletion in 7reponema
in ICC1 compared to ICC2 T2-low AAs (Figure 3C); oral enrichment in Actinomyces and
Atopobium differentiated ICC2 from ICC1 T2-low AAs (Figure S4). Collectively, these
observations suggest links between different lung inflammation patterns in T2-low mild
asthma subjects and the compositional structure of airway microbiota reflected here in
sputum.

Shifts in sputum microbial community structure after inhaled corticosteroid treatment
diverge between ICS-responders and non-responders.

Response to inhaled corticosteroids (ICS) treatment varies in asthma (3, 4). We previously
reported indications of a change in bronchial brush microbiota following fluticasone
treatment that differed from placebo intervention among mild AAs (3). Here, examining the
same question in paired 1S and OW samples available from a larger number of AAs, sputum
bacterial phylogenetic diversity trended toward a significant change after six weeks of
fluticasone treatment (n=21), with evidence of diversity loss compared to placebo controls
(n=10; Figure S5), a finding not observed in OW samples.

As before (3) we classified the AA subjects by their change in methacholine PCyq after ICS
treatment; twelve AAs were ICS responders (ICSR; = 2-fold increase in PCyq) and eight
non-responders (ICSNR). ICSR had lower FEV and PCyq values and higher circulating
dendritic cells (Table S18). We hypothesized that bacterial compositional changes in ICSR

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 November 01.
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and ICSNR subjects would diverge following fluticasone intervention. In the ICSR and
placebo groups, the compositional structure of IS or OW microbiota at baseline and post-
treatment were significantly similar at both time points (Mantel test; weighted UniFrac
p<0.01; Table S19). However, this was not the case in the ICSNR group for either IS or OW
microbiota (Mantel test p>0.05), indicative of a shift in bacterial community structure
related to ICS intervention. Direct comparison of beta-diversity measures of microbiota
composition between the time points also demonstrated significantly greater deviation in
sputum of ICSNR (Figure 4A; p<0.05). Fluticasone-associated changes in the relative
abundance of specific bacterial taxa were identified with some differences noted between
ICSNR and ICSR (Figure 4B; Supplement Table S20-S21 and Figure S6). Together these
findings indicated a greater shift in the compositional structure of sputum microbiota
following six weeks of intervention in ICS non-responders.

DISCUSSION.

The objective of this study, a secondary analysis of samples and data from participants in our
previously reported trial (3), was to determine relationships between sputum and oral
microbiota composition and clinical and immunologic features of atopy and asthma, the
latter in subjects with mild ICS-naive disease. Several observations were confirmatory;
others are novel. We confirmed previously reported asthma-associated airway enrichment in
Neisseriaand Moraxella (3, 5, 33, 34). We also confirmed a difference in airway bacterial
burden (sputum) between T2-high and T2-low asthmatics, which we previously observed in
bronchial brushings (3). Moreover, we observed significant relationships between bacterial
microbiota patterns in T2-low phenotype and clinical and immunologic measures. We
identified a cluster of T2-low asthma subjects, albeit small in number, characterized by
significantly higher levels of several lung cytokines and reduced sputum bacterial diversity.
Intriguingly, we also observed significant relationships between oral microbiota and specific
clinical and immunologic features, most of which did not overlap with the relationships
observed of sputum microbiota. We interpret the oral microbiota-associated findings as
potentially more reflective of atopic status, and the sputum microbiota associations more
reflective of asthma-associated immune responses in the lower respiratory tract.

Ecologically, the oral cavity is very different from the lower respiratory tract (20, 31) despite
overlap in microbial constituents, and we previously reported from this cohort that the
compositional structure of microbiota in our OW samples differed significantly from that of
IS (19). Our OW sample consisted of collecting a mouth saline rinse (10 mL) plus tongue
scrape material. This may have provided a broader picture of oral microbiota and contributed
to the distinct associations with immune markers and atopic status, between OW and IS
samples.

An important strength of this study was the collection of within-subject paired samples,
enabling across-compartment comparisons of respiratory microbiota-immune marker
relationships. We previously showed in this cohort that the compositional structure of
microbiota in paired sputum and bronchial brush was more similar in asthmatic subjects
(20). Hence, here we focused first on assessing sputum microbiota relationships to select
immunologic features and the effect of ICS intervention. The same analysis was then
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performed with paired oral wash samples to explore their informativeness in revealing
microbiota correlates with biological markers and outcomes of interest.

Differences in clinical and immunologic associations were seen between the two sample
types, which we highlight as of interest for further study. For instance, 1S alpha-diversity
demonstrated a negative relationship, though not statistically significant after adjustment,
with BAL IL-7 and IL-8, while OW alpha-diversity correlated with lower BAL IL-21, a
higher proportion of BAL Th1 cells, and higher FEV1 %predicted. Both IL-7 and IL-21 are
implicated in allergic immune cell responses (37-41), including that of allergen-specific
memory CD4 T cells and eosinophils. IL-7 can abrogate steroid inhibition of type 2 cytokine
production by type 2 innate lymphoid cells (41). Further, significant correlations between
specific lung cytokines and specific microbiota members in IS, but not OW, were observed.
These findings suggest that microbiota found in either oral or lower respiratory tract
specimens could play a role in modulating immune responses and potentially reflect
different aberrant mechanisms in atopy and asthma. Why or how atopy has an effect on the
oral microbiome is not clear from our studies and will require further mechanistic
investigations.

The design of our primary study (3) was intended for examination of sputum and oral
microbiome relationships to asthma clinical phenotypes. We focused on the categorization of
subjects as either type 2-high or type 2-low based on a previously described IL-13
responsive epithelial gene expression signature (21-23). Other biomarkers have been used to
define the level of type 2 inflammation, but this approach was previously shown to perform
well (21) and also allowed for our earlier analysis of bronchial airway microbiota in the
same specimen type [3]. We noted that sputum bacterial burden in the T2-low group
exhibited a broad range. As this suggested possible bacterial heterogeneity amongst T2-low
AAs, we further explored this leveraging our BAL cytokine data to examine microbial-
immune relationships among T2-low AAs. This revealed two clusters defined by different
lung cytokine patterns and associated differences in sputum bacterial diversity. While the
clinical significance of these findings is unclear from this exploratory analysis, the finding
merits further study of these relationships in T2-low asthma.

Prospective administration of inhaled fluticasone led to ICS-associated changes in sputum
bacterial community structure, which was more divergent in the ICS non-responder group.
This suggests possible off-target effects of inhaled corticosteroids, particularly in this cohort
of predominantly T2-low asthmatics. While the treatment duration of six weeks was
relatively short, our findings suggest the possibility that long-term ICS treatment in those
unlikely to benefit could lead to persistent perturbation of the respiratory microbiome with
potentially important clinical implications. Mechanisms for this are unclear. We previously
found through /n silico analysis a greater predictive capacity for xenobiotic biodegradation
in bronchial microbiota of ICS non-responders (3). A recent report also suggests indirect
mechanisms may play an important role, such as through ICS suppression of cathelicidin, an
antimicrobial peptide, in the airways (42).

The important limitations of our multi-center study include the relatively small number of
subjects in some of our subgroup analyses and the fact that determining cause-effect

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Durack et al.

Page 11

directionality of the relationships reported is inherently impossible in this clinical study.
Sputum and oral samples both are also microbially complex and other non-bacterial
microbiota were not assessed. Recently reported findings of differences in airway fungal
composition associated with level of type 2 inflammation support further investigation into
non-bacterial members of the respiratory microbiome (13).

In conclusion, in this cohort comprised of individuals with mild atopic asthma, atopy
without asthma and non-atopic healthy subjects, we identified novel relationships between
induced sputum or oral microbiota characteristics and immunologic features measured in
both BAL and peripheral blood samples. Findings from this study are hypothesis-generating
and invite further study of the role that bacterial microbiota found in these respiratory tract
compartments may play in shaping host immunity and clinical phenotypes of asthma,
particularly those characterized by T2-low airway inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages:

Mild asthma subjects with T2-high airway inflammation displayed
significantly lower sputum bacterial burden compared to T2-low subjects,
mirroring previous findings in protected brush specimens.

Significant differences in sputum bacterial microbiota composition associated
more with T2-low asthma phenotype, whereas differences in oral microbiota
appeared more reflective of atopic status.

A subgroup of T2-low mild asthma subjects displayed elevations in several
lung inflammatory mediators and an accompanying reduction in sputum
bacterial diversity.

After inhaled corticosteroid treatment of mild asthmatics, the compositional
structure of sputum microbiota demonstrated significantly greater deviation
from baseline in ICS non-responders than responders.
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Figure 1:

Mean difference in relative abundance (mean sequence reads) of specific bacterial taxa
present in IS and OW in the two-group comparisons shown (negative binomial regression
model g<0.1). Each dot represents a unique OTU within a given bacterial genus. Maroon
colored circles highlight taxa most likely to be asthma-associated (i.e. similarly enriched or
depleted in AA vs. ANA or HC). Blue colored circles highlight taxa most likely to be atopy-
associated (i.e. similarly enriched or depleted in AA and ANA vs. HC).
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Figure 2:
A. Greater expression of airway epithelial genes induced by type 2 (T2) cytokines was

observed in AA subjects, particularly in T2-high AAs (n=9) with a TGM of 1.117 or greater
(cutoff value indicated by a dashed line; Mann-Whitney test). B. Bacterial burden in IS of
T2-high (n=9) and T2-low (n=22) AA subjects (Mann-Whitney test). C. Faith’s
Phylogenetic Diversity (PD) in IS samples of T2-high or -low AA subjects (Mann-Whitney
test). D. Comparison of bacterial composition (Weighted UniFrac) in IS of T2-high and T2-
low AAs to that of non-asthmatic controls (Bonferroni corrected t-test; p>0.1 not shown). E.
Mean difference in relative abundance of specific bacterial taxa present in IS of T2-high vs.
T2-low AA subjects. Each dot represents a unique OTU within a given bacterial genus
(negative binomial regression model g<0.1).
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Figure 3:
Altered bacterial microbiota composition of IS among ‘T2-low’ AA subjects with elevated

BAL inflammatory cytokines. A. BAL inflammatory cytokines differentiated T2-low AA
subjects into two distinct clusters. Subjects in inflammatory cytokine cluster (ICC) 1 (n=5)
exhibited greater airway inflammation compared to ICC2 (n=18). B. Bacterial diversity and
evenness was lower in 1S samples of T2-low ICC1 AAs vs. ICC2 AAs (Mann-Whitney test).
C. Relative abundance of bacterial genera in IS which differentiated ICC1 and ICC2 AA
subjects (Mann-Whitney test, FDR adjusted g-values).
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A. ICS non-responder (ICSNR) subjects showed significantly greater change in paired
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Mean difference in relative abundance (Log ;)

© Pre-intervention sample @ Post-intervention sample

weighted UniFrac distance in IS, but not OW samples, compared to ICS responders (ICSR;
Mann-Whitney test). B. Mean difference in relative abundance of specific bacterial taxa
present in IS of ICSR subjects (n=12) and ICSNR (n=8), pre- and post-intervention or in
placebo-treated asthmatic subjects (n=10). Each dot represents a unique OTU within a given
bacterial genus and whether it is enriched or depleted in the respective pre- or post-
intervention sample (negative binomial regression model q<0.1).
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Significant associations between inflammatory markers and lung function measures of mild atopic asthma
subjects in this study.

PC,, (methacholine)

FEV1 % predicted pre-Ab

rho” p-value | BH p—value# rho” p-value | BH p-value®
TGM score -0.58 | <0.0001 <0.001 -0.23 0.066 0.153
No. of positive sIgE -0.55 | <0.0001 <0.001 -0.32 0.009 0.085
Serum IgE (EU/mL) -0.49 | <0.0001 <0.001 -0.27 0.026 0.140
Blood eosinophils (%) -0.34 0.007 0.041 -0.33 0.008 0.085
Blood eosinophils (absolute) | —0.29 0.022 0.086 -0.21 0.095 0.197
Blood eosinophils (%CD45%) | -0.34 | 0.008 0.041 -0.31 | 0.013 0.086
Blood neutrophils (%CD45%) | 0.24 0.064 0.152 0.39 0.001 0.034
BAL Tregs (%CD3*CD4*) 0.28 0.034 0.104 0.14 0.269 0.383
BAL Thl (%CD45%) 0.26 0.042 0.114 0.23 0.068 0.153
Sputum eosinophils (%) -027 | 0.035 0.104 -027 | 0031 0.140

*
Analysis performed using Spearman correlation coefficient.

FDR corrected for multiple comparisons using Benjamini-Hochberg method, with values <0.15 considered significant.
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