1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Allergy Clin Immunol. Author manuscript; available in PMC 2015 April 20.

-, HHS Public Access
«

Published in final edited form as:
J Allergy Clin Immunol. 2013 February ; 131(2): 346-52.e1-3. doi:10.1016/j.jaci.2012.11.013.

Asthma-associated differences in microbial composition of
induced sputum

Pradeep Reddy Marri, PhD?, Debra A. Stern, MSP, Anne L. Wright, PhDP, Dean Billheimer,
PhD2b, and Fernando D. Martinez, MD&P

aBIO5 Institute, University of Arizona
bArizona Respiratory Center, University of Arizona

CStatistics Consulting Laboratory, University of Arizona

Abstract

Background—It is increasingly evident that microbial colonization of the respiratory tract might
have a role in the pathogenesis of asthma.

Objective—We sought to characterize and compare the microbiome of induced sputum in
asthmatic and nonasthmatic adults.

Methods—Induced sputum samples were obtained from 10 nonasthmatic subjects and 10
patients with mild active asthma (8/10 were not using inhaled corticosteroids). Total DNA was
extracted from sputum supernatants and amplified by using primers specific for the V6
hypervariable region of bacterial 16s rRNA. Samples were barcoded, and equimolar
concentrations of 20 samples were pooled and sequenced with the 454 GS FLX sequencer.
Sequences were assigned to bacterial taxa by comparing them with 16s rRNA sequences in the
Ribosomal Database Project.

Results—All sputum samples contained 5 major bacterial phyla: Firmicutes, Proteobacteria,
Actinobacteria, Fusobacterium, and Bacteroidetes, with the first 3 phyla accounting for more than
90% of the total sequences. Protecbacteria were present in higher proportions in asthmatic patients
(37% vs 15%, P <.001).

In contrast, Firmicutes (47% vs 63%, P = .17) and Actinobacteria (10% vs 14%, P = .36) were
found more frequently in samples from nonasthmatic subjects, although this was not statistically
significant. Hierarchical clustering produced 2 significant clusters: one contained primarily
asthmatic samples and the second contained primarily nonasthmatic samples. In addition, samples
from asthmatic patients had greater bacterial diversity compared with samples from nonasthmatic
subjects.

Conclusion—Patients with mild asthma have an altered microbial composition in the respiratory
tract that is similar to that observed in patients with more severe asthma.
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Asthma is a chronic inflammatory disease of the airways, but the genetic and environmental
factors that determine asthma are not well understood. Several lines of evidence suggest that
microbial colonization in the airways might have a role in the chronic inflammatory process.
Both Mycoplasma pneumoniae and Chlamydophila pneumoniae have been isolated from
patients with acute asthma exacerbations.12 This suggests that macrolides and similar
compounds might be used to treat such exacerbations, and a clinical trial with ketolides
showed promising results.3 A report using a large database of patients in the state of
Tennessee concluded that invasive pneumococcal pneumonia is at least twice as likely to
occur in asthmatic patients as in control subjects.* Bisgaard et al® reported that neonates
whose upper airways were colonized at 1month of agewith Streptococcus pneumoniae,
Haemophilus influenzae, or Moraxella catarrhalis or with a combination of these organisms
are at increased risk for recurrent wheeze and asthma later in life. Most of these studies
detected microbial agents either by using targeted PCR approaches or by culturing specific
organisms, reflecting only a small fraction of existing taxa. Characterizing the entire
microbial diversity in the airways will provide insight into the role of the microbiome in
asthma pathogenesis.

Metagenomics enables the study of microbes in their native ecological states and provides
culture-independent estimates of microbial diversity.6 Metagenomic approaches have been
successfully used to demonstrate the effect of the microbiome on several aspects of human
health, such as obesity, diabetes, and inflammatory bowel disease.” 10 In 2 recent studies
metagenomic approaches were used to characterize the microbial communities in airways of
asthmatic and nonasthmatic subjects that were present in bronchial samples. Using PCR and
Sanger sequencing, Hilty et al' showed that the airways of asthmatic and nonasthmatic
subjects have approximately 120 distinct bacterial groups and that Proteobacteria are present
more frequently in asthmatic patients, whereas Bacteroidetes are more frequent in bronchial
samples from nonasthmatic subjects. A more recent study with a PhyloChip approach
demonstrated a higher bacterial load in asthmatic patients compared with that seen in control
subjects, with Proteobacteria again present in higher abundance in asthmatic patients.12
However, all the asthmatic patients sampled in both of these studies were treated with
inhaled corticosteroids, and effects of corticosteroids on the microbiome could not be
ascertained.

To our knowledge, no studies have comprehensively characterized bacterial communities in
induced sputum obtained from subjects with and without asthma. We used high-throughput
454 sequencing on induced sputum samples from asthmatic and nonasthmatic subjects. Of
10 asthmatic participants, 8 were not currently using corticosteroids, and 2 reported
infrequent corticosteroid use.
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METHODS

Subjects and sputum samples

Induced sputum samples from 10 patients with physician-diagnosed active asthma and 10
nonasthmatic adults were obtained for this study. The samples were collected as part of the
ongoing Tucson Children’s Respiratory Study, a nonselected birth cohort whose participants
are now adults in their early 30s.13 Asthma, wheeze, bronchitis, and smoking information
was collected from participant-completed questionnaires at age 26 years. Spirometry was
completed according to American Thoracic Society standards, and none of the participants
had used a bronchodilator within 6 hours of testing. A fixed dose of 2 puffs of albuterol (180
ug) was administered after baseline spirometry from a metered-dose inhaler and
aerochamber holding device (Monaghan Medical Corp, Plattsburgh, NY), and
postbronchodilator spirometry was repeated after 15 minutes. Methacholine challenges were
performed with the protocol described by Yan et al4 and the dose-response slope calculated
as described by Stein et al.1> Allergy skin prick testing to local aeroallergens was completed
as previously described.18 Ethnicity/race was based on parental report at birth.

Collection and processing of induced sputum

Induced sputum from each subject was collected by means of inhalation of a nebulized
solution of 3% saline over a 2-minute period. The subject then spits out the saliva, takes 2
deep inspirations of saline, and coughs sputum into a separate cup. The procedure is
repeated 6 times for a total of 12 minutes. Peak flow is monitored throughout the procedure.
The mouth is rinsed with saline water before sputum induction to minimize oral
contamination. Within an hour of collection, cell counts are performed, 2 volumes of
dithiothreitol are added to sputum, and the sample is mixed vigorously on a plate shaker for
15 to 20 minutes to solubilize mucus. The sputum is centrifuged, and the supernatant is
collected and stored at —70°C. An aliquot of the supernatant was used for bacterial DNA
extraction.

DNA extraction and sequencing

The total DNA from a 200-pL aliquot of the supernatant was extracted with the Qiagen
DNA extraction kit (Qiagen, Hilden, Germany), according to the manufacturer’s
recommendations. The bacterial DNAwas amplified with the 967F and 1046R primers
specific for the V6 hypervariable region of bacterial 16s rRNA. Each forward primer had an
adaptor sequence and a barcode sequence to help identify the samples after sequencing.
Equimolar concentrations of 20 samples were pooled and sequenced with the 454 GS FLX
sequencer using Titanium chemistry (454 Life Sciences, Branford, Conn), according to the
manufacturer’s instructions.

Statistics: Identification of bacterial communities

After sequencing, the reads were preprocessed to remove any that did not match the barcode
or the primer sequences. A single mismatch was allowed in both sequences. Briefly, after
filtering for low-quality reads and eliminating reads that did not match barcode sequences,
each read from an individual sample was compared with all the remaining reads from that
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sample to identify unique reads. Unique reads from each sample were clustered into a group
of similar sequences, each representative of a 16s rRNA sequence from a bacterial species/
genus, called operational taxonomic units (OTUs). All the analyses were performed with the
454 sequencing pipeline of the Ribosomal Database Project, Release 10 (Ribosomal
Database Project, East Lansing, Mich).1” Sequences were assigned to bacterial taxa by
comparing them with 16s rRNA sequences in the Ribosomal Database Project by using the
RDP Classifier.1® Only sequences that could be assigned to a bacterial group with a
confidence estimate of 50% or greater were used for further analysis. OTUs for each sample
were derived by clustering sequences from individual samples at a genetic distance of 0.03,
and the species richness estimate Chaol® was obtained for each sample by using Mothur.20
The proportion of bacterial genera in each sample was used to calculate the Shannon
diversity index, a mathematic measure commonly used to characterize the species diversity
in a community. The Shannon Index accounts for both the diversity and evenness of the
bacterial species present in samples from asthmatic and nonasthmatic subjects.?!
Hierarchical clustering was performed with pvclust?? in the R statistics package (www.r-
project.org), and support for each branch was obtained by performing bootstrap analysis
with 10,000 replicates (pvclust and bootstrapping are described in the Methods section in
this article’s Online Repository at www.jacionline.org).

Ethics statement

RESULTS

The studies reported herein were approved by the Institutional Review Board of the
University of Arizona, and written informed consent was obtained from each participant.

Characteristics of the study subjects are presented in Table 1.1% All subjects were part of a
longitudinal study of the natural history of asthma in a nonselected birth cohort,13 and
therefore the previous history of asthma could be confirmed from available data. Inhaled
medication use for asthma or wheeze during the past year is described in Table Il. None of
the participants reported using oral medications for asthma during the past year. The
majority of the asthmatic patients had a methacholine dose-response slope that was less than
the 10th percentile of the methacholine doseresponse slope for a nonatopic nonasthmatic
healthy reference subgroup (6/7). Only a minority of the nonasthmatic subjects met this
criterion (2/10, P = .008).

The average percentage of squamous cells in the sputum samples was 34.8% (SD, 25.4%).
The sputum samples were barcoded, and equimolar concentrations of the 20 samples were
pooled into a single sequencing run. After filtering for low-quality reads and eliminating
reads that did not match barcode sequences, there were approximately 800,000 reads, with
an average of 40,000 + 11,245 (SD) total reads per sample (Table I11). Comparing each read
from an individual sample with all the remaining reads from that sample resulted in the
identification of 3,919 to 10,608 unique reads per sample. Clustering of unique reads from
individual samples at 97% identity indicated the presence of 1,5000TUs on average, with
2,2640TUs detected in at least 1 subject. Species richness estimates based on Chao indicate
that between 75% and 80% of the estimated bacterial diversity in the sputum samples is
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captured in this study, and additional sequencing is required for capturing the complete
diversity (see Fig E1 in this article’s Online Repository at www.jacionline.org).

Bacterial lineages in each sample were identified by comparing the V6 sequences with the
bacterial 16S rRNA sequences in the Ribosomal Database Project, Release 10. All sputum
samples contained 5 major bacterial phyla: Firmicutes, Proteobacteria, Actinobacteria,
Fusobacterium, and Bacteroidetes, with the first 3 phyla accounting for more than 90% of
the total sequences in both asthmatic and nonasthmatic subjects (Fig 1). Relevant differences
were found in Proteobacteria and Firmicutes between samples from asthmatic and
nonasthmatic subjects. Proteobacteria were present in higher proportions in asthmatic
patients (37% vs 15%, P < .001), especially Gammaproteobacteria (P < .05, Mann-Whitney
U test). In contrast, Firmicutes (47% vs 63%, P = .17) and Actinobacteria (10% vs 14%, P
=.36) were found more frequently in samples from nonasthmatic subjects, although these
differences were not statistically significant. Firmicutes are gram-positive bacteria that
predominantly form endospores and have some notable pathogenic bacteria, such as
Bacillus, Staphylococcus, and Streptococcus species, whereas, Bacteroidetes are a group of
gram-negative non—spore-forming bacteria widely present in the environment.

Hierarchical clustering (complete linkage with Euclidean distance) of all the samples based
on pairwise R? values of bacterial composition produced 2 significant clusters, one that
contained most of the samples from asthmatic subjects (8 with asthma and 1 without
asthma) and the second consisting predominantly of the samples from nonasthmatic subjects
(2 with asthma and 7 without asthma, Fig 2). This further suggests the compositional
similarity of samples associated with disease state. Two nonasthmatic samples were not
included in either cluster. We repeated the analysis but by limiting inclusion to atopic
subjects among both asthmatic and nonasthmatic participants (see Fig E2 in this article’s
Online Repository at www.jacionline.org). Results were very similar to those depicted in Fig
2.

Only 60% of the reads could be assigned to a bacterial family with 50% or greater
confidence. On the basis of these assignments, the sequences represented in 5 phyla were
distributed into 107 bacterial families. Fifteen of the 107 bacterial families differed in their
relative abundance in samples from asthmatic patients versus nonasthmatic subjects (Fig 3).
Enterobacteriaceae and Neisseriaceae were more common in samples from asthmatic
patients than from nonasthmatic subjects, although these differences were not statistically
different. Moraxellaceae and Pasteurellaceae, to which Moraxella catarrhalis and
Haemophilus influenzae belong, respectively, were also present in higher abundance in
samples from asthmatic patients. Prevotellaceae, a bacterial family belonging to
Bacteroidetes, were also more frequent in the asthmatic samples. However, this observation
could be partially attributed to a 10-fold increase in the abundance of Bacteroidetes in a
sample from a single asthmatic patient (no. A7).

By comparing the clean sequence reads with the RDP database and considering only those
that were assigned with a confidence of 50% or greater, we were able to assign about half of
the sequences to a particular bacterial genera, resulting in the identification of 320 distinct
bacterial genera. The Shannon diversity index based on the proportion of bacterial genera
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indicated that samples from asthmatic patients were associated with significantly greater
bacterial diversity compared with samples from nonasthmatic subjects (P < .05,
independent-samples t test; Fig 4).
DISCUSSION

In this study, for the first time, we used the high-throughput 454 sequencing technology to
obtain estimates of bacterial diversity in induced sputum. We demonstrate that, as was
observed in 2 previous studies using invasive techniques to obtain airway samples,
differences in bacterial community composition are associated with active asthma and
Proteobacteria were more abundant in induced sputum of asthmatic than nonasthmatic
subjects.

We found that samples from asthmatic patients have greater bacterial diversity based on the
Shannon Index compared with samples from nonasthmatic subjects, supporting an earlier
study that demonstrated an increased bacterial load and diversity in samples from asthmatic
patients.12 However, our study indicates that more than 2000 different bacterial taxa were
present, a significant increase in bacterial diversity in sputum compared with previous
estimates based on airway samples from asthmatic patients. 11 We also observed a slightly
higher number of bacterial families compared with a recent analysis of samples from
asthmatic patients using a PhyloChip.12 The additional diversity in our study could either
result from the more sensitive high-throughput 454 sequencing technology used or reflect
the presence of additional microbial communities from the oral cavity. The fact that we were
able to precisely identify the bacterial genera in only half of the sequences suggests that
many bacteria found in sputum are novel (or uncommon) and have yet to be characterized.
Additional sequencing efforts are warranted to completely characterize the microbes in
sputum to understand their role in asthma.

In our study sputum samples from asthmatic patients had a significantly higher proportion of
Proteobacteria. These results agree with previous microbiome studies using bronchial
samples, which have also demonstrated an increase in the abundance of Proteobacteria in
samples from asthmatic patients.1112 The higher abundance of Moraxellaceae and
Pasteurellaceae in asthmatic samples (to which Moraxella catarrhalis and Haemophilus
influenza belong, respectively) supports the role of these bacteria in the development of
asthma.® However, the abundance of Firmicutes in samples from nonasthmatic subjects
contrasts with the results of Hilty et al,11 who showed an abundance of Bacteroidetes in
samples from nonasthmatic subjects. Bacteroidetes accounted for 10% to 20% of the total
bacteria found in their study. However, in our study, with the exception of a single sample
from an asthmatic patient, Bacteroidetes accounted for a mere 1% to 2% of the total
bacterial composition. Because the human microbiome has been shown to vary between
subjects and populations,® this difference in the composition of Bacteroidetes could be
attributable to differences in the populations from which samples were obtained. Although
samples in our study were collected from a mixed population in the United States, the
samples in the Hilty et al'® study were from an Irish population.
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A major advantage in our study is the fact that our subjects were not selected from tertiary
clinics that treat asthmatic patients with more severe disease, as was the case for the 2
previous studies of the airway microbiome in asthmatic patients.11:12 As a consequence,
patients included in both those studies had been treated with medium to high doses of
inhaled corticosteroids, in some cases for prolonged periods of time, whereas control
subjects were steroid naive. Corticosteroids are known to have extensive
immunosuppressive effects, 23 and therefore the possibility that the observed differences
could be attributable to the therapy the patients were receiving rather than their disease state
could not be excluded in those studies. In contrast, patients and control subjects in our study
were participants in a longitudinal observational study of asthma, which is based on an
unselected population of newborns enrolled in the early 1980s.13 The history of asthma (or
lack thereof) could thus be confirmed from existing data, and most subjects had mild disease
for which they were not taking inhaled corticosteroids, even if they had been prescribed. In
addition, results did not change markedly when we limited the analysis to atopic subjects,
suggesting that differences in allergic sensitization between cases and control subjects
cannot explain our findings.

Although a careful sampling procedure to obtain induced sputum was followed and oral
rinses were performed before inducing sputum, we acknowledge that our samples could
have been affected by oral microbes. However, we anticipate that this effect is likely to be
common across participants with and without asthma. This conclusion is supported by the
finding that bacterial composition of induced sputum obtained in this study is quite distinct
compared with that of saliva (roughly equal proportions of Bacteroidetes, Firmicutes, and
Proteobacteria?4), the oropharynx (dominated by Firmicutes), and the nostrils (which have
roughly equal proportion of Actinobacteria and Firmicutes2%). Moreover, although efforts to
avoid contamination were made in the 2 previous studies of airway microbiota using
invasive techniques,11:12 it is still possible that the airway microbial communities identified
in those studies might have inadvertently originated, at least in part, in the nasal/oral/
pharyngeal cavities. Interestingly, it was recently reported that the healthy lung does not
harbor a distinct microbiome but instead contains low levels of bacterial sequences largely
indistinguishable from upper respiratory tract flora.26 It is thus possible that the consistent
changes in microbial communities of sputum and lower respiratory tract samples observed
in asthmatic patients and in previous studies might reflect changes occurring in the whole
respiratory tract and not in any specific compartment.

In summary, the overabundance of Proteobacteria and increased microbial diversity we
observed in the sputum of asthmatic patients is in agreement with results recently reported in
studies from samples obtained from the lower airways.11:12 Moreover, our results suggest
that a disordered microbial composition of the respiratory tract is not attributable to inhaled
corticosteroid therapy or atopic status, is not only present in patients with severe asthma but
also in those with more mild disease, and could be a hallmark of asthma. Our data do not
allow us to determine whether this disordered microbial composition is the consequence of
the disease process or is somehow involved in its pathogenesis.
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FIG 1.

Median percentage values of bacterial phyla in samples from asthmatic and nonasthmatic
subjects found by using the RDP Classifier, version 2.1. Pie charts show the distribution of
organisms for asthmatic and nonasthmatic subjects.

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 April 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Marri et al. Page 12

% Relative Abundance

100

90

80

70 B Actinobacteria
60 B Bacteroidetes
50 Firmicutes

40 B Fusobacteria

30
20
10

0

B Proteobacteria

Unknown

C5A10 A4 A9 A2 AB AMC10A5A3C9 A7A6C8 C6C7 C2 C3C4 C1
e | e

FIG 2.
Hierarchical clustering of samples from asthmatic and nonasthmatic subjects. The green and

blue boxes indicate the asthmatic and nonasthmatic clusters, respectively. A1-A10, Samples
from asthmatic patients; C1-C10, samples from nonasthmatic subjects. The numbers on the
branches indicate the bootstrap support for the cluster.
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FIG 3.
Relative abundance of 15 bacterial families in samples from asthmatic and nonasthmatic

subjects. The value of zero indicates a similar percentage contribution of the bacterial family
in both asthmatic and nonasthmatic individuals. A positive value for a bacterial family
indicates its higher percentage abundance in asthmatics and a negative value indicates the
higher abundance in nonasthmatics. For example, Enterobacteriaceae is ~4% more abundant
in asthmatics.
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3.5

Asthma No Asthma

Diversity of samples from asthmatic and nonasthmatic subjects based on bacterial genera.
The Shannon Index is a mathematic measure commonly used to characterize the species
diversity in a community, and it accounts for both the diversity and evenness of the bacterial
species present in samples from asthmatic and nonasthmatic subjects.
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Sequence characteristics of samples from asthmatic and nonasthmatic subjects

Sample Total tags Uniquetags OTUs
Al 41,189 8,514 1,719
A2 38,998 7,899 1,718
A3 46,826 8,258 1,653
A4 64,098 10,007 1,836
A5 29,721 5953 1,301
A6 23,662 3,919 822
A7 54,900 10,608 2,264
A8 40,477 7,124 1,404
A9 31,342 5845 1,302
Al0 39,457 5717 1,110
C1 26,354 5873 1,248
C2 38,175 8,462 2,062
C3 44,158 7,473 1,492
C4 42,038 7,717 1,576
C5 34,708 6,629 1,400
C6 63,044 9,922 2,027
C7 31,592 6,224 1,315
C8 21,717 4,251 918
C9 48,450 8,814 1,611
C10 39,457 7,784 1,778

A1-A10, Asthmatic patients; C1-C10, nonasthmatic subjects.
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