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Abstract

Rationale: The macrolide antibiotic azithromycin reduces
exacerbations in adults with persistent symptomatic asthma. However,
owing to the pleotropic properties of macrolides, unintended
bacteriological consequences suchasaugmentedpathogencolonizationor
dissemination of antibiotic-resistant organisms can occur, calling into
question the long-term safety of azithromycin maintenance therapy.

Objectives: To assess the effects of azithromycin on the airway
microbiota,pathogenabundance,andcarriageofantibioticresistancegenes.

Methods: 16S rRNA sequencing and quantitative PCRwere performed
to assess the effect of azithromycin on sputummicrobiology from
participants of the AMAZES (Asthma andMacrolides: The Azithromycin
Efficacy and Safety) trial: a 48-week, double-blind, placebo-controlled trial
of thrice-weekly 500 mg oral azithromycin in adults with persistent
uncontrolled asthma. Pooled-template shotgun metagenomic
sequencing, quantitative PCR, and isolate whole-genome sequencing
were performed to assess antibiotic resistance.

Measurements and Main Results: Paired sputum samples were
available from 61 patients (n= 34 placebo, n= 27 azithromycin).
Azithromycin did not affect bacterial load (P= 0.37) but did
significantly decrease Faith’s phylogenetic diversity (P= 0.026) and
Haemophilus influenzae load (P, 0.0001). Azithromycin did not
significantly affect levels of Streptococcus pneumoniae,
Staphylococcus aureus, Pseudomonas aeruginosa, orMoraxella
catarrhalis. Of the 89 antibiotic resistance genes detected, five
macrolide resistance genes and two tetracycline resistance genes
were increased significantly.

Conclusions: In patients with persistent uncontrolled asthma,
azithromycin reduced airway H. influenzae load compared with
placebo but did not change total bacterial load. Macrolide resistance
increased, reflecting previous studies. These results highlight the need
for studies assessing the efficacy of nonantibiotic macrolides as a
long-term therapy for patients with persistent uncontrolled asthma.
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Asthma is a global health issue affecting an
estimated 235 million people worldwide (1).
For the majority of patients, standard
corticosteroids and bronchodilator
therapies manage symptoms effectively.
However, for an estimated 50 million
patients, asthma is characterized as
persistent and uncontrolled (2). These
patients experience more severe airway
inflammation (3), exhibit an altered airway

microbiology (4, 5), and, importantly, are at
a higher risk of severe exacerbations, which
disproportionately contribute to asthma-
associated hospitalizations and healthcare
costs (6–8). Recently, long-term
azithromycin therapy was shown to reduce
exacerbations and improve quality of life in
this patient population (9), signifying
azithromycin therapy as a valuable addition
to existing regimens for treating moderate
to severe asthma (10). However, although
clinical side effects from azithromycin were
minimal, the potential for detrimental
consequences of long-term therapy on
airway microbiology remains poorly
understood.

Azithromycin is a member of the
macrolide drug class that can modulate
multiple pathways of host immunity
(11–13) and also inhibit bacterial protein
synthesis (14) and reduce pathogen
virulence (15). The use of macrolides
has therefore been found to alter the
composition of bacteria in the airways
(16–19), including the growth of
pathogenic organisms. In bronchiectasis,
treatment with another macrolide
antibiotic, erythromycin, has been shown
to increase the relative abundance of the
airway pathogen Pseudomonas aeruginosa
in the lungs (16). In persistent uncontrolled
asthma, the lower airway microbiota is
associated with multiple markers of asthma
severity, including lower lung function (4),
neutrophilic inflammation (5), and
corticosteroid resistance (20); however, the
effect of azithromycin on the airway
microbiota in these patients is largely
unknown.

Along with selection of airway
pathogens, the administration of
macrolides has been previously reported to
increase the carriage of macrolide-resistant
bacteria (18, 21–27). Although macrolide
resistance has not been shown to directly
alter the capacity of macrolides to reduce
exacerbations (21), prolonged therapy
might yet have deleterious microbiological
consequences. Macrolide resistance can be
acquired in bacteria intrinsically, through
genetic mutations, or extrinsically,
through acquisition of transmissible
macrolide resistance genes from an
existing macrolide-resistant organism.
Acquired macrolide resistance is a global
health concern, particularly relating to the
treatment of infections where macrolides
are routinely prescribed, such as in
nontuberculous Mycobacterium infections

(28) and atypical infections in
community-acquired pneumonia (29) and
sexually transmitted infections (30).
Identifying reservoirs of transmissible
resistance genes is a global health
strategy to limit the dissemination of
antibiotic resistance to the wider
community; however, this has not been
investigated in patients receiving
azithromycin in asthma.

In this analysis from the AMAZES
(Asthma andMacrolides: The Azithromycin
Efficacy and Safety) study, we used
undirected approaches to test the hypothesis
that azithromycin affects the abundance of
opportunistic pathogens and carriage of
antibiotic resistance genes in the airways
of patients with persistent uncontrolled
asthma.

Methods

Study Population
AMAZES was a 12-month, double-blind,
randomized, placebo-controlled trial
(ACTRN12609000197235) to determine
whether oral azithromycin decreases the
frequency of asthma exacerbations in adults
(>18 yr) with symptomatic asthma despite
current use of inhaled corticosteroids
and long-acting bronchodilators who had
no hearing impairment or abnormal
prolongation of the corrected QT interval
(9). Patients were randomly assigned (1:1)
to receive azithromycin 500 mg or placebo
three times per week for 48 weeks. Of the
420 patients recruited for the trial, sputum
samples from 61 patients were analyzed in
this study, on the basis of paired sample
availability.

Sputum Collection and DNA
Extraction
Induced sputum was collected at baseline
and after 48 weeks of the trial, as described
previously (9). Nucleic acid extraction was
performed on frozen sputum samples as
described previously, using a combined
physical, enzymatic, and heat-based cell
lysis, followed by phenol-chloroform
extraction and DNA recovery using EZ-10
Spin columns (Bio Basic, Inc.) (5).

16S rRNA Gene Amplicon Sequencing
and Shotgun Metagenomic
Sequencing
The V1–3 hypervariable region of the
bacterial 16S rRNA gene was sequenced

At a Glance Commentary

Scientific Knowledge on the
Subject: Oral azithromycin has been
shown to significantly reduce
exacerbation rates and improve
asthma-related quality of life in those
with persistent uncontrolled asthma.
Although the mechanism of benefit
is poorly understood, long-term
macrolide treatment in other
respiratory contexts has been shown to
significantly alter the composition of
lower airway microbiology.

What This Study Adds to the
Field: This is the first study based on a
randomized, double-blind, placebo-
controlled trial to investigate the
impact of azithromycin treatment on
the asthma airway microbiome. The
absence of selective increases in
pathogenic bacteria with azithromycin
treatment suggests that long-term
therapy is not associated with
deleterious impacts on airway
microbiology. Indeed, significant
changes in both airway microbiota
diversity and levels of the important
respiratory pathogen, Haemophilus
influenzae, in those receiving
azithromycin identifies potential
contributors to treatment-associated
clinical benefit. Through the combined
application of metagenomics and
culture-based methods, we report the
impact of azithromycin treatment on
the microbiota-wide carriage of
antibiotic resistance genes and relate
this to specific bacterial taxa. Although
increases in resistance gene carriage
were largely limited to viridans
streptococci, identifying these changes
greatly informs our understanding of
the wider implications of long-term
azithromycin therapy.
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from sputa DNA (5). Briefly, reads were
processed using QIIME v1.9.1 and assigned
taxonomy on the basis of 97% sequence
similarity, using the SILVA database v1.23
as a reference. Shotgun metagenomic
sequencing was performed on DNA
extracts pooled according to treatment
group and time point as described
previously (31). Pooled template was
sequenced on an Illumina HiSeq 4000
platform with paired-end 150-bp reads. After
quality filtering and human DNA removal (see
Table E1 in the online supplement), reads were
de novo assembled using IDBA (32) and open

reading frames identified using
MetaGeneMark (33). Screening of antibiotic
resistance genes was performed by mapping
genes to the Comprehensive Antibiotic
Resistance Database (CARD) v1.1.3 (34).
Levels of transmissible resistance genes that
were increased in the azithromycin group
from baseline but not in the placebo group
were verified by targeted quantitative PCR
(qPCR) assays.

qPCR
Table E2 describes the qPCR conditions
used to quantify levels of total bacteria

(16S rRNA gene), Streptococcus
pneumoniae, Pseudomonas aeruginosa,
Haemophilus influenzae, Moraxella
catarrhalis, and Staphylococcus
aureus. Table E3 describes the qPCR
conditions used to quantify resistance
genes levels for 23S ribosomal RNA
methyltransferases (erm[B] and erm[F]),
ATP-binding cassette ribosomal
protection proteins (mel and msr[E]),
major facilitator superfamily antibiotic
efflux pump (mef), and tetracycline-
resistant ribosomal protection proteins
(tet[M] and tet[W]).

Table 1. Characteristics of Patients at Baseline

Placebo Azithromycin P Value

n 34 27
Age, yr* 57.7 (17.4) 59.4 (12.5) 0.682
Age at asthma diagnosis, yr† 9.50 (0.00–61.0) 23.0 (1.0–70.0) 0.132
Asthma duration† 41.8 (2.14–70.0) 30.2 (3.4–62.4) 0.076
Female‡ 12 (35) 15 (56) 0.129
Height, cm* 168 (9.69) 167 (9.8) 0.699
Weight, kg† 86.7 (50.9–115) 83.5 (49.1–167) 0.691
Body mass index, kg/m2* 30.5 (5.46) 30.9 (6.85) 0.769
Atopy‡ 31 (94) 21 (78) 0.124
Ever-smoker‡ 9 (26) 8 (30) .0.999
Pack-years† 6.00 (0.20–19.0) 25.8 (0.50–60.0) 0.086
ACQ score* 1.71 (0.83) 1.68 (0.91) 0.783
Medications
ICS dose, BDP, mg/d† 1,000 (200–4,000) 1,000 (400–2,640) 0.520
ICS/long-acting b-agonist combination‡ 34 (100) 25 (93) 0.192
Leukotriene modifier‡ 1 (2.9) 0 .0.999
Long-acting antimuscarinic‡ 6 (18) 8 (30) 0.361
Theophylline‡ 0 2 (7.4) 0.192
Oral corticosteroid‡ 0 1 (3.7) 0.443

Pre-B2 spirometry*
Pre-B2 FEV1% 70.9 (16.7) 69.3 (16.9) 0.698
Pre-B2 FVC% 81.2 (15.2) 82.2 (12.0) 0.780
Pre-B2 FEV1/FVC% 66.9 (9.18) 66.0 (11.9) 0.755

Blood eosinophils, 3109/L† 0.30 (0.11–12.4) 0.30 (0.10–0.90) 0.592
Sputum cell counts†

Total cell count, 3106/ml 5.76 (1.08–69.9) 5.13 (0.72–36.0) 0.462
Neutrophils, % 37.5 (0.25–95.8) 35.5 (0.68–83.5) 0.620
Eosinophils, % 1.75 (0.00–23.8) 2.0 (0.0–83.0) 0.818

Sputum phenotype‡

Eosinophilic 14 (41) 11 (44)x 0.862
Neutrophilic 7 (21) 3 (12)x 0.321
Paucigranulocytic 11 (32) 10 (40)x 0.888
Mixed 2 (5.9) 1 (4.0)x 0.696

Sputum bacterial count, 3105/ml of DNA† 5.66 (0.124–77.7) 3.71 (0.059–95.8) 0.423
Sputum microbiota diversity†

Faith’s phylogenetic diversity 11.48 (5.52–25.0) 11.2 (3.56–15.3)x 0.547
Simpson’s evenness 0.117 (0.023–0.205) 0.117 (0.032–0.210)x 0.423
Shannon-Wiener diversity 5.66 (2.41–7.19) 5.60 (1.22–6.42)x 0.885
Taxon richness 56 (27–83) 52 (11–85)x 0.645

Definition of abbreviations: ACQ=asthma cough questionnaire; B2=b2-adrenergic agonist; BDP=beclometasone dipropionate; ICS= inhaled
corticosteroids.
*Mean (SD), Student’s t test.
†Median (minimum–maximum), Mann-Whitney U test.
‡n (%), Fisher exact test.
xData available for 25 participants.
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Bacterial Culture and Whole-Genome
Sequencing
H. influenzae, Haemophilus parainfluenzae,
streptococci, and S. aureus were cultured
from selected paired sputum samples from
15 of 27 patients collected at baseline and
after 48 weeks of azithromycin therapy.
Azithromycin sensitivities were determined
according to European Committee on
Antimicrobial Susceptibility Testing
guidelines, by disk diffusion assay (35).
Resistant isolates were subjected to whole-
genome sequencing (WGS) and resistance
determinants were identified using the
Nullarbor pipeline v20170519 and by
mapping genes to CARD.

Statistical Analysis
All continuous data were tested for normality
using GraphPad Prism v7.03. Unpaired
parametric data were analyzed by Student’s
t test, unpaired nonparametric data were

analyzed by the Mann-Whitney U test,
paired nonparametric data were analyzed by
the Wilcoxon matched-pairs signed rank test,
and proportional data were analyzed by
Fisher exact test. Permutational multivariate
ANOVA of 16S rRNA taxonomic profiles
was performed using the PRIMER 6 software
(PRIMER-E Ltd.). 16S rRNA taxonomic
changes were analyzed by linear discriminant
analysis (LDA) effect size, with a=0.05,
LDA score threshold= 2, and a “one versus
all” test (36). All methods are described in
detail in the online supplement.

Results

Baseline Demographics
The AMAZES study took place between June
12, 2009, and Jan 31, 2015; adults with
persistent uncontrolled asthma were
randomly assigned to either 500 mg of

azithromycin or placebo, three times per week
for 48 weeks (9). Of these participants, raw
sputum was available at both baseline and
after 48 weeks from 27 patients who received
azithromycin and 34 who received placebo.
Patients had similar clinical characteristics
and sputum microbiological measures at
baseline between groups (Table 1) and were
broadly representative of the total trial
population, except sex (64% female in total
trial vs. 44% in subgroup; P=0.007) and
blood eosinophil count (0.203 109 cells/L in
total trial vs. 0.303 109 cells/L in subgroup;
P=0.005). For full details of baseline
characteristics, see Tables E4–E6.

Azithromycin Therapy Reduces
Sputum Phylogenetic Diversity
Paired comparisons of sputum between
baseline and after 48 weeks of treatment
indicated that azithromycin was not
associated with a significant change in total
bacterial load (Figure 1A). However, bacterial
diversity was significantly reduced in the
azithromycin group (P=0.026) but not in
placebo (P=0.47; Figure 1B). Pairwise
permutational multivariate ANOVA testing
identified a significant difference in
microbiome composition in the azithromycin
group (P=0.014; t=1.30), which was not seen
in the placebo group (P=0.988; t=0.827). This
change was also reflected in higher unweighted
UniFrac distance in the azithromycin group
compared with the placebo group (P=0.022;
Figure 1C). Together, these results demonstrate
that, in the lower airways, azithromycin
therapy reduces bacterial diversity while total
bacterial levels remain unchanged.

Azithromycin Therapy Reduces
H. influenzae Load
Of all the taxa identified in the lower
airways, Gammaproteobacteria showed the
greatest reduction after azithromycin
(P= 0.039; log LDA score = 4.68; Figure 2A)
but not placebo (Figure E1). A range of
species belong to Gammaproteobacteria, of
which the absolute levels of the notable
respiratory pathogen, H. influenzae, fell
significantly in patients who received
azithromycin (P, 0.0001) but not placebo
(P= 0.62; Figure 2B). Other lower airway
pathogens, including S. pneumoniae, S.
aureus, P. aeruginosa, and M. catarrhalis,
were not significantly affected by
azithromycin (Figure E2). The changes in
pathogen loads were also compared
between placebo and azithromycin groups,
with supportive findings (Table E7).
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Figure 1. Effect of azithromycin on sputum bacterial load and microbiota composition. (A) Total
bacterial load before and after placebo (left) or azithromycin (right). (B) Faith’s phylogenetic diversity
before and after placebo or azithromycin. (C) Unweighted UniFrac distance in placebo and
azithromycin groups, where a higher dissimilarity distance indicates greater change in microbiota
composition between samples before and after placebo or azithromycin.
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Azithromycin Therapy Increases
Carriage of Antibiotic Resistance
Genes
Carriage of antibiotic resistance genes was
screened for by pooled template shotgun
metagenomic analysis. A total of 89
antibiotic resistance genes were detected
across all samples, of which seven
transmissible genes (tet[W], mel, msr[E],
tet[M], erm[F], mef[A], and erm[B]) were
more highly represented after azithromycin
but not placebo (Figure E3). Five of these

genes (erm[B], erm[F], msr[E], mef[A],
and mel) confer resistance to macrolides,
whereas two (tet[W] and tet[M]) confer
resistance to tetracyclines (34). This effect
was confirmed by qPCR, with all seven
resistance genes significantly increased after
azithromycin (Figure 3) but not placebo
(Figure E4). The fold changes in antibiotic
resistance gene carriage between placebo
and azithromycin groups showed similar
increased resistance gene carriage in the
azithromycin group (Table E8).

Macrolide Resistance Genes
Identified from Sputum Isolates
To investigate which species harbored
transmissible resistance genes, bacteria were
isolated from a subgroup of patients before and
after azithromycin (n=15) and subjected to
azithromycin susceptibility testing. The total
proportion of azithromycin-resistant isolates
increased significantly after azithromycin
therapy (P,0.0001; Table 2), of which
viridans streptococci were the only significant
subgroup (P=0.001; Table 2). WGS identified
macrolide resistance genes erm(B), mel, and
mef(A), as well as tet(W) and tet(M) in
resistant viridans streptococci (Table E9). Six
of the seven streptococci with both erm(B)
and tet(M) were found to contain both genes
on a Tn916 mobile genetic element. Of the
four azithromycin-resistant H. parainfluenzae
isolated, two contained the putative mutation
in the 50S ribosomal protein L4 (G65A)
associated with macrolide resistance (37), and
two had no recognized genetic mechanism for
macrolide resistance (Table E9). Of the two
azithromycin-resistant S. aureus isolates, one
contained erm(A) and one contained msr(C)
(Table E9).

Discussion

Long-term azithromycin treatment
effectively reduces exacerbation rates in
adults with persistent uncontrolled asthma
(9). However, concerns about the potential
negative effects on the lower airway
microbiology and antimicrobial resistance
impede its widespread adoption to the
clinical setting. The results presented here
show that although azithromycin has a
selective effect on the lower airway
microbiota, it does not alter total bacterial
levels, nor does it increase the abundance of
pathogenic bacteria. In fact, the amount of
H. influenzae significantly decreased with
azithromycin compared with placebo.
However, regarding antimicrobial
resistance carriage, azithromycin increased
carriage of macrolide and nonmacrolide
resistance genes. As these results were
determined using an undirected
metagenomic approach, they provide a
comprehensive assessment of the effect of
azithromycin on the airway microbiome
and resistome in severe asthma.

In addition to asthma, azithromycin
has been shown to be effective in a range
of chronic respiratory diseases, including
chronic obstructive pulmonary disease
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ORIGINAL ARTICLE

Taylor, Leong, Mobegi, et al.: Azithromycin Alters Lung Microbiome in Asthma 313

 



(COPD) (38), cystic fibrosis (CF) (39),
bronchiectasis (21, 40), and diffuse
panbronchiolitis (41). However, the effect
of macrolides on carriage of respiratory
pathogens in these diseases is mixed. In
childhood bronchiectasis, for example, 12
to 24 months of azithromycin was
associated with a reduction in cultured
H. influenzae (40), reflecting the results
reported here. In adult bronchiectasis, 48
weeks of erythromycin was also associated
with a reduction in H. influenzae; however,
an increase in P. aeruginosa predominance
was reported (16). In childhood cystic
fibrosis, 18 months of azithromycin did not
affect positive culture of P. aeruginosa (42).

Furthermore, in diffuse panbronchiolitis,
erythromycin therapy significantly
improved symptoms in patients infected
with H. influenzae or P. aeruginosa, with no
change found in the bacterial flora (41). We
observed no change to P. aeruginosa
abundance; however, Pseudomonas is
uncommon in persistent adult asthma (5).
Investigation of the potential for
Pseudomonas to colonize the airways
of patients with asthma receiving
azithromycin is now warranted.

Azithromycin can act via multiple
pathways in chronic airway diseases, which
makes identifying the mechanism of action
difficult. We report no significant decline in

total bacterial load in patients receiving
azithromycin, which supports previous
findings (19, 43) and suggests that any
broad antibiotic effects are minimal.
However, we found a decline in
phylogenetic diversity, extending the
findings of another study of 8 weeks of
azithromycin therapy in COPD (19). The
decline in phylogenetic diversity indicates
azithromycin has a potentially selective
effect on particular bacteria. This is further
evident in the weighted and unweighted
UniFrac results, where unweighted UniFrac
distances were significantly higher in
azithromycin than in placebo, but weighted
UniFrac distances were not (P= 0.74; data
not shown). Unweighted UniFrac distance
is calculated by the presence or absence of
detected taxa, whereas weighted UniFrac
accounts for relative abundance and is
useful for examining differences in
community structure (44). The discrepancy
between weighted and unweighted UniFrac
indicates that azithromycin has specific
selective effects that result in the loss of
detection of certain taxa, rather than a
change in their relative abundance. The

m
sr

(E
) 

le
ve

ls
no

rm
al

iz
ed

 to
 to

ta
l b

ac
te

ria

10

0
0

p<0.0001

48

15

5te
t(

W
) 

le
ve

ls
no

rm
al

iz
ed

 to
 to

ta
l b

ac
te

ria

10

0
0

p=0.012

48

20

15

5

te
t(

M
) 

le
ve

ls
no

rm
al

iz
ed

 to
 to

ta
l b

ac
te

ria

9

0
0

p=0.039

48

15

12

3

6

m
el

 le
ve

ls
no

rm
al

iz
ed

 to
 to

ta
l b

ac
te

ria

10

0
0

p=0.009

48

20

15

5

m
ef

 le
ve

ls
no

rm
al

iz
ed

 to
 to

ta
l b

ac
te

ria

9

0
0

p<0.0001

48

15

12

3

6

er
m

(F
) 

le
ve

ls
no

rm
al

iz
ed

 to
 to

ta
l b

ac
te

ria

20

0
0

p=0.003

48

30

25

5

10

15

er
m

(B
) 

le
ve

ls
no

rm
al

iz
ed

 to
 to

ta
l b

ac
te

ria

10

0
0

p<0.0001

48

20

15

5

Weeks

Weeks Weeks Weeks Weeks

Weeks Weeks

4
C
/F
P
O

Figure 3. Effect of azithromycin on levels of screened antibiotic resistance genes. Levels of the seven antibiotic resistance genes before and after
azithromycin. Genes identified by pooled-template shotgun metagenomic sequencing were quantified by quantitative PCR and normalized to total bacteria.

Table 2. Proportion of Azithromycin-Resistant Isolates before and after Therapy

Before After P Value

Haemophilus influenzae 0/4 (0%) 0/0 (0%) .0.99
Haemophilus parainfluenzae 2/13 (15%) 2/2 (100%) 0.057
Viridans streptococci 24/33 (73%) 33/33 (100%) 0.001
Staphylococcus aureus 1/2 (50%) 2/2 (100%) .0.99
Total species 27/52 (52%) 37/37 (100%) ,0.0001

Fisher exact test was used; data were available for 15 patients.

ORIGINAL ARTICLE

314 American Journal of Respiratory and Critical Care Medicine Volume 200 Number 3 | August 1 2019

 



stark decline in H. influenzae load after
azithromycin, but the relative stability of
S. pneumoniae levels, exemplifies this.
Results from LDA effect size analysis
indicate that other members of the
Gammaproteobacteria class may also be
affected by azithromycin; however, qPCR
analysis demonstrated that this was not the
case for P. aeruginosa and M. catarrhalis.

The selective impact of azithromycin
specific to H. influenzae (and potentially
other Gammaproteobacteria) could reflect a
number of mechanisms. First, azithromycin
has been shown to affect H. influenzae
biofilm formation (45), which may impair
its ability to persist in the lower airways.
Second, azithromycin has been shown to
improve immune-mediated bacterial
clearance. For example, azithromycin
improves both macrophage efferocytic
function and immune-driven clearance of
bacteria, both in vitro (46, 47) and when
given at low dose to patients with COPD
(48–50). In these studies, microbial
colonization of the airway, especially by
H. influenzae, was speculated to contribute
to the defective alveolar macrophage
phagocytic function in COPD and
subsequent airway inflammation. Third,
azithromycin may reduce airway
inflammation through its effects on
bacterial antiinflammatory metabolite
production. Such a mechanism was
previously shown in a study of
azithromycin in COPD (19).

The other primary aim of this study was
to assess the carriage of antibiotic resistance
genes after azithromycin, as resistance is a
known effect (18, 21–27). After screening
for all characterized antibiotic resistance
genes, we found that seven transmissible
resistance genes were higher in the airways
after azithromycin (compared with

baseline) but not higher in placebo, of
which five (mel, msr[E], erm[F], mef[A],
and erm[B]) confer resistance to
azithromycin. These genes had a median
fold increase between 2 and 22 compared
with baseline. The increase in tet(W) and
tet(M) are of interest, as both are
tetracycline resistance genes. From the
streptococcal WGS data, tet(M) was found
on the same mobile genetic element as
erm(B), which is a well-characterized
mobile genetic element (51) and has been
shown previously to increase streptococci
after macrolide therapy (23). The observed
increase in tet(W) appears to be novel in
relation to macrolide therapy. tet(W) was
detected in an azithromycin-resistant
Streptococcus oralis isolate; however, further
investigation is required to determine
whether carriage of this gene occurs within
other prominent species. These findings
indicate the wider consequences of
azithromycin therapy beyond macrolide
resistance alone and potentially support
further research into the efficacy of
nonantibiotic macrolides (47).

This study has several limitations.
Although the pooled-template shotgun
metagenomics analysis identified the top
resistance genes increased across all
included patients, other resistance genes
that were not found at high abundance
across multiple patients may have been
missed. Furthermore, the limited culture-
based analysis failed to isolate any
bacteria carrying erm(F) and msr(E),
despite their increased carriage rate. It is
likely that organisms other than
streptococci, Haemophilus, and S. aureus
harbor these genes but were not cultured
in this study. For example,
sequenced Prevotella and Porphyromonas
isolates, which are common in the airways,

have regions that map to erm(F), whereas
sequenced Rothia and Pseudomonas
isolates have regions that map to msr(E).
Furthermore, changes to microbiology
and resistance gene carriage between 0 and
48 weeks were analyzed between
treatment arms. Analysis at shorter
collection intervals would provide
additional insight into rate of change for
microbiological parameters, and analysis
beyond week 48 weeks will allow the
persistence of these changes to
be assessed. This study did not assess
the contribution of potentially
confounding variables to changes in
airway microbiology, including inhaled
corticosteroids dose, gastroesophageal
reflux, or acute antibiotics prescribed
for exacerbations.

In conclusion, we found that
azithromycin did not affect the total
bacterial load in the lower airways of
patients with persistent uncontrolled
asthma. However, azithromycin was
associated with a significant decrease in
the total diversity of taxa, including a
significant decline in the pathogenic species
H. influenzae, an effect that potentially
contributes to treatment-associated
benefit. A significant increase in the
carriage of antibiotic resistance genes was
also found, which included macrolide
resistance genes and tetracycline resistance
genes. n
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Supplementary Methods

16S rRNA gene amplicon sequencing and bioinformatic processing

The V1-3 hypervariable region of the bacterial 16S rRNA gene was amplified from sputum 

DNA using modified 27F (5'-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGRGTTTGATCMTGGCTCAG-

3') and 519R (5'-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTNTTACNGCGGCKGCTG-3') 

primers, where the underlined region indicates the Illumina adapter overhang sequences. 

Amplicons were cleaned, indexed and sequenced according to the Illumina MiSeq 16S 

Metagenomic Sequencing Library Preparation protocol. 16S rRNA sequence data was 

processed as previously described (E1) using QIIME v1.9.1. Briefly, Operational Taxonomic 

Unit (OTU) assignment was performed using an open reference approach with the UCLUST 

algorithm based on a 97% sequence similarity to the SILVA reference database v1.23. Prior to 

OTU assignment, sequences with less than 80% similarity to the reference databases were 

discarded. Spurious OTUs were removed systematically using previous reports of common 

laboratory sequencing contaminants (E2). Sequence data were subsampled to 1,833 reads. Two 

samples from the azithromycin group did not reach this threshold and were removed. 

Sequencing data are deposited in the European Nucleotide Archive database (PRJEB26356). 

Microbiome diversity metrics (Faith’s phylogenetic diversity and UniFrac distances) were 

computed using QIIME v1.9.1. 

Pooled-template shotgun metagenomic sequencing and bioinformatic processing

Resistance genes that increased following azithromycin therapy were screened using pooled-

template shotgun metagenomic analysis, as described previously (E3). Sputum DNA extracts 

were pooled by treatment type (azithromycin or placebo) and time point (at baseline and after 

E2



48 weeks). These four pooled samples were then processed for shotgun metagenomic 

sequencing using the Illumina TruSeq Nano DNA kit and sequenced on an Illumina HiSeq 

4000 with paired-end 150bp reads. Sequencing data are deposited in the European Nucleotide 

Archive database (PRJEB27079). Reads were trimmed using trimmomatic v0.36 (E4), human 

reads removed using BBMap v37.25 (E5). Summary of read counts are displayed in Table E1. 

The remaining trimmed, paired, non-human reads were de novo assembled into contigs using 

IDBA v1.1.3 (E6). Unpaired reads were separately assembled into contigs using IDBA v1.1.3. 

Genes were identified from both paired and unpaired contigs using MetaGeneMark v3.26 (E7) 

and collapsed using CDHit v4.6.6 (E8). 

50,361 genes with greater than 100 bp were identified and concatenated into a non-redundant 

gene catalogue. Blast+ v2.6.0 was used to identity antimicrobial resistance genes from the 

CARD database v1.1.3 (E9) with an evalue score < 1x10-20. Validation of resistance gene 

assignment was performed by mapping the gene-catalogue to the MEGARes database v1.01 

(E10). Reads from each pooled sample were then aligned to the gene-catalogue using Soap 

v2.21 (E11) and antimicrobial resistance genes quantified. Sample counts were normalised to 

counts per million (CPM) total reads and change in CPM (ΔCPM) was calculated by CPMpost 

treatment – CPMpre treatment. 

Determination of differential resistance gene carriage

Differential carriage of antimicrobial resistance genes was identified from the pooled-template 

shotgun metagenomic analysis using the following criteria: 1) The gene is increased in the 

azithromycin group from baseline, 2) The gene is not increased in the placebo group, and 3) 

The gene has the potential to be transmitted between species. Of the 89 antimicrobial resistance 

genes identified, genes tet(W), mel, msr(E), tetM, erm(F), mef(A), and erm(B) matched all 3 

criteria.

E3



Resistance gene and bacterial species quantification 

Levels of resistance genes erm(B), erm(F), mel, tet(M) and tet(W) were assessed using SYBR 

Green assays, and mef gene (detecting both mef(A) and mef(E)) was assessed using Taqman 

assay based on previously described primer pairs (Table E2). Primers were designed to assess 

levels of msr(E) using the assembled msr(E) gene from the metagenomic sequencing data. 

Primer optimization and specificity was determined by PCR and gel electrophoresis using a 

Rothia mucilaginosa isolate that was confirmed to harbour this msr(E) gene through WGS as 

a positive control. The 163 bp amplicon was confirmed to match msr(E) by Sanger sequencing.

Levels of Streptococcus pneumoniae and Pseudomonas aeruginosa were quantified using 

SYBR Green assays and Haemophilus influenzae and Staphylococcus aureus were quantified 

using Taqman assays based on previously described primer pairs (Table E3). Determination of 

Moraxella catarrhalis was performed using a SYBR Green assay based on a modified primer 

pair from a previously described assay as described in Table E3. For SYBR Green qPCR 

assays, 1 µL of DNA extract, 0.2 µM of each primer, 17.5 µL of 2X Platinum SYBR Green 

qPCR SuperMix-UDG (Invitrogen, Carlsbad, USA) and the appropriate volume of water was 

added to a 35 µL total reaction volume. For Taqman qPCR assays, 1 µL of DNA extract, 0.2 

µM of each primer, 0.1 µM of target probe, 17.5 µL of 2X KAPA Probe Fast qPCR Master 

Mix (KAPA Biosystems Inc., Wilmington, USA) and the appropriate volume of water was 

added to a 35 µL total reaction volume. Quantitative real-time PCR were performed on three 

technical replicates, at 10 µL reaction volume per replicate, on a QuantStudio 6 and 7 Flex 

Real-Time PCR system (Applied Biosystems, Carlsbad, USA). Mean cycle threshold (Ct) of 

resistance gene replicates were normalized to 16S mean Ct to give ΔCt. ΔCtmax-ΔCt was 

calculated so that a higher value represents higher gene carriage. Fold change in resistance gene 

was determined using the 2−ΔΔCt method,(E12) using the 16S gene as the reference. Total 

bacteria (as determined by 16S quantification) and specific bacterial species were quantified to 

E4



a copy number per µL of extracted DNA (copies/µL of DNA) by comparing sample Ct to a 

standard curve with known copy numbers.

Bacterial culture and whole genome sequencing and bioinformatic processing

Sputum was diluted and plated on HBA, Choc-B and SAIDE agar plates to isolate streptococci, 

haemophilus sp. and Staphylococcus aureus, respectively. Plates were cultured for 18-48 h at 

35 °C and with 5% CO2 (for HBA, Choc-B plates). Individual colonies were subcultured and 

identified by Matrix Assisted Laser Desorption/Ionization-time of flight mass spectrometry 

(MALDI-TOF), using a Bruker Microflex MS score ≥2.0. Identification of S. pneumoniae was 

determined by optochin sensitivity. Azithromycin sensitivity was determined by disk-diffusion 

according to EUCAST protocols (E13) and using EUCAST Clinical Breakpoints from v. 8.1. 

This is the most current version and states the clinical breakpoint for Haemophilus is 

conflicting and should be guided by the epidemiological cut-offs. Haemophilus breakpoint 

sensitivity to azithromycin was therefore determined by comparing inhibition zones to that of 

macrolide-sensitive H. influenzae NTCC8468. 

Following disk-diffusion testing, single isolate bacterial lawns were then suspended at 

approximately 5 MacFarland, in 10% glycerol/saline solution and stored at -80 °C. DNA 

extraction was performed on 50 µL of bacterial solution using a modified AxyPrep Mag Tissue-

Blood gDNA Purification kit protocol (Corning, Big Flats, NY, USA), with an additional 2.9 

mg/ml lysozyme and 0.14 mg/ml lysostaphin (Sigma-Aldrich, St. Louis, MO, USA) 1 h at 37 

°C incubation for gram positive bacteria. Bacterial DNA from selected resistant isolates were 

processed for whole genome sequencing (WGS) using Illumina Nextera XT DNA Library 

Preparation Kit according to preparation guidelines. The libraries were normalised to 2 nM and 

sequenced on an Illumina NextSeq 550. Sequences were de novo assembled using the 

Nullarbor pipeline v20170519 (E14) and the inferred protein sequences were used to identify 

E5



antibiotic resistance gene carriage using Blast+ v2.6.0 against the CARD database v1.1.3 with 

an evalue threshold of ≤1x10-20.

Table E1: Summary of pooled sample metagenomic reads

Total reads Quality human reads Quality non-human reads
Azithromycin pre 112,860,634 92,617,788 6,135,414
Azithromycin post 130,838,966 107,280,206 5,647,466
Placebo pre 153,440,890 122,872,560 7,170,758
Placebo post 148,938,168 126,622,016 7,291,460

Table E2: Primers used to quantify antibiotic resistance gene carriage

Target gene Sequence (5' - 3')
Amplicon 
size (bp)

Reference

Resistance gene quantitative PCR
erm(B) GAAAGCCRTGCGTCTGACATC 105 (E15)

CGAGACTTGAGTGTGCAAGAGC
erm(F) CGGGTCAGCACTTTACTATTG 466 (E16, E17)

GGACCTACCTCATAGACAAG
mef TATGGAGCTACCTGTCTGGA 85 (E18)

GGTACTAAAAGTGGCGTAACC
[HEX]-
CCGTAGCATTGGAACAGCTTTTC-
[BHQ1]

mel GAACGTAAGAGCCAAGCTGCA 51 (E19)
GGCACGTTCCGCAATAAATT

msr(E) TCGATACGAAGAGGCGATGC 163 This study
CTTCTGTTTGGTGCCGGTTG

tet(M) CAGAATTAGGAAGCGTGGACAA 67 (E20)
CCTCTCTGACGTTCTAAAAGCGTAT

tet(W) GAGAGCCTGCTATATGCCAGC 168 (E21)
GGGCGTATCCACAATGTTAAC

16S TCCTACGGGAGGCAGCAGT 466 (E22)
GGACTACCAGGGTATCTAATCCTGTT
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Table E3: Primers used to quantify bacterial species levels

Organism Sequence (5' - 3')
Amplicon 
(bp)

Referenc
e

Bacterial quantitative PCR
ATTAAATGTTGCATCAACGC 140 (E23)
GACTTTTGCCCACGCAC

Haemophilus 
influenzae

[FAM]-
ACGRTTTTACCATAGTTGCACTTTCT
C-[BHQ1]
GTGCTITGAAATTCTATGCTTC 135 (E24)Streptococcus 

pneumoniae/ 
Streptococcus 

pseudopneumoniae

GTGGAGCTACCTTATTTTTTAC

AAATTACATAAAGAACCTGCGACA 87 (E25)
GAATGTCATTGGTTGACCTTTGTA

Staphylococcus 
aureus

[FAM]-
AATTTAACCGTATCACCATCAATCG
CTTT-[BHQ1]
CGAGTACAACATGGCTCTGG 117 (E26)Pseudomonas 

aeruginosa ACCGGACGCTCTTTACCATA
GTGAGTGCCGCTTTTACAACC 72 (E27)Moraxella 

catarrhalis TGTATCGCCTGCCAAGACAA

E7



Table E4: Characteristics of patients at baseline for the subgroup analysed, and remaining 
patients from the AMAZES cohort

* Mean (SD), Student’s t-test; † Median (min, max), Mann Whitney U test; ‡ n(%),  Fisher’s
exact test; ACQ: asthma cough questionnaire, ICS: inhaled corticosteroids, BDP: 
beclometasone dipropionate, FEV1 %: forced expiratory volume in one second % predicted, 
FVC: forced vital capacity % predicted.

AMAZES cohort Subgroup p-value 
N 359 61
Age, yrs* 57.7 (14.4) 58.5 (15.3) 0.693
Age asthma diagnosis, yrs† 22.0 (0.0, 80.0) 16.0 (0.0, 70.0) 0.551
Asthma duration† 31.9 (0.39, 75.6) 33.8 (2.14, 70.0) 0.207
Female‡ 228 (64%) 27 (44%) 0.007
Height, cm* 166 (11.0) 168 (9.68) 0.238
Weight, kg† 82.2 (42.2, 176) 84.8 (49.1, 166) 0.329
Atopy‡ 267 (76%) 52 (87%) 0.067
Ever-smoker‡ 144 (40%) 17 (28%) 0.087
Pack years, yrs † 7.50 (0.0, 120) 7.20 (0.20, 60.0) 0.807
ACQ score* 1.53 (0.77) 1.69 (0.86) 0.131
Medications
ICS dose, BDP µg/day † 1400 (160, 4500) 1000 (200, 4000) 0.225
     ICS/ Long-acting beta agonist 
combination‡

353 (98%) 59 (97%) 0.328

     Leukotriene modifier‡ 13 (3.6%) 1 (1.6%) 0.703
     Long-acting anti-muscarinic‡ 59 (16%) 14 (23%) 0.206
     Theophylline‡ 11 (3.1%) 2 (3.3%) >0.999
     Oral corticosteroid‡ 13 (3.6%) 1 (1.6%) 0.703
Pre B2 spirometry*

     Pre B2 FEV1% 73.4 (20.25) 70.2 (16.7) 0.239
     Pre B2 FVC% 83.0 (15.88) 81.7 (13.8) 0.528
     Pre B2 FEV1/FVC% 68.1 (12.72) 66.5 (10.4) 0.357
Blood eosinophils (× 109) per L† 0.20 (0.00, 2.00) 0.30 (0.10, 12.4) 0.005
Sputum cell counts†

     Total cell count (× 10⁶) per mL 3.87 (0.31, 102.0) 5.13 (0.72, 69.9) 0.066
     Neutrophils (%) 34.1 (0.00, 96.00) 37.3 (0.25, 95.8) 0.687
     Eosinophils (%) 2.00 (0.00, 77.00) 1.75 (0.00, 83.0) 0.834
Sputum phenotype‡

     Eosinophilic 119 (44%) 25 (42%) 0.886
     Neutrophilic 36 (13%) 10 (17%) 0.532
     Paucigranulocytic 104 (38%) 21 (36%) 0.768
     Mixed 13 (4.8%) 3 (5.1%) >0.999
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Table E5: Characteristics of patients at baseline for placebo subgroup analysed and placebo 
group of remaining AMAZES cohort

AMAZES placebo Subgroup placebo p-value 
N 173 34
Age, yrs* 57.0 (14.7) 57.7 (17.4) 0.787
Age asthma diagnosis, yrs† 23.0 (0.00, 80.0) 9.50 (0.00, 61.0) 0.116
Asthma duration† 30.0 (0.96, 72.2) 41.8 (2.14, 70.0) 0.019
Female‡ 109 (63%) 12 (35%) 0.004
Height, cm* 167 (9.67) 168 (9.69) 0.375
Weight, kg† 80.6 (42.2, 176) 86.7 (50.9, 115) 0.176
Atopy‡ 132 (78%) 31 (94%) 0.032
Ever-smoker‡ 72 (42%) 9 (26%) 0.124
Pack years, yrs † 7.50 (0.10, 100) 6.00 (0.20, 19.0) 0.358
ACQ score* 1.51 (0.78) 1.71 (0.83) 0.196
Medications
ICS dose, BDP µg/day † 1000 (250, 4500) 1000 (200, 4000) 0.709
     ICS/ Long-acting beta agonist 
combination‡

170 (98%) 34 (100%) >0.999

     Leukotriene modifier‡ 5 (2.9%) 1 (2.9%) >0.999
     Long-acting anti-muscarinic‡ 27 (16%) 6 (18%) 0.798
     Theophylline‡ 6 (3.5%) 0 0.592
     Oral corticosteroid‡ 6 (3.5%) 0 0.592
Pre B2 spirometry*

     Pre B2 FEV1% 74.1 (19.2) 70.9 (16.7) 0.372
     Pre B2 FVC% 83.3 (15.14) 81.2 (15.2) 0.468
     Pre B2 FEV1/FVC% 68.5 (12.37) 66.9 (9.18) 0.453
Blood eosinophils (× 109) per L† 0.25 (0.00, 1.74) 0.30 (0.11, 12.4) 0.057
Sputum cell counts†

     Total cell count (× 10⁶) per mL 3.96 (0.31, 27.9) 5.76 (1.08, 69.9) 0.075
     Neutrophils (%) 32.4 (0.00, 96.0) 37.5 (0.25, 95.8) 0.401
     Eosinophils (%) 2.63 (0.00, 77.0) 1.75 (0.00, 23.8) 0.379
Sputum phenotype‡

     Eosinophilic 63 (48%) 14 (41%) 0.565
     Neutrophilic 18 (14%) 7 (21%) 0.296
     Paucigranulocytic 44 (33%) 11 (32%) >0.999
     Mixed 7 (5.3%) 2 (5.9%) >0.999

* Mean (SD), Student’s t-test; † Median (min, max), Mann Whitney U test; ‡ n(%),  Fisher’s
exact test; ACQ: asthma cough questionnaire, ICS: inhaled corticosteroids, BDP: 
beclometasone dipropionate, FEV1 %: forced expiratory volume in one second % predicted, 
FVC: forced vital capacity % predicted.
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Table E6: Characteristics of patients at baseline for azithromycin subgroup analysed and 
azithromycin group of remaining AMAZES cohort

AMAZES 
Azithromycin

Subgroup 
Azithromycin

p-value 

N 186 27
Age, yrs* 58.3 (14.0) 59.4 (12.5) 0.711
Age asthma diagnosis, yrs† 21.0 (0.0, 75.0) 23.0 (1.0, 70.0) 0.391
Asthma duration† 32.9 (0.39, 75.6) 30.2 (3.4, 62.4) 0.466
Female‡ 119 (64) 15 (55.6) 0.402
Height, cm* 165 (12.1) 167 (9.8) 0.468
Weight, kg† 83.4 (44.1, 164) 83.5 (49.1, 167) 0.959
Atopy‡ 135 (74) 21 (78) 0.815
Ever-smoker‡ 72 (39) 8 (30) 0.403
Pack years, yrs † 5.70 (0.0, 120.0) 25.8 (0.50, 60.0) 0.209
ACQ score* 1.54 (0.77) 1.68 (0.91) 0.403
Medications
ICS dose, BDP µg/day † 1600 (160, 4000) 1000 (400, 2640) 0.157
     ICS/ Long-acting beta agonist 
combination‡

183 (98%) 25 (93%) 0.122

     Leukotriene modifier‡ 8 (4.3%) 0 0.600
     Long-acting anti-muscarinic‡ 32 (17%) 8 (30%) 0.184
     Theophylline‡ 5 (2.7%) 2 (7.4%) 0.218
     Oral corticosteroid‡ 7 (3.8%) 1 (3.7%) >0.999
Pre B2 spirometry*

     Pre B2 FEV1% 72.8 (21.2) 69.3 (16.9) 0.409
     Pre B2 FVC% 82.8 (16.6) 82.2 (12.0) 0.867
     Pre B2 FEV1/FVC% 67.7 (13.1) 66.0 (11.9) 0.540
Blood eosinophils (× 109) per L† 0.20 (0.00, 2.00) 0.30 (0.10, 0.90) 0.062
Sputum cell counts†

     Total cell count (× 10⁶) per mL 3.87 (0.44, 102.0) 5.13 (0.72, 36.0) 0.440
     Neutrophils (%) 37.0 (0.0, 95.25) 35.5 (0.68, 83.5) 0.817
     Eosinophils (%) 1.63 (0.0, 73.75) 2.0 (0.0, 83.0) 0.652
Sputum phenotype‡

     Eosinophilic 56 (40%) 11 (44%) 0.826
     Neutrophilic 18 (13%) 3 (12%) >0.999
     Paucigranulocytic 60 (43%) 10 (40%) 0.830
     Mixed 6 (4.3%) 1 (4.0%) >0.999

* Mean (SD), Student’s t-test; † Median (min, max), Mann Whitney U test; ‡ n(%),  Fisher’s
exact test; ACQ: asthma cough questionnaire, ICS: inhaled corticosteroids, BDP: 
beclometasone dipropionate, FEV1 %: forced expiratory volume in one second % predicted, 
FVC: forced vital capacity % predicted.
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Table E7: Resistance genes and detected macrolide mutations from macrolide resistant isolates

Azithromycin resistant 
species*

Disk 
zone 
(mm)

Weeka erm(B) mef(A) mel tet(M) tet(W) erm(A) msr(C) L4 
mutationb

Haemophilus parainfluenzae 13 0
Haemophilus parainfluenzae 14 0
Haemophilus parainfluenzae 8 48 G65A
Haemophilus parainfluenzae 13 48 G65A
Staphylococcus aureus 11 48 ✓
Staphylococcus aureus 6 48 ✓
Streptococcus australis 8 0 ✓ ✓
Streptococcus infantis 11 0 ✓ ✓
Streptococcus infantis 11 0 ✓ ✓
Streptococcus mitis 6 0 ✓ ✓
Streptococcus mitis 9 0 ✓ ✓
Streptococcus parasanguinis 11 0 ✓ ✓
Streptococcus parasanguinis 9 0 ✓ ✓ ✓
Streptococcus parasanguinis 9 0 ✓ ✓
Streptococcus parasanguinis 11 0 ✓ ✓
Streptococcus parasanguinis 9 0 ✓ ✓
Streptococcus salivarius 7 0 ✓ ✓
Streptococcus salivarius 8 0 ✓ ✓
Streptococcus salivarius 6 0 ✓ ✓
Streptococcus salivarius 11 0 ✓ ✓ ✓
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Streptococcus anginosus group 8 48 ✓ ✓
Streptococcus australis 10 48 ✓ ✓
Streptococcus gordonii 9 48 ✓ ✓ ✓
Streptococcus infantis 9 48 ✓ ✓
Streptococcus infantis 6 48 ✓ ✓ ✓
Streptococcus infantis 12 48 ✓ ✓ ✓
Streptococcus infantis 10 48 ✓ ✓
Streptococcus mitis 8 48 ✓ ✓
Streptococcus oralis 6 48 ✓ ✓ ✓ ✓ ✓
Streptococcus oralis 6 48 ✓ ✓ ✓ ✓
Streptococcus oralis 6 48 ✓ ✓
Streptococcus parasanguinis 6 48 ✓ ✓ ✓ ✓
Streptococcus parasanguinis 10 48 ✓ ✓
Streptococcus parasanguinis 6 48 ✓ ✓ ✓
Streptococcus parasanguinis 8 48 ✓ ✓
Streptococcus parasanguinis 7 48 ✓ ✓
Streptococcus salivarius 7 48 ✓ ✓
Streptococcus sanguinis 10 48 ✓ ✓

*Defined by EUCAST Clinical Breakpoints v.8.1. Where breakpoints are not defined, the epidemiological cut-offs were used
a Sputum sample collection week during azithromycin therapy 
b Position numbers for L4 based on H. parainfluenzae numbering system
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Table E8: Fold change in bacterial load and diversity between weeks 0 and 48 in Placebo and 
Azithromycin groups

Placebo median fold 
change (IQR)

Azithromycin median 
fold change (IQR)

P value

Total bacterial load 0.636 (0.315-1.56) 0.711 (0.297-2.04) 0.925
Faith’s phylogenetic 
diversity

0.979 (0.797-1.12) 0.871 (0.728-1.03) 0.303

Haemophilus influenzae 
load

1.00 (0.0987-3.57) 0.249 (0.00695-1.00) 0.0304

Streptococcus 
pneumoniae load

0.861 (0.116-20.4) 0.635 (0.123-1.63) 0.632

Staphylococcus aureus 
load

1.00 (0.806-1.00) 1.00 (1.00-1.00) 0.103

Pseudomonas 
aeruginosa load

1.00 (1.00-1.00) 1.00 (1.00-1.00) 0.865

Moraxella catarrhalis 
load

1.00 (1.00-1.00) 1.00 (1.00-1.00) 0.788

P values determined by Mann-Whitney test

Table E9: Fold change in antibiotic resistance gene carriage between weeks 0 and 48 in 
Placebo and Azithromycin groups

Placebo median fold 
change (IQR)

Azithromycin median 
fold change (IQR)

P value

erm(B) normalised levels 1.51 (0.119-3.31) 6.98 (2.56-38.0) <0.0001
mef normalised levels 0.865 (0.461-1.61) 2.30 (1.47-5.18) <0.0001
mel normalised levels 1.05 (0.307-2.62) 2.05 (0.908-5.33) 0.0597
erm(F) normalised levels 1.15 (0.321-5.79) 19.7 (1.00-222) 0.0021
tet(W) normalised levels 0.885 (0.317-2.12) 2.48 (0.669-15.5) 0.0100
tet(M) normalised levels 1.28 (0.279-2.91) 1.705 (0.799-5.92) 0.282
msr(E) normalised levels 1.03 (0.167-4.32) 22.2 (1.93-143) 0.0003

P values determined by Mann-Whitney test
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Supplementary Figure Legends

Figure E1: Effect of placebo on individual taxa. Linear discriminant analysis effect size 

(LEfSe) of taxa that significantly changed in relative abundance before and after trial in placebo 

group. Red indicates taxa that were lower, and green indicates taxa that were higher.

Figure E2: Effect of azithromycin on other pathogenic species. Copy number of Streptococcus 

pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa and Moraxella catarrhalis 

before and after either placebo (left) or azithromycin (right).

Figure E3: Effect of azithromycin on antibiotic resistance genes from pooled-template shotgun 

metagenomic screening. Counts per million total reads (CPM) of reads that matched to 

antibiotic resistance genes from the CARD database. Change in CPM (ΔCPM) between pooled 

samples before and after azithromycin or placebo, where red indicates higher in pooled-sample 

post azithromycin or placebo and blue indicates lower in pooled-sample post azithromycin or 

placebo. Resistance genes are grouped by function (as defined by CARD) where: red = 

aminoglycoside resistance genes, blue = beta-lactam resistance genes, green = efflux pump 

resistance genes, orange = fosfomycin resistance genes, purple = glycopeptide resistance genes, 

beige = macrolide resistance genes, pink = polymyxin resistance genes, light green = 

tetracycline resistance genes, and brown = other resistance genes. Asterisks (*) indicate 

transmissible genes that were increased in the azithromycin group but not in the placebo group.

Figure E4: Levels of screened antibiotic resistance genes in placebo. Levels of the seven 

antibiotic resistance genes before and after trial in placebo group. Genes identified by pooled-

template shotgun metagenomic sequencing were quantified by qPCR and normalized to total 

bacteria.
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