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Abstract 
 
Background: High bacterial burden in lung microbiota predicts progression of idiopathic pulmonary fibrosis (IPF). 
Azithromycin (AZT) is a macrolide antibiotic known to alter the lung microbiota in several chronic pulmonary 
diseases and observational studies have shown a positive effect of azithromycin on mortality and hospitalization 
rate in IPF. However, the effect of AZT on lung microbiota in IPF remains unknown. 
 
Methods: We sought to determine the impact of a three-month course of AZT on lung microbiota in IPF. We 
assessed sputum and oropharyngeal swab specimens from 24 adults with IPF included in a randomized controlled 
cross-over trial of a thrice-weekly 500 mg oral AZT. 16S rRNA gene amplicon sequencing and quantitative 
polymerase chain reaction (qPCR) were performed to assess bacterial communities. Antibiotic resistance genes 
(ARG) were assessed using real-time qPCR. 
 
Results: AZT significantly decreased community diversity with a stronger and more persistent effect in lower 
airways (sputum). AZT treatment altered the temporal kinetics of the upper (oropharyngeal swab) and lower 
airway microbiota, increasing community similarity between the two sites for one month after macrolide 
cessation. 
Patients with an increase in ARG carriage had lower bacterial density and enrichment of the genus Streptococcus. 
In contrast, patients with more stable ARG carriage had higher bacterial density and enrichment in Prevotella.  
 
Conclusions: AZT caused sustained changes in the diversity and composition of the upper and lower airway 
microbiota in IPF, with effects on the temporal and spatial dynamics between the two sites.  
 
Keywords: Microbiota; idiopathic pulmonary fibrosis; azithromycin; antibiotic resistance gene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 



 
Introduction 
 
Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal interstitial lung disease of unknown origin and the 
most common and severe form of the idiopathic interstitial pneumonias(1,2). 
In healthy subjects, the composition of the microbiota in the upper respiratory tract (URT) and lower respiratory 
tract (LRT) has considerable similarities(3). In the LRT, the influx of bacteria by microaspiration is counterbalanced 
by mucociliary clearance, resulting in a physiological turnover. Respiratory health is therefore associated with a 
dynamic turnover of the microbiota between the URT and the LRT. 
Although alterations in the microbiota have not been found in lung tissue in end-stage IPF(4), converging 
evidence suggests that the spatial and temporal dynamics of the airway microbiota are disturbed during the 
disease course. In IPF, LRT microbiota is more abundant(5,6) and less diverse(7), suggesting either greater local 
growth, accumulation due to impaired clearance, or both. One consequence is greater dissimilarity between URT 
and LRT microbiota, with LRT microbiota carrying a majority of genes absent in the URT(8). This, alongside 
evidence from longitudinal studies on persistence of LRT microbiota disturbances(9), provides additional 
evidence for a lower microbiota turnover in IPF. 
Preclinical data suggest that disruption of LRT microbiota precedes chronic lung epithelial injury and repair(7,10), 
potentially perpetuating inflammation(9). Bacterial load is currently the LRT microbiota feature most consistently 
associated with disease, in terms of progression, exacerbations and mortality. Bacterial load is higher in IPF 
patients than in healthy subjects, making it a potential therapeutic target(11). Although, antimicrobial treatment 
with doxycycline or co-trimoxazole in addition to standard care did not improve time to death or non-elective 
hospitalisation(12), the effects of microbiome alterations by disease or drug treatment are poorly understood. 
A single-centre retrospective study showed good tolerance to prophylactic AZT in IPF patients, with fewer non-
elective hospitalisations(13). Also, treatment with AZT during acute IPF exacerbations improved survival rates 
compared to fluoroquinolones in a retrospective single-centre study(14). 
The impact of AZT on the respiratory microbiota in IPF is unknown. In patients with severe asthma and 
emphysema, multiple effects on the composition and structure of the LRT microbiota, as well as increased anti-
inflammatory bacterial metabolites have been reported(15,16). This effect of AZT on LRT microbiota was 
independent of a decrease in bacterial load. 
Acquired macrolide resistance is a global health concern and macrolide administration increases the carriage of 
macrolide-resistant bacteria in URT(17,18) and LRT(19). Higher carriage was observed after AZT for seven genes 
involved in antibiotic resistance, five of which associated with macrolide resistance, and two with tetracycline 
resistance(15). Additionally, the airway resistome positively correlates with bacterial load in chronic obstructive 
pulmonary disease (COPD)(20). 
 
The aim of this study is to explore the impact of a three-month treatment of AZT on the airway microbiota of IPF 
patients. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Materials and Methods 
 
Study population and sample collection 
This study is a post hoc analysis of samples collected during the study conducted by Guler et al. (Clinical trial 
identifier: NCT02173145)(21). This previous study was a multi-centre, double-blind, randomised, placebo-
controlled cross-over trial to determine the effect of AZT on chronic cough in IPF patients (see Supplementary 
materials for details). 
Patients underwent a 12-week treatment period with oral AZT 500 mg 3 times per week, and a 12-week 
treatment period with placebo 3 times per week in randomised order. The two periods were separated by a 4-
week washout period. 
Sputum samples, either expectorated or induced by inhalation of a 3% sodium chloride solution, and 
oropharyngeal swab (OPS) samples were collected both before and after AZT and placebo periods, and an 
additional specimen was collected after the 4-week washout period following the second treatment period. 
Samples were stored at -80°C until analysis. The study design and detailed sample collection are presented in 
Figure E1 in the Supplementary materials (see Supplementary materials for details of study population and 
sample collection). 
 

DNA extraction and 16S rRNA gene amplicon quantification  
Sputum and OPS samples were treated with dithiothreitol to homogenise the mucosal phase and DNA was 
extracted using the DNeasy UltraClean microbial kit (Qiagen, Hilden, Germany), with inclusion of a lysozyme 
digestion step (see details in Supplementary materials). 
Negative controls (N = 11) underwent the same procedure and included blank swabs, blank sputum collection 
tubes, as well as blank DNA extractions (reagent control). 
To obtain a proxy of bacterial density, we determined the copy numbers of the 16S rRNA gene by qPCR using 
previously reported primers specific to panbacteria(22) (see Supplementary Table E1 for full sequences). 
Standard curves were obtained using purified amplicon products. 

 
Bacterial 16S rRNA gene amplicon sequencing 
Amplicon sequencing targeted the V1-V2 region of the 16S rRNA gene with primers F-27 and R-338 (see 
Supplementary Table E1 for full sequences and Supplementary materials for details). Amplification was 
performed using the Accuprime Taq DNA Polymerase High Fidelity kit (Invitrogen, Waltham, MA). No-template 
PCR reaction controls (N = 2) were included. Libraries were loaded onto an Illumina MiSeq using pairwise 
chemistry, generating 250 × 2 read lengths (Lausanne Genomic technologies facility, University of Lausanne, 
Switzerland). 
 

Analysis of antibiotic resistance gene carriage  
Quantification of antibiotic resistance genes (ARG) carriage targeting 23S ribosomal RNA methyltransferases 
(erm(B) and erm(F)), ATP-binding cassette ribosomal protection protein (mel and msr[E]), major facilitator 
superfamily antibiotic efflux pump (mef), and tetracycline-resistant ribosomal protection proteins (tet[M] and 
tet[W]) was performed on sputum specimens using dye-based (SsoAdvanced Universal SYBR Green, Bio-Rad) or 
probe-based real-time PCR assays, using primer pairs, probes and conditions previously described(15). The copy 
numbers of resistance genes per sample were normalised relative to the copy numbers of the 16S rRNA gene. 
To obtain a synthetic picture of ARG carriage per sample, the counts obtained for each individual gene were 
scaled from 0 to 1 to provide equal importance to each gene, and the cumulative counts were reported. 
 

Bioinformatics and statistical analysis 
All analyses were performed in R version 4.1.0(23). Demultiplexing, removal of chimeric and short reads, single-
base resolution of reads into amplicon sequence variants (ASVs) using the Divisive Amplicon Denoising Algorithm 
2 (DADA2) algorithm(24), and taxonomic annotation using the SILVA database(25) were performed using a 
dedicated pipeline available at https://github.com/chuvpne/dada2-pipeline. Contaminant screening was 
performed using decontam package (Figure E2). Subsequent analyses were performed on a rarefied dataset at a 
sequencing depth of 10,055 (Figures E3, E4 and E5; see Supplementary materials for details on processing and 
quality control). 

https://github.com/chuvpne/dada2-pipeline


Multiple group comparisons were made using Kruskal-Wallis test with Dunn's post hoc test and Holm's 
adjustment. The Wilcoxon signed-rank test was used to compare paired data. In all tests, we considered an alpha 
significance level of 0.0526. 
Comparisons of proportions of ASVs represented only in one condition or shared between two conditions were 
assessed using the chi-square goodness-of-fit test. 
To test for differences in microbiota composition between the different phases of AZT treatment, we used a 
matrix built on either unweighted or weighted UniFrac distance and conducted a Permutational Multivariate 
Analysis of Variance (PERMANOVA) with 999 permutations. 
R scripts are available at https://github.com/CHUVpulmonology/Airway_microbiota-Lung_fibrosis-
Azithromycin. The original sequencing data and the starting data for the analyses in R are available 
at 10.5281/zenodo.7065053. 
 

 
Results 
 
Study cohort 
Of the 25 patients who completed randomization, 12 were initially randomized to intervention and 13 to placebo. 
20 patients completed the study. The Consolidated Standards of Reporting Trials (CONSORT) diagram is shown 
in Figure E6 in Supplementary materials. 
24 patients had at least one specimen, with a total of 67 sputum and 90 OPS specimens. Table 1 shows patient 
demographics and clinical characteristics.  
Bacterial quantification, 16S rRNA gene amplicon sequencing and ARG analysis were performed on all specimens, 
except on 1 OPS specimen with insufficient DNA. 10 OPS specimens not meeting the 10,055 read threshold were 
excluded from further sequencing analysis (Figure E3 see Supplementary materials). Finally, 67 sputum and 79 
OPS specimens were analyzed. 
To investigate temporal changes in respiratory microbiota linked to AZT, we distinguished five treatment phases: 
PreAZT for specimens collected before the start of AZT treatment, available only in patients who started with 
placebo (N=35; sputum=14; OPS=21), StartAZT for specimens collected at the beginning of AZT (N=31; 
sputum=15; OPS=16), EndAZT for specimens collected at the end of AZT (N=23; sputum=12; OPS=11), PostAZT_1 
month for specimens collected 1 month after the end of treatment (N=32; sputum=14; OPS=18) and PostAZT>=3 
months for specimens collected 3 months or more after the end of AZT (N=25; sputum=12; OPS=13). 
 

The respiratory microbiota of IPF patients is distinct from environmental noise 
As our study used low volume specimens from body sites with low microbial biomass, it was vulnerable to 
environmental noise(26). However, we detected a significantly higher bacterial density (median, interquartile 
range [IQR]) in both LRT (2x105, 5.4x104 - 4.5x105) (p < 0.001; Figure E7a) and URT (1.7x105, 6.5x104 - 7.8x105) (p 
< 0.001; Figure E7b) specimens compared to procedural controls (4x104, 1.4x104 – 5.6x104). 
Rank abundance analysis further showed that the dominant bacteria were mostly different in patient samples 
versus controls (Figure E7c). 
 

The upper and lower airway microbiota of IPF patients is altered after AZT treatment 
We found no difference in bacterial density between the different treatment phases in either LRT (p = 0.95) or 
URT (p = 0.19; Figure 1), but we observed a decrease in community richness after AZT, with a stronger and more 
persistent effect in the LRT (p = <0.001) compared to the URT (p = 0.029; Figure 2a). A decrease in bacterial 
phylogenetic diversity was also observed in LRT (p = <0.001) and at the limit of significance in URT (p = 0.053), 
without reverting to the pre-treatment level until the end of the observation period for LRT and more transiently 
for URT (Figure 2b). This decrease in alpha diversity between the start and end of AZT treatment, and the overall 
kinetics throughout the study, were confirmed by intra-individual (Figure E8) and genus-level (Figure E9) 
analyses. 
In contrast, evenness increased transiently after treatment in URT only (p <0.001; Figure 2c), while Shannon 
diversity index reflected the effects of AZT on richness (Figure 2d). 
We observed no overall variation in the dominance of core community ASVs (i.e. abundance greater than 0.1% 
in 50% of samples) in both LRT (p = 0.29) and URT (p = 0.99; Figure E10), suggesting that the impact of AZT 
treatment did not primarily target the most abundant and prevalent bacteria.  
Principal coordinate analysis (PCoA) based on unweighted UniFrac distance, which accounts for phylogeny, 
further supported variations in the microbiota present before and at the start of treatment compared to that 

https://github.com/CHUVpulmonology/Airway_microbiota-Lung_fibrosis-Azithromycin
https://github.com/CHUVpulmonology/Airway_microbiota-Lung_fibrosis-Azithromycin


found at the end and after treatment, with marked changes in LRT (p = 0.006; Figure E11a), but at the limit of 
significance in URT (p = 0.053; Figure E11b). 
 
Together, these results show a broad impact of AZT on the respiratory microbiota of IPF patients.  
 

AZT treatment reduces spatial dissimilarity between URT and LRT microbiota and affects their 
temporal dynamics  
Based on unweighted UniFrac distance, bacterial communities in URT and LRT were distinct (Figure 3a). Per-
patient comparisons showed greater similarity between URT and LRT samples at the end of AZT treatment, with 
the effect persisting one month after treatment and attenuating thereafter (Figure 3b). The impact of treatment 
was confirmed to be mainly on taxa of relatively low abundance, as indicated by a smaller effect based on 
weighted Unifrac distance compared to unweighted Unifrac distance (Figure E12, compare with Figure 4b). This 
treatment-related decrease in dissimilarity between the two sites was also observed at genus level (Figure E13a). 
Divergence of the microbiota between the two sites was driven by ASVs present only in LRT, more numerous 
than those present only in URT or shared between the two sites, in each treatment phase (p < 0.05 except at 4 
months or more after treatment). The transient decrease in the divergence between URT and LRT microbiota 
after AZT was associated with a non-significant decrease in the proportion of ASVs represented in LRT only, and 
a marginal increase in the number of ASVs shared by both sites (Figure 3c). 
Analysis of samples from IPF patients first receiving placebo allowed quantification of bacterial turnover over a 
three-month period in the absence of AZT. We found a total of 40% ASVs retained in URT, and 45% in LRT (Figure 
3d, left diagrams). 
AZT treatment altered the temporal dynamics of the airway microbiota, with fewer ASVs present at the end 
compared to the start of AZT treatment in LRT (p < 0.001) and URT (p = 0.02). In LRT, the number of newly 
acquired ASVs was also lower than the number of retained ASVs (p = 0.005), in contrast to the observations in 
patients receiving placebo first (Figure 3d, middle diagrams).  
However, the bacterial turnover after treatment was increased compared to the placebo first group, with 
numbers of newly acquired ASVs exceeding those of cleared ASVs in the LRT (p = 0.045) but not reaching 
significance in the URT (p = 0.059; Figure 3d, right diagrams). The observations were confirmed at genus level 
(Figure E13b). 
 
We observed that bacteria cleared from LRT during treatment, which accounted for 20.7% (median, IQR 13.6-
27.6) of the local community at the start of treatment, were already present in this site at 16.5% (median, IQR 
11.2-28.6) relative abundance at least four months before treatment started. The effect of treatment on these 
bacteria was long-lasting, with only partial resilience five months after the end of treatment. These same bacteria 
followed similar kinetics in URT, with a relative abundance of 12.7% (median, IQR 11.2-28.6) in the 4 months 
prior to the start of treatment and then decreasing to 0.08% (median, IQR 0.01-0.1) at the end of treatment 
(Figure 4a). 
Bacteria acquired in LRT during treatment were represented in some cases at low levels during the four months 
prior to treatment. Their local relative abundance was highest at the end of treatment, without reaching the 
levels of bacteria cleared by the treatment, before decreasing during the 5 months following the end of 
treatment. These same bacteria were also poorly represented in URT prior to treatment (median 0%; IQR 0-
0.09%). At the end of treatment, their local relative abundance had also increased (median 2.9%; IQR 0.8-3.4%), 
and, for some patients, these bacteria remained detectable in URT for up to 5 months after the end of treatment 
(Figure 4b). 
 
Taken together, these observations indicate marked changes in the spatial distribution and temporal dynamics 
of the airway microbiota of IPF patients secondary to AZT treatment. 
 

Changes in the composition of LRT microbiota correlate with antibiotic resistance gene 
carriage 

We next investigated whether alterations in respiratory microbiota during AZT treatment were related to ARG 
acquisition, focusing on LRT and previously described target genes(15). We observed that ARG carriage was 
limited to a minority of LRT samples and ASVs (Figure 5a) and that almost all samples with ARG were collected 
at the end of AZT treatment or later (Figure 5b). This was confirmed by longitudinal within-patient analysis, which 
showed a peak in total ARG carriage at the end of AZT treatment, with substantial inter-individual differences in 
post-treatment kinetics (Figure 5c). 



 
To investigate the implications for LRT microbiota of an increase in ARG carriage, we separated patients with LRT 
samples available at the start and end of AZT treatment (N = 10) into two groups of five patients according to the 
median change in the cumulative sum of seven pooled ARG (median fold-change = 3.8; Figure E14). 
This revealed an association between ARG carriage and bacterial density, with a higher density in patients with 
stable resistance compared with those with increased resistance during AZT treatment (p < 0.001) (Figure 6a). 
However, there was no change in bacterial density between the different treatment phases, whether ARG 
carriage status was stable or increased (Figure E15). 
We observed changes in the composition of LRT microbiota between the start and end of treatment, depending 
on resistance status. Specifically, double PCoA focused on the 15 most abundant genera showed that AZT 
treatment was associated with a shift in composition influenced by Prevotella_7 abundance, in all patients with 
stable resistance and only in one patient with increased resistance. In contrast, the other four patients with 
increased ARG carriage showed compositional changes mainly driven by Streptococcus (Figure 6b and c). 
Genus abundance analysis during treatment confirmed an increase in Prevotella_7 and a decrease in 
Streptococcus in patients with stable resistance, and an increase in Streptococcus in 4 out of the 5 patients with 
increased resistance (Figure E16a and b). Finally, enrichment of Prevotella_7 in patients with stable resistance 
during treatment (p = 0.0064; Figure E16c), and of Streptococcus in those with increased resistance (p = 0.002; 
Figure E16d), was also observed when all samples of these patients were considered, including those taken 
before the start or after the end of treatment. 
Finally, of the 25 genera with the highest number of ASVs lost during treatment, Treponema_2 and 
Fretibacterium were represented in both patients with stable and increasing resistance status but were absent 
in a similar ranking of ASVs acquired during treatment (Figure E17a and b). 
As a result, these genera were significantly less prevalent and less abundant at the end of treatment and in the 
following months, with no or moderate signs of resilience (for Fretibacterium and Treponema_2, respectively). 
On the contrary, Pseudopropionibacterium was represented among the ASVs acquired during treatment, with a 
prevalence still preserved one month later (Figure 7) 
 
Together, these observations link the resistome to the composition of LRT microbiota, with a direct correlation 
with local bacterial density, but without change in lung function during the study period (Figure E18)28. 

 
Discussion 
 
This study provides valuable insight on the spatial and temporal distribution of the respiratory microbiota in IPF 
by comparing URT and LRT, microbial turnover, and the impact of AZT on these dynamics. 
Our findings suggest an attenuating effect of AZT on airway ecological disruption but also disturbance in LRT 
through a decrease in community diversity and an increase of potential pathogenic community members. 
These effects persisted up to five months after the end of treatment, possibly due to AZT retention in lung 
macrophages(27). No changes in clinical status were observed during the study period(21). 
 
URT and LRT communities in our cohort of IPF patients differed significantly, as in other chronic respiratory 
diseases(28,29), with microbial richness in LRT exceeding that in URT, which contrasts with the situation in 
healthy subjects.  
Greater decrease in microbial richness in LRT versus URT during AZT treatment, paralleled by a diminishing 
phylogenetic dissimilarity between microbiota of the two sites, suggests that treatment decreases airway 
ecological disturbance. Our observation of no concomitant decrease in bacterial density could imply that the 
numerous taxa cleared were replaced by a smaller number of taxa already present and becoming more 
dominant. As increased dominance may alter the bacterial impact on host, it is often interpreted as being 
harmful, but little is known about the threshold for detrimental dominance, which depends on bacteria and the 
clinical context. 
 
Further evidence of AZT treatment effects was investigated by assessing bacterial temporal dynamics. In the 
absence of AZT, bacterial turnover was lower in the LRT compared to the URT. Combined with excessive microbial 
richness in LRT, this suggests a local persistence of bacteria potentially harmful to the host. AZT treatment had 
two effects on this microbiota dynamic, namely by eliminating taxa (decrease in richness) and by preventing the 
acquisition of new taxa. However, these effects vanished progressively during the months following treatment. 
 



The treatment-induced decrease in richness and phylogenetic diversity of the LRT microbiota was linked to a 
compositional change15,16 mainly driven by a mutually exclusive increase in relative abundance of the two 
predominant genera in IPF lung, Streptococcus (Gram-positive Firmicutes) and Prevotella (Gram-negative 
Bacteroidetes). Enrichment of these genera was consistent with the development of macrolide resistance 
previously described in cystic fibrosis(30,31). The difference we observed with the increase in ARG carriage 
during AZT treatment when either of these genera predominated suggests that different mechanisms may be 
present15. While Streptococcus enrichment was associated with a marked increase in ARG carriage (in 4 out of 4 
patients), Prevotella enrichment was linked to more stable ARG carriage (in 5 out of 6 patients). Prevotella 
acquisition of AZT resistance could be due to carriage of genes not listed in our targets, although we included 
the most likely candidates based on a previous metagenomic study of AZT treatment in severe asthma(15). 
A larger sample size will be necessary to strengthen conclusions and to perform in-depth analysis to determine 
whether carriage of genes involved in tetracycline versus macrolide resistance is associated with different 
bacteria. 
 
Although patients remained clinically stable during the study period, it is difficult to predict the impact of even a 
relatively transient predominance of Streptococcus or Prevotella on lung health. Both genera include commensal 
species that can act as opportunistic pathogens under permissive conditions. Some members of Streptococcus 
have been associated with IPF progression(6). Prevotella are maintained at low levels in the healthy lung, where 
they establish a subclinical level of inflammation favoring immune surveillance(3). However, their abundance is 
increased in IPF where they can become predominant(32). Furthermore, Prevotella are involved in several 
inflammatory diseases(33), including periodontitis, with a possible impact on the frequency of exacerbations in 
COPD(34). Accordingly, preclinical evidence suggests that Prevotella predominance in the airways promotes 
pulmonary fibrosis through a mechanism involving IL-17B(35). Decreased microbial diversity in IPF, such as 
observed with the predominance of Streptococcus or Prevotella, has previously been associated with increased 
alveolar concentrations of pro-inflammatory cytokines and profibrotic growth factors(10). 
Further studies are required to determine the relationship between alterations of microbiota and gene 
expression in the airways during AZT treatment. 
 
Our study has several limitations. i) We report an association between AZT and ARG carriage, but separate 
analysis of microbiota by amplicon sequencing and ARG carriage by qPCR does not allow us to identify bacteria 
that acquire resistance during treatment. Genome-wide metagenomic analyses would answer this question. ii) 
The absence of a healthy control group prevented us from assessing whether disruption of the airway microbiota 
by AZT is specific for IPF. iii) The use of sputum to sample the proximal lower airways in non-suppurative airway 
disease such as IPF is associated with a risk of cases being contaminated by saliva. Although to limit this risk in 
patients unable to expectorate, we used induction by instillation of hypertonic saline, the latter sampling method 
was reported to return differences in the composition of the LRT microbiota compared to spontaneous sputum 
in one third of patients in the COPD setting(36). However, the same study found no difference in alpha diversity 
between spontaneous and induced sputum37. iv) We defined bacterial turnover in this cohort of IPF patients by 
investigating the acquisition or loss of AVSs during the pre-treatment period in patients receiving placebo first. 
However, some of this variation over time is bound to be related to an artificial inflation of alpha diversity when 
measured on the basis of ASVs(37) and randomness related to sequencing depth, rarefaction and sequencing of 
low-biomass samples(38). The consistent results of the genus-level analyses suggest that this limitation plays a 
reasonably restricted role. v) Finally, our observations are based on the available specimens of 24 well-
characterized IPF patients, but the size of the cohort limits the generalizability of our findings which call for larger 
studies. 
 
Notwithstanding, this study provides the best available evidence on the effect of AZT on IPF airway microbiota. 
We report that AZT alters the spatial and temporal dynamics of airway microbiota in IPF patients with a decline 
in richness and phylogenetic diversity in URT and LRT, without impact on bacterial density. The AZT impact is 
characterized by increased Prevotella or Streptococcus abundance and persists with partial resilience five months 
after treatment. Also, ARG carriage is increased in half of patients in the presence of Streptococcus 
predominance. 
In conclusion, this study provides novel insights into airway ecology disturbances in IPF by longitudinal sampling 
of URT and LRT and expands on previous knowledge from studies in distal LRT. From a clinical care perspective 
this approach encourages non-invasive sampling of more than one respiratory tract site. 
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Characteristics Study cohort (N=25) 

Age, years 67 (8) 

Sex, men 23 (92%) 

Previous smokers 17 (68%) 

Current smoker 1 (4%) 

Diagnosis 

Definite UIP pattern on HRCT 18 (72%) 

Surgical lung biopsy available 12 (48%) 

Multidisciplinary team discussion performed 19 (76%) 

Treatment 

Pirfenidone 9 (36%) 

Nintedanib 11 (44%) 

Proton pump inhibitor 13 (52%) 

Oxygen therapy 9 (36%) 

Pulmonary function tests 

TLC, % predicted  60 (12) 

FVC, % predicted  65 (16) 

FEV1/FVC, % 86 (7) 

DLCO, % predicted 43 (16) 

Comorbidities 

Chronic rhinitis 8 (32%) 

Sinusitis 2 (8%) 

Gastroesophageal reflux disease 4 (16%) 

Cardiac disease 11 (44%) 

Pulmonary hypertension 3 (12%) 

Diabetes 4 (16%) 
Table 1. Demographics and clinical characteristics of study cohort(21) 
Abbreviations: UIP = usual interstitial pneumonia; HRCT = high-resolution computed tomography; TLC = total lung capacity; FVC = forced vital 
capacity; FEV1 = forced vital capacity in 1 second; DLCO = diffusing capacity of the lung for carbon monoxide. 
Values are presented as frequency and percentage or mean and standard deviation (SD) 
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Figure 1. qPCR determination of 16S rRNA gene copy number per microlitre of sputum or total OPS showing no significant change in bacterial 
density during the different phases of the study. Middle lines, boxes and whiskers represent the median, interquartile range (IQR) and 1.5 
times IQR respectively. Dots represent samples. Kruskal-Wallis with Dunn’s post hoc test.  
Abbreviations: qPCR = quantitative polymerase chain reaction; OPS = oropharyngeal swab; LRT = lower respiratory tract; URT = upper 
respiratory tract; AZT = azithromycin 
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Figure 2. Decrease in community diversity after AZT treatment. (a to d) Alpha diversity metrics showing a decrease in Chao1 richness (a) and 
Faith’s diversity (b) during AZT treatment in LRT and URT, an increase in Camargo evenness in URT (c), and a decrease in Shannon diversity 
in LRT (d). In all box plots, the middle line, box and whiskers represent the median, interquartile range (IQR) and 1.5 times the IQR, 
respectively. Dots represent samples. Kruskal-Wallis with Dunn’s post hoc test. 
Abbreviations: AZT = azithromycin; LRT = lower respiratory tract; URT = upper respiratory tract 
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Figure 3. AZT treatment reduces dissimilarity between LRT and URT microbiota. (a) PCoA based on unweighted UniFrac distance showing an 
overall difference in bacterial community composition between URT and LRT. (b) Unweighted UniFrac distance calculated for each treatment 
phase between each OPS sample and the centroid obtained from the corresponding set of sputum samples. (c) Venn diagrams of the total 
numbers and proportion of ASVs represented in either the LRT or URT alone, or in both sites, showing that the decrease in dissimilarity 
between the LRT and URT microbiota during treatment was in part driven by a decrease in the proportion of ASVs present in the LRT alone.(d) 
Venn diagrams of the total numbers and proportion of ASVs represented either at the start, at the end or retained over a 3-month time 
window, showing treatment-induced alterations in the temporal dynamics of the LRT and URT microbiota. Significance tested using 
PERMANOVA (a) or Kruskal-Wallis with Dunn’s post hoc test.   
Abbreviations: AZT = azithromycin; LRT = lower respiratory tract; URT = upper respiratory tract; PCoA = principal coordinate analysis; OPS = 
oropharyngeal swab; ASVs = amplicon sequence variants 
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a) b) 
Bacteria cleared from LRT during AZT treatment Bacteria acquired in LRT during AZT treatment 

    
Figure 4. Longitudinal changes in the relative abundance of bacteria cleared (a) or acquired (b) in the LRT during AZT treatment, showing 
different magnitudes of change in relative abundance between cleared and acquired bacteria, and similar kinetics between LRT and URT. 
The relative abundance reported is the proportion of all ASVs lost (i.e. no reads at the end of treatment) or acquired (i.e. no reads at the start 
of treatment) during treatment, relative to the abundance of total ASVs per sample. Middle lines, boxes and whiskers represent the median, 
interquartile range (IQR) and 1.5 times IQR respectively. Dots represent samples. Kruskal-Wallis with Dunn’s post hoc test. 
Abbreviations: LRT = lower respiratory tract; AZT = azithromycin; URT = upper respiratory tract; ASVs = amplicon sequence variants 
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Figure 5. Acquisition of ARG during AZT treatment in LRT. (a and b) Canonical correlation analysis showing that ARG carriage was limited to 
a minority of sputum samples (circles) and ASVs (crosses) (a), and stratification by treatment phase showing that almost all samples with 
ARG were taken at the end of AZT treatment or later (b). (c) Within-patient monitoring of the cumulative sum of normalised copy numbers 
of the full set of ARG genes, focusing on patients with more than one sputum sample available, showing the increase in ARG carriage after 
the start of AZT treatment. 
Abbreviations: ARG = antibiotic resistance genes; AZT = azithromycin; LRT = lower respiratory tract; ASVs = amplicon sequence variants 
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Figure 6. Relationship between the difference in ARG carriage during AZT treatment, bacterial density and the 15 dominant genera of the 
LRT microbiota. (a) qPCR determination of bacterial density showing lower levels in patients with increased resistance. Middle lines, boxes 
and whiskers represent the median, interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent samples. Kruskal-Wallis 
with Dunn’s post hoc test. (b and c) Double PCoA showing the influence of Prevotella_7 abundance in the compositional changes occurring 
during AZT treatment in patients with stable resistance, respectively Streptococcus abundance in patients with increased resistance. In panels 
b and c, dots represent different phyla and samples, respectively. In panel c, the arrows link LRT samples collected from a single patient at 
the start and end of AZT treatment.  
Abbreviations: ARG = antibiotic resistance genes; AZT = azithromycin; LRT = lower respiratory tract; qPCR = quantitative polymerase chain 
reaction; PCoA = principal coordinate analysis 
 
 

 
Figure 7. Genera most affected by loss and/or acquisition of ASVs in LRT during AZT treatment. Dot plot showing the prevalence (number 
of dots each representing a sample) and abundance (dot size in log scale) of selected genera during the study phases (colour code). 
Streptococcus, Actinomyces and Leptotrichia illustrate genera whose abundance and prevalence prior to treatment, and partial 
replacement during treatment, allowed maintenance throughout the study. Treponema_2 and Fretibacterium on one side, and 
Pseudopropionibacterium on the other, illustrate a decrease, respectively a transient increase in prevalence linked to treatment.  
Abbreviations: LRT = lower respiratory tract; AZT = azithromycin; ASVs = amplicon sequence variants 
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Supplementary materials and methods 
 
Study population and sample collection 
The study was conducted between August 2014 and August 2019; Key inclusion criteria were age over 18 years 
and a diagnosis of IPF according to current diagnostic guidelines(1). Ethical approval was obtained prior to the 
start of the study (KEK 002/14), and all patients provided written consent prior to inclusion in the study. 
Patients with one or more of the following criteria were excluded: any change in medication or respiratory 
infection within four weeks prior to inclusion, known allergy or intolerance to macrolide antibiotics, known 
cardiac arrhythmia, severe renal failure, history of hepatitis, current alcohol or drug abuse, serum bilirubin level 
of > 50 µmol/L, elevated aspartate transaminase or alanine transaminase by more than three times the upper 
limit of normal, or QTc prolongation on 12-lead electrocardiogram. 
Oropharyngeal swab (OPS) and sputum samples were collected at different time points of the study for 
characterisation of the microbiota of the upper respiratory tract (URT) and lower respiratory tract (LRT), 
respectively (Supplementary Figure E1). When sputum could not be produced it was induced by inhalation of a 
3% sodium chloride solution (details not available if sputum were spontaneous or induced). Samples were frozen 
at -80°C at each collection centre and then transferred to Lausanne University Hospital for DNA extraction and 
sequencing. 
 

Bacterial DNA extraction 
The reducing agent dithiothreitol (DTT [AppliChem, Darmstad, Germany], final concentration up to 5% for 15 min 
at room temperature) was used to homogenise the mucus phase of thawed sputum samples. Bacterial DNA from 
sputum and OPS samples was then extracted using the DNeasy UltraClean microbial kit (Qiagen, Hilden, 
Germany), modified by pre-incubating with 9000 U Ready-Lyse lysozyme (Epicentre, Hessisch Oldendorf, 
Germany) for 1 hour at 37°C. Purified DNA was eluted in 30 μl of microbial DNA-free water (Qiagen). 
 

16S rRNA amplicon quantification 
The copy numbers of the 16S rRNA gene were determined by qPCR using previously reported primers specific to 
pan bacteria(2) (see Supplementary Table E00). Amplification was performed using SsoAdvanced Universal SYBR 
Green Supermix (Bio-Rad, Hercules, CA) on a CFX96 Real-Time detection system (Bio-Rad) with the following 
cycling parameters: initial 2 min denaturation at 98 °C, followed by 45 cycles of 5 s denaturation at 98 °C, and 60 
s annealing/elongation at 61.5 °C. Absolute quantification was performed based on a standard curve obtained 
with a purified amplicon product. 

 
16S rRNA amplicon sequencing 
Bacterial community composition was assessed by Illumina MiSeq sequencing with barcoded primers targeting 
the V1-V2 region (Supplementary Table E1). Amplification was performed using the Accuprime Taq DNA 
Polymerase High Fidelity kit (Invitrogen, Waltham, MA). Duplicate PCR reactions of 20 μl consisted of 2 μl of 10× 
Accuprime buffer II, 0.44 μl of each 10 mM barcoded primer F-27 and R-338, 9.03 μl of ultrapure water, 0.09 μl 
of AccuPrime Taq DNA Polymerase and 8 μl of DNA template with the following cycling parameters: initial 3 min 
denaturation at 94 °C, followed by 40 cycles of 30 s denaturation at 94 °C, 30 s annealing at 56 °C and 90 s 
elongation at 72 °C, with a final extension at 72 °C for 5 min. No-template PCR reaction controls (n = 2) were 
included. Amplicons were quantified using a LabChip GX instrument with the DNA 1 K kit (Perkin Elmer, Waltham, 
MA), pooled into equimolar amounts and purified using the AMPure XP bead cleaning system (Beckman Coulter, 
Brea, CA). Libraries were then diluted to 12 pM and spiked with 25% phiX before being loaded onto the Illumina 
MiSeq platform using pairwise chemistry, generating 250 × 2 read lengths. 

 
Analysis of antibiotic resistance gene carriage  
Quantification of carriage of antibiotic resistance genes (ARG) targeting 23S ribosomal RNA methyltransferases 
(erm(B) and erm(F)), ATP-binding cassette ribosomal protection protein (mel and msr[E]), major facilitator 
superfamily antibiotic efflux pump (mef), and tetracycline-resistant ribosomal protection proteins (tet[M] and 
tet[W]) was performed on sputum specimens using dye-based (SsoAdvanced Universal SYBR Green, Bio-Rad) or 
probe-based real-time PCR assays, using primer pairs, probes and conditions previously described(3). To 
accommodate the limited material available for OPS samples, only mel and tet(W) gene expression was 
quantified, using the same qPCR protocol. Absolute quantification was performed based on standard curves 
obtained with purified amplicon products. The absolute copy number of resistance genes per sample was 



normalised to the 16S rRNA gene copy number used as a proxy for bacterial number. To obtain a synthetic picture 
of ARG carriage per sample, the absolute counts obtained for each individual gene were scaled from 0 to 1 to 
give equal importance to each gene, and the cumulative counts were reported. 
 

Bioinformatics and statistical analysis 
All analyses were performed in R version 4.1.0. Bioinformatics processing, which included demultiplexing, 
removal of chimeric and short reads, single-base resolution of reads into amplicon sequence variants (ASVs) using 
the Divisive Amplicon Denoising Algorithm 2 (DADA2) algorithm(4) and taxonomic annotation using the SILVA 
database(5), was performed using a dedicated pipeline available at https://github.com/chuvpne/dada2-pipeline. 
Initial abundance filtering of absolute read counts (threshold > 1) was applied in phyloseq 1.38.0, reducing the 
total number of ASVs detected in all OPS and sputum samples, as well as in controls, from 4,233 to 4,170. Filtering 
based on ASVs belonging to the Bacteria kingdom further reduced the total number of ASVs from 4,170 to 4,099. 
We filtered potential contaminants using two complementary methods within decontam 1.14.0 R package(6). 
The prevalence method, based on the prevalence of ASVs in negative controls versus patient samples, identified 
84 contaminants and 4015 non-contaminants (Supplementary Figure E2a and Table E2). The frequency method 
is based on the relationship between the relative abundance of ASVs and bacterial density, with the assumption 
that a negative correlation is characteristic of contaminants. This approach identified 50 contaminants and 4049 
non-contaminants (Supplementary Figure E2b and Table E3). ASV26_Pseudomonas was the only ASV considered 
as a contaminant by both methods. ASV26_Pseudomonas and ASV6_Cutibacterium showed the strongest 
contaminant signature (Supplementary Figure E2a), as further confirmed by rank analysis of the 15 most 
abundant ASVs in control samples versus patient samples (Supplementary Figure E7). This combined screening 
identified 133 different ASVs as contaminants that we excluded for downstream analysis. 
In addition, 12 OPS samples were excluded based on a sequencing depth not exceeding that in the majority of 
controls (Supplementary Figure E5), despite a bacterial density not similarly low (Supplementary Figure E4). 
Specifically, examination of the sequencing depth per sample (median 3.5 x 104, interquartile range 1.7 x 104 to 
5.4 x 104) showed that above the threshold of 104, there were 1.4% controls (2 controls, 77 oropharyngeal 
swabs, 67 sputum samples), whereas below this threshold, the proportion of controls rose to 47.8% (11 
controls, 12 oropharyngeal swabs. This latter filtering removed 210 ASVs. 
Finally, we performed rarefaction on the remaining 3,756 samples, using the “rarefy_even_depth” command 
from phyloseq 1.38.0, which set the threshold of reads to 10,055 per sample, and removed ASVs, leaving a total 
of 3,483 ASVs in 146 samples (Supplementary Figure E3).  
In downstream analyses, the relative abundance of each ASV was Hellinger transformed(7) using the "decostand" 
function in vegan 2.6-2. The different alpha diversity measurements were performed using the alpha function in 
Microbiome 1.16.0. Principal coordinate analysis (PCoA) was used to visualise beta diversity based on 
unweighted UniFrac distance in vegan 2.6-2 and ggordiplots 0.4.1. Canonical correlation analysis (CCA) was 
performed using the cca function in vegan 2.6-2 to show the link between variation in respiratory microbiota 
composition and AR gene carriage. To compare changes in respiratory microbiota between the start and end of 
AZT treatment in patients with stable vs. increased ARG carriage, we performed a double PCoA, which combines 
analysis of phylogenetic and abundance data. To this end, we agglomerated the dataset at genus level, retained 
the 15 most abundant genera, and constructed a phylogenetic tree using the rtree function in ape 5.6-2. DPCoA 
was then performed using the ordinate function in phyloseq 1.38.0. All analyses were performed in R version 
4.1.0. 
R scripts are available at https://github.com/CHUVpulmonology/Airway_microbiota-Lung_fibrosis-
Azithromycin. The original sequencing data and the starting data for the analyses in R are available 
at 10.5281/zenodo.7065053. 
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Supplementary Figures 
 

 
Supplementary Figure E1. Study design and grid of colour-coded collected specimens 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

a) 



 
b) 

 
Supplementary Figure E2.  Contaminant screening. Contaminants were identified using decontam R package combining the prevalence 
method based on the prevalence of ASVs in color-coded negative controls versus patient samples (a) and the frequency method based on 
the relationship between the relative abundance of ASVs (frequency, y-axis) and bacterial density (16S rRNA gene copies, x-axis) (b). The 
prevalence method and the frequency method identified 50 and 84 contaminants, respectively (see Tables E2 and E3 for the names of the 

ASV345

ASV5

ASV4

ASV1

ASV8

ASV9

ASV7

ASV2

ASV10

ASV321

ASV180

ASV154

ASV6

ASV156

ASV287

ASV196

ASV26

ASV126

0

50

100

0 5 10

Prevalence (Controls)

P
re

v
a

le
n
c
e
 (

P
a
ti
e

n
t 
s
a

m
p
le

s
)

ASV assignment

Non-contaminant

Contaminant

ASV942 ASV989

ASV559 ASV615 ASV648 ASV735 ASV885 ASV891 ASV900 ASV91

ASV3041 ASV305 ASV3055 ASV3202 ASV3687 ASV3757 ASV4156 ASV494

ASV2369 ASV2399 ASV2407 ASV26 ASV2763 ASV2841 ASV292 ASV2935

ASV1932 ASV2075 ASV2127 ASV2141 ASV2195 ASV2254 ASV2291 ASV232

ASV1435 ASV1439 ASV1585 ASV1626 ASV1631 ASV1656 ASV1694 ASV1748

ASV1029 ASV1109 ASV1120 ASV1124 ASV1181 ASV1199 ASV1395 ASV1408

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1
e
+
0
2

1
e
+
0
4

1
e
+
0
6

1
e
+
0
8

1e−06

1e−03

1e+00

1e−06

1e−03

1e+00

1e−06

1e−03

1e+00

1e−06

1e−03

1e+00

1e−06

1e−03

1e+00

1e−06

1e−03

1e+00

1e−06

1e−03

1e+00

16S rRNA gene copies

F
re

q
u

e
n

c
y



taxa with the strongest contaminant signatures), with only one ASV (ASV26 - Pseudomonas sp.) considered a contaminant in both methods, 
leading to the filtering out of a total of 133 contaminants. 
Abbreviations: ASVs = amplicon sequence variants 
 
 

 
 
Supplementary Figure E3. Number of reads for each sputum, OPS and control sample. The threshold was arbitrarily set at 1.1 x 104 reads. 10 
OPS samples were excluded for further analysis. 
Abbreviations: OPS = oropharyngeal swab 
 
 

 
Supplementary Figure E4. Dot plot showing lack of correlation between bacterial density (y-axis) and read depth (x-axis) for patient 
samples and controls (color coded). Linear models with regression lines and R-squared values and p-values 

 

 
a) b) 
 

 

 

 

Supplementary Figure E5. Rarefaction curves obtained after abundance-based filtering and contaminant filtering for sputum (A) and OPS (B) 
samples, with indication of the 10,055 read depth used in downstream analyses (dashed line). 
Abbreviations: OPS = oropharyngeal swab 
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Supplementary Figure E6. CONSORT flow diagram of patients screening, inclusion, and analysis. The “Azithromycin for the Treatment of 
Chronic Cough in Idiopathic Pulmonary Fibrosis” was a prospective, randomized controlled crossover trial, of which the current study is a 
sub-analysis. 
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c)  
 
 

 

 

 

 
Supplementary Figure E7. Evidence of a distinct bacterial signal between patient samples and negative procedural controls. (a and b) The 
bacterial density in sputum (a) and OPS (b) samples from patients was significantly greater (p<0.001, Wilcoxon rank sum test) than that in 
negative controls. (c) Rank abundance comparison of prominent taxa detected in negative control (left) and patient (sputum combined with 
OPS, right) samples. For each comparison, the 15 most abundant taxa in each group are displayed in decreasing order of median relative 
abundance. In all box plots, the middle line, box and whiskers represent the median, interquartile range (IQR) and 1.5 times the IQR, 
respectively. Dots represent samples.  
Abbreviations: OPS = oropharyngeal swab 
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a) b) 

    
Supplementary Figure E8. Decrease in alpha diversity after AZT treatment. Intra-individual analyses showing a decrease in Chao1 richness 
(a) and Faith’s phylogenetic diversity (b) in each of the 10 patients for whom sputum sample pairs were available and in each of the 8 patients 
for whom OPS pairs were available. Middle lines, boxes and whiskers represent the median, interquartile range (IQR) and 1.5 times the IQR, 
respectively. Dots represent samples and samples from a single patient are paired by a line. Wilcoxon signed-rank test. 
Abbreviations: LRT = lower respiratory tract; URT = upper respiratory tract; AZT = azithromycin; OPS = oropharyngeal swab 
 
 
 
 
 

a) b) 

    
Supplementary Figure E9. Decrease in alpha diversity after AZT treatment, assessed at the genus level. (a and d) Alpha diversity metrics 
showing a decrease in Chao1 richness (a) and Faith’s diversity (b) during AZT treatment in LRT and URT. Middle lines, boxes and whiskers 
represent the median, interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent samples. Kruskal-Wallis with Dunn’s post 
hoc test. 
Abbreviations: AZT = azithromycin; LRT = lower respiratory tract; URT = upper respiratory tract 
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Supplementary Figure E10. Analysis of the dominance of the core community (species exceeding 0.2% relative abundance in more than 50% 
of the samples) showing no significant difference between the start and end of treatment in LRT or URT. Middle lines, boxes and whiskers 
represent the median, interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent samples. Kruskal-Wallis test. 
Abbreviations: AZT = azithromycin; LRT = lower respiratory tract; URT = upper respiratory tract 
 
 
 

a) b) 

  
Supplementary Figure E11 (a and b) PCoA of bacterial communities based on unweighted UniFrac distance showing that the community 
composition of airway bacteria was distinct between specimens collected before or at the start of AZT treatment, compared to those 
collected at the end of treatment or later, in LRT (a). There was no significant difference in URT (b). In PCoA labels indicate the position of 
the centroid of the corresponding group, the label “EndAZT” is hidden by the label “PostAZT_1mo”. PERMANOVA. 
Abbreviations: PCoA = principal coordinate analysis; AZT = azithromycin; LRT = lower respiratory tract; URT = upper respiratory tract 
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Supplementary Figure E12. AZT treatment transiently reduces dissimilarity between LRT and URT microbiota based on weighted UniFrac 
distance. For each treatment phase, weighted UniFrac distance was calculated between each OPS sample and the centroid obtained from 
the corresponding set of sputum samples. The weaker impact of AZT treatment on dissimilarity between LRT and URT microbiota when based 
on weighted UniFrac distance compared to unweighted UniFrac distance indicates that relatively low abundance taxa are mainly affected. 
Middle lines, boxes and whiskers represent the median, interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent samples. 
Kruskal-Wallis with Dunn’s post hoc test. 
Abbreviations: AZT = azithromycin; OPS = oropharyngeal swab; LRT = lower respiratory tract; URT = upper respiratory tract 
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a) 

 
b) 

 
Supplementary Figure E13. AZT treatment reduces dissimilarity between LRT and URT microbiota at genus level. (a) Unweighted UniFrac 
distance calculated for each treatment phase between each OPS sample and the centroid obtained from the corresponding set of sputum 
samples. Middle lines, boxes and whiskers represent the median, interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent 
samples. Kruskal-Wallis with Dunn’s post hoc test. (b) Venn diagrams of the total numbers and proportions of genera represented either at 
the start, at the end or retained over a 3-month time window, showing treatment-induced alterations in the temporal dynamics of the LRT 
and URT microbiota.  
Abbreviations: AZT = azithromycin; LRT = lower respiratory tract; URT = upper respiratory tract; OPS = oropharyngeal swab 
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Supplementary Figure E14. Patient-specific fold-change in the cumulative sum of seven pooled ARG in the LRT during AZT treatment. (a) 
Separation into two groups of patients according to the median fold-change (3.8; red dotted line; ranges 5.5-10.4 and 0.51-2.2 for the groups 
of patients considered to have shown increased resistance, respectively stable resistance, during treatment). (b) Kinetics of ARG carriage in 
the two groups of patients with increased or stable resistance during AZT treatment. Middle lines, boxes and whiskers represent the median, 
interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent samples and samples from a single patient are paired by a line. 
Wilcoxon signed-rank test. 
Abbreviations: ARG = antibiotic resistance genes; LRT = lower respiratory tract; AZT = azithromycin 
 
 
 
 
 
 
 
 
 

 

 
 

  
Supplementary Figure E15. Bacterial density evolution between treatment phases in LRT. There was no change in bacterial density between 
treatment phases, regardless of ARG carriage. Middle lines, boxes and whiskers represent the median, interquartile range (IQR) and 1.5 times 
the IQR, respectively. Dots represent samples. Kruskal-Wallis test. 
Abbreviations: LRT = lower respiratory tract; ARG = antibiotic resistance genes 
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Supplementary Figure E16. Changes in the composition of the LRT microbiota in relation to ARG carriage during AZT treatment. (a) Increase 
in the relative abundance of the genus Prevotella_7 in all five patients with stable ARG carriage and more disparate changes in patients with 
increased ARG carriage. (b) Decrease in the relative abundance of the genus Streptococcus in all five patients with stable ARG carriage and 
more disparate changes in patients with increased ARG carriage. (c) Relative abundance of Prevotella_7 showing higher levels in patients 
with stable resistance. (d) Relative abundance of Streptococcus showing higher levels in patients with increased resistance. Middle lines, 
boxes and whiskers represent the median, interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent samples. Samples 
from a single patient are paired by a line. Significance tested using Wilcoxon signed-rank test (a and b) or Wilcoxon rank sum test (c and d). 
Abbreviations: LRT = lower respiratory tract; ARG = antibiotic resistance genes; AZT = azithromycin 
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Supplementary figure E17. Genera most affected by loss and/or acquisition of ASVs in sputum during AZT treatment. (a and b) Lollipop chart 
showing for patients with stable (a) or increased (b) ARG carriage the number of ASVs lost (left panels) or acquired (right panels) during 
treatment, classified by genus. Regardless of resistance status, Streptococcus, Leptotrichia, Fusobacterium and Actinomyces were the genera 
with the highest number of ASVs lost during treatment and were also represented among the lower numbers of ASVs acquired during 
treatment, suggesting partial replacement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Actinobacillus

Haemophilus

Bergeyella

Prevotella_6

Tannerella

Corynebacterium

Fretibacterium

Campylobacter

Prevotella_2

Prevotella_7

Porphyromonas

Alloprevotella

Granulicatella

Prevotella

Capnocytophaga

Treponema_2

Actinomyces

Fusobacterium

Leptotrichia

Streptococcus

0 30 60 90
Number of ASVs lost

Stable resistance

T
o

p
 2

0
 g

e
n

e
ra

 w
it
h

 t
h

e
 g

re
a
te

s
t 
n
u

m
b

e
r

o
f 

A
S

V
s
 l
o

s
t 

d
u

ri
n

g
 t

re
a

tm
e

n
t

Phylum

Firmicutes

Fusobacteria

Actinobacteria

Bacteroidetes

Proteobacteria

Epsilonbacteraeota

Synergistetes

Spirochaete

Actinobacillus

Aerococcus

Atopobium

Alloprevotella

Campylobacter

Mycoplasma

Prevotella_6

Rothia

Sneathia

Bergeyella

Leptotrichia

Actinomyces

Capnocytophaga

Porphyromonas

Fusobacterium

Haemophilus

Prevotella

Prevotella_7

Granulicatella

Streptococcus

0 5 10 15
Number of ASVs acquired

T
o

p
 2

0
 g

e
n

e
ra

 w
it
h

 t
h

e
 g

re
a

te
s
t 

n
u

m
b

e
r

o
f 

A
S

V
s
 a

c
q

u
ir
e

d
 d

u
ri

n
g

 t
re

a
tm

e
n
t

Phylum

Firmicutes

Fusobacteria

Actinobacteria

Bacteroidetes

Proteobacteria

Epsilonbacteraeota

Tenericutes

Stable resistance

Rothia

Prevotella_2

Ruminococcaceae_UCG−014

Bergeyella

Fretibacterium

Treponema_2

Tannerella

Haemophilus

Alloprevotella

Campylobacter

Neisseria

Prevotella

Granulicatella

Prevotella_7

Capnocytophaga

Porphyromonas

Actinomyces

Leptotrichia

Fusobacterium

Streptococcus

0 20 40 60 80
Number of ASVs lost 

T
o

p
 2

0
 g

e
n

e
ra

 w
it
h

 t
h
e

 g
re

a
te

s
t 
n
u

m
b
e

r

o
f 

A
S

V
s
 l
o

s
t 

d
u

ri
n

g
 t

re
a

tm
e

n
t

Phylum

Firmicutes

Fusobacteria

Actinobacteria

Bacteroidetes

Proteobacteria

Epsilonbacteraeota

Synergistetes

Spirochaete

Increased resistance

Actinobacillus

Abiotrophia

Bergeyella

Gemella

Kingella

Lactococcus

Prevotella_2

Tannerella

Prevotella_6

Prevotella_7

Capnocytophaga

Haemophilus

Porphyromonas

Prevotella

Fusobacterium

Granulicatella

Leptotrichia

Pseudopropionibacter ium

Actinomyces

Streptococcus

0 5 10
Number of ASVs acquired

T
o
p
 2

0
 g

e
n
e
ra

 w
it
h

 t
h
e
 g

re
a
te

s
t 
n
u

m
b
e

r
o
f 
A

S
V

s
 a

c
q

u
ir

e
d
 d

u
ri

n
g

 t
re

a
tm

e
n
t Phylum

Firmicutes

Fusobacteria

Actinobacteria

Bacteroidetes

Proteobacteria

Epsilonbacteraeota

Synergistetes

Spirochaete

Increased resistance



a) b) 

    
Supplementary Figure E18. Links between AZT treatment-related carriage of ARG in the LRT microbiota and lung function curves. (a and b) 
Analysis of LRT samples from patients with available ARG carriage status (n = 10) showing no consistent variations between patients in FVC 
(a) and DLCOc (b) during the different phases of treatment, independently of AR gene carriage. Middle lines, boxes and whiskers represent 
the median, interquartile range (IQR) and 1.5 times the IQR, respectively. Dots represent samples and samples from a single patient are 
paired by a line. Kruskal-Wallis test. 
Abbreviations: AZT = azithromycin; ARG = antibiotic resistance genes; LRT = lower respiratory tract; FVC = forced vital capacity; DLCOc = 
corrected diffusing capacity of the lung for carbon monoxide 
 
 

Supplementary Tables 
 

Table E1. Oligonucleotide primers for 16S ribosomal RNA gene analysis. 

Name Method Sequence (5’-3’) 

27F 
Illumina 
MiSeq 

AATGATACGGCGACCACCGAGATCTACACTATGGTAATTCCAGMGTTYGATYMTGGCTCAG 

338R 
Illumina 
MiSeq 

CAAGCAGAAGACGGCATACGAGATNNNNNNNNNNNNAGTCAGTCAGAAGCTGCCTCCCGTAGGAGT 

926F qPCR AAACTCAAAKGAATTGACGG 

1062R qPCR CTCACRRCACGAGCTGAC 

Note: 27F and 338R Illumina sequencing primers allow to amplify the V1-V2 hypervariable region of the 16S rRNA gene. Primers 926F 
and 1062R target conserved sequences flanking the V6 hypervariable region of the 16S rRNA gene (Bacchetti de Gregoris, doi: 
10.1016/j.mimet.2011.06.010). Boldface indicates Illumina adapter sequences, italicized characters indicate linkers, and underlined 
characters indicate sequences annealing to the target gene. The sequence NNNNNNNNNNN represents the sample-specific 
molecular identification barcode. 
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Table E2. Prevalence-based contaminants 

ASVa Phylumb Familyb Genusb Speciesb 

ASV6 Actinobacteria Propionibacteriaceae Cutibacterium  

ASV26 Proteobacteria Pseudomonadaceae Pseudomonas  

ASV156 Proteobacteria Burkholderiaceae Polaromonas  

ASV126 Actinobacteria Promicromonosporace
ae 

Cellulosimicrobium  

ASV287 Actinobacteria Nocardiaceae   

ASV321 Proteobacteria Enterobacteriaceae   

ASV180 Actinobacteria Propionibacteriaceae Cutibacterium granulosum 

ASV154 Actinobacteria Corynebacteriaceae Lawsonella  

ASV196 Bacteroidetes Flavobacteriaceae Flavobacterium  

ASV326 Firmicutes Staphylococcaceae Staphylococcus  

ASV16 Actinobacteria Corynebacteriaceae Corynebacterium_1  

ASV307 Firmicutes Streptococcaceae Lactococcus lactis 

ASV58 Firmicutes Staphylococcaceae Staphylococcus  

ASV155 Proteobacteria Burkholderiaceae Burkholderia-
Caballeronia-

Paraburkholderia 

 

ASV661 Proteobacteria Burkholderiaceae   

Note: aNumbers and corresponding btaxonomic assignment of ASVs identified as contaminants by the 
prevalence-based method implemented in decontam R package (see Supplementary Methods) 

 
 

Table E3. Frequency-based contaminants 

ASVa Phylumb Familyb Genusb Speciesb 

ASV26 Proteobacteria Pseudomonadaceae Pseudomonas  

ASV891 Firmicutes Streptococcaceae Streptococcus  

ASV2369 Firmicutes Streptococcaceae Streptococcus  

ASV2399 Bacteroidetes Prevotellaceae Prevotella_6  

ASV3041 Actinobacteria Bifidobacteriaceae Bifidobacterium dentium 

ASV1932 Bacteroidetes Flavobacteriaceae Capnocytophaga  

ASV1181 Fusobacteria Fusobacteriaceae Fusobacterium  

ASV292 Firmicutes Streptococcaceae Streptococcus  

ASV648 Firmicutes Streptococcaceae Streptococcus  

ASV1395 Fusobacteria Leptotrichiaceae Leptotrichia  

ASV900 Fusobacteria Leptotrichiaceae Leptotrichia  

ASV1439 Actinobacteria Corynebacteriaceae   

ASV3055 Patescibacteria Saccharimonadaceae   

ASV4156 Firmicutes Streptococcaceae Streptococcus  

ASV1585 Bacteroidetes Flavobacteriaceae Capnocytophaga  

Note: aNumbers and corresponding btaxonomic assignment of ASVs identified as contaminants by 
the frequency-based method implemented in decontam R package (see Supplementary Methods) 

 


