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ABSTRACT  Bronchopulmonary dysplasia (BPD) is a major complication of preterm birth that leads to
lifelong respiratory morbidity. The EPICure study has investigated the longitudinal health outcomes of
infants born extremely preterm (EP; <26 weeks gestation). Our aim was to characterise the airway
microbiome in young adults born extremely preterm, with and without neonatal BPD, in comparison to
matched term-born controls.

Induced sputum was collected from 92 young adults aged 19 years (51 EP and 41 controls). Typical
respiratory pathogens were detected using quantitative PCR. 16S rRNA gene sequencing was completed on
74 samples (29 EP with BPD; 9 EP without BPD; and 36 controls).

The preterm group with BPD had the least diverse bacterial communities. The relative abundance of
Bacteriodetes, particularly Prevotella melaninogenica was significantly lower in the preterm group
compared to controls. This decline was balanced by a nonsignificant increase in Firmicutes. Total
Prevotella relative abundance correlated with forced expiratory volume in 1s z-score (p=0.272; p<0.05).
Typical respiratory pathogen loads and prevalence were similar between groups.

In conclusion, extremely preterm birth is associated with a significant dysbiosis in airway microbiome
in young adulthood regardless of neonatal BPD status. This is characterised by a shift in the community
composition away from Bacteriodetes as manifested in a significant drop in Prevotella relative abundance.
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Introduction

Global and national survival rates of extremely preterm birth have steadily increased over the past decades
with advances in perinatal and neonatal care; however, the prevalence of bronchopulmonary dysplasia
(BPD) remains high [1, 2]. BPD is a multifactorial lung disease that develops primarily in preterm infants
and may lead to lifelong respiratory morbidity. Initially, the aetiology was thought to be mechanical lung
injury, but more recently in more immature infants a “new” form of BPD has been defined, characterised
by disrupted distal lung development, arrest of alveolarisation and interference with normal vascularisation
[3]. The long-term sequelae of BPD include obstructive lung disease and reduced aerobic capacity in
adulthood, which can be confused with, and may meet spirometric criteria for asthma and chronic
obstructive pulmonary disease (COPD) [4].

The EPICure study is a national cohort study investigating the health outcomes of babies born at
<26 weeks of gestation in the United Kingdom and Ireland between March and December 1995. This
unique cohort has been followed-up and assessed at 2.5, 6, 9, 11 and now 19 years of age [2, 5, 6]. Aged
11 years, children who were born extremely preterm had significantly more chest deformities, respiratory
symptoms, lung function abnormalities with evidence of airway obstruction, ventilation inhomogeneity,
gas trapping and airway hyperresponsiveness and twice the prevalence of asthma, compared to their
classmates who were born full-term [5, 7].

Studies have provided evidence that bacteria may play a role in the development of BPD in preterm
infants [8-11]. One longitudinal study described a characteristic pattern of airway microbial dysbiosis
prior to the development of BPD. This was characterised by a remarkable decrease in the richness and
o-diversity with time; in addition to a shift in the bacterial community composition, in contrast to a
relatively diverse and stable community in the preterm infants who did not develop BPD [12]. However,
the extent to which microbial succession sustains the dysbiosis of the airway microbiome described in
infancy into later life stages has not been investigated. In addition, how the airway microbiome of BPD
survivors differs from the healthy microbiome in adulthood is not known. The aim of this study is to
characterise the airway microbiome in the EPICure cohort at the age of 19 years and compare it with the
healthy microbiome of their counterparts who were born full term.

Materials and methods

The EPICure study was approved by the Southampton and South West Hampshire research ethics
committee [5]. All participants gave informed consent for tests to be performed on their biological
samples in relation to the EPICure@19 study.

Details on sputum sample collection and processing are described in the supplementary material. Briefly,
induced sputum was collected from 92 participants in the EPICure@19 study during their follow-up visit
aged 19 years. The average percentage of squamous epithelial cells in one aliquot of each sputum sample
was measured by microscopy for quality control.

Samples were allocated to three groups based on the medical history of participants; those who were born
extremely preterm without BPD history (EP no BPD); those who were born extremely preterm with
neonatal BPD (EP + BPD); and full term-born participants of the same age, who had been evaluated as
classmates in earlier studies (EPICure control group). Microbiome investigators were blinded to the group
assignment until analysis was complete.

Metagenomic DNA was extracted from 500 pL of Sputasol-treated sputum samples using Qiagen DNeasy
Blood and Tissue kit (Qiagen, Manchester, UK) as per the manufacturer’s protocol. Extraction negative
controls of the saline used for sputum induction and diluted Sputasol were also performed. A mock
community composed of equal proportions of Streptococcus pneumoniae ATCC 49619, Haemophilus
influenzae ATCC 8468 and Moraxella catarrhalis ATCC 25240 was run as a positive control.

The bacterial loads of H. influenzae, M. catarrhalis and S. pneumoniae were quantified using multiplex
quantitative (q)PCR, as previously described [13]. The bacterial load of each tested organism was
calculated in colony forming units per mL (CFU-mL™") of sputum and a mean of technical triplicates was
taken for each sample. Additional details are provided in the supplementary material.

A sequence library was created by amplification of V5-V7 regions of the bacterial 16S rrna gene from
metagenomic DNA using 785 forward primer and 1175 reverse primer. Each sample was assigned a
unique pair combination of standard Illumina dual indexed primers (Sigma-Aldrich, Gillingham, UK), 74
samples produced an amplicon at the expected size (504 bp). The PCR products were cleaned up using
Agencourt AMPure XP beads (Beckman Coulter, High Wycombe, UK) to remove amplicons <200 bp,
DNA was quantified using Qubit dsDNA HS kit (Invitrogen, Life Technologies, Paisley, UK). The samples
were pooled in equimolar ratio at 10 nM. Sequencing was performed using Illumina MiSeq Platform using
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costume sequencing primers, MiSeq Reagent Kit v2 (500 cycles) and PhiX control V3 KIT as internal
control for sequencing (Illumina Inc., Eindhoven, Netherlands). The extraction negative controls and a
no-template PCR control (water) were run throughout the amplification and sequencing process to reveal
any potential contamination. Additional details on the PCR and primers sequences are provided in the
supplementary material. Sequence data are deposited in the European Nucleotide Archive; study accession
number is PRJEB27216.

In bioinformatics analysis, we adopted the workflow established by Microbiome Helper for stitching paired
reads, quality filtering reads with Q<30 over 10% of bases and length <350 bp, and chimera screening [14].
The subsequent steps were done through QIIME pipeline (v.1.9.1) [15], the sequences were clustered based
on 97% similarity into operational taxonomic units (OTUs) and taxonomic classification was assigned to
OTUs using open-reference OTU picking against Greengenes database (v.13_8). The OTU table was then
rarefied per sample to 4000 reads removing four samples with <1000 reads (1 EP + BPD and three
controls). o- and B-diversity indices were calculated on the rarefied OTU table. The appropriate statistical
significance tests were calculated using SPSS (v.23) or QIIME wrapper scripts. STAMP (v2.1.3) [16] was
used to visualise the data. Whenever applicable the p-values were corrected using Benjamini-Hochberg
false discovery rate method for multiple comparisons.

Results

General characteristics of the participants

Induced sputum samples were collected from 92 young-adult participants; 51 were born extremely preterm
at <26 weeks’ gestation and 41 were born full-term (control group). Meantsp age was 19+0.5 years.
Microbiome analysis was completed on 74 samples with an amplified 16S rRNA gene: 36 controls and 38
extremely preterm; 29 of whom had neonatal BPD, defined as receiving supplemental oxygen or
respiratory support at 36 weeks postmenstrual age. The demographic clinical and medical data of the
whole cohort and the 74 participants whose samples were sequenced recorded at the 19-year follow-up
visit are reported in table 1.

Within the sequenced cohort, forced expiratory volume in 1 s (FEV1) was significantly lower in the EP +
BPD group compared to controls (mean difference —0.91 L, 95% CI —1.24-—0.59 L) and the EP no BPD
group (mean difference —0.81 L, 95% CI —1.31-—0.32 L). In addition, after adjustment for age, sex and
body size using z-scores, the mean FEV1 z-score of the EP + BPD group was significantly lower compared
to the control group and the EP no BPD group; mean differences (95% CI) were —1.55 (—2.05-—1.05) and
—1.13 (—1.88-—0.37), respectively.

The prevalence of self-reported asthma was relatively higher in the EP + BPD group (59%) and controls
(38%), compared to the EP no BPD group (22%), although this did not reach statistical significance. As
discussed further later, it is likely that there is significant overdiagnosis of “asthma” here, but we did not
consider it ethical to stop asthma treatment for the purposes of research. At the time of sample collection,
the meansp exhaled nitric oxide fraction (FeNO) concentration was 16.59+14.10 ppb and 25.57+27.71 ppb
in the preterm and control groups, respectively (p>0.05). The mean+sp eosinophil counts in blood were
190+136 cells-uL ™" and 232+156 cellsuL™" in the preterm group and controls, respectively (p>0.05). 47%
of the EP group and 50% of the control group were prescribed inhalers. No statistically significant
differences were found across the three groups with respect to the number of patients who were prescribed
bronchodilator inhalers, inhaled corticosteroids or those who had been treated with antibiotics for
respiratory problems in the year prior to sample collection. The numbers of males and females, smokers
and those who were exposed to passive smoking (>30 min per week) were similar across the three groups.

Microbial community composition

The bacterial communities were significantly less diverse and less rich in the sputum samples from the
whole EP group compared to controls; the mean+sem difference in Chao 1 and Fisher o indices between
the whole EP group and the controls were —39+13 (p<0.05) and —4.842.3 (p<0.05), respectively
(supplementary figure E1). Other richness and o-diversity indices including the number of observed OTUs
and PD whole tree also showed significantly less diverse and less rich microbiota in the EP group
(supplementary figure E2). Within the EP group, the trend observed in all previously mentioned a-diversity
indices suggests that those with neonatal BPD had the least diverse and rich microbial communities, while
controls had the highest values (figure 1a and b and supplementary figure E2). This trend was statistically
significant only in Chao 1 when tested by ANOVA (p<0.05). Nevertheless, the post hoc comparisons of
differences between the EP group with neonatal BPD and controls were significant (figure 1).

In principal coordinate analysis of weighted Unifrac B-diversity index, the samples from EP participants
clustered significantly, regardless of neonatal BPD status; whereas the samples from controls were scattered
(p<0.01 by ANOSIM and p<0.05 by PERMANOVA) (figure 1c and supplementary figure E1).
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TABLE 1 Demographic and clinical characteristics of all EPICure participants and those with sequenced samples

Whole cohort? Sequenced samples”

EP¥ Controls  p-value EP* Controls  p-value
BPD No BPD BPD No BPD
Subjects n 37 14 41 29 9 36
Age years 19.02+0.54 19.02+0.41 19.09+0.52  0.8038% 18.93+0.66 18.82+0.48  19.02¢0.55  0.474f
Males 35 43 39 0.866"# 34 56 42 0.521##
Females 65 57 61 66 7A 58
Asthma diagnosis 57 21* 37 0.047%# 59 22 38 0.094%#
Current smoker 22 29 27 0.821%# 28 33 33 0.873%#
Passive smoke exposure 22 29 35 0.471%# 32 22 60 0.348%#
>30 min-week™’
Squamous epithelial cell % 17.4217.7 17.9£11.9 13.8+11.1 0.573 20.9+19.2 19.5+14.4 14.6£11.3 0.566
Prescribed inhalers" 60 38 b4 0.55711 62 17 50 0.23911
Prescribed bronchodilator 53 25 55 0.417M 54 17 50 0.298™
inhalers™
Prescribed ICS 27 13 36 0.476™M 31 17 33 0.88311
Antibiotic treatment in past 7 13 30 0.39711 8 0 27 0.395M1
year
Treated for respiratory 20 21 25 0.393™ 22 11 28 0.556"#
problem in the past year
FEV1 L 2.66**+0.54 3.2240.76 3.57+0.65 0.000%8  2.63**+0.66 3.45£0.76 3.55+0.61 0.0008
FEV1 z-score —1.66**£1.09 —0.911:0.04 —0.37:0.87  0.0008 —1.87**:1.17 —0.75:0.69  —0.32+0.89  0.000%
Percentage change in FEV1 7.93+6.25 7.75£7.81 5.26+5.60 0.0778 9.52+7.77 7.19+4.91 5.50+5.85 0.058%
with bronchodilator
FeNo ppb 16.33+12.63  18.00£14.72  26.47+26.30  0.6837  16.50+13.98  16.89+15.34 25.57+27.71  0.830
Eosinophils cells-pL~" 1814127 164+104 229148 0.184/ 1944141 179+128 2324156 0.399f

Data are presented as mean#sb or %, unless otherwise stated. EP: extremely preterm birth; BPD: bronchopulmonary dysplasia; ICS: inhaled
corticosteroids; FEV1: forced expiratory volume in 1's; FeNo: exhaled nitric oxide fraction. #. whole cohort n=92, of which EP n=51, sequenced
samples n=74, of which EP n=38; T: B,-adrenoreceptor agonists: salbutamol (Ventolin), terbutaline (Bricanyl), salmeterol (Serevent, Seretidel;
muscarinic receptor antagonist: ipratropium [(Atrovent]; leukotriene receptor antagonist: montelukast (Singulair); ICS: beclomethasone
(Becotide), budesonide (Pulmicort), fluticasone (Flixotide, Seretide); *: B,-agonists and muscarinic receptor antagonists; 8. calculated by
ANOVA; f: p-value calculated by Kruskal-Wallis test; ##: p-value calculated by Chi-squared test; 11: p-value calculated by Fisher's exact test. *:

p<0.05; **: p<0.01.

The bacterial community at phylum level was dominated by Firmicutes, followed by Bacteriodetes, then
Proteobacteria and Actinobacteria. The samples from both EP groups, with and without BPD, had a
significantly lower relative abundance (RA) of the phylum Bacteriodetes compared to the control group
(p<0.05 by Kruskal-Wallis test). Differences were compensated by a nonsignificant increase in the relative
abundance of Firmicutes (figure 2a).

Looking more closely at the composition of the microbial communities at genus level, although natural
interindividual differences were obvious in microbiome profiles of sputum from different participants, the
relative abundance of Prevotella was significantly lower in both EP groups, with and without BPD, in
comparison to the control group (p<0.05 by Kruskal-Wallis test) (figures 2b and 3a). This was
compensated for by a nonsignificant and inconsistent increase in relative abundance of other genera such
as Streptococcus, Veillonella, Rothia and Neisseria, which are normal microbiota in airways (figure 2b).

Prevotella was completely absent in two negative controls and present at 0.4% RA in the extraction
negative control of the sputum induction matrix, which had 5198 reads classified into three main taxa:
Propionibacterium (RA 62%), Staphylococcus (RA 14%) and Streptococcus (RA 6%) (supplementary figure
E6). The Sputasol extraction negative control had 17 reads and the no-template PCR negative control had
two reads; in contrast, the mean+sp from the study samples was 2408945751 reads (figure 2b). This gives
confidence that the impact of environmental contamination was minimal. The relative abundance of
Prevotella did not correlate with the percentage of squamous epithelial cells in the sputum samples
(Spearman p=0.07, p=0.61). Nevertheless, Prevotella did correlate significantly with the FEV1 z-score
(Spearman p=0.272, p=0.02) (figure 3b), but not with a self-reported diagnosis of asthma or use of asthma
inhalers (supplementary material).

Mining the sequencing data, out of 121 operational taxonomic units (OTUs) belonging to genus
Prevotella, the relative abundance of OTU 4458304 accounted for most of the observed difference in the
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FIGURE 1 Comparison of the richness and a-diversity of microbial communities in sputum between the extreme preterm birth survivors (EP), with
and without neonatal bronchopulmonary dysplasia (BPD), and controls. Richness and a-diversity measured by a) Chao 1 (p<0.05 by ANOVAJ; b)
Fisher a-diversity index (p=0.07 by ANOVA); nevertheless, Fisher-a was significantly lower in the whole EP group compared to controls (p<0.05 by
t-test). c] Principal coordinate analysis of weighted UniFrac p-diversity index (p<0.01 by ANOSIM and p<0.05 by PERMANOVA comparing the whole

EP group (n=37) and controls (n=33); p>0.05 by ANOSIM and PERMANOVA comparing the three groups: EP + BPD (n=28), EP no BPD (n=9),
controls (n=33)).

total Prevotella relative abundance between the study groups (figure 3c). By extracting and basic local
alignment search tool (BLAST)-searching the 350-bp representative sequence of this OTU against the
National Center for Biotechnology Information (NCBI) 16S ribosomal RNA database using the nucleotide
BLAST tool [17], the sequence was identified as 100% identical to Prevotella melaninogenica strains
(figure 3d).

Load and prevalence of airway bacteria using multiplex gPCR

The loads and prevalence of the three bacteria S. pneumoniae, H. influenzae and M. catarrhalis were
similar within the three study groups (figure 4). In the EP + BPD group, 28% had S. pneumoniae, 14%
had H. influenzae and 11% had both organisms together; a similar pattern was observed in controls. The
meantsp bacterial load of S. pneumoniae and H. influenzae were similar in these two groups;
4.44+0.1 log;o CFU-mL™". In the EP no BPD group history, H. influenzae was the most prevalent
organism, detected in 57% of the sputum samples from this group with a meantsp load of
4.51+0.88 log;o CFU-mL™" of sputum. It was found in 36% of the samples alone and in 21% of the
samples with S. pneumoniae. S. pneumoniae was the most populous, with a meantsp bacterial load of
4.96+1.08 log;, CFU-mL™! (figure 4).

M. catarrhalis was the least prevalent and the least populous organism. The mean load of M. catarrhalis
was 0.7 log; higher in the EP + BPD group compared to the other two groups (p>0.05, ANOVA). None
of the differences in prevalence and load of the three organisms across the study groups were statistically
significant.

There was a significant correlation between the sequencing relative abundance of genus Moraxella and the
corresponding qPCR bacterial loads (p=0.472, p<0.01; figure 5c). However, the correlation was not
statistically significant for Haemophilus and Streptococcus (figure 5a and d). This can be attributed to the
presence of commensal members of these two genera in sputum as normal respiratory microbiota. Within
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FIGURE 2 Comparison of the airway microbiome profile in the EPICure groups at a) phylum level and b] genus level. a] At phylum level, the
Bacteroidetes relative abundance (RA) was significantly lower in both extremely preterm-born (EP) groups compared to controls (p<0.05 by
Kruskal-Wallis test); b at the genus level, the Prevotella relative abundance was significantly lower in EP groups compared to controls (p<0.05 by
Kruskal-Wallis test). NCm: extraction negative control of the saline matrix used for sputum induction; NCr: extraction negative control of the
diluted Sputasol and reagents; NCpcr: PCR negative control. Sample size: EP + BPD n=29, EP no BPD n=9 and controls n=36. *: p<0.05 by Mann-
Whitney test.

the genus Haemophilus, five OTUs were classified as H. influenzae, and the correlation between the
relative abundance of H. influenzae OTUs in sequencing and H. influenzae load in qPCR was statistically
significant (p=0.43, p<0.01; figure 5b). Comparing the relative abundance by sequencing to the qPCR
loads and bacterial count by quantitative cultures in the mock community, Streptococcus was
overrepresented by 15% and Haemophilus was underrepresented by 21% (figure 5d). Further data on the
sensitivity and specificity of the methods are provided in the supplementary material.

Discussion

To the best of our knowledge, this is the first study to investigate the airway microbiome in adult survivors
of preterm birth in comparison to matched full term born controls. Thus far, previous studies investigating
the association between bacteria and BPD involved preterm-born infants [10-12, 18, 19]. In the current
study, we have compared the airway microbiome in 38 young adults who were born at <26 weeks’
gestation (29 of them had neonatal BPD and nine did not) and 36 term-born controls, recruited from
classmates at ages 6 and 11 years.

The airway microbiome profile in the three study groups was consistent with previous studies [20, 21]. It
was dominated by Firmicutes, Bacteriodetes, Proteobacteria and Actinobacteria. The extremely preterm
group had significantly less diverse and less rich microbial communities in comparison with the control
group. We did not find significant differences between the airway microbiome profiles of the extremely
preterm groups with and without neonatal BPD. The samples from both groups clustered together in
principal coordinate analysis of weighted Unifrac B-diversity index regardless of neonatal BPD status
(figure 1). No significant differences were observed in the richness and o-diversities between the two
groups; however, a trend was observed in which the o-diversity and richness of the microbial communities
in the BPD group was slightly, but not significantly lower than the group without BPD, and significantly
lower than the control group. This trend may be important, but our study did not have sufficient statistical
power to be able to confirm a difference in all microbial diversity indices. We demonstrated a significant
shift away from Bacteriodetes, driven particularly by reduction in the relative abundance of genus
Prevotella in both extremely preterm groups, with and without BPD, relative to the control group.
Moreover, Prevotella relative abundance correlated significantly with FEV1 z-score, but had no association
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FIGURE 3 Comparison of Prevotella relative abundance (RA) across study groups. a) Genus Prevotella RA was
significantly lower in both extremely preterm (EP) groups regardless of neonatal bronchopulmonary dysplasia
(BPD) status compared to controls (p<0.05 by Kruskal-Wallis test); b] genus Prevotella RA correlated with the
forced expiratory volume in 1s (FEV1) z-score (Spearman p=0.272, p=0.02); c] operational taxonomic unit
(OTU) 4458304 contributed most to the observed difference in genus Prevotella RA across the study groups
(p<0.05 by Kruskal-Wallis test); d] phylogenetic tree of OTU 4458304 was 100% identical to Prevotella
melaninogenica strains as obtained by basic local alignment search tool (BLAST) analysis of the representative
sequence against National Center for Biotechnology Information (NCBI) 16S ribosomal RNA database. Sample
size: EP + BPD n=29, EP no BPD n=9 and controls n=36.

with other clinical parameters such as smoking status, exposure to passive smoking, self-reported diagnosis
of asthma, FeNO, blood eosinophil count or use of inhalers.

Observational studies that have investigated the lung microbiome have commonly detected Prevotella in
lung tissues and bronchoalveolar lavage of healthy subjects [20, 22, 23]. It is suggested that Bacteriodetes
relative abundance is linked with healthy lung microbiome [24]. In addition, an association between
reduced relative abundance of Bacteriodetes and chronic lung disease has been frequently reported [23-
26]. A shift in community composition away from Bacteriodetes towards Proteobacteria has been observed
in people with COPD [27, 28] and those with asthma [28]. A similar trend in which there is a shift from
Bacteriodetes to Firmicutes, mainly streptococci, has been reported by Zuanc et al. [29] in severe asthma.
Hicry et al. [28] reported a shift in the community membership away from Bacteriodetes (mainly
Prevotella), towards Proteobacteria (mainly Haemophilus), as well as Firmicutes in children with asthma.
In the study by LaL et al. [30], which compared the airway microbiome at birth in both preterm- and full
term born infants, Prevotella was detected in tracheal aspirates at day one of life. In their results, Prevotella
RA was lower in extremely low birthweight preterm infants compared to controls. Among the preterm
infants, those who were predisposed to BPD had the least Prevotella abundance; however, this trend was
not statistically significant.

We analysed the sequencing data to go beyond the genus level and found that P. melaninogenica was the
species that contributed most to the observed reduction in total Prevotella abundance in the preterm
groups in comparison to the control group. Prevotella species are obligate anaerobes that have been
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FIGURE 4 Prevalence and loads of pathogenic airway bacteria: Haemophilus influenzae, Moraxella catarrhalis
and Streptococcus pneumoniae. al Prevalence of the three airway bacteria within the three study groups
(p>0.05, Chi-squared test); b] co-existence of the three bacteria in the sputum samples in each group (p>0.05,
Fisher's exact test); c)] mean bacterial load of each of the three bacteria as determined by the multiplex
quantitative PCR (p>0.05, MANOVAJ. Loads (CFU-mL™") of original sputum sample for each bacterium and the
sum of the three (overall) were calculated for each sample, then means were calculated for each study group.
Samples which gave negative results for a given bacterium were excluded from the analysis. Sample size:
extreme preterm birth (EP) + bronchopulmonary dysplasia (BPD) n=37, EP no BPD n=14, controls n=41.

regarded as opportunistic members of the oral microbiota as well as other body sites and have been
isolated with other bacteria in mixed anaerobic infections and lower respiratory tract infections [31].
Increased abundance of Prevotella has been associated with some diseases such as periodontitis,
rheumatoid arthritis, bacterial vaginosis and inflammatory bowel disease [32]. Nevertheless, other
Prevotella species, e.g. P. intermedia and P. nigrescens are usually associated with disease [33]. Very little
has been published on P. melaninogenica, but this species was the most frequently isolated from the
sputum in cystic fibrosis in previous studies and it was noticed that the presence of anaerobes was
associated with clinical stability [34, 35].

Currently, it is not clear what role Prevotella plays in lower respiratory microbial homeostasis. Many
studies that compared the lung microbiome in health and disease suggest that Prevotella is associated with
health, and is quickly replaced by members of Proteobacteria or Firmicutes in various chronic lung
conditions [24, 26-29]. Conversely, some studies have proposed that Prevotella might be contributing to
the pathogenesis of lung diseases [32, 36-39]. However, caution must be exercised in extrapolating
observations to the whole genus. The role of Prevotella species in pathogenesis has received little attention,
possibly because Prevotella is difficult to culture and is not usually isolated from specimens in routine
microbiology laboratories. Consequently, further research is required to understand the interactions of
Prevotella species with the host immune system and with other microbes within the lung microbial
communities, and to characterise the strains that may be beneficial to respiratory health.

Conventionally, S. pneumoniae, H. influenzae and M. catarrhalis have been classified as typical airway
pathogens. These organisms normally reside harmlessly within the human nasopharynx [40]. Numerous
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FIGURE 5 Correlation between the 16S sequencing relative abundance (RA) results and quantitative (q)PCR
results (CFU-mL™") in sputum samples and mock community. a) Correlation between relative abundance of
genus Haemophilus and load of H. influenzae in sputum samples; b) correlation between relative abundance of
H. influenzae operational taxonomic units and load of H. influenzae in sputum samples; c) correlation between
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studies have demonstrated the potential consequences of these organisms in COPD [13] and asthma [28]
exacerbations. Therefore, it was important to investigate the prevalence and loads of these three bacteria as
pathogens in our cohort to investigate the possibility that reduced abundance of normal flora may open
niches for opportunistic pathogens. Unfortunately, one limitation of 16S sequencing methods is that 16S
rRNA hypervariable regions exhibit different degrees of sequence diversity, and no single hypervariable
region can discriminate between all bacterial groups. In many instances, the bioinformatic pipelines
provide reliable identification down to the genus level for most of organisms [41]. For this reason, despite
the high sensitivity of the 16S sequencing and good correlation with the qPCR loads, specificity was
relatively low especially for S. pneumoniae and H. influenza, probably due to the presence of commensal
members of these genera as normal respiratory microbiota. Therefore, gQPCR may be a more appropriate
method to determine the prevalence and load of specific pathogenic bacteria. We did not find significant
differences in the bacterial load nor the prevalence of these pathogens between the three study groups.
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In addition, we compared the airway microbiome profiles of our young-adult cohort with published
microbiological data for preterm infants during infancy. Numerous studies have identified an important
role for respiratory colonisation with Ureaplasma in the development of BPD [10, 11, 18]. In our results,
Ureaplasma was rarely identified in the EP group (RA <0.01% in six sputum samples) (data not shown).
In the study by Lonmann et al. [12], notable changes were reported in airway microbiome of preterm
infants who subsequently developed BPD. Immediately after birth, the preterm airway microbiome was
mainly dominated by Proteobacteria, particularly Acinetobacter species, and over time the relative
abundance of Firmicutes increased, driven mainly by Staphylococcus in those infants who developed BPD,
in contrast to the relatively diverse and stable community in the non-BPD group. Staphylococcus was also
associated with BPD development in another study [19]. In our results, Acinetobacter and Staphylococcus
were rarely identified in our cohort (RA for both was <0.1%). Interestingly, when detected, Staphylococcus
RA was slightly higher in the BPD group compared to the other two groups; however, this observation was
not statistically significant (supplementary figure E5). Corynebacterium has also been associated with the
development of severe BPD in premature infants [42]. In our results, Corynebacterium was present at
similar RA in the three groups at ~1%.

The main limitations of this study relate to the small sample size and an inability to induce sputum in all
subjects, which may not be random, as it is more challenging to induce sputum in healthy subjects
compared to those with respiratory pathology. For clinical safety reasons, lower hypertonic saline strength
was used for sputum induction in those who were labelled as asthmatics which might have accounted for
some of the variations between the groups. Although the microbial signature in the hypertonic saline
matrix negative control was quite different from that in the sputum samples, it would have been useful to
investigate the effect of the different saline strengths on the quality of sample, DNA extraction and PCR
inhibition. In addition, asthma may be regarded as a potential confounder. The asthma prevalence was
self-reported; we do not have objective testing to confirm or refute this; and many subjects were prescribed
asthma inhalers. EPICure and other preterm cohort studies have previously reported that BPD survivors
often have airflow obstruction later in life which can be mislabelled as asthma [5, 43, 44]. Nevertheless, in
covariate analysis, asthma status was not a significant covariate (p>0.05 by both adonis and ANOSIM).
Moreover, none of the microbiome describing parameters (o- and B-indices) nor the Prevotella RA were
different between subjects labelled as asthmatics and nonasthmatics, either in the whole cohort or the
control group (supplementary figure E3). In all sputum-based studies, upper airway contamination is a
concern. Induced sputum was the best available sample in a group of young adults with lung disease many
of whom have additional developmental problems preventing research bronchoscopy. It would have been
useful to directly compare the microbial signature in parallel upper and lower respiratory samples.

In conclusion, young adults born extremely preterm exhibit significant dysbiosis at 19 years of age. This is
characterised by a shift in the microbial community structure away from Bacteriodetes and specifically
manifest by a significant reduction in the relative abundance of genus Prevotella, as frequently described in
other chronic lung diseases. P. melaninogenica was the species showing most variation within this genus.
The prevalence and loads of typical respiratory opportunistic pathogens were not affected by such
dysbiosis, and we did not identify persistence of dysbiosis patterns related to the development of neonatal
BPD reported in studies of BPD in infancy.
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