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Abstract
Background Complex polymicrobial communities infect
cystic fibrosis (CF) lower airways. Generally, communities
with low diversity, dominated by classical CF pathogens,
associate with worsened patient status at sample
collection. However, it is not known if the microbiome
can predict future outcomes. We sought to determine
if the microbiome could be adapted as a biomarker for
patient prognostication.
Methods We retrospectively assessed prospectively
collected sputum from a cohort of 104 individuals aged
18–22 to determine factors associated with progression
to early end-stage lung disease (eESLD; death/
transplantation <25 years) and rapid pulmonary function
decline (>−3%/year FEV1 over the ensuing 5 years).
Illumina MiSeq paired-end sequencing of the V3-V4
region of the 16S rRNA was used to define the airway
microbiome.
Results Based on the primary outcome analysed,
17 individuals (16%) subsequently progressed to
eESLD. They were more likely to have sputum with
low alpha diversity, dominated by specific pathogens
including Pseudomonas. Communities with abundant
Streptococcus were observed to be protective. Microbial
communities clustered together by baseline lung
disease stage and subsequent progression to eESLD.
Multivariable analysis identified baseline lung function
and alpha diversity as independent predictors of eESLD.
For the secondary outcomes, 58 and 47 patients were
classified as rapid progressors based on absolute and
relative definitions of lung function decline, respectively.
Patients with low alpha diversity were similarly more
likely to be classified as experiencing rapid lung function
decline over the ensuing 5 years when adjusted for
baseline lung function.
Conclusions We observed that the diversity of
microbial communities in CF airways is predictive of
progression to eESLD and disproportionate lung function
decline and may therefore represent a novel biomarker.

►► http://dx.doi.org/10.1136/
thoraxjnl-2018-212165
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Progressive respiratory infection is responsible for
the majority of cystic fibrosis (CF) morbidity and
mortality.1 Traditional sputum cultivation identifies
a range of airway pathogens. However, cultured
pathogens do not adequately distinguish individuals
at increased risk of deterioration.2–4 Accordingly,
the observation that a polymicrobial community
of organisms overlooked by traditional protocols
colonising CF airways has proved tantalising.5 6

Key messages
What is the key question?

►► Cross-sectional studies have demonstrated that

the complexity of microbial communities in
sputum from individuals with cystic fibrosis (CF)
inversely correlates with baseline disease state.
►► However, longitudinal studies evaluating the
microbiota as a novel biomarker in predicting
future CF lung disease progression are lacking.

What is the bottom line?

►► Our group assessed, for the first time, the risk of

progression to early end-stage lung disease and
accelerated lung function decline in a cohort
of 104 young adults with CF who had sputum
samples collected 5 years previously.
►► Whereas traditional cultured pathogens did
not correlate with subsequent outcomes,
a microbial community of limited diversity,
dominated by Pseudomonas, independently
predicted a negative prognosis.

Why read on?

►► This study suggests that microbial community

analysis may serve a novel biomarker to
identify CF individuals at the highest risk of
disease progression.

Cross-sectional studies have identified that
sputum from patients with advanced disease have
limited diversity and are dominated by organisms such as Pseudomonas aeruginosa, Stenotrophomonas maltophilia and Burkholderia cepacia
complex (Bcc).7 8 However, few longitudinal studies
have attempted to correlate the CF microbiome
with future clinical outcomes.6 We hypothesised
that the airway microbiota of a cohort of adolescents with CF would associate with subsequent
long-term clinical outcomes and serve as a novel
biomarker. Microbial community analysis could
then serve as a new clinical tool to identify patients
at increased risk of disease progression.9 10

Methods
Patients and sample selection

The Calgary Adult CF Clinic Sputum Biobank
includes prospectively collected sputum samples
from 1998 to 2017 stored at −80°C using
conserved quality control storage strategies previously described.11 For this study, we included
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Cystic fibrosis
Results
Study cohort

One hundred and thirty patients aged 18–22 were screened
and 104 were included for analysis. Twenty-one were excluded
because of inadequate follow-up (<5 years without reaching
primary outcome) and five because all available samples were
impacted by PEx and/or receipt of acute antibiotics. Patients who
were excluded did not differ with respect to F508del homozygosity, pancreatic sufficiency or gender (p>0.05).

Traditional factors associating with clinical outcomes

Total DNA extraction from frozen sputum samples and reagent
blanks was performed as previously described.11 Bacterial
communities in CF sputum and reagent blanks were characterised by amplification and sequencing the V3-V4 region of the
16S rRNA.11 The sequencing reads were processed and analysed to construct the operational taxonomic unit (OTU) table
using a UPARSE pipeline.18 After removing singleton OTUs
8 320 948 total reads remained (average 80 009 reads/sample;
IQR: 57 168–102 441).

Demographics, concomitant pathogens and treatments are
presented in table 1. At sputum collection, patients were classified as having mild: 15 (14.4%), moderate: 44 (42.3%) and
advanced: 45 (43.2%) lung disease. Of the cohort, 17 (16.3%)
progressed to eESLD (5 died, 12 received life-saving lung transplantation) at a median age of 21.7 years (IQR 19.8–23.7).
Patients progressing to eESLD relative to nESLD had worse baseline lung disease and nutrition (table 1), and were more likely
to be receiving inhaled antipseudomonals, DNase and enteral/
nutritional supplements (DNS; data not shown). Notably,
neither cultured CF pathogens (including P. aeruginosa assessed
as mucoid) nor the log level at which they were cultured (DNS)
associated with progression to eESLD or RP status (table 1).
Rates of progression to eESLD did not differ based on transition
cohort (A: 22%; B: 18%; C: 9%, p=0.374).
Accelerated lung function decline was observed in 58
patients (55.7%) when measured as an absolute FEV1 decline
>−3%/year. Demographic, treatment or cultured pathogen
factors were not associated with rate of absolute lung function
(table 1, DNS). Similar results were obtained when assessed
2.5 years after collection (DNS). Forty-seven patients (45.1%)
met the pre-determine definition of relative rapid progression
(Re-RP) (table 1). Out of the 17 patients who were categorised
as eESLD, 13 (76%) were categorised as either Ab-RP or Re-RP.
Factors associated with accelerated relative FEV1 decline
included baseline lung function, nutritional status and osteoporosis/osteopenia (table 1). Microbial factors (including P. aeruginosa mucoid) did not associate with accelerated relative FEV1
decline. Categorisation as Ab-RP did not differ based on transition cohort (A: 51.8%; B: 68.1%; C: 42.4%, p=0.075), but did
as Re-RP (A: 37%; B: 59%; C: 33.3%, p=0.05), although older
cohorts were not disproportionally affected.

Statistical analysis

CF microbial community analysis

Clinical outcomes

The primary outcome was progression to early end-stage lung
disease (eESLD) defined as death/transplantation <25 years—a
value chosen based on disproportionate disease progression.12–14
To determine factors associated with eESLD, patients meeting this
definition were compared with those who did not (nESLD). Our
secondary outcome of interest was factors associated with accelerated lung function decline. Patients were categorised as either
rapid progressors (RP) (ie, FEV1 decline worse than −3%/year)
or non-rapid progressors (Nrp) based on decline over the ensuing
5 years. These values were chosen based on accelerated decline
experienced by outliers.10 15–17 Factors associated with accelerated
decline were assessed using both an absolute (Ab; annual FEV1%
decline) and relative (Re; absolute rate/baseline) definition.

16S rRNA gene sequencing and processing

Richness and evenness was analysed using Shannon’s and
Simpson's diversity indices. Richness estimators (Observed and
Chao1) were calculated. After proportional normalisation of
all samples, Bray-Curtis dissimilarity was calculated to analyse
community beta diversity. Permutational multivariate analysis
of variance (PERMANOVA) test19 was performed to determine
the significance related to the beta-diversity analysis. Beta diversity was calculated after rarefying all samples to 15 000 reads.
Non-metric multidimensional scaling plots were used to visualise Bray-Curtis dissimilarity matrixes. Fisher’s exact and Χ2
tests were used to discriminate between dichotomous variables.
Wilcoxon rank-sum tests were conducted for continuous variables. A multivariable logistic regression model was constructed
to predict the progression to eESLD. A forward stepwise selection process was used to select variables (those with p<0.2 in
univariate analysis) independently associated with the primary
outcome. Analyses were conducted with R V.3.2.1 (R Core
Team, 2014) and STATA V.14.2 (StataCorp, Texas, USA).
Acosta N, et al. Thorax 2018;73:1016–1025. doi:10.1136/thoraxjnl-2018-211510

To visualise airway community composition we plotted the relative abundance (RA), at genus level, as a function of patient’s
baseline FEV1 (figure 1). Genera classified as Pseudomonas,
Streptococcus, Staphylococcus and Haemophilus had the greatest
RA, representing 80.7% of reads. To ensure a single sample was
adequate, a subset of 35 patients (33.6%), who had two appropriate sputum samples collected a median 151 days apart (IQR
60–212), was further assessed for stability. Samples clustered by
patient, explaining 75.9% of community variance (p=0.001,
PERMANOVA) (online supplementary figure E1).

Microbiota associated with the primary outcome: progression
to eESLD

Sputum from patients who subsequently progressed to eESLD
had a significantly lower alpha diversity compared with nESLD
using multiple measures of richness and evenness (figure 2A).
When we performed a sensitivity analysis using alternate definitions of eESLD (prior to 23 or 27 years), the same trends were
1017
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patients with sputum collected between the ages 18 and 22. To
ensure that samples were collected under similar conditions we
excluded samples collected within 28 days of changes in therapy
or pulmonary exacerbation (PEx). We captured patient characteristics, including: demographics, chronic therapies, semiquantitative cultured pathogens, percent predicted FVC and FEV1 at
the time of sample collection. Patients were categorised as having
mild (FEV1: >80%), moderate (FEV1: 40%–80%) and advanced
lung disease (FEV1: <40%) at baseline.11 Disease progression
over the ensuing 5 years was assessed through detailed record
audits. Rates of lung function decline were determined through
subject-specific constructed linear regressions. As the study
included patients and samples spanning two decades, patients
were categorised into three cohorts based on the years in which
they transitioned into the adult clinic: cohort_A (1998–2003),
cohort_B (2004–2008) and cohort_C (2009–2013).
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47(54)

81 (62–93)

99 (85–110)

 ∆F508 homozygous

 FEV1% predicted

 FVC% predicted

82 (94.2)

6 (6.9)

 Pancreatic insufficiency

 CFRD

41 (78.8)

12 (13.7)

50 (57.4)

4 (4.6)

5 (5.7)

4 (4.6)

3 (3.4)

0 (0)

 
P. aeruginosa mucoid‡

 
Haemophilus influenzae

 
Staphylococcusaureus

 MRSA

 
Stenotrophomonasmaltophilia

 
Bcc

 
Achromobacter xylosoxidans

 
Mycobacterium abscessus

1 (5.8)

0 (0)

1 (5.8)

3 (17.6)

1 (5.8)

6 (35.2)

0 (0)

12 (100)

12 (70.5)

0 (0)

15 (88.2)

17.9 (16.4–19.1)

67 (56–75)

39 (33–56)

8 (47.06)

8 (47.1)

6.4

0

1.2

2.6

1.2

0.4

0

–

1.5

0

0.5

–

–

–

0.7

1

0.16

0.99

0.99

0.12

0.99

0.11

0.20

0.10

0.58

0.58

0.32

<0.001

<0.001

<0.001

0.60

0.99

0 (0)

2 (4.3)

2 (4.3)

2 (4.3)

1 (2.1)

26 (56.5)

5 (10.8)

24 (82.7)

29 (63)

1 (2.1)

42 (91.3)

20.5 (19.1–22.3)

98.5 (81–109)

80.5 (57 –92)

26 (56.5)

19 (41.3)

1 (1.7)

1 (1.7)

3 (5.1)

6 (10.3)

4 (6.9)

30 (51.7)

7 (12.1)

29 (82.8)

35 (60.3)

5 (8.6)

55 (94.8)

20.2 (18.3–22)

92 (71–108)

71 (52.8–90)

29 (50)

31 (53.4)

1.8

0.59

1.08

1.38

1.46

0.91

1.05

1

0.95

1.5

1.3

–

–

–

0.8

1.24

RR

0.99

0.58

0.99

0.29

0.37

0.69

0.99

0.99

0.84

0.22

0.69

0.34

0.29

0.27

0.55

0.24

P values

0 (0)

2 (3.5)

2 (3.5)

4 (7.02)

1 (1.7)

33 (57.8)

6 (10.5)

30 (85.7)

35 (61.4)

3 (5.2)

52 (91.2)

20.6 (19.2–22.3)

101 (87–111)

83 (65–95)

32 (56.1)

23 (40.3)

1 (2.1)

1 (2.1)

3 (6.3)

4 (8.5)

4 (8.5)

23 (48.9)

6 (12.7)

23 (79.3)

29 (61.7)

3 (6.3)

45 (95.7)

20 (17.8–21.3)

85 (67–99)

64 (42–81)

23 (48.9)

27 (57.5)

Re-RP (n=47)

Relative rate of lung function decline
Re-Nrp (n=57)

2.2

0.7

1.4

1.1

1.8

0.8

1.1

0.8

1

1.1

1.6

–

–

–

0.8

1.5

RR

0.45

0.99

0.65

0.99

0.17

0.43

0.76

0.52

0.99

1

0.45

0.05

0.0014

<0.001

0.55

0.11

P values

Statistics (Fisher's exact test) were conducted at two tailed or Wilcoxon rank-sum test was conducted.
Risk ratio (RR) >1.0 represents increased risk of outcome.
*Data are presented as n (%) or median (IQR).
†Data are presented as n (%) of samples that were culture positive for each pathogen. The proportion of patients positive for each cultured pathogen was: P. aeruginosa (61.5%), H. influenzae (11.5%), S. aureus (53.8%), MRSA (4.8%), S.
maltophilia (7.7%), Bcc (4.8%), A. xylosoxidans (2.9%) and M. abscessus complex (1%).
‡The proportion was calculated from only patients with P. aeruginosa (PA) positive cultures, therefore data are presented as n (%) of patients with PA with mucoid PA in the primary (nESLD (n=52) and eESLD (n=12)) and secondary (Absolute:
Ab-Nrp (n=29) and Ab-RP (n=35); Relative: Re-Nrp (n=35), Re-RP (n=29)) outcome groups.
Ab, absolute; Bcc, Burkholderia cepacia complex; BMI, body mass index; CFRD, CF-related diabetes (defined in real time at each clinic visit by the attending clinician on the basis of current laboratory testing); eESLD, early end-stage lung disease
(defined as death/transplantation <25 years); MRSA, methicillin-resistant S. aureus; nESLD, no eESLD; Nrp, non-rapid progressors; Re, relative; RP, rapid progressors.

52 (59.7)

 
Pseudomonasaeruginosa

Cultured pathogens†

20.6 (19.3–22.3)

 BMI (kg/m )

2

42 (48.2)

 Male (gender)

Ab-RP (n=58)

Ab-Nrp (n=46)

P values

Absolute rate of lung function decline
RR

nESLD (n=87)

eESLD (n=17)

Progression to eESLD

Baseline characteristics of the study population as a function of the clinical outcomes
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Demographics*

Table 1

Cystic fibrosis

Cystic fibrosis

evident (DNS). Comparisons of community structures revealed
that sputum from eESLD had microbial communities that clustered after proportionally normalising all samples (p=0.003,
PERMANOVA) (figure 3). Similar results were obtained when
the analysis was performed with rarefied data (p=0.002,
PERMANOVA). Furthermore, we observed that beta diversity
correlated with baseline FEV1% using non-rarefied (p=0.032)
and rarefied data (p=0.015, PERMANOVA).
Given the typical co-occurrence of communities of limited
diversity and Pseudomonas-dominated communities, we
performed subgroup analyses to test if the association of eESLD
still existed in patients without Pseudomonas domination. When
we restricted our analysis to patients who were culture negative for P. aeruginosa (n=40), we observed that communities of
patients who subsequently progressed to eESLD similarly trended
towards lower alpha diversity (Observed (p=0.052), Chao1
(p=0.082), Shannon (p=0.106) and Simpson (p=0.125)). Similarly, when we restricted our analysis to patients whose sputum
communities had ≤25% Pseudomonas RA (n=66), patients who
progressed to eESLD (8; 12%) had lower Observed (p=0.001)
and Chao1 (p=0.002). The organism most strongly associated
with protection against progression to eESLD in these subsets
was Haemophilus. Indeed, Haemophilus was conspicuously
absent as a microbiota constituent in patients progressing to
eESLD when we assessed those patients who did not culture P.
aeruginosa (RA eESLD: 0.009% (IQR 0.005–0.013) vs nESLD:
9.81% (IQR 0.81–47.2), p<0.001) and in those patients whose
microbiota contained <25% Pseudomonas (RA eESLD: 0.009%
(IQR 0.004–0.7) vs nESLD: 5.47% (IQR 0.51–28.7), p<0.001).
Acosta N, et al. Thorax 2018;73:1016–1025. doi:10.1136/thoraxjnl-2018-211510

We identified six significant core genera with different RAs
between eESLD and nESLD (table 2). In those with eESLD Pseudomonas RA was significantly greater, whereas Streptococcus,
Haemophilus, Granulicatella, Gemella and Rothia were lower.
Similar results were obtained when alternate definitions of
progression to eESLD were used (prior to 23 or 27 years, DNS).

Microbiota associated with secondary outcomes of
interest: accelerated lung function decline
There was a trend towards reduced sputum alpha diversity in
Ab-RP though it did not meet significance (figure 2B). When we
did a sensitivity analysis using alternate definitions of decline,
−2%/year, −2.5%/year and −3.5%/year, the same trends were
evident (DNS). Similar results using a 2.5-year period were
observed (DNS). When the samples were analysed by relative
lung function decline, there were significant differences between
Re-RP and Re-Nrp for all alpha-diversity estimators except
Simpson index (figure 2C). However, no clustering of patients
by microbiome was observed by rates of either absolute (Ab-RP
vs Ab-Nrp; p=0.328) or relative decline (Re-RP vs Re-Nrp;
p=0.07, PERMANOVA). Similar results were obtained when
alternate definitions of Ab-RP were used, including: −2%/year,
−2.5%/year and −3.5%/year (DNS).
With respect to individual microbial community constituents,
the RAs of Granulicatella and Gemella were significantly greater
(p<0.05) in Nrp compared with RP, for both absolute and relative decline (table 2). In addition, Rothia and Veillonella (p<0.05)
were enriched in samples from Re-Nrp compared with Re-RP
1019
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Figure 1 Composition of the lower airway microbiota in patients with cystic fibrosis (CF). Relative abundance of sputum bacteria reported at the
genus level from individuals aged 18–22 with mild (upper panel), moderate (middle panel) and advanced (lower panel) lung disease. The top 20
genera accounting each for at least >0.28% abundance of the whole data set are coloured and presented in the figure. Numbers denote patient ID.

Cystic fibrosis

(table 2). Finally, Re-RP patients had higher RA of Fusobacterium as compared with the Re-Nrp patients (p=0.03) (table 2).

Exploring clinically translatable biomarkers to predict eESLD
and accelerated lung function decline

To identify if specific microbiota profiles could be adapted as
biomarkers for predicting future clinical disease progression, we
examined associations within the microbiota (ie, alpha-diversity estimators, organism predominance) and disease progression
groups. We found an association between alpha-diversity estimators with progression to eESLD or being an RP based on relative
decline and the same trends (although not significant) for absolute
(DNS). Because both Observed and Chao1 only estimate species
1020

richness, we decided to only further analyse the association of
Simpson’s diversity index (SDI) and Simpson index, which take
into account both species richness and evenness, with disease
progression. Patients with SDI <1 or Simpson index <0.5 disproportionally progressed to eESLD (figure 4A). Similar results were
found for the risk of being an Re-RP (figure 4B) but not Ab-RP
(figure 4C). We developed a multivariable logistic regression
model to predict progression to eESLD based on the selection of
variables that were associated with the primary outcome. Factors
independently associated with eESLD were baseline FEV1 and
alpha diversity (table 3).
As Pseudomonas, Streptococcus, Staphylococcus and Haemophilus accounted for >80% of total reads, we compared these
Acosta N, et al. Thorax 2018;73:1016–1025. doi:10.1136/thoraxjnl-2018-211510
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Figure 2 Comparison of alpha-diversity indexes and primary and secondary outcomes. Box plot comparison of Observed, Chao1, Shannon and
Simpson estimators for progression to eESLD (A), absolute rate of lung function (B) and relative rate of lung function (C). The median and IQRs are
indicated as the middle, top and bottom lines of each box. Wilcoxon rank-sum test was performed. Ab, absolute; eESLD, early end-stage lung disease;
nESLD, no eESLD; Nrp, non-rapid progressors; Re, relative; RP, rapid progressors.

Cystic fibrosis

organisms at varying percentage of RA with disease progression groups. We found that patients with RA of Pseudomonas
≥50% or ≥75% had 2.8 and 4.88 times the risk to progress to
eESLD (p=0.02 and p<0.001, respectively) compared with those
nESLD patients (table 4). In contrast, patients with RA of Streptococcus ≥25% are associated with lower risk of eESLD and have
a 32% and 41% reduction in risk of accelerated annual FEV1%
decline measured relatively and absolutely, respectively. Next, we
determined the association of core CF microbiome genera with
clinical outcomes at a specific RA based on their frequency distribution (table 2). We found that higher levels of Granulicatella and
Gemella are associated with lower risk of progression to eESLD
and respiratory disease progression, measured by both absolute
and relative measures of lung function decline (table 4).
Next, we sought to determine if specific combinations of organisms combined with either Pseudomonas or Streptococcus RA

associated with increased risk of progression to eESLD (table 4).
Such an association with patient outcomes might suggest bacterial synergy or antagonism within CF airways. Several microbial
combinations were statistically significant in terms of their association with the progression with eESLD (online supplementary
table E1). We observed two general trends. Patients with RA of
Pseudomonas ≥75% regardless of other community members
were associated with higher risk to progress to eESLD. No additional organisms worsened clinical course. In contrast, sputum
from patients with abundant Streptococcus in combination with
other microflora further associated with lower risk to progress
to eESLD (online supplementary table E1).
These same combinations were tested for the secondary
outcomes (DNS) and it was observed that only patients with Granulicatella ≥0.75% or Gemella ≥0.75% combined with Streptococcus ≥25% had lower risk to be an RP compared with the Nrp

Table 2 Relative abundance of classical CF pathogens and core CF microbiome constituents, as a function of clinical outcomes
Progression to eESLD
nESLD (n=87)

eESLD (n=17)

Absolute rate of lung function decline
P values

Ab-Nrp (n=46)

Ab-RP (n=58)

Relative rate of lung function decline
P values Re-Nrp (n=57)

Re-RP (n=47)

P values

Classical pathogens
 
Pseudomonas

0.45 (0.03–37)

 
Streptococcus

30.6 (12.4–56.6)

47.8 (0.1–91.3)
7.37 (0.4–19.9)

 
Staphylococcus

0.32 (0.01–14.3)

0.01 (0.002–7)

 
Haemophilus

1.8 (0.16–16.4)

0.01 (0.01–0.05)

 
Stenotrophomonas

0 (0–0.002)

0.001 (0–0.07)

0.04

10.7 (0.04–51.1)

0.01

32.3 (16.1–50.1)

1.1 (0.03–44.2)

0.09

0.16 (0.01–5.1)

1.62 (0.01–18.3)

0.52

0.12 (0.01–5.04)

2.58 (0.008–22.8)

<0.001

1.71 (0.18–7.6)

0.52 (0.02–9.8)

0.21

1.62 (0.1–8.7)

0.28 (0.01–7.9)

0.06

0.08

0 (0–0.002)

0 (0–0.004)

0.31

0 (0–0.002)

0 (0–0.003)

0.42

22.8 (5.1–59)

0.46
0.27

2.17 (0.03–47.8)
34.1 (18.7–56)

3.28 (0.03–48.5)

0.84

15.1 (4.02–56.04)

0.05
0.17

‘Non-Classical’ core microbiome*
 
Granulicatella

0.79 (0.1–1.89)

0.07 (0.002–0.3)

0.001

0.93 (0.23–2.13)

0.35 (0.02–1.1)

0.01

1.07 (0.2–2.13)

0.26 (0.02–0.81)

<0.001

 
Gemella

0.73 (0.14–1.9)

0.06 (0.01–0.6)

0.01

1.25 (0.35–1.9)

0.31 (0.02–0.9)

0.002

1.03 (0.31–2.1)

0.24 (0.02–0.8)

<0.001

 
Rothia

1.16 (0.23–3.4)

0.4 (0.02–0.7)

0.03

1.6 (0.2–3.4)

0.73 (0.08–2.8)

0.08

1.61 (0.2–4.1)

0.62 (0.03–2.1)

0.01

 
Veillonella

0.26 (0.04–0.7)

0.05 (0.01–0.5)

0.11

0.23 (0.06–0.73)

0.25 (0.02–0.5)

0.26

0.35 (0.07–0.7)

0.15 (0.01–0.4)

0.02

 
Prevotella

0.57 (0.08–2.8)

0.43 (0.04–1)

0.34

0.68 (0.1–2.2)

0.49 (0.04–2.8)

0.50

0.81 (0.2–2.3)

0.41 (0.03–2.8)

0.17

 
Fusobacterium

0.21 (0.03–0.5)

0.06 (0.01–0.3)

0.23

0.26 (0. 03–0. 7)

0.14 (0.01–0.4)

0.12

0.27 (0.04–0.72)

0.09 (0.01–0.43)

0.03

Data are presented as median (%) (IQR) and Wilcoxon rank-sum test was conducted.
*Core microbiome refers to those genera recovered from the cystic fibrosis microbiome that is commonly found in patients, in high prevalence amounts.47
Ab, absolute; CF, cystic fibrosis; eESLD, early end-stage lung disease (defined as death/transplantation prior to age 25); nESLD, no eESLD; Nrp, non-rapid progressors; Re, relative; RP, rapid
progressors.
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Figure 3 NMDS plot of cystic fibrosis (CF) sputum from individuals aged 18–22. Each symbol represents one community from one patient. Betadiversity plots based on Bray-Curtis dissimilarities from patients with progression to early end-stage lung disease (eESLD, red) or not (nESLD, green).
Samples were shape coded by their baseline lung disease status at sample collection (ie, FEV1% predicted values: <40% (●), 40%–80% (♦) and >80%
(▲)). Samples were separated according to subsequent progression to eESLD and baseline FEV1% status (p=0.003, R2=3.9% and p=0.006, R2=3.2%,
respectively, permutational multivariate analysis of variance (PERMANOVA) test). NMDS, non-metric multidimensional scaling.

Cystic fibrosis

Variable

OR (95% CI)

P values

FEV1% predicted (baseline)

0.92 (0.8911 to 0.9601)

<0.001

Shannon index <1

0.23 (0.0593 to 0.9270)

0.039

In the univariate analysis, covariates such as Shannon’s and Simpson's diversity
indices, FVC, body mass index (BMI), relative abundance (RA) of Pseudomonas
at 50% and 75%, Simpson index >0.5 and RA of Streptococcus at 25% were
significantly associated with the primary outcome and then were considered for
the multivariable logistic regression model. However, in the final model, those were
not significant (p>0.05) and thus removed. The final model (n=104) had good
calibration (goodness of fit p=0.99) and discrimination (area under the receiver
operating characteristic (ROC) curve=0.92).
CF, cystic fibrosis; eESLD, early end-stage lung disease.

for both absolute (risk ratio (RR): 0.6, p=0.0105 and RR: 0.58,
p=0.006, respectively) and relative (RR: 0.37, p=0.0002 and
RR: 0.45, p=0.002, respectively) lung function decline. Similarly, patients with Granulicatella ≥0.75% or Gemella ≥0.75%
combined with Pseudomonas <25% are associated with lower
risk of being an Re-RP (p=0.0034 and p=0.001, respectively).

Discussion

Figure 4 Shannon and Simpson indexes as biomarkers to predict
disease progression. Comparison of the proportion of patients with
Shannon index >1 and Simpson index >0.5 in patients who progressed
to early end-stage lung disease (eESLD) or not (nESLD) (A), in rapid
progressors (RP) and non-rapid progressors (Nrp) patients based on
the relative (B) and absolute (C) rates of lung function decline. Fisher's
exact test was conducted at two tailed. Ab, absolute; Re, relative; RR,
risk ratio.
1022

Identifying biomarkers to better delineate future clinical course
has been a primary focus of CF research.20 Whereas efforts to
explore the inflammasome have flourished, efforts to harness
microbial biomarkers predicting lung disease have slowed. This
is somewhat understandable given the marked heterogeneity in
clinical course experienced by individuals infected with classical
CF pathogens. Indeed, recent studies have even failed to demonstrate different outcomes for those with incident P. aeruginosa
infections that progress to chronicity relative to those who are
eradicated.2–4 Additionally, to establish certain organisms such
as methicillin-resistant Staphylococcus aureus as a CF pathogen,
data sets involving thousands of patients were required to
demonstrate significant differences in FEV1 decline as smaller
data sets did not.21 Furthermore, recent studies have failed to
demonstrate correlation of classical microbiologic endpoints
with subsequent outcomes.22 23 Thus, the recognition of a
diverse and complex community inhabiting the lower airways
proved enticing.24 Cross-sectional cohort studies have demonstrated patients with advanced lung disease are more likely to
have microbial communities with limited diversity, dominated
by classical CF pathogens.25 However, predictive studies are
required to understand if the microbiome may be harnessed to
predict clinical outcomes.
Our data demonstrate that young adults with sputum of lower
alpha diversity have greater risk of progression to eESLD. Specifically, patients with SDI <1 or Simpson index <0.5 have the highest
risk. Although both indices measure the richness and evenness
(abundance and distribution of species among a community) there
are some differences between metrics. In particular, the Simpson
index has greater weighting on dominant species compared with
SDI.26 Not surprisingly, we identified that proportional abundance
of Pseudomonas within a community was a large driver of this
effect, with patients who ultimately progressed to eESLD having
both a higher RA and greater likelihood of having a population
abundance ≥50% or ≥75%. The only other genus which trended
towards a negative association with patient outcomes was Stenotrophomonas.27 We did not observe any organism in combination with
Pseudomonas which appeared to increase the risk of progression to
eESLD suggesting that the primary pathogen in CF lung disease
remains P. aeruginosa—when abundantly present. However, this
Acosta N, et al. Thorax 2018;73:1016–1025. doi:10.1136/thoraxjnl-2018-211510

Thorax: first published as 10.1136/thoraxjnl-2018-211510 on 22 August 2018. Downloaded from http://thorax.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

Table 3 Logistic regression model predicting progression to eESLD in
18–22 year-old patients with CF

0.33

0.12

0.11

0.01

0.01

0.03

0.005

0.02

0.02

0.01

Pseudomonas

Streptococcus

Staphylococcus

Haemophilus

Granulicatella

Gemella

Rothia

Veillonella

Prevotella

Stenotrophomonas

Fusobacterium

7 (8.05)

≥75

≥0.2

≥1

≥3

≥0.25

≥3

≥0.75

45 (51.7)

3 (3.4)

20 (22.9)

46 (52.8)

24 (27.5)

43 (49.4)

44 (50.5)

12 (13.7)

≥0.75

16 (18.3)

4 (4.6)

≥75

≥50

7 (8.05)

≥50

≥25

16 (18.3)

4 (4.6)

≥75

≥25

28 (32.1)

≥50

8 (9.2)

≥75
56 (64.3)

17 (19.5)

≥50

≥25

29 (33.3)

≥25

7 (41.1)

2 (11.7)

3 (17.6)

6 (35.2)

3 (17.6)

3 (17.6)

4 (23.5)

0 (0)

0 (0)

0 (0)

1 (5.8)

1 (5.8)

2 (11.7)

0 (0)

3 (17.6)

4 (23.5)

8 (47.1)

8 (47.1)

9 (52.9)

eESLD
(n=17)

Progression to eESLD
nESLD
(n=87)

0.7

2.6

0.7

0.5

0.6

0.2

0.3

0

0

0

1.2

0.7

0.6

0

0.5

0.2

4.8

2.8

1.9

RR

0.42

0.14

0.62

0.18

0.39

0.01

0.04

0.22

0.10

0.05

0.82

0.75

0.50

0.36

0.23

<0.001

<0.001

0.01

0.12

P values†

26 (56.5)

1 (2.1)

10 (21.7)

22 (47.8)

13 (28.2)

28 (60.8)

27 (58.7)

2 (4.3)

4 (8.7)

6 (13.1)

1 (2.1)

2 (4.3)

6 (13.1)

1 (2.1)

12 (26.1)

32 (69.5)

6 (13.1)

12 (26.1)

19 (41.3)

Ab-Nrp
(n=46)

26 (44.8)

4 (6.9)

13 (22.4)

30 (51.7)

14 (24.1)

18 (31.0)

21 (36.2)

5 (8.6)

8 (13.7)

10 (17.2)

4 (6.9)

6 (10.3)

12 (20.6)

3 (5.1)

19 (32.7)

28 (48.2)

10 (17.2)

13 (22.4)

19 (32.7)

Ab-RP
(n=58)

0. 8

1.4

1.0

1.1

0.9

0.5

0.6

1.3

1.2

1.1

1.4

1.3

1.2

1.3

1.1

0.6

1.1

0.9

0.8

RR

Absolute rate of lung function decline

0.23

0.26

0.93

0.69

0.63

<0.001

0.02

0.38

0.41

0.55

0.26

0.25

0.30

0.42

0.46

0.02

0.55

0.66

0.36

P values†

32 (56.1)

1 (1.7)

12 (21.1)

32 (56.1)

19 (33.3)

33 (57.8)

35 (61.4)

3 (5.2)

6 (10.5)

8 (14.1)

1 (1.7)

2 (3.5)

7 (12.2)

2 (3.5)

18 (31.5)

39 (68.4)

7 (12.2)

14 (24.5)

21 (36.8)

Re-Nrp
(n=57)

20 (42.5)

4 (8.5)

11 (23.4)

20 (42.5)

8 (17)

13 (27.6)

13 (27.6)

4 (8.5)

6 (12.7)

8 (17.02)

4 (8.5)

6 (12.7)

11 (23.4)

2 (4.2)

13 (27.6)

21 (44.6)

9 (19.1)

11 (23.4)

17 (36.1)

Re-RP
(n=47)

0.7

1.8

1.1

0.7

0.5

0.4

0.4

1.2

1.1

1.1

1.8

1.7

1.4

1.1

0.9

0.5

1.3

0.9

0.9

RR

Relative rate of lung function decline

0.16

0.10

0.77

0.16

0.05

0.002

0.001

0.51

0.72

0.67

0.11

0.07

0.13

0.84

0.66

0.01

0.33

0.89

0.94

P values†
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Risk ratio (RR) >1.0 represents increased risk of outcome.
*Data are presented as n (%) of patients who were found to have the specified RA percentage for some of CF microbiota members analysed. For the top four OTUs (ie, Pseudomonas, Streptococcus, Staphylococcus and Haemophilus), the
analysis of the risk ratio was assessed by looking at three different ranges of RA (ie, ≥25%, ≥50% and ≥75%). For the core microbiome organisms, the specified RA percentage was determined based on the 50th percentile.
†Χ2 tests were conducted.Ab, absolute; CF, cystic fibrosis; eESLD, early end-stage lung disease (defined as death/transplantation prior to age 25); nESLD, no eESLD; Nrp, non-rapid progressors; OTU, operational taxonomic unit; RA, relative
abundance; Re, relative; RP, rapid progressors.

0.28

OTU

Proportion of
individuals with
RA (%)*

Relation between the clinical outcomes and the specified percentage of relative abundance in some CF microbiota members

Proportion of
entire reads
(n=1.0)

Table 4
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complexity of using lung function decline as it may be affected
by extrinsic factors.
We acknowledge a number of limitations. This work
represents retrospective analysis of prospectively collected
sputum from 104 individuals from a single CF centre—whereas
most pathogen epidemiological studies have required thousands
of patients to demonstrate pathogenic potential.44 However, this
is the largest targeted study of the CF microbiome—focusing
specifically on individuals at a time of greatest risk of disease
progression (young adulthood).9 10 Indeed, transition, when an
entirely new care team is involved, may be an ideal time for a new
technology to be trialled. Whether these results can be extrapolated to other age ranges is unknown. While our exclusion of
samples from patients experiencing PEx/antibiotic therapies
resulted in a modest reduction in cohort size, we have eliminated the confounding selective pressures of systemic antibacterials.45 While we focused our results on a single sample from
each individual, we have validated that an individual’s microbiome is relatively consistent.11 While we have attempted to
create a large homogeneous group by including 104 individuals
of similar age, we included individuals from a period spanning
almost 20 years—a potential concern recognising earlier cohorts
decline at a greater rate.46 However, prior work from our group
has not demonstrated major differences in the microbiome of
young adults spanning these periods and neither our primary nor
secondary outcomes were disproportionally observed in older
samples.11 While our use of V3-V4 regions to identify microbiome constituents has only modest ability to identify OTU
to the species, P. aeruginosa predominates. Indeed, of the 104
patients in our cohort none had ever a cultured non-aeruginosa
Pseudomonas.

Conclusion
We observed that CF young adults with low microbiome diversity, dominated by the archetypal CF pathogen P. aeruginosa, are
more likely to proceed to eESLD and/or subsequently experience exaggerated lung function decline. Conversely, those with
a diverse community, dominated by organisms such as Streptococcus, were more likely to have a milder clinical course. These
novel biomarkers could be used to identify patients with CF at
increased risk of disease progression for more intensive monitoring and treatment. These results support large-scale collaborative multicentre studies evaluating the microbiome as a novel
biomarker.
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analysis may be insensitive to interspecies interactions known to
occur between P. aeruginosa and microbiome constituents.28 29
Neither the presence of Pseudomonas in microbial communities
nor the dichotomous binning of patients into P. aeruginosa culture
positive/not (even when assessing mucoidy) was sensitive to establishing risk of progression to eESLD. Other traditionally accepted
factors associated with progression to death/transplantation in CF
were observed herein including baseline lung function and nutrition,30 31 but we were underpowered to detect others including
CF-related diabetes and gender. Based on the multivariate model,
we found that only alpha diversity as measured by SDI and baseline
lung functions were independently associated with progression to
eESLD.
We also assessed the microbiome in the context of subsequent
pulmonary function decline. We assessed for both an absolute
and relative rate of lung function decline to ensure sensitivity
to detect changes in those with advanced disease.32 We chose a
rate of >−3%/year as being disproportionate with expected and
defined them as rapid decliners.33 34 We observed low microbial
diversity as well as conventional factors associated with relative
RP status including worse baseline lung function and body mass
index, but we did not note observed changes associated with
absolute RP status—although similar trends were evident. This
is likely because those individuals with advanced lung disease did
not have capacity to lose lung function >−3%/year. Zhao et al
previously retrospectively assessed biobanked sputum from six
CF men and observed that those patients with reduced microbial
diversity were more likely to experience disease progression.6
The approach used in this study allowed us to assess microbial
community of patients who progressed to eESLD or became RP.
Several of the genera that associated with progression groups (ie,
Granulicatella and Gemella) were found in lower RA compared
with the top four genera (ie, Pseudomonas, Streptococcus,
Haemophilus and Staphylococcus). Very low abundance OTUs
may have important effects on the bacterial community structure and pathogenesis as has been observed in non-CF settings.35
Both Granulicatella spp and Gemella spp are facultative anaerobic species that have been associated with CF PEx.36 37 Interestingly, it has been suggested that Gemella spp may play a role in
remodelling a normal CF microbiota into a dysbiotic one,24 as
its RA increased during PEx in one study.38 Another study also
showed a positive correlation between the RA of Granulicatella
and higher FEV1 values during early treatments for PEx.39
We also identified that the presence of Streptococcus at an
RA ≥25% reduced risk of rapid pulmonary function decline
and end-stage lung disease. Few studies have focused on the
role of Streptococcus spp on CF clinical outcome.40 However,
recently a mechanism by which an oral commensal, Streptococcus
parasanguinis, may interfere with the pathogenesis of P. aeruginosa
was described.41 We did not observe Burkholderia to be significant
factor in our cohort. However, of five patients culturing Bcc, four
were Burkholderia multivorans and only one was Burkholderia
cenocepacia (a non-epidemic strain that was subsequently eradicated) perhaps explaining the muted observed responses.42
While we described possible novel CF microbiome biomarkers
for prediction of the disease progression herein, it is important
to highlight that CF is a complex disease that occurs as a combination of microbial colonisation, host immune response, nutritional status and CF-related comorbidities, all of which are
further confounded by patient factors including treatments,
compliance, environment and socioeconomic status.43 The
microbiome-based biomarkers described in this study better
predicted progression to eESLD rather than the secondary
outcome, accelerated lung function decline, highlighting the
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