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Highlights

e Microbiota analysis was applied in clinical trials of a novel CF therapeutic

Paired sputum samples (<2 hours apart) had highly concordant microbiota profiles

Patients had heterogeneous lung infection communities at recruitment

Microbiota profiles were patient-specific and stable over time

The infecting Burkholderia species influenced the sputum bacterial diversity

Abstract

Culture-independent microbiota analysis is widely used in research and being increasingly
used in translational studies. However, methods for standardisation and application of these
analyses in clinical trials are limited. Here we report the microbiota analysis that accompanied
two Phase 2b clinical trials of the novel, non-antibiotic therapy OligoG CF-5/20 for cystic
fibrosis (CF) lung infection. Standardised protocols (DNA extraction, PCR, gPCR and 16S
rRNA gene sequencing analysis) were developed for application to the Pseudomonas
aeruginosa (NCT02157922) and Burkholderia cepacia complex (NCT02453789) clinical trials
involving 45 and 13 adult trial participants, respectively. Microbiota analysis identified that
paired sputum samples from an individual participant, taken within 2 hours of each other, had
reproducible bacterial diversity profiles. Although culture microbiology had identified patients
as either colonised by P. aeruginosa or B. cepacia complex species at recruitment, microbiota
analysis revealed patient lung infection communities were not always dominated by these key
CF pathogens. Microbiota profiles were patient-specific and remained stable over the course
of both clinical trials (6 sampling points over the course of 140 days). Within the Burkholderia
trial, participants were infected with B. cenocepacia (n=4), B. multivorans (n=6), or an
undetermined species (n=3). Colonisation with either B. cenocepacia or B. multivorans
influenced the overall bacterial community structure in sputum. Overall, we have shown that

sputum microbiota in adults with CF is stable over a 2-hour time-frame, suggesting collection



56

57

58

59

60

61

62

63

64

of a single sample on a collection day is sufficient to capture the microbiota diversity. Despite
the uniform pathogen culture-positivity status at recruitment, trial participants were highly
heterogeneous in their lung microbiota. Understanding the microbiota profiles of individuals
with CF ahead of future clinical trials would be beneficial in the context of patient stratification

and trial design.

Keywords: microbiota analysis, cystic fibrosis microbiology, clinical trials, PCR, gPCR and

16S rRNA gene sequencing



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

Introduction

Cystic fibrosis (CF) is the most common genetically inherited disease in Caucasian
populations, affecting approximately 1 in 2500 new-borns (Davies et al., 2007). CF is caused
by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) protein
which impair the normal exchange of ions and fluid across epithelial surfaces. In the
respiratory tract, this results in a reduced volume of airway surface liquid, inadequate
mucociliary clearance and increased susceptibility to infection (Davies et al., 2007). Chronic
respiratory infections and accompanying progressive lung damage is the primary cause of

morbidity and mortality in individuals with CF (Surette, 2014).

Traditional culture-based techniques have identified a number of typical pathogens associated
with the CF lower airway including Pseudomonas aeruginosa, Staphylococcus aureus,
Haemophilus influenzae and Burkholderia cepacia complex (Bcc) species (Lipuma, 2010), in
addition to emergent pathogens such as Stenotrophomonas maltophilia, Mycobacterium
abscessus, Achromobacter species, Streptococcus milleri/anginosus group and Aspergillus
fumigatus (Surette, 2014). Culture-independent studies have revealed that lung infections are
polymicrobial and can comprise ‘non-typical’ genera such as anaerobes more commonly
associated with the upper airways, although their role in disease is still unclear (Lipuma, 2010,
Jorth et al., 2019). Microbiota analysis has also shown that the decreased diversity linked with
pathogen-dominated infections, correlates to a reduction in lung function and the presence of
severe disease (Blainey et al., 2012). Multiple studies have corroborated that this pathogen
dominated state is associated with severe lung disease in CF. Straightforward molecular
methods such as Ribosomal Intergenic Spacer Analysis (RISA) PCR have proven useful for
the rapid identification of pathogen-dominated microbiota and difficult to identify multi-resistant
infections (Flight et al., 2015). Integrating the extra information afforded by culture-
independent methods over culture-based approaches is of great value to translational studies
(Shankar, 2017). There is still work to be done to address how these microbiota methods are

applied clinically, and their limitations in terms of clinical decision making (Shankar, 2017).
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The median life expectancy of individuals with CF has increased from less than a decade to
over 50 years (MacKenzie et al., 2014). A major reason for this increase in survival is the
implementation of effective treatments for respiratory infections such as inhaled antibiotics
(Fajac and De Boeck, 2017). However, the extensive and long-term use of antibiotics
eventually leads to the development of resistant infections. P. aeruginosa remains the most
prevalent pathogen in CF respiratory disease and once a chronic infection is established it is
almost impossible to eradicate (Doring et al., 2012). Infections with bacteria from the Bcc are
also highly problematic because they represent a difficult to identify and treat multi-species
group (Lipuma, 2010), may spread from one CF individual to another and are associated with
poor clinical outcome (Zlosnik et al., 2015). The development of new therapies is therefore of
great interest, particularly those that can disrupt the biofilm mode of microbial growth in the

CF lung (Bjarnsholt et al., 2013).

The low molecular weight alginate oligosaccharide OligoG CF-5/20 is a novel, non-antibiotic
therapy that has antibiotic potentiation (Khan et al., 2012, Pritchard et al., 2017) and anti-
biofilm (Pritchard et al., 2017, Powell et al., 2018) properties, and can alter the visco-elastic
properties of sputum (Pritchard et al., 2016). Two phase 2b clinical trials have documented the
safety and efficacy of OligoG CF-5/20 in CF patients infected with P. aeruginosa
(clinicaltrials.gov identifier NCT02157922)(van Koningsbruggen-Rietschel et al., 2020) or Bcc
species (clinicaltrials.gov identifier NCT02453789) as the primary CF pathogen in the lung.
Lung function, specifically the Forced Expiratory Volume in 1 second (FEV1), is widely used
as a pivotal outcome measure in the development of drugs to treat CF (Stanojevic and Ratjen,
2016). However, for novel anti-infective agents such as OligoG CF-5/20 which are multimodal
in their activity (Pritchard et al., 2017, Powell et al., 2018), understanding which outcome
measures are relevant in terms of their efficacy for the treatment of lung infections is
challenging. The safety and potential for clinical efficacy of OligoG CF-5/20 within the P.
aeruginosa trial has been recently described (van Koningsbruggen-Rietschel et al., 2020).

Here we report the microbiota analysis accompanying both the P. aeruginosa and Bcc OligoG
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CF-5/20 clinical trials, and how this was developed and implemented to understand the value
of culture-independent microbiology methods in clinical trials for new CF lung infection

therapeutics.

Methods

Study design and Patient cohort

The efficacy and safety of inhaled alginate oligosaccharide (OligoG CF-5/20; referred to as
OligoG) was evaluated in adults with CF using two randomised, double-blind, placebo-
controlled cross-over, multicentre Phase 2b studies. Additional details for the P. aeruginosa
clinical trial have been described elsewhere (van Koningsbruggen-Rietschel et al., 2020).
Recruitment was on the basis of culture positivity for the pathogens of interest, either P.
aeruginosa or Bcc species. For the P. aeruginosa trial (NCT02157922), a culture positive
finding of the pathogen was required from expectorated sputum or cough swab within 12
months prior to screening, along with a culture negative result for Bcc bacteria 12 months prior
to screening(van Koningsbruggen-Rietschel et al., 2020). For the Bcc trial (NCT02453789),
chronic colonisation with Bcc species. was determined by at least two positive microbiological
cultures in expectorated sputum 12 months prior to screening. Participant demographics and
baseline clinical characteristics for each clinical trial are shown in Table 1. Diagnostic
bacteriology for P. aeruginosa and Bcc bacteria was performed by each clinical trial centre in
the context of clinical therapy, and a diagnostic microbiology service during the trial (Synlab

AG, Munich, Germany).
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Table 1. Patient demographics

Characteristic Bcc trial P. aeruginosa trial
No of patients 13 45

Age at start of trial* 33 (23-47) 35 (19-57)

Sex (% male) 31 51

Diabetes (% with diabetes) 54 29

Baseline FEV1% predicted* 49 (25-77) 61 (42-92)

Footnotes: *data are given as mean and range; FEV1, forced expiratory volume in 1 second

Expectorated sputum samples were collected at six time points across the trials for culture-
independent microbiological investigations: V1 (Screening, day -28 to -7), V2 (Treatment 1
start, day 0), V4 (Treatment 1 end, day 28), V5 (Treatment 2 start, day 56), V7 (Treatment 2
end, day 84) and V8 (End, day 112). Patients were randomly allocated Treatment 1 as OligoG,
followed by Treatment 2 as Placebo, or Treatment 1 as Placebo, followed by Treatment 2 as
OligoG. At each time point two sputum samples were taken within 2 hours from each patient

where possible, and are referred to as paired samples throughout the study.

DNA extraction from CF sputum

Sputum samples were stored frozen at -80°C and processed for DNA extraction within 4
weeks of provision. After thawing, samples were weighed and diluted with 4M UltraPure™
Guanidine Isothiocyanate Solution (ThermoFisher Scientific) in a 1:1 weight to volume ratio.
Samples were centrifuged (1409 g for 2 mins) and vortex mixed (1 min), before 1 ml was
removed and added to 2 ml tubes with caps and seals (Benchmark Scientific) containing 1 g
of 100 pm triple-pure high impact zirconium beads (Benchmark Scientific). Bead-beating was
performed using the Beadbug instrument (Benchmark Scientific) for 2 minutes at 2800 rpm.

After pulse centrifugation to settle the beads, 400 ul of the mix was added to the Maxwell 16®
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tissue kit cartridge (Promega) and DNA extraction achieved using the Maxwell 16® instrument
(Promega) according to the manufacturer’s instructions. Approximately 200 pl DNA was
obtained per sample which was stored frozen at -20°C. Full details are given in Supplementary
method S1. Extraction blank controls were also run for Maxwell 16® tissue kit cartridges and
evaluated for bacterial DNA contamination by PCR amplification of the 16S rRNA gene (27F
and 1492R primers)(Lane, 1991); no background amplification of DNA was observed in these

kit blanks.

Identification of Burkholderia species

To determine the identity of the Bcc species in V1 samples from patients in the Bcc trial, recA
and gyrB gene sequences were PCR amplified from sputum DNA extracts using previously
described primers (Spilker et al., 2009)(Table 2). PCR products were purified and sent to
Eurofins Genomics for Sanger sequencing of forward and reverse DNA strands. BioEdit (Hall,
1999) was used to create consensus sequences for recA and gyrB genes and the Burkholderia
species identity determined using the BLASTN tool of the Burkholderia Genome Database

(Winsor et al., 2008). Full details are given in Supplementary method S2.

Quantitative PCR (qPCR)

Quantification of P. aeruginosa was performed by targeting the gyrB gene using a previously
designed TagMan assay (Anuj et al., 2009). Quantification of Burkholderia was achieved using
primers targeting the rpoD gene (Sass et al., 2013) and a TagMan probe designed in this
study (Table 2). Reaction volumes were 10 ul and comprised 1X Platinum gPCR Supermix-
UDG with ROX (Life Technologies), 1.8 uM forward and reverse primers supplied by Eurofins
Genomics and 225 nM TagMan probe (Thermofisher Scientific), 1 uyl template DNA and
nuclease free water (Severn Biotech Ltd). Reactions were performed in triplicate with negative
controls, alongside a standard dilution series of 10>-108 gyrB (amplified from P. aeruginosa
PAOL1) or rpoD (amplified from B. cenocepacia J2315) gene copies per ul (Table 2). The Bio-

Rad Chromo4 system was used with the following gPCR cycling conditions: UNG treatment



198 at 50°C for 3 minutes, Taqg activation at 95°C for 10 minutes, followed by 40 cycles of
199 denaturation at 95°C for 30 seconds, annealing and extension at 67°C (rpoD) or 60°C (gyrB)
200 for 30 seconds and a plate read. Quality control of qPCR results was performed as described
201  previously (Zemanick et al., 2010). Three biological replicates were obtained per sample.
202  Gene copy number was taken as equivalent to the number of cells as rpoD and gyrB are single
203  copy within the genome. Full details are given in Supplementary method S3.
204
205
206 Table 2. PCR and gPCR primers
Annealing  Product
Gene Primers/Probe Sequence 5°>3’ Reference
temp (°C)  size (bp)
PCR primers for amplification of gene standards
F GATCTTGCACATCGTCGTC
rpoD 59 1011 This study
R GTTCGTAACGGAGACGCTG
F GAGTCGATCACTGTCCGC
gyrB 58 1186 This study
R GCATCTTGTCGAAGCGCG
gPCR primers and TagMan probes
F GAGATGAGCACCGATCACAC (Sass et al.
R CCTTCGAGGAACGACTTCAG 2013)
rpoD 67 143
5'FAM-CTGCGCAAGCTGCGTCACC-
PROBE This study
3'MGBNFQ
F CCTGACCATCCGTCGCCACAAC
R CGCAGCAGGATGCCGACGCC
(Anuj et al.
gyrB 5 FAM- 60 220
2009)
PROBE GGTCTGGGAACAGGTCTACCACCACGG-

3'MGBNFQ

207

208

209



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

16S rRNA gene sequencing and bacterial diversity analysis

The suitability of the DNA extraction protocol for bacterial diversity analysis was initially
evaluated using RISA as previously described (Flight et al., 2015) (Supplementary method
S4) and applied to the enrolment and a limited number of paired samples. Subsequently,
amplification and sequencing of the 16S rRNA gene V1-V2 region was performed by RTL
genomics (Lubbock, Texas) using the lllumina MiSeq platform. The 16S rRNA sequencing
reads were analysed using Mothur version 1.33 (Schloss et al., 2009) following the lllumina
MiSeq SOP pipeline. Each data set was subsampled in Mothur to the lowest number of
sequence reads (P. aeruginosa trial = 1018, Bcc trial = 5577); samples falling below the
minimum threshold of 1000 reads were excluded. Sequences were grouped into operational
taxonomic units (OTUs) based on a 0.03 distance limit, which equated to 97% sequence
similarity. The RDP MultiClassifier script was used to determine OTU taxonomies to the genus
level, with manual searching of the RDP-Il sequence database (Wang et al.,, 2007)

(http://rdp.cme.msu.edu/) to corroborate assignments. Following taxonomic assignment, an

OTU minimum abundance threshold of 10 was applied which removed OTUs represented
fewer than 10 times across the dataset. OTUs were consolidated to the genus level for all
downstream analyses. Full details are given in Supplementary method S5. Raw sequence
data have been submitted the European Nucleotide Archive under the study number

PRJEB38277.

Statistical analysis

Data handling and statistical analysis were carried out in Microsoft Excel and R statistical
software (R-Core-Team, 2013). Full details of R scripts are given in Supplementary method
S6. Concordance between the proportions of genera in paired samples was determined using
the Pearson product-moment correlation coefficient (PPMCC) using the cor.test function with
Pearson correlation in R, as previously used to assess bacterial community concordance
between samples (Muhlebach et al., 2018). Alpha and beta diversity indices were calculated

in R using the vegan package. Differences in alpha diversity (as measured by the Shannon
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index), total abundance and relative abundance of the key pathogen (P. aeruginosa or Bcc)
were determined between three start and end points during the trial: Screening (V1) and End
(V8), OligoG start (V2 or V5) and OligoG end (V4 or V7), and Placebo start (V2 or V5) and
Placebo end (V4 or V7). For Shannon diversity and total abundance, Wilcoxon signed-rank
tests (non-parametric) were performed to determine significant differences between paired
time points. Differences in relative abundance were analysed using Generalized Additive
Models for Location, Scale and Shape (GAMLSS package in R) with a beta inflated family
(BEINF; Zero-One inflated beta model), (mu) logit links and other default options as previously
recommended for proportional microbiome data (Ho et al., 2019, Peng et al., 2016, Ho et al.,
2018) where the variable of interest (relative abundance) may be zero or one (Ospina and
Ferrari, 2012). In the models, the response variable was relative abundance, the fixed effect
was trial stage (with start as the reference class to which end was compared) and patient ID
was specified as the random effect. The estimates (regression coefficients) of the model are
the difference in log odds of genus relative abundances between paired start and end groups

(Ho et al., 2018).

To examine differences between bacterial community composition between sample types,
non-metric multidimensional scaling (vegan package in R) and hierarchical clustering with
Ward’s method based on Bray-Curtis dissimilarity were used (vegan and NMF packages in
R). Permutational ANOVA (PERMANOVA, adonis function in vegan package) was used to
determine the significance of differences between community structures. The betadisper
function (vegan package) was used to test homogeneity of group dispersions (variances) as
a condition of PERMANOVA. As adonis cannot accommodate random effects, the
PERMANOVA model had the following structure to best estimate patient influence on
community composition: ‘dissimilarity_distance_matrix ~ A + B’, first the effects of A (Patient)
are evaluated, then the effects of B are evaluated (Trial stage: Screening, OligoG start, OligoG
end, Placebo start, Placebo end and End) after removing the effects of A. The relationship

between Shannon diversity and lung function (FEV1% predicted) was investigated using linear
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regression and linear mixed models with patient as the random effect (Ime function in R
package nime). In the Bcc trial lung function measurements were only available for V1, V2,
V4, V5 and V7 time points, whereas in the P. aeruginosa trial measurements for all 6 time

points were recorded.

Results

Patient summary, standardised methods and application of bacterial diversity analysis
The demographics of patients recruited into each trial are given in Table 1, with a total of 666
sputum samples collected from 45 individuals (511 samples) within the P. aeruginosa trial,
and 13 patients (155 samples) within the Bcc trial. Paired sputum samples (designated S1
and S2) were obtained for nearly all the 6 time points across both trials (Supplementary Table
S1; Supplementary Table S2). Standardised protocols were developed and adhered to for
multiple sample processing and analysis (Supplementary methods S1-6). Within the Bcc
study, one of the Screening (V1_S1) samples was subjected to recA and gyrB gene
sequencing (26 samples) to determine the identity of the infecting B. cepacia complex species.
All 155 Bcc trial samples were submitted for 16S rRNA gene sequencing bacterial diversity
analysis, and one sample (S1) from each time point (78 samples) was used for rpoD gPCR to
determine Bcc bacterial load in sputum. Within the P. aeruginosa trial, 16S rRNA gene
sequencing bacterial diversity analysis was performed for all 511 samples and P. aeruginosa
load was determined by gyrB gPCR for one sample (S1) at each time point (270 samples).
Two samples were excluded from the bacterial diversity analysis due to the number of reads
falling below the threshold level of 1000 (Patient 27610-011, sample V7_S1 from the Bcc and
82601-003, sample V1_S1 from the P. aeruginosa trial). Accurate determination of bacterial

classification to the genus level was obtained by microbiota analysis, and therefore all
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subsequent results will be referred to in context of Pseudomonas, Burkholderia or other

genera as appropriate.

Microbiota profiles in paired CF sputum samples taken within 2 hours are concordant

Culture-based bacteriology can be highly variable from CF sputum unless rigorous protocols
and appropriate standards are employed (Burns and Rolain, 2014). However, the variability of
sputum microbiota profiles collected over short time frames such as sampling visits for clinical
trials is not known. Therefore, where possible, paired sputum samples were collected within 2
hours of each other at each time point during the trials to understand potential sampling
variation. In total, 76 and 241 paired samples were collected for the Bcc and P. aeruginosa
trials, respectively. Microbiota analysis demonstrated that the paired sputum samples
collected within 2 hours of each other had concordant bacterial diversity profiles.
Representative examples of microbiota profiles indicating levels of similarity between paired
samples are shown in Figure 1. Pearson product-moment correlation coefficients (PPMCC)
for the P. aeruginosa (mean = 0.92, range = 0.07-1.00) and Bcc (mean = 0.98, range = 0.68-
1.00) paired samples were also high, corroborating the similarity and stability of the bacterial

microbiota signature over the short time frame of 2 hours (Supplementary Figure S1).
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Figure 1. Microbiota stability between paired sputum samples. Relative abundances of genera in
paired sputum samples (all time points) are shown for: (A) a pathogen dominated patient (Bcc trial
patient 27610-007; all genera present shown in key); (B) a microbiota diverse patient (Bcc trial patient
27611-006). The top 15 genera for each individual are shown in the key and the Pearson product-
moment correlation coefficient (PPMCC) values are displayed above the stacked bar charts to

demonstrate the level of concordance between paired samples.

Paired samples were also highly similar in terms of the shared prevalent genera. Within the
Bcc trial, 86% of paired samples shared the 5 most prevalent genera at 21% relative
abundance, which rose to 97% of paired samples at 25% relative abundance. Within the P.

aeruginosa trial, 62% of paired samples shared the same top 5 genera at 21% relative
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abundance, increasing to 83% of paired samples at 25% relative abundance. The
demonstration of microbiota stability between paired sputum samples led to the decision to
use only 1 sample from each pair for all further analyses. Sample 1 (S1) for each individual
and time point was therefore used throughout for gPCR analysis. Sample S1 was also used
for all 16S rRNA gene bacterial diversity analyses, except for two samples where only S2 was
available (Patient 27610-011, sample V7_S2 from the Bcc trial and 82601-003, sample V1_S2

from the P. aeruginosa trial).

The bacterial diversity of CF infection varied in the individuals at screening

Patients were recruited for the clinical trials on the basis that they were colonised with P.
aeruginosa and not Bcc species for the for P. aeruginosa trial, or any Bcc species for the Bcc
trial. However, culture-independent molecular diagnostics and bacterial diversity analysis of
sputum samples at screening (sample V1) revealed that not all patient samples had
substantial evidence of infection with these pathogens. The heterogeneity in bacterial diversity
between patients was clearly seen by hierarchical cluster analysis of the 16S rRNA
sequencing diversity data. For the P. aeruginosa trial, the microbiota profiles split into 2 major
groups of individuals, those dominated by the target pathogen in the trial, and those with more
diverse microbiota (Figure 2). The same phenomenon was observed for the Bcc trial (Figure
5A), and additional microbiota metrics demonstrating the overall variability of the V1 samples

for both trials are given in Table 3.
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Figure 2. Participants recruited into the P. aeruginosa trial show heterogeneous baseline
microbiota profiles. Hierarchical cluster analysis of Bray-Curtis dissimilarity values using the ward
algorithm for the 15 most abundant genera in 45 V1 samples (all samples were S1 except 82601-
003 _V1 S2 where 82601-003_V1 S1 was not available) are shown. The column annotation colours
indicate groupings of samples with different relative abundances of Pseudomonas; <1%, yellow; 1-50%,

orange, and; >50%, red.

Of the 45 patients within the P. aeruginosa trial, 6 were not colonised with P. aeruginosa when
evaluated on microbiota analysis <1% relative abundance for the pathogen and a negative
gyrB gPCR result (27602-001, 27606-005, 27602-008, 27602-013, 75201-004, 82603-004).
In these patients the prevalent bacterial genera (>25% relative abundance) were Prevotella,
Achromobacter, Staphylococcus, and Alloprevotella. Within the Burkholderia trial, 3 out of the
13 patients also had very low levels of Bcc in their sputum (27610-003, 27610-011, 27611-
005; <1% relative abundance, negative for recA and gyrB PCR but low levels detected by
rpoD gPCR). In these Bcc patients the prevalent genera (>25% relative abundance) were

Achromobacter, Prevotella, Granulicatella and Pseudomonas.
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Furthermore, the P. aeruginosa clinical trial had a subset of patients (n=10; 27601-004, 27602-
010, 27604-003, 27606-004, 27607-002, 75201-001, 75202-003, 82603-001, 82604-008 and
82604-009) where Pseudomonas was not the dominant genus (defined as <50% relative
abundance in the sample). In these non-dominant P. aeruginosa cases, Prevotella,
Staphylococcus, Achromobacter and Stenotrophomonas were the prevalent genera (>25%
relative abundance). The Bcc clinical trial also had a subset of patients where Burkholderia
was not dominant (n=3; 27610-001, 27610-007 and 27611-006), and Pseudomonas,
Streptococcus and Neisseria were instead prevalent. The remaining patients in both trials had
either Pseudomonas (n=29; 64% of the trial cohort) or Burkholderia (n=7; 53% of the trial
cohort) as the dominant genus. Overall, the microbiota analysis demonstrated that at
screening, despite all participants being unified by a single bacteriology measure of culture
positivity for either Bcc or P. aeruginosa for the different trials, lung infection in over one third

of the trial participants was highly variable.

Lung microbiota was patient-specific and remained stable during the trial

To investigate overarching differences at the community level, samples from all six time-points
within the trials were analysed as either patient groups or in the context of trial stage
(Screening, OligoG start, OligoG end, Placebo start, Placebo end and End) groups. Using
NMDS ordination based on Bray-Curtis dissimilarity distances, bacterial community
composition was investigated. In the Bcc trial bacterial community composition was not found
to alter due to treatment (Figure 3A; PERMANOVA, R?=0.03, p=0.98), but was significantly
different between individuals (Figure 3B; PERMANOVA, R2=0.03, p=0.043). In the P.
aeruginosa trial, the same outcome was observed, with bacterial diversity being driven more
by each CF individual (Supplementary Figure S2B; PERMANOVA, R?=0.01 p=0.034) than the
trial treatment stages (Supplementary Figure S2A; PERMANOVA, R?=0.006, p=0.998).
Overall, consideration of multiple microbiota parameters including Shannon diversity,

pathogen abundance and the most prevalent genera, were highly similar with respect to each
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individual when either Screening only samples (V1), or all trial sample points (V1, V2, V4, V5,
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Figure 3. The lung microbiota within the Bcc Oligo G trial participants was linked to the
individual rather than treatment. NMDS analysis of Bray-Curtis dissimilarity values for S1 samples
from all 6 time points for the 13 patients in the Bcc trial (except 27610-011 that only had S2 for V7).
Analyses grouped by: (A) treatment, and (B) patient are shown. Points represent individual samples,
ellipses are standard deviations of points scores for each grouping. The top 7% genera based on
abundance across the dataset are shown in (A). A significant difference was observed between patient
groups (PERMANOVA, R2=0.03 p=0.043) but not between treatment groups (PERMANOVA, R2=0.03,
p=0.98). For both sample groups (treatment, patients) the group variances were homogeneous,

satisfying the conditions of the PERMANOVA model.

Table 3. Variability of key characteristics in S1 samples at the V1 sample point and and

across all sample points (V1, V2, V4, V5, V7 and V8) in the trial

Characteristic Bcc trial P. aeruginosa trial

Screening sample (V1)
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409
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418

Relative abundance of key pathogen

46.70 (0-99.62)

62.19 (0.10-100)

(%)*
Total abundance of key pathogen
6.54 (0.76-8.55) 6.42 (0-8.53)
(Loguo cells/g sputum)*
Burkholderia, Pseudomonas, Pseudomonas, Prevotella,
Top genera in samples? Streptococcus, Prevotella, Streptococcus, Haemophilus,
Granulicatella Porphyromonas
Shannon diversity index* 0.63 (0.03-1.49) 0.71 (0-2.10)
Lung function (FEV1% predicted) * 48.88 (25-77.08) 61.00 (41.80-91.57)
All samples (V1, V2, V4, V5, V7,V8)
Relative abundance of key pathogen
41.65 (0-100) 56.00 (0-100)
(%)
Total abundance of key pathogen
6.43 (0-8.81) 6.34 (0-8.75)
(Logao cells/g sputum)*
Burkholderia, Pseudomonas,
Pseudomonas, Prevotella,
Prevotella, Streptococcus,
Top genera in samples? Streptococcus, Haemophilus,

Granulicatella, Actinomcyes,
Granulicatella
Leptotrichia

Shannon diversity index* 0.72 (0-2.40) 0.78 (0-2.10)

Lung function (FEV1% predicted) *® 50.26 (22.09-77.08) 60.00 (34.75-103.61)

Footnotes: *data are given as mean and range of S1 samples (except Bcc 27610-011 V7 and Pa 82601-
003 V1 where only S2 samples were available); aTop genera were defined as those identified in 250%
of V1 samples by 16S rRNA gene sequencing analysis, and had a maximum relative abundance of

210%; ® FEV1% predicted values were only available for V1-V7 time points for the Bcc trial

Differences in the Shannon diversity (Supplementary Table S3), total (Supplementary Table
S4) and relative abundance (Supplementary Table S5) of Bcc and P. aeruginosa were also
investigated at the three paired start-end points for the trials: Screening and End, OligoG start
and OligoG end, and Placebo start and Placebo end. These paired start-end points measured

potential short term (28 days; OligoG start to end or Placebo start to end) and longer term
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changes (112 * 28 days; Screening to End). In the Bcc trial, no differences were observed
between any of the paired time-points with the exception of total Burkholderia abundance as
measured by gPCR, which significantly decreased (p=0.02148) from Placebo start to Placebo
end (Supplementary Figure S3). In the P. aeruginosa trial, the only difference was the relative
abundance of Pseudomonas which significantly decreased (p=0.00226) from Screening to
End (Figure 4). Overall, the microbiota profiles for each chronically infected individual

remained stable over the trial period.
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Figure 4. Analysis of microbiota present between paired start and end time-points sputum
samples from the P. aeruginosa trial. Boxplots show the spread of data for Screening versus End
samples, Start OligoG versus End OligoG samples, and Start Placebo versus End Placebo (S1 samples
only, n=270; except 82601-003 that only had S2 for V1). (A) shows microbiota diversity measured using
the Shannon index; (B) shows the total abundance of P. aeruginosa per gram of sputum measured

using gPCR, and; (C) shows the relative abundance of Pseudomonas from 16S rRNA gene sequencing
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analysis. For Shannon diversity and total Pseudomonas abundance, Wilcoxon signed-rank tests were
used to assess the differences between paired time-points. Differences in relative abundance were
determined using GAMLESS-BEINF models with Patient as the random effect, reporting changes in
log(odds ratio) between paired time-points. Statistical significance is shown as a bracket above boxplots

with the p-value under the bracket.

Microbiota profile trends in the clinical trials: signatures for each Bcc species

The identity of the infecting Bcc species was determined at Screening by recA and gyrB gene
sequence analysis (Supplementary Table S6), and was found to be either B. cenocepacia
(n=4 patients) or B. multivorans (n=6 patients). In three cases, no identification could be made
due to negative results for the recA and gyrB PCRs, which also corresponded to low total and
relative abundance levels of Burkholderia (Supplementary Table S6). Analysis of V1 samples
showed that B. cenocepacia was always found as the dominant Burkholderia (>50% relative
abundance in samples, n=4). In contrast, B. multivorans showed mixed infection status in
relation to Burkholderia abundance, with dominance (>50% relative abundance, n=3) or at low
relative abundance (<10%, n=3) seen equally across the 6 positive individuals

(Supplementary Table S6).

These differences in relative abundance of Burkholderia in relation to B. cenocepacia or B.
multivorans infection impacted the overall bacterial diversity (Figure 5A and 5B). B.
cenocepacia infected trial participants had bacterial communities with lower diversity, but B.
multivorans was present in both low and higher diversity communities (visualised by
hierarchical cluster analysis; Figure 5A). Whilst sample numbers were small, NMDS ordination
of Bray-Curtis dissimilarity values highlighted overlap between B. cenocepacia and B.
multivorans dominated communities (Figure 5B). The higher diversity communities containing
B. multivorans also overlapped with samples containing <0.1% Burkholderia relative

abundance, for which no Burkholderia species identification was obtained (Figure 5, panel B).
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Total abundance was also higher for B. cenocepacia than B. multivorans, although this was

not statistically significant (Figure 5, panel C).
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Figure 5. The infecting Burkholderia species drives microbiota diversity. Trends identified in

microbiota screening (V1_S1) samples from 13 patients in the Bcc trial (n=13) were evaluated using

multiple analyses as follows. (A) Shows hierarchical clustering of samples with top 15 genera. (B)

shows an NMDS ordination plot of Bray-Curtis dissimilarity distances. Points represent individual

samples, ellipses are standard deviations of points scores for each grouping. The top 10% genera

based on total abundance across the dataset are shown. (C) shows boxplots of total Bcc abundance

as determined by qPCR. Samples were grouped by Bcc species as identified by recA gene PCR and

sequencing (B. cenocepacia or B. multivorans). For 3 samples, no Bcc species could be identified by

recA analysis, but a value was obtained for total abundance by qPCR for Bcc. Consistent colour coding

is used to identify B. multivorans (orange), B. cenocepacia (green) and unknown species (pink).
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The correlation between Shannon diversity and lung function (FEV1% predicted) was also
explored using all available samples from the Bcc (13 patients; V1, V2, V4, V5 and V7
samples) and P. aeruginosa trials (45 patients; V1, V2, V3, V4, V5, V7 and V8 samples).
Whilst linear regression identified a trend for decreasing lung function with decreasing
Shannon diversity (Supplementary Figure 4), once repeated measures were taken into
account using linear mixed models with ‘Patient’ as the random effect, there were no
significant correlations. The small number of patients in each trial did not give the sufficient
power needed for identification of statistically significant trends. However, overall microbiota
diversity loss and its linkage to reduced lung function was observed and correlated to other

studies on adults with CF (Blainey et al., 2012, Flight et al., 2015) (Supplementary Figure 4).

Discussion

Culture-independent molecular diagnostic methods such as qPCR and microbiota analysis
have a number of advantages over culture for CF infection microbiology (Mahboubi et al.,
2016). Their application in clinical trials of new anti-infective drugs for CF lung disease has
been limited. Here we describe the comprehensive protocols used to incorporate microbiota
analysis into the OligoG CF-5/20 Phase 2b clinical trials for P. aeruginosa and Bcc. Since
OligoG is not a conventional antibiotic and works in a multifactorial manner (Khan et al., 2012,
Pritchard et al., 2017, Powell et al., 2018), understanding its effect on both the target pathogen
and wider CF lung microbiota was important. OligoG was shown to be safe and have
promising clinical efficacy in the P. aeruginosa clinical trial (van Koningsbruggen-Rietschel et
al., 2020) and the Bcc clinical trial (unpublished data). Our microbiota analysis demonstrated
that OligoG CF-5/20 did not cause major changes in the bacterial diversity within the CF lung
after short term exposure (28 days). A promising overall signature from the P. aeruginosa trial
was a significant decrease in the relative abundance of Pseudomonas from screening to end
(Figure 4), although it was not linked to the OligoG administration periods. The lack of major

changes within the CF lung microbiota for both the P. aeruginosa and Bcc OligoG trials
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correlates to the lack of bacterial diversity changes seen with the potent inhaled antibiotic,
aztreonam (Heirali et al., 2017). Heirali et al. (Heirali et al., 2017) observed no significant
changes in microbiota diversity in relation to 28 days of aztreonam, with microbiota clustering
most associated with the 24 individual patients examined, as also saw with our trial
participants (Figure 3B; Supplementary Figure 2). The lack of radical changes in the CF
microbiota during the OligoG CF-5/20 trials further supports its overall safety (van
Koningsbruggen-Rietschel et al., 2020) and potential for optimisation as long-term therapeutic

for chronic infections in CF.

Application of microbiota methods to OligoG CF-5/20 trials revealed multiple advantages and
information useful for standardisation in the context of diagnostic microbiology for CF. For
example, sampling method is important to consider as it can influence which microorganisms
are recovered from a polymicrobial infection community (Burns and Rolain, 2014). In adult CF
patients, the primary microbiological specimen is spontaneously expectorated sputum. The
use of expectorated sputum has been criticised as being poorly representative of the lower
airway due to contamination with oral bacteria, and because a single sample may not capture
the spatial heterogeneity of microbial communities in the lung (Willner et al., 2011, de Dios
Caballero et al., 2017). However, sputum is an easy and non-invasive sample type, and
typical CF pathogens not found in the upper airway often dominate sputum samples both in
culture and microbiota analyses (Goddard et al., 2012, Caverly et al., 2015). We have also
demonstrated short term stability for sputum samples, with high similarity in microbiota profiles
obtained from paired samples taken within 2 hours of each other (Figure 1). No other studies
have looked at sputum samples taken within such as short time frame, but daily sputum
microbiota dynamics have been found to be both relatively stable (Goddard et al., 2012,
Carmody et al., 2015) and show major fluctuations (Goddard et al., 2012) in CF adults. In
these studies, prevalent genera were consistently identified, just in different proportions.
Overall, the excellent short-term stability and reproducibility of our sputum microbiota analysis

in the identifying key genera present was more consistent than sputum culture (Table 3). It
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also supported that obtaining only one sputum sample at a given time point would be sufficient

for the design of future clinical trials.

Multiple CF patients are recruited onto clinical trials based on previous sputum culture results.
Whilst some studies have shown good concordance in the typical CF pathogens identified by
culture and culture-independent technigques (Goddard et al., 2012) others have shown that
results can vary by genus (Mahboubi et al., 2016). In our study, patients were selected for the
two separate OligoG clinical trials based on whether they were P. aeruginosa (but not Bcc)
positive or Bcc positive by culture. Good overlap between culture and microbiota identification
has been observed for these genera when looking just at presence or absence, but variability
in relative abundance has not been considered (Mahboubi et al., 2016). We identified a highly
heterogeneous baseline patient population where some patients carried the pathogen of
interest as the dominant genus (>50% relative abundance) and others had very low or no
carriage (Figure 3 and Figure 5A). These results pose the question, should patients be
stratified based on their microbiota status prior to CF clinical trials? Stratification based on
predominant microbiota taxa has already been investigated for non-CF bronchiectasis and
was more closely correlated to disease, inflammation and disease outcomes than stratification
based on culture (Rogers et al., 2014). Our microbiota data is supportive of such testing to
ensure a targeted pathogen is both dominant and present within CF patients at the start of an

anti-infective clinical trial.

Microbiota analysis permitted the identification of a number of trends during the OligoG Phase
2b clinical trials. The collection of repeated samples from each patient (6 samples over 112 +
28 days) showed that the microbiota was stable over time and patient-specific. Other studies
have also largely shown that the adult CF microbiota is resilient to change in the form of
antibiotic treatment (Heirali et al., 2017). This is also true during pulmonary exacerbations,
where although some studies have found transient changes, the microbiota either remains

stable, or returns to its previous state (Bevivino et al., 2019). Therapy with the CF modulator
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Ivacaftor has both had limited effects on CF lung infection composition (Bernarde et al., 2015)
and been linked to striking microbiota changes (Hisert et al., 2017). While there is clearly
variation in microbiota dynamics, the lack of microbiota change in the short (28 day) OligoG
or Placebo treatment window during our study could perhaps have been expected. It should
also be noted that although samples taken in this study were longitudinal, they were analysed
as cross-sectional groups. In this context, it is possible to identify overarching microbiota
changes, but variation at the individual level could be missed. Other studies have tried to
overcome this issue by subgrouping patients, for example into drug responders and drug non-

responders (Heirali et al., 2017), demonstrating another approach to patient stratification.

One clear microbiota pattern is the association of decreased bacterial diversity with reduced
lung function (Bevivino et al., 2019), which due to the small patient group sizes in our study
was observed but could not be statistically confirmed (Supplementary Figure 4). Our analysis
also highlighted another new trend warranting further investigation: that the B. cepacia
complex species present in Burkholderia CF lung infections may influence the overall
microbiota community structure. B. cenocepacia and B. multivorans are the most prevalent B.
cepacia complex (Bcc) species found in CF patients colonised with Burkholderia (Kenna et
al., 2017), and both species were identified in the Bcc clinical trial (Figure 5). B. cenocepacia
has been more closely associated with severe clinical disease and mortality than other Bcc
species including B. multivorans (Zlosnik et al., 2015). To support this increased pathogenicity
and reveal a potential mechanism behind these clinical observations, we observed that when
B. cenocepacia was present, it was found only as the dominant pathogen by relative
abundance and had high total abundance (Figure 5). In contrast, B. multivorans could be either
the dominant pathogen, or found at lower abundance in a higher diversity community often in
association with Pseudomonas and Streptococcus (Figure 5). No other studies have
previously uncovered these microbiota differences in relation to Bcc infection, which could

potentially explain variation in clinical outcomes (Zlosnik et al., 2015).
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There are many benefits to employing culture-independent analyses for translational studies
and in clinical trials. It is also important to mention, however, that microbiota analysis has
limitations. Variation in methodologies such as sample collection and handling, DNA
extraction, DNA sequencing and microbiota analysis can greatly influence results (Bevivino et
al., 2019). The impact of different DNA extraction techniques (Terranova et al., 2018, Oriano
et al., 2019) and pre-treatment of sputum to remove ‘dead’ DNA (Nelson et al., 2019) have
recently been explored. Whilst we developed standardised protocols to ensure consistency
within our study, others have used varying methods and it is difficult to standardise microbiota
analysis as it is a dynamic and developing area. Already studies are starting to expand on 16S
rRNA gene sequencing for bacterial diversity by using metagenomic analysis to understand
community interactions and functions (Bacci et al., 2019, Bevivino et al., 2019). It is also
important to consider microorganisms other than bacteria; culture-independent analysis has
identified a broad range of fungi and viruses, including bacteriophages, in the CF lung
(Bevivino et al., 2019). Since our study was performed, the importance of controls for DNA
extraction reagents that eliminate bias in rare microbiota reads due to DNA within the “kitome”
has become clear (Salter et al., 2014). Although we found our DNA extraction negative
controls to be free of bacterial DNA amplification by 16S rRNA gene PCR, they were not
included in our bacterial diversity sequencing analysis at the time and this should be performed

for all future microbiota analysis studies.

Overall, to comprehensively evaluate the impact of therapeutics on the CF lung microbiota
there are also a variety of other factors that need to be considered. As previously mentioned
the choice of study design (longitudinal/cross-sectional) and potential patient stratification
might facilitate a greater understanding of different treatment responses in such a
heterogeneous group of patients. Furthermore, although not taken into account in this study,
antibiotic or therapeutic treatment regimes, patient factors such as age, CF genotype and
clinical status need also to be incorporated into analyses to unravel the complexity of

microbiota associations (Bevivino et al., 2019). Our study has shown that microbiota analysis



617

618

619

620

621

622

can be applied with standardised protocols and excellent reproducibility to CF adults, showing
they expectorate sputum samples with limited variation at the point of collection. We also
demonstrate the potential of using microbiota analysis as a means to stratify participants
during enrolment for anti-infective clinical trials in CF. Understanding whether participants are
dominated with key pathogens or have a diverse microbiota will shed light on the efficacy of

new treatments to target specific pathogens.
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