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Abstract

Background: The sputum microbiome has a potential role inatisephenotyping and risk stratification

in chronic obstructive pulmonary disease but feygddongitudinal cohort studies exist.

Objectivee To investigate the COPD sputum microbiome and #soeation with inflammatory

phenotypes and mortality.

Methods: 16S rRNA gene sequencing was performed on sputom 253 clinically stable COPD
patients (4-years median follow-up). Samples weéassified as Proteobacteria or Firmicutes (phylum
level) andHaemophilus or Streptococcus (genera level) dominant. Alpha diversity was meadwsing
Shannon-Wiener Diversity and Berger-Parker Domirahmices. Survival was modelled using Cox
proportional hazards regression. A subset of 78mat had label-free liquid chromatography/mass
spectrometry performed, with partial least squaserominant analysis integrating clinical, microtyie

and proteomics data.

Results. Proteobacteria dominance and lower diversity vea®@ated with more severe COPD using the
GOLD classification system (p=0-0015), more frequexacerbations (p=0-0042), blood eosinophils
<100cells/pL (p<0-0001) and lower FE\p=0-026). Blood eosinophil counts showed a pasiti
relationship with %Firmicutes an@treptococcus, and a negative association with %Proteobacteria and
Haemophilus. Proteobacteria dominance was associated witkeased mortality compared to Firmicutes
dominated or balanced microbiome profiles (HR 205%CI 1-43-4-66, p=0-0017 and HR 7-47 95%ClI
1-02-54-86, p=0-048 respectively). Integrated omaitalysis showed significant associations between

Proteobacteria dominance and the neutrophil acivaathway in sputum.

Conclusion: The sputum microbiome is associated with clinaad inflammatory phenotypes in COPD.
Reduced microbiome diversity, associated with Pimeteria (predominantifaemophilus) dominance,

is associated with neutrophil associated proteirfiles and an increased risk of mortality.

Capsule summary: Microbiome analysis of sputum reveals distinct dépdes of COPD with different

inflammatory profiles and long term survival.

K ey M essages:

e The sputum microbiome in COPD is associated withical and inflammatory phenotypes
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» Dominance and loss of microbial diversity are agged with increased mortality in COPD

» Microbiome and inflammatory profiles are linked,thviProteobacteria dominant profiles being

associated with neutrophil activation markers, Rimthicutes dominant profiles being associated

with raised blood eosinophil counts.

Keywords: Microbiome, COPD, Eosinophil, Phenotyptaemophilus,

Abbreviations
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BPDI:
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CAT:
COPD:
DNA:
FDR:
FEV.:
FVC:
GOLD:
HR:
ICS:

LC-MS/MS:

MRC:
OTU:
QIIME:
RNA:
SGRQ:
SWDI:
TARDIS:

Adjusted hazards ratio

Berger-Parker dominance index
Body mass index

COPD assessment test

Chronic Obstructive Pulmonary Disease
Deoxyribonucleic acid

False discovery rate

Forced expiratory volume in 1 second

Forced vital capacity

Global initiative for chronic obstructiverig disease
Hazard ratio

Inhaled corticosteroids

Liquid chromatography with tandem masscpmetry
Medical research council

Operational taxonomic unit

Quantitative insights into microbial ecolpg
Ribonucleic acid

St Georges respiratory questionnaire
Shannon-Wiener diversity index

Tayside allergic and respiratory diseaderimation system
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I ntroduction

Chronic Obstructive Pulmonary Disease (COPD) i®gaized as a heterogeneous disease with patients
manifesting multiple diverse phenotypes, endotypes ‘“treatable traits”.(1-4) Recent therapeutic
concepts in COPD have moved away from the previoag size fits all” treatment approach with
bronchodilators, inhaled corticosteroids (ICS) atfier medications, towards a precision medicine
approach in which clinical characteristics and kaokers are used to direct treatments and to opimiz
their risk: benefit profile.(5-8) A recent exampié this is the use of blood eosinophil counts teck
treatment with inhaled corticosteroids.(7, 8) Tise of a blood biomarker to guide treatment haseghin
acceptance due to identification of a relationsbgtween blood and sputum eosinophil counts.
Randomized controlled trials have subsequently shthat patients with blood eosinophil counts less
than 100cells/pL derive no significant benefit énnbs of exacerbation reduction when treated wit8, IC

and may be at increased risk of pneumonia.(6, ), 10

Eosinophilic COPD is an example of an endotypeubtype of a condition defined by a distinct
pathophysiological mechanism.(2) Inflammation, hesreis only one of the pathophysiological features
of COPD which is associated with airway structidamage and airway infection.(11, 12) Bacteria are
thought to play a key role in COPD pathogenesisrandnt data has brought a deeper understanding of
the complex microbial communities present in theglaffected by COPD.(11, 13-16) Studies of the
COPD “lung microbiome” to date have found that &RD becomes more severe in terms of lower lung
function, there is an increase in the relative alamee of Proteobacteria, and particularly the genus
Haemophilus.(11, 13, 15) Lower microbiome diversity is alss@sated with increased severity of
disease and neutrophilic inflammation including fbemation of neutrophil extracellular traps.(13, 1

15)

Exacerbations are key events in the natural histbrOPD and recent work suggests no consistent
pattern of altered microbial profiles at exacedratcompared to stable disease.(15) Previous work
suggests there are at least four different exatierbéendotypes” associated with distinct inflamuorgt
profiles - bacterial exacerbations, eosinophilia@tbations, virus predominant exacerbations andipa
inflammatory events.(17yhese events, defined by clinical and inflammatorigeria, may also have

distinct microbiome profiles.(18)

Lower lung function and frequent exacerbations melgite to endotypes linked to greater mortality in
COPD.(19-21) If changes in the microbiome loss afrabial diversity are indeed related to more sever

disease and high risk patient subtypes, it is fdeishat the respiratory microbiome may associth
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long term mortality as has been observed in idldpatulmonary fibrosis.(22) No studies have assksse

the association of the sputum microbiome profilehwmortality in stable COPD.

Here we report the results from a longitudinal abistudy of COPD patients designed to integrate dat
from the sputum microbiome and proteome with chhigchenotypes and long-term clinical outcomes, to

provide further insights into the relevance of tegpiratory microbiome in clinical practice.
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M ethods
Study Design

We performed a longitudinal observational studyafients with a diagnosis of COPD nested within a
population based COPD registry (Tayside Allergicd aRespiratory Disease Information System
(TARDIS)) in the East of Scotland.(16, 20) Patsentere invited to participate in a microbiome sub-
study and were included if they were >40 years, &&EV/FVC ratio <70% at screening, and a clinical
diagnosis of COPD. Exclusion criteria included itability to give informed consent; primary diagim

of asthma; and systemic immunosuppression (exajugiadnisolone at 5mg or less daily). Additionally,
patients needed to be clinically stable and freartibiotic or oral corticosteroid therapy for >wgeks
prior to enrolment. All relevant medical historgo(norbidities, current medications, significant tpas
conditions, operations and diagnostic proceduresd vecorded at screening. Participants provided
induced sputum samples following induction with 39gpertonic saline. Spirometry, St Georges
Respiratory Questionnaire (SGRQ), COPD assessnesht(EAT) and MRC dyspnoea scoring was
performed at each visit. Exacerbations in the stpelfiod were defined as an increase in respiratory
symptoms greater than day to day variation reggieinchange in therapy; participants returned to the
clinic for assessment and were given a standardieatiment of antibiotics and corticosteroids. €tds
were enrolled from 2013-2015 and survival data wlsined from linked medical records within the

TARDIS registry as described previously.(16)
Clinical phenotypes

A-priori, we identified clinical phenotypes that have bé&eked with response to therapies in COPD.
These were low blood eosinophil counts (examinedgua cut-off of<100cells/uL according to recent
Global Initiative for Chronic Obstructive Lung B&se (GOLD) recommendations and linked to ICS
response),(23) chronic bronchitis (defined as dgdytum production at least three months of the yea
over at least two years and linked to responsedatrhents including roflumilast) and, finally, the
frequent exacerbator phenotype, defined as patieitis > 2 exacerbations/year.(9, 24) Clinical
phenotypes were not mutually exclusive.

Sputum Microbiome

DNA was extracted from whole sputum as describethénonline supplement, followed by 16S rRNA
gene sequencing on the lllumina MiSeq platform.oifformatic analysis and quality checking of the
resulting sequences was performed using QIIME {@er$.9.0) and R (version 3.4.0). Shannon-Wiener
Diversity Index (SWDI, where a higher value indesita sample is more diverse) and Berger-Parker
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Dominance Index (BPDI, which measures the propoertid the microbiome dominated by the most
abundant taxa, with a value closer to 1 indicatingiicrobiome with greater dominance) were used as

measures of alpha diversity of samples. See oslipplement for full methods.
Characterization of microbiome subtypes of COPD

Prior studies of the COPD sputum microbiome idesdifthat Proteobacteria and Firmicutes were the
dominant phyla and that inflammation and COPD sgverere strongly associated with the presence of a
single genera at >40% relative abundance in matigrms.(11, 13, 18) Therefor@priori we defined
candidate microbiome subgroups. At the phylum lesghples were classified as either Proteobacteria
dominant or Firmicutes dominant based on >40% Qlesklaxonomic Units (OTUs) of either phylum.
For analysis at the genera level we classified $ssnimto Haemophilus dominant and3treptococcus
dominant (as the most abundant Firmicute); “baldhag@icrobiome profiles were defined by the absence
of >40% OTUs of either Proteobacteria or Firmicutdsthe phylum level or no individual OTU
exceeding 40% at the genera level. The cut-off08640TUs to define these groups was used based on
our previous work.(11) Throughout the manuscriptrefer to the respiratory microbiome to reflectttha
all assessments are made on sputum which inclumfgsttions from the lower and upper respiratory

tracts.

I ntegration of microbiome, clinical and proteomic data

A subset of 78 patients included in the primandgtprovided sufficient sputum samples for prote@mic
with the results integrated with their microbiomadaclinical data. The total protein concentratiofs
sputum supernatants were quantified using Pier@epBétein assays. Sputum protein (50pg) from each
sample was added to an equal volume of acetontitelere incubating at 100°C for 15mins. The samples
were dried down in a centrifugal vacuum and resoded with 50 mM ammonium bicarbonate (pH 8-5)
to a final concentration of Img/mL. Samples weentheduced and alkylated before subjecting to nano-
flow-LC-MS/MS analysis. Protein identification andbel-free quantification were carried out using
Maxquant (version 1.4.1.2) against Uniprot-humantalbiase (version 2014-07-09). The fixed
modification was carbamidomethylation on cysteiaed variable modifications include oxidation on
methionine and N-terminal acetylation. False Distg\Rate (FDR) for protein identification was set t

1% at protein level.
Statistical analysis

Statistical analysis of data was carried out ustngersion 3.4.0, SPSS version 21 and GraphPad Prism
6.07. Continuous data are presented as mediamqgiisteile range) and categorical data are preseaged

N (%). Continuous parametric data were comparecdigusinpaired T-test while continuous non-

7
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parametric data were compared using the Mann-Whitheest. Generalized linear models with binomial
errors and a logistic link function were used todedothe relationship between blood eosinophils and
relative abundance. Principal component analysis wsed to analyse microbiome beta diversity.
Unadjusted survival was studied using Kaplan-Msigwival analysis. Cox Proportional Hazards models
incorporating age, sex, baseline REdd exacerbation frequency in the previous yearewsed to
model survival with the proportional hazards asstimnpchecked using log-minus-log plots. Integrated
omics analysis was performed using partial leasasgdiscriminant analysis with FDR correction gsin
the Benjamini-Hochberg method, followed by a sefgatmivariate analysis to confirm the results and t

avoid overfitting. Statistical significance was aeP<0- 05 for all other analyses.
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Results

296 participants were enrolled in the study; aéecluding 44 patients whose baseline sputum samples
failed DNA extraction and sequencing quality colgtrthe final cohort was 252 participants (Figure 1)
with the baseline characteristics of the cohortinwshi Table 1. The predominant phyla observed @ th
microbiome were Proteobacteria and Firmicutes, wilwer OTUs identified asBacteroidetes,
Actinobacteria and Fusobacteria (Figure 2A). At the genus level the most abundambega were
Haemophilus, Sreptococcus, Neisseria, Veillondla, and Prevotella, whilst some individual samples
additionally showed a predominance of genera ssdPsaudomonas, Stenotrophomonans, Pasteurella,

UnknownEnterobacteriaceae, andMoraxdla (Figure 2B).

The non-eosinophilic phenotype has lower alpha diversity and increased reative abundance of

Proteobacteria

We observed a clear relationship between microbianteclinical phenotypes. Proteobacteria dominated
microbiomes (n=96) were associated with poorer Idmgction and more frequent exacerbations.
Significantly moreStreptoccocus dysbiotic microbiomes (n=56) were GOLD group D (p&01) and had

a worse mMMRC score compared to balanced genera@px®) (Figure S2).

The low blood eosinophil subgroup (n=62) had lowscrobiome diversity as measured by SWDI
(p<0-0001) whilst the BPDI was higher in the lowodd eosinophil subgroup (p<0-0001). These
differences appeared to be associated with a higlative abundance of Proteobacteria at the phylum
level (p=0-0001) an#laemophilus at the genus level (p=0-046, Figure 3B). We olexkiy statistically
significant negative correlation between % Protetdrda and eosinophil count in peripheral blood
(Spearman r correlation, p<0-0001, Figure 3C) amubsitive correlation between % Firmicutes and
eosinophil count (p<0-0001, Figure 3C). Furtheadat shown in Figure S3 online.

Differences at both the phylum and genus level vadaserved when comparing patients who frequently
exacerbate compared to non-frequent exacerbateffnéd as those witk2 exacerbations/year) and
comparing patients with chronic bronchitis compaeethose patients without chronic bronchitis (Fegu
S4). Principle component analysis suggested tleetivas no clear clustering of microbiome based on

either blood eosinophil group, chronic bronchitiatss or exacerbation frequency.

Microbiome profilesarelinked to long term mortality

50 participants (19-8% of patients enrolled) diedrdy a median follow-up of four years. At the gem
level, Haemophilus dominated profiles (HR 2-53 95%CI 1-08-5-94, p3R)0were associated with
increased mortality compared to balanced proffggptococcus dominated profiles were associated with
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a similar mortality risk tdHaemophilus when compared to balanced profiles (HR 2-05 958:80-5- 20,
p=0-13 Figure 4). The adjusted hazard ratios (ati®e similar to the primary analysis (aHR 2-17
95%ClI 0-89-5-27, p=0-09 and aHR 1-67 95%ClI 0-64;4-3 p=0-30

for Haemophilus and Streptococcus dominated profiles respectively).

At the phylum level, Proteobacteria dominance waoaiated with increased mortality compared to both
Firmicutes dominated and balanced microbiome m®fiHazard ratios (HR) 2-58 95%CI 1-43-4-67,
p=0-0017 and 7-47 95%Cl 1.-02-54-86, p=0-048, rbeplyt. The relationship
between Proteobacteria dominance and survival cadp&o Firmicutes persisted after multivariate
adjustment for age, sex, FE\and previous exacerbation frequency, aHR 2-35 95%@7-4-32,
p=0-006. Firmicutes dominated and balanced profix® more similar to each other (HR 2-85 95%ClI
0-38-21-43, p=0-31) (Figure 4). Ageptococcus dominated profiles appeared to behave differemtly t
others in the Firmicutes phylum, a sensitivity ges was conducted comparing Proteobacteria
dominated profiles to Firmicutes dominated profikggh Streptococcus excluded (Figure S5). This did
not greatly affect the results, with a clearly worsortality associated with Proteobacteria domiaanc
(HR 2-93 95%CI 1.22-7-06 p=0.017, aHR 2-80 95%C3-6- 90 p=0-026.

Lower alpha diversity was also strongly associatéti long term outcome. The median SWDI for all
samples was 3-36. Patients with values below #&hvisl lhad a markedly increased mortality (HR 4-05
95%CI 2-07-7-93, p<0-0001) which persisted aftdtivaniate adjustment (aHR 3-08 95%CI 1-57-6- 09,
p=0-001). The median BPDI was 0-41 and values athisdevel were similarly predictive of mortality
(HR 3-81 95%CI 1-99-7-30, p<0-0001), aHR 3-36 95%T3-6-51, p=0-0003) (see online Figure S6).

Integration of clinical, microbiome and proteomic data showsthat Proteobacteria dominated

micr obiome profiles are associated with neutrophilic inflammation

To investigate how microbiome profiles influencehmphysiology of COPD, we further investigated the
sputum protein profiles by nano-flow-LC-MS/MS framsubset of patients (n=78) with three predefined
(Proteobacteria dominated (33), balanced (15), iEutas dominated (30)) sputum microbiome types. All
patients with Proteobacteria and Firmicutes doreith@rofiles had greater than 50% OTUs of thesegphyl

in their sputum sample. The characteristics ofdimgients are shown in Supplementary Table S1.

The combined dataset consisted of 113 taxa idedtithrough the microbiome analysis, 21 clinical
variables and 613 proteins. Partial least squaseridiinant analysis of the combined dataset redeale
separation between Proteobacteria, balanced andhickies microbiome profiles RZX:0-17,

R2Y20-73,Figure 5A). The loadings plot (Figure 5B, used #&tedmine what variable(s) in the dataset

10
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drive the separation between the different microt@oprofiles) indicated that the Proteobacteria
dominated microbiome cluster was associated withiphel proteins including myeloperoxidase, catajase
matrix metalloproteinase 9 and 8, and neutrophdstalse, all of which may be associated with
neutrophilic inflammation. Further pathway analysislicated that significantly upregulated proteins
(Supplementary Table S2) associated with the Phaisteria group are over-represented within the
“neutrophil activation” pathway (p=2-2E-14, FDR @mted) adding further evidence to a possible
association between Proteobacteria and neutrophflammation. In contrast, the Firmicutes domiwhte
microbiome cluster was associated with proteind iscCystatin B (CSTB), Folate Receptor 1(FOLR1),
Small Proline Rich Protein 3(SPRR3), Golgi Membrdmtein 1 (GOLM1), and Clusterin (CLU)
(Figure 5B, black labels). Pathway analysis of giggntly upregulated proteins (Supplementary Table
S2) in the Firmicutes group showed an over-reptasen of the “negative regulation of peptidase
activity” pathway (p=3- 7E-4, FDR corrected) incluglicystatin B, Cysteine-S, alpha 1 antitrypsinpiser
B3 and WAP four disulphide core domain protein 2.

11
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Discussion

To the authors’ knowledge, this is the first stddydemonstrate that the sputum microbiome in stable
COPD patients is associated with long term suniiva prospective cohort of patients; a recentyshas
linked the microbiome (reduced alpha diversity,ré@sedSaphylococcus and reduced/eillonella) at
acute exacerbation of COPD requiring hospitalizatigth increased mortality.(25) Taken together ¢hes
studies suggest that the respiratory microbiomaesgociated with long term outcomes in COPD. In our
study, sputum microbiome profiles at baseline waneed with clinical phenotypes, with exacerbation
subtypes and ultimately with long term outcomestd&bacteria dysbiosis, defined by the dominance of
one or more organisms including well recognized OOfathogenic genera such Bkemophilus,
Moraxella and Pseudomonas, was more frequent in patients with low blood eophil counts, chronic
bronchitis symptoms and patients with frequent exaattions.(26-28) These patients had worse lung
function and ultimately increased mortality. In trast, patients with Firmicutes dominance had milde
disease, apart from those patients with dominafi¢keogenersareptococcus. Patients with dominance
due toStreptococcus had a high level of disease severity with impaintraf quality of life, lung function
impairment and had equivalent mortality to patiemith Haemophilus dominance. Neithddaemophilus

nor Sreptococcus was significantly associated with mortality congzhrto balanced profiles after
adjustment for age, sex, FE¥nd exacerbation history. In the caseHafmophilus, the HR was still
greater than 2 after multivariable adjustment satige our study may have been underpowered. [We,
and others, have previously shown an associatiomele® Proteobacterisdaemophilus and neutrophilic
inflammation.(11, 29) We have now extended thiseoletion by conducting an integrated analysis of
microbiome, proteomic and clinical data which destctates a clear statistically significant assoorati
between Proteobacteria and neutrophilic inflammatanarkers such as neutrophil elastase,
myeloperoxidase and matrix metalloproteinases waretreleased from neutrophils during inflammatory
responses. Although the pathway analysis and provk suggests these are neutrophil associated; othe
cells such as macrophages may contribute to theagel of matrix metalloproteinases and
myeloperoxidase for example. Our data thereforgyesig that while there is significant overlap ie th
phenotypic characteristics of patients with COPDgach extreme of the spectrum are patients with
Proteobacteria dominant profiles with eosinopenihronic bronchitis, neutrophil dominated
inflammation, frequent exacerbations, poor lungcfion and reduced survival, and conversely
Streptococcus dominant profiles associated with raised bloodregshil counts, the absence of chronic
bronchitis and frequent exacerbations. Whetheretineisrobiome profiles link to response to treatraent
such as inhaled corticosteroids or anti-inflammatdrugs remains to be established but neutrophilic

disease is established to be less responsive dtethicorticosteroids.(12)

12
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It is not possible from our analysis to disentantgese and effect when considering the impact ef th
microbiome on clinical phenotype and clinical outas. Proteobacteria dyshiosis may be associatbd wit
a more rapid decline in FEVor changes in the lung during remodelling mayliggose to Proteobacteria
dominance, or both statements may be true. Similpdtients with raised eosinophil counts have an
excess oftreptococcus. This may suggest that eosinophilic inflammatisadisposes t&treptococcus
infection/ colonisation, as has been demonstrabedbther Firmicutes such &aphylococcus,(30) or
some members of th@&reptococcus genera may provoke an eosinophilic response, anggs in the
microbiome may be the result of external factorghswas antibiotic treatment, inhaled or oral
corticosteroid therapy or interactions with the eppairway and gut microbiomes.(31) Further
mechanistic studies will be required to test thassve hypotheses and to determine the cause ot effe
the association between eosinophil count &wéptococcus. The cross-sectional nature of our study
makes causal inference impossible. Antibiotic treatt in particular is an important potential
confounder. The relationship between diversity #rel frequent exacerbator phenotype may reflect the
effect of repeated antibiotic courses in patierith frequent exacerbations. Some aspects of ouivalir
analysis nevertheless suggest that dominance aadfanicrobial diversity themselves may be harmful
and contribute to disease progression. The strevfghissociation with survival was striking with ama
than 2-fold increased risk of death among indivislugith Proteobacteria ddaemophilus dominance.
While this could reflect these patients simply Ingvimore severe disease, adjustment for age, sdx, an
FEV; and exacerbation frequency, did not significamtlgdify the association of Proteobacteria with
mortality. We have previously demonstrated tHaemophilus dysbiosis is associated with an increased
frequency of exacerbations and increased airwaytromhil extracellular trap formation.(11) NET
formation exposes the airway to increased condiémsaof toxic proteases and antimicrobial peptides
such as neutrophil elastase and matrix metallojpages which are linked to disease progression in
emphysema and COPD, and which were linked to Poatteria dominance in this study.(32) There is
therefore a clear causal pathway through whichdbttinfection could lead to disease progressioth a
increased mortality. Despite the strength of oudifigs the number of events during follow-up was
relatively small and confidence intervals wide. (imdings should ideally be replicated in future

longitudinal microbiome studies.

A series of microbiome studies of varying designsjuding cross-sectional and longitudinal cohorts
have now provided remarkably consistent result® déminance oHaemophilus and Streptococcus as
key taxa in COPD, distinct microbiome subtypesxaaerbation, the association with lower diversitd a
poor lung function and more severe disease atgigilly consistent across multiple cohorts.(11, 153,
18) This requires a consideration of how the mimwte could be therapeutically targeted. Here tlgere
an absence of evidencdaemophilus influenzae, the most frequently identified species on culture i
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those withHaemophilus dominance by sequencing, may be amenable to tesatnith antibiotics but the
microbiome has been shown to be remarkably resistashort term disruption with antibiotics.(11,)15
Long term antibiotic treatment such as with madesdi has been shown to modify the microbiome, but in
a study by Rogerat al, in patients with bronchiectasis, a reduced nsdatibundance d¢flaemophilus was
associated with an increased relative abundancett@fr Proteobacteria includingseudomonas.(33)
Therefore it is not certain that antibiotic treatm&ould produce a positive change in the microl@om
Vaccination, pulmonary or gastrointestinal prolusti or discontinuation of immunosuppressive
medications such as corticosteroids have all beesidered but interventional studies are now reglir

to establish if treatments can modify the microkeoma meaningful way.

Limitations of our study should be acknowledgedr ®udy was enrolled from a single UK region and
results may not be generalizable to other settimgddwide. Our study included a high proportion of
patients with severe COPD and frequent exacertmtiond consequently a high frequency of use of
preventative therapies such as inhaled corticasi®end antibiotics. CT scanning can identify addél
phenotypic characteristics in COPD such as thoserna with dominant bronchiectasis and emphysema
and the absence of systematic CT scanning in ady $6 an important limitation. We reported all-sau
mortality but did not have sufficient data to examassociations with respiratory specific mortaltje
used 16S rRNA sequencing to characterize the espjr microbiome. This is the most widely used
method in the literature but has inherent biaseistwimust be considered in interpretation of theiltes
The most relevant limitation in this case is theklaf resolution to determine organism identityspecies
level. It is therefore not known which Streptocdcspecies are being identified in tiSreptococcus
cluster; use of species specific PCR could restiteeidentity to species level in future studies)(B4
should also be noted that sputum, while widely usestudies of the airway microbiome, has limitago

in that it is often intermediate between bronchealar lavage and upper airway swabs, therefore
containing contributions from the upper and lowieway. Since our study aims to test the progncestid
phenotypic utility of the sputum microbiome, we raato inferences about lung ecology. Whilst différen
studies have utilized various cut-offs to invedigassociations between microbiome profiles anddlo
eosinophil counts (e.g. 2%), we used 100cells/pdiefine eosinophilia, based on the recent GOLD 2019
clinical guidelines. Our generalised linear mod&iew a continuous relationship between microbiome
profiles and blood eosinophil counts and did ngfgast a true “cut-off” which is consistent with mt
thinking within the COPD field as a whole. Our momic analysis was only performed in a subset of
patients. While the characteristics of these pttiemre similar to the overall cohort this introds@ risk

of selection bias. Our study has many strengthisiditeg the large sample size compared to other COPD
microbiome studies, the inclusion of a represevdatiohort including patients across the spectrum of
COPD and the availability of long-term microbionaargples and follow-up data.
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In conclusion, we have identified microbiome asatmx subtypes of COPD associated with clinical
phenotypes and increased mortality. Our resultp@t@ personalized medicine approach to therapy in
COPD.
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Figure 1. Flow chart of the patients and samples usedignstiidy. Baseline characteristics of the cohort
who provided sufficient sputum for microbiome seaging (n=252) is shown in Table 1

Figure 2. A: Microbiome profiles of all stable samples at thegylom level. B: Patient microbiome
profiles in COPD at the genus level. The samplessarted by percentagtaemophilus and percentage
Sreptococcus to emphasize the dominant populations.

Figure 3. Relationship between clinical phenotypes and miomke compositiorA: Alpha diversity
measured by Shannon-Wiener Diversity Index and &eRarker Dominance Index, is associated with
the peripheral blood eosinophil count, p-value froaired T-test, 62 patients were identified as igna
peripheral blood eosinophil count g00 cells/pL, 190 had a count of >100 cells/BL.Average %
OTUs at the phyla and genera level for non-eositioghatients compared to eosinophilic patiefits %
Proteobacteria is negatively correlated with bleodinophil counts. % Firmicutes is positively ctated
with blood eosinophil count. Generalized linear eledwith binomial errors and a logistic link furani
were used to show how expected proportions of thegk are related to blood eosinophil levels.

Figure 4. Relationship between baseline microbiome profded long-term survivalA: Microbiome
subgroups identified at the phylum level, for diadnly samples classed as Firmicutes or Proteelact
dysbiotic or balanced phyla are shovigi. Microbiome subgroups identified at the genera llegaly
samples classed bBaemophilus or Sreptococcus dysbiotic or balanced genera are shown.

Figure 5. Proteobacteria dominated microbiome profiles are associated with neutrophilic inflammation
in patients with COPD. 747 variables (consisting of 613 proteome, 113 microbiome and 21 clinical
variables) from n=78 patients were subjected to partial least square discriminant analysis based on three
pre-defined microbiome groups. A: The scores plot reveals the separation between the three
microbiome groups, Firmicutes (n=30, blue dots), balanced (n=15, yellow dots) and Proteobacteria
(n=33, red dots), (R*X=0-17, R’Y=0-73). B: Loadings plot showing which key variables (those closest to the
grouping reference points (black dots) drive the separation. Microbiome variables are labelled in red
with orange dots, proteins in black with green dots and clinical variables in blue with blue dots. A
separate univariate analysis was carried out to confirm the results and to avoid overfitting
(Supplementary Table S2).
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502 Table 1. Baseline characteristics of the study populatiwr262 unique subjects). Abbreviations: ICS=
503 inhaled corticosteroids, BMI= body mass index, MR@®dical Research Council, FEV forced
504 expiratory volume in 1 second, FVC= forced vitalpaeity, SGRQ= St Georges Respiratory
505 Questionnaire, CAT= COPD assessment test. *includedications used in combination with other
506 bronchodilators or inhaled steroids.

Characteristics Median (IQR) or n (%)
N 252

Age 71 (66-78)
Male Gende 155 (60-71%)
BMI 26-47 (24-C-31-02)
ICS use’ 163 (64- 2%)
Long acting beta-agonists* 201 (79-4%)
Long acting muscarinic antagonist* 186 (73-8%)
Short acting bronchodilators only 14 (5-6%)
Oral antibiotics 51 (20.24%)
MRC dyspnoe scor¢ 3(2-4)

Curren smoker 65 (25- 7%)
Ex-smokers 184 (73-02%)
Pack years

<10 12 (4-76%)
10-20 37 (14-68%)
20-40 94 (37-30%)
40 or more 107 (42-46%)
Missing 2 (0-79%)
Exacerbatio frequenc (yeal prior to the study

0 52 (20-63%)
1 48 (19-0%)

2 40 (15-8%)

3 or more 112 (44-3%)

Severe exacerbation requiring hospitalization (yeer to the study) | 57 (22-62%)

Daily Sputun volume (mL) 10-((4-7520-0
Spirometn

FEV: (L) 1-50 (1-06-1-95)
FEV: (% predicted) 65-35 (49-75-80-00)
FVC 2-87 (2-11-3-61)
FEV./FVC 53-00 (44-75-61-02)
GOLD 2017

A 58 (23-02%)

B 32 (12:6%)

C 52 (20-6%)

20



D 11C (43- %)

SGR( total score 47-82 (31-9:-64-5%)
CAT total score 19 (14-25)

507
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296 patients

included

Insufficient DNA: 16

280 patients

included

Failed sequencing quality control: 28

252 baseline
profiles
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