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1. Scientific environment

The thesis presented here is based on data collected from three large chronic
obstructive pulmonary disease (COPD) cohort studies. The studies were conducted at
the Department of Thoracic Medicine at Haukeland University Hospital by the
Bergen Respiratory Research Group. The research group is currently led by Professor
Tomas Mikal Lind Eagan. The three studies include the Bergen COPD Cohort Study
(BCCS), the Bergen COPD Exacerbation Study (BCES), and the Bergen COPD
microbiome study (MicroCOPD).

My research started in January 2013, when I was employed for a 50% clinical
research position at the Department of Thoracic Medicine at Haukeland University
Hospital. I have been affiliated with the Department of Clinical Science, Faculty of
Medicine, University of Bergen since May 2017. The PhD work has since then been
funded by the University of Bergen.

My main supervisor has been professor, MD Tomas Mikal Lind Eagan. Co-
supervisors have been associate professor, MD Rune Nielsen and PhD, MD Marianne
Aanerud. All supervisors have been affiliated with the Department of Thoracic

Medicine and the Department of Clinical Science.



2. Acknowledgements

Where better to start, than at the beginning of things: Soon after signing my junior
doctor employment contract, the ward director Kahtan Al-Azawy asked if [ would be
interested in conducting research as part of my employment. And he let it be clear:
Saying yes would be a smart career move. He directed me to Professor Eagan’s office
where I was welcomed into the research group, and here we are a decade later. So,

thank you Al-Azawy!

From the very beginning I have wondered where my three supervisors hide their
shared time machine. Anyone working with them will realise that they either have
access to twice as many hours in a day as everyone else, or maybe they are just

superhuman:

Marianne, as my co-supervisor you proved to be a true wizard both in Stata and with
regards to your teaching skills. You offered invaluable help with statistics and
introduced me to a new world of data handling. Not one time was I met with
reluctancy when asking for advice. You are such an enthusiastic person making even
the most tedious Stata workflow fun to untangle! And you worked days and during
nights to help me while juggling your clinical work, union representation, raising
kids, feeding your neighbours, colleagues, and fellow researchers, and succeeding at a

repertoire of hobbies others can only admire!

Rune, you have been an amazingly valuable sparring partner. You have continuously
been challenging established truths within this field of research, pushing for further
work, new methods, critical analyses, and a deeper understanding of the matter.
Without you I would not have known half of what I do today. The long talks in our
office, during travels to conferences and courses has been enlightening and amusing,
resulting in a will to keep on when challenging methods and results have put a
dampener on my own enthusiasm. And amid everything you do for your PhD
candidates, you have taken upon you commitments benefiting the entirety of
Norwegian respiratory medicine doctors, and you somehow manage to prioritise time

for, not to mention expand, your own wonderful family.



Tomas, I could not have gotten a better supervisor than you. From that meeting in
your office back in 2012 you have offered me more of your time than many would
ever have considered. And I have helped myself to your time shamelessly! As an
example, my gmail account doesn’t even quantify the e-mail correspondence between
us by numbers, it just states there are many. Not only that, but you have kept several
channels open for communication, so I am not going to try counting the number of
messenger conversations, SMSs or WhatsApp messages sent and received. You have
gracefully balanced the need to teach and instruct me, with the need to let me work
independently. You challenge my ideas and thoughts, being just as eager with the red
marker as my mother was correcting my homework back in the 1990s. You are an
endless source of good advice and knowledge, putting things straight when confusion
and despair is about to topple my days. Through the happiest and the darkest times,
you have stepped in to avoid full stop in my research, without ever putting on any
pressure. And during those rougher times you have been such a valuable support,
sharing of your own experiences, giving advice reaching far passed the research you
have been supervising. I wish to thank you from the bottom of my heart for the way
you have helped me and three generations of my family when life was at its most

chaotic. Without your support, I could never have completed this project.

My dear colleagues and friends, Marta, Christina, Bahareh and Anders: What should I
have done without you? You bring me joy coming to work both at the hospital and
doing my research. I love how we have progressed from being colleagues to being
friends also outside the workplace. You keep me on the right path, help me remember
all the scheduled stuff that never caught my attention, but that should have. I cherish
having you to lean on, and for you to be able to lean on me. Life is full of joys and

sorrows, and they are both best delt with in company of good friends like you.

Thanks to the Department of Thoracic Medicine and the entire Bergen Respiratory
Research Group present and past, for providing with a great work environment, and
the opportunity to become a microbiota nerd. A special thanks to Sverre Lehmann,
Kristel Knudsen and Oystein Flotten who have shown great flexibility with my

clinical duties, allowing my participations at congresses and courses the past decade.



Thanks to the Department of Clinical Science for allowing me to combine research
and clinical work. Thank you for offering the opportunity to be trained in my field
outside the University of Bergen, but also offering interesting research courses

broadening my perspectives and allowing me to meet other PhD candidates.

Thanks to co-authors Marianne Aanerud, Rune Nielsen, Tomas M. L. Eagan, Louise
J. P. Persson, Karl A. Brokstad, Per S. Bakke, Christine Drengenes, Harald G. Wiker,
Pieter S. Hiemstra, Gunnar R. Husebg, Sverre Lehmann and Kristel S. Knudsen both

for insightful feedback and support.

Thanks to everyone that contributed to data collection and processing. In random
order: Margrete Klemmetsby, Marie Waatevik, Dag Harald Skutlaberg, Lene
Svendsen, Tina Endresen-Vinsjevik, Eli Nordeide, Inge Zwetzig, Hilda Andersen,
Tuyen Hoang, Lise @ Monsen, Hildegunn Fleten, Ingvild Haaland, Qistein Svanes,
Marit Aardal, Randi Sandvik, Tharmini Kalanthanan. Without you my thesis would
not have been realised. Some of you have also supported me with feedback on
manuscripts, conference papers and presentations, you have taken part in group

discussions and social events, or all mentioned above.

A special thanks to Heidi E. Haraldsen and Ase Fredriksen for patiently introducing
me to and teaching me how to perform the laboratory work I needed to do for my

research.

Thanks to all the wonderful study participants for sacrificing time and bodily fluids to

make this research possible.

At last, but not the least — my family: A great thank you to my loved ones at home,
Kristopher, Frida and Hedda for all your patience and support. Kristopher, thank you
for dealing with everything at home while I travelled in parts to get educated, in parts
to enjoy the opportunities offered. Thank you for listening to me ramble on about
unsolvable challenges and statistical shortcomings. Thank you, my dear kids, for
bearing over with the mother hidden behind the computer screen absentmindedly

answering your questions. Though I'm sure you’ve gotten some ice creams out of it!



Thank you to my devoted parents Olav and Ashild for always supporting me through
my education and studies, and through all the challenges life has thrown at me over
the years. How can people manage without grandparents like you? The same goes
without saying for my mother-in-law Unni. And thank you Malfrid for being the very

best sister in this world! Who and where would I have been without you?

Many more could and should have been mentioned, but the professor has an

unwavering demand for this thesis to be as short as possible so I'll stop here.
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ANC
ANCOM-BC
ANOSIM
ANOVA
ASVs
(P)BAL
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BCES
BLAST
CAT

CF
COPD
CXCLS8
DNA
DTT
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FEV
FVC
GOLD
HMP
HOMD
1CS
IL-(#)
IP-10
1SS
KOLS
LOA
LPK
MAFFT
MicroCOPD
MIG
NAST
NIH
NMDS
OTUs
ow

PBS
PCoA
PCR

PERMANOVA

16S ribosomal ribonucleic acid
Antimicrobial peptides

Absolute neutrophil counts

Analysis of Compositions of Microbiomes with Bias Correction
Analysis of similarities

Analysis of variance

Amplicon sequence variants

(Protected) bronchoalveolar lavage

The Bergen COPD cohort study

The Bergen COPD exacerbation study
Basic Local Alignment Search Tool
COPD Assessment Test

Cystic fibrosis

Chronic obstructive pulmonary disease
C-X-C motif chemokine ligand 8
Deoxyribonucleic acid

Dithiothreitol

Enzyme-linked immunosorbent assay
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Forced vital capacity

The Global Initiative for Chronic Obstructive Lung Disease
The Human Microbiome Project

The Human Oral Microbiome Database
Inhaled corticosteroids

Interleukin-(#)
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Induced sputum samples

Kronisk obstruktiv lungesjukdom
Limits of agreement

Leucocyte particle count

Multiple Alignment using Fast Fourier Transform
The Bergen COPD microbiome study
Monokine induced by gamma interferon
Nearest Alignment Space Termination
National Institute of Health

Non-metric multidimensional scaling
Operational taxonomic units

Oral wash
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Principal coordinate analysis
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Permutational multivariate analysis of variance



PSB Protected specimen brushes

pyNAST Python implementation of the NAST algorithm
QIIME (2) Quantitative Insights Into Microbial Ecology
RCTs Randomised controlled trials

RESCRIPt Reference sequence annotation and curation pipeline
RNA Ribosomal nucleic acid

SLPI Secretory leucocyte protease inhibitor

SSS Spontaneous sputum samples

SVL Small volume lavage

TNF-a Tumour necrosis factor alpha

UWUF Unweighted UniFrac

WBC White blood cell

WUF Weighted UniFrac
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5. Summaries

5.1 English

Background: Chronic obstructive pulmonary disease (COPD) is a complex
inflammatory disease causing the death of millions annually. The lower airway
bacterial community (microbiota) and immune responses could be important for the
pathogenesis of COPD. The aims for this thesis were to study COPD cohorts
considering if measures of inflammatory markers and microbiota 1) are affected by
sputum sampling techniques, 2) differ with COPD state, and 3) if the microbiota
differ in bronchoalveolar lavage (BAL) comparing patients with COPD with controls.

Methods: Sputum data originated from the Bergen COPD Cohort and exacerbations
studies in which 433 patients with COPD were enrolled and 356 followed for
exacerbations. BAL data originated from the MicroCOPD study in which 130 patients
with COPD and 103 controls were enrolled. Inflammatory markers in sputum were
measured by a bead based multiplex immunoassay and antimicrobial peptides by
enzyme linked immunosorbent assay. DNA sequences were obtained by enzymatic
and mechanical lysis extraction methods, PCR-amplification of the 16S rRNA gene
and paired-end sequencing using the Illumina MiSeq System. Data were analysed in

QIIME 1&2, Stata, and R.

Results: Inflammatory markers and microbiota differed significantly between induced
and spontaneous sputum, and between stable state COPD and exacerbations.
Differences related to disease state showed great heterogeneity looking at individual
participants. The microbiota in BAL sampled in the COPD cohort had lower evenness
and higher abundances of Firmicutes compared with controls. Sex, age, smoking,
disease severity and use of inhaled corticosteroids were not clearly associated with the

lower airway microbiota.

Conclusion: Sputum sampling methods influences on measurements of inflammation
and microbiota. Exacerbations in COPD and the presence of disease are both
associated with microbiota dysbiosis which indicate importance of the lower airway

microbiota in the pathogenesis in COPD.
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5.2 Norsk
Bakgrunn: Kronisk obstruktiv lungesjukdom (KOLS) er ein kompleks,

inflammatorisk sjukdom som forarsakar millionar av dedsfall drleg. Bakteriane i dei
nedre luftvegane (mikrobiotaet) og immunresponsar kan spele ei viktig rolle i KOLS.
Malingar av dei begge kan tenkast & vera paverka av prevetakingsmetode. Mala med
denne oppgava var & studere KOLS-kohortar med tanke pa 1) heve for vekselbruk av
indusert og spontant sputum for mélingar av inflammasjonsmarkerar og mikrobiota,
2) endringar i inflammasjonsmarkerar og mikrobiota under sjukdomsforverringar
samanlikna med stabil sjukdomsfase og 3) forskjellar i mikrobiota i
bronkialskyllevaeske (BAL) frd pasientar med KOLS samanlikna med friske

kontrollar.

Metode: Sputum data kjem fré studiane BergenKOLS og tilhgyrande
eksaserbasjonsstudie med 433 pasientar med KOLS inkludert, og 356 som vart folgt
med tanke pa forverringar. BAL data kjem fré studien MikroKOLS med 130 pasientar
med KOLS og 103 friske kontrollar inkludert. Inflammasjonsmarkerar i sputum vart
malt med bead based multiplex immunoassay og antimikrobielle peptid med enzyme
linked immunosorbent assay. DNA sekvensar vart reinska ved hjelp av bdde enzym
og mekanisk lysering. PCR-amplifisering av 16S rRNA og paired-end sequencing
med Illumina MiSeq System vart utfert. Data vart analysert i QIIME 1&2, Stata og R.

Resultat: Inflammasjonsmarkerar og mikrobiota var signifikant forskjellige i indusert
og spontant sputum, og i stabil fase av KOLS samanlikna med under padgéande
forverring. I hove til sjukdomsfase var ulikskapane heterogene nér ein sig pa kvart
individ. Mikrobiota i BAL var meir ujamn og rikare pa Firmicutes hos pasientar med
KOLS samanlikna med friske. Kjonn, alder, reyking, sjukdomsgrad og bruk av
inhalasjons-kortikosteroider var ikkje tydeleg assosiert til mikrobiotaet i dei nedre

luftvegane.

Konklusjon: Sputumprevetaking paverkar mélingar av inflammasjonsmarkerar og
mikrobiota. KOLS forverringar og KOLS i seg sjalv er begge assosiert med endringar

i luftvegsmikrobiotaet. Det tyder pa at mikrobiotaet spelar ei rolle i KOLS.
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6. Introduction

6.1 Chronic obstructive pulmonary disease (COPD)

COPD is a multifactorial disease characterised by lower airway inflammation (1).
Smoking is a trigger of inflammatory processes in the airways and considered the
main cause of COPD. Examples of less prevalent causes include air pollution,
exposure to other lung toxic substances, and rare genetic disease (2, 3). While COPD
is mainly caused by smoking, far from all smokers develop COPD. This observation

is yet to be explained (4, 5).

COPD is defined by chronic airflow obstruction assessed with spirometry (6). With a
spirometer we measure how much air can be forcefully exhaled in the first second of
expiration (FEV1) and the total amount of air that can be forcefully exhaled (FVC). If
the FEV1/FVC ratio is less than 70% it indicates obstructed airways. In the case of
COPD, this obstruction is caused by chronic remodelling of the airways and lung

tissue (Illustration 1).

Healthy = COPD

_?’,‘onchi ofa

Ilustration 1: Medical illustration of remodelling of the lower airways and lung parenchyma
in COPD by Dr Ciléin Kearns (Artibiotics). Reprinted with permission.
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Narrowing of bronchiole lumens are due to smooth muscle cell hypertrophy and
alterations of mucus producing Goblet cells. Airflow obstruction is further caused by
destruction of alveoli and a loss of structural integrity allowing for dynamic collapse
of the small airways. The resulting emphysematous lung tissue also has a reduced

surface for gas exchange compared with healthy lung tissue.

COPD development is progressive, heterogeneous, and unpredictable. While some
patients may exhibit minimal symptoms, others can develop a debilitating condition
marked by recurring episodes of increased difficulty in breathing, cough, and sputum
production. These episodes are referred to as exacerbations, which have been
associated with a decline in the overall quality of life and life expectancy, as well as
an increase in disability and the need for hospitalisation (6). Exacerbations are often
caused by infections, which again activate both the local and systemic immune
system. Consequently, a combination of oral corticosteroids to decrease inflammation
and antibiotics to target bacterial infections is frequently used in the treatment of

exacerbations (6, 7).

Medicines used to treat COPD are otherwise aimed at dilating the bronchioles by
relaxing the smooth muscles in the airways, while corticosteroids are recommended
only for a subset of patients at stable state (6). These bronchodilators and
corticosteroids are administered by various means of inhalation, but neither can
reverse the airway remodelling nor loss of alveoli once established. A spirometry
performed after inhalation of bronchodilators will therefor remain obstructive in

COPD, and this is routinely done in clinical settings.

The use of antibiotics aimed at bacteria colonising the lower airways of patients with
COPD has been investigated. Unfortunately, prophylactic antibiotics come with
adverse side effects, a risk of inducing antibiotic resistance, and little if any benefit for

the treated. It is therefore not routinely recommended (6, 8).

The key to prevent most cases of COPD is to keep people from smoking. Sadly, it
remains a challenge to help smokers quit, and to effectively manage patients already

diagnosed with COPD. There is a significant need to address questions such as which
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healthy smokers are prone to developing smoking related disease, including COPD,
and which patients with COPD are at a high risk of experiencing frequent
exacerbations and disease advancement. Consequently, researchers studying COPD
have analysed a diversity of airway samples in the hopes of identifying high risk
individuals from the inflammation and the microbial community as measured in the

airway samples.

6.2 Lower airway inflammation in COPD

It has been recognised that the lower airway immune system is altered in COPD
compared with in health. Though the immune system in the airways is very complex,
its main task is to eliminate pathogenic microorganisms and toxic substances before
they can do harm to the respiratory organ. The airway immune system consists of
barrier cells like the epithelial cells, specialised immune cells called leucocytes, and

different molecules produced and released by these cells (Illustration 2).

Eosino.Dhil Th2 cell TR E
a T Exacerbation lrﬂalmem
’ ' / ‘\ Macmphaae TROS
@ 1 Mitochondrial
dysfunction
L Phagocytosis

W.l 6 ):'. l\' & ';*. lm Q. [%{‘J ada ke

Chemokine
CXCR2 AntHL7 Thi cell
antagonists treatments oo

recaptor
Neutruphll

antagonists
‘. -

TROS
Neutrophil elastase
Cathepsin G

Thl? cell

CXCR3
antagonists

CDB‘TceII

"\ \.,_ Small
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Protease RS, :
inhibitors A L.l_‘ri disease
s Protease
.1—‘ [\ inhibitors
mﬁ

Mast cell :. M @... » 4 Autoantibodies

[lustration 2: Leukocytes and released molecules in chronic obstructive pulmonary disease
(COPD). Shared under CC BY-NC 3.0 license: Baker et al. doi: 10.2147/COPD.S266394.
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Typical for the lower airways of patients with COPD is a leucocyte pattern richer than
normal in macrophages, neutrophils, cytotoxic T-cells, and helper T-cells type 1&17
(9, 10). Macrophages and neutrophils play a critical role in managing pathogenic
microorganisms, but an imbalance in their activity in COPD is thought to contribute

to the destruction of alveoli. This in part by increased release of protein degrading
molecules called proteases (10). Furthermore, it has been found that the capacity of
macrophages and neutrophils to eradicate microorganisms is reduced in the airways of
patients with COPD (10). A subset of patients with COPD exhibits a higher
prevalence of eosinophils, similar to what can be seen in many patients with asthma.

For this group of patients inhaled corticosteroids (ICS) can be beneficial (11).

Important molecules in the immune response includes cytokines involved in cell
signalling. These can be interleukins allowing for communication between leucocytes,
and chemokines attracting immune cells to infected sites. The same molecule can
have different functions, and therefore be recognised as both interleukins and

chemokines. Interleukin-8 also known as chemokine ligand 8, is one example.

The immune system in the lower airways also contain cells with non-inflammatory
functions that under the right circumstances engage with both pro- and anti-
inflammatory activity. As an example, the airway epithelium is equipped with hair
like cilia that with coordinated movements remove inhaled mucus and foreign
particles and microorganisms. But the epithelium also possesses pattern recognition
receptors that facilitate the identification of viruses and microorganisms, prompting
the release of cytokines and antimicrobial peptides (AMPs) as a response. Moreover,
the epithelium can release growth factors involved in leukocyte activity and the cell

hypertrophy causing the bronchioles to narrow in COPD (9).

Smoking is one cause of COPD, but it is not the sole determinant as not all smokers
develop COPD. Therefore, there must be unknown factors that play a role in
triggering the remodelling of lung tissue and airways associated with COPD. Is it
possible that the microbial community either residing in or visiting the lower airways

could be such a factor?
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6.3 The lower airway microbiota

Microbiota can be defined as the living microorganisms in a defined environment

(12), as shown in Illustration 3.

Microbiome

Microbiota <4+ “Theatre of activity”

|' Bacteria ‘ Archaea Microbial structural elements

( < ) ‘ o " Proteins/ ‘ i ‘ ( Poly- ‘

‘ Fungi I\ Protists ’ peptides ipids sacharides |
Algae " Nucleic acids

structural DNA/RNA 1

mobile genetic elements
incl. viruses/phages relic DNA

Internal/external structural elements

Microbial metabolites

Environmental

" signalling | | . | [ (An)organic
conditions ‘ ‘ Toxins

molecules | molecules

Biome: a reasonably well defined habitat which has distinct bio-physio-chemical properties

[lustration 3: Defining the microbiome. Shared under CC BY 4.0 license: Berg et al.
doi.org/10.1186/s40168-020-00875-0.

From the work of Berg et al. we can see that the microbiota is not limited to bacteria,
but also consists of fungi, archaea, protists, and algae. We also notice that the non-
living viruses are not included in this definition. Today, bacteria are the most studied

microorganism of them all.

Technological advancements have facilitated the classification of bacteria through
sequencing of bacterial DNA, leading to valuable microbiota research findings.
Currently, the most widely used sequencing technique is amplicon sequencing, (also
called target gene sequencing), primarily because it is cost-effective. The 16S rRNA
gene is particularly suited for amplicon sequencing due to its universal presence

among all bacteria, enabling the differentiation of bacterial DNA from human DNA.
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Additionally, the 16S rRNA gene contains both conserved and variable regions

facilitating the classification of bacteria with bioinformatic analyses.

The Human Microbiome Project (HMP) financed by the United States National
Institute of Health (NIH) was one of the first, large projects aiming to map the human
microbiota (13). The HMP was initiated in 2008 and included 300 healthy participants
sampled from many body sites with direct contact with the world around them.
However, samples were not taken from the lower airways. The possibility of a
"healthy" airway microbiota was thus not recognised until early 2010s when the
works of Hilty et al., and Erb-Downward et al. presented a diverse collection of
bacterial sequences from the lower airways of healthy controls (14). Studies on the
airway microbiota (microbiome) in COPD available from the NIH online library
(https://pubmed.ncbi.nlm.nih.gov) by the time my microbiota studies began in 2015 is
presented in Table 1.
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From Table 1 we can observe that the earliest lower airway microbiota studies were
mainly descriptive, had limited numbers of participants, and presented airway
microbiota from various sample types. Certain aspects from Table 1 can be

highlighted:

First and foremost, all studies including healthy controls confirmed the existence of a
healthy lower airway microbiota as first suggested by Hilty et al. Hence, the belief
that the healthy lower airways were sterile had already been disregarded by 2015.

Secondly, Huang et al. challenged the notion that exacerbations were caused by a
single pathogenic bacterium (15). She proposed that a more complex bacterial

dysbiosis, involving multiple bacteria, could be responsible for exacerbations.

Thirdly, measures of alpha- and beta-diversity in both health and COPD were
inconsistent between studies, as well as in relation to the severity of COPD. Similarly,
various studies have provided conflicting results on the proportions of prevalent
bacterial phyla in relation to both health and COPD, as well as in relation to the
severity of COPD.

Furthermore, the measurements of the microbiota were affected by the choice of
sampling sites and methods. In the research conducted by Hilty et al. differences in
sample sites were only found among patients with obstructive lung disease, not in
healthy controls. Erb-Downward et al., and Cabrera-Rubio et al. discovered that

sampling methods and sites influenced the composition of the airway microbiota.

Notably, there was a lack of studies investigating the relationship between the airway

microbiota and airway inflammation, as evident in Table 1.

Studies of the airway microbiota in COPD have grown rapidly in size and complexity,
with researchers attempting to link the microbiota to host characteristics and host
inflammation. This shift is exemplified in Table 2, which provides an overview of

larger studies conducted after 2015.
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6.4 Airway sampling procedures

It is apparent from both Table 1 and Table 2 that different sample types have been
used to characterise the airway microbiota. To sampling sputum is convenient as the
procedures are of a less invasive nature, and require less resources compared with
bronchoscopic sampling procedures. However, one drawback of sputum is that it must
pass through the oral cavity and the much richer microbiota present there. This will

inevitably lead to sample contamination.

Two types of sputum can be collected: Participants can deliver spontaneous sputum
simply by coughing and expectorating, or they can be induced. With this procedure a
machine (nebuliser) turns saline into a mist that can be inhaled. This increases sputum
production making sampling from non-expectorating participants possible. The
standardisation of induction techniques has been proposed by a European task force
over 20 years ago (16). Limited publications exist regarding the potential impact of
sputum sampling methods on measurements of inflammatory markers and microbiota
in patients with COPD. When commencing this thesis work in 2013, it had been
reported that induced sputum from patients with asthma and COPD had higher cell
viability compared to spontaneous sputum, IL-8 levels were similar across different
types of sputum in stable COPD (17, 18), and no studies comparing microbiota in

induced and spontaneous sputum in patients with COPD had been published.

The use of standardised sampling methods, such as induced sputum, would be a
logical choice for research purposes, also due to the ability to include a larger number
of participants. However, it is important to exercise caution when sampling patients
with exacerbated COPD and asthma, as induction has been shown to obstruct the
airways (16). The European task force recommended using isotonic saline instead of
concentrated saline for high-risk patients, gradually increasing the concentration if
sampling failed and isotonic saline was well-tolerated. By 2013, the safety of
induction with concentrated saline had been evaluated in stable asthma, stable COPD,
and exacerbated mild to moderate COPD (19-22). In 2013 Gao et al. published their

assessment of the safety of induction during exacerbations in severe and very severe



30

COPD using isotonic saline. They concluded that this modified procedure was safe for

most exacerbated patients with severe and very severe COPD (23).

Although sputum is commonly used, and safely sampled during most exacerbations of
COPD, it is obtained from the proximal parts of the lower airways (24). To obtain
biological samples from the distal airways, bronchoscopy should be performed.
Bronchoscopic samples, such as bronchoalveolar lavage (BAL), bronchial brushes,
and transbronchial biopsies, carry substantially less risk of oral contamination
compared to sputum. This is particularly true when employing procedural steps aimed
at reducing contamination. One example of measures that should be taken is to refrain
from suction through the bronchoscope until it has reached the lower airways (25-27).
Equipment specifically designed to reduce the risk of contamination, such as wax-
sealed sterile specimen brushes and wax-sealed sterile inner catheters for BAL, can

further decrease the risk of oral contamination (26, 28).

Currently, there is no consensus on which type of sample is preferable for assessing
the airway microbiota in COPD. It is reasonable to assume that samples obtained near
the sites of airway remodelling would provide more accurate insight into the
environment responsible for such changes. However, both BAL and bronchial brush
samples cover a more limited portion of the lower airways compared to sputum,
which is likely to be supplied from both lungs. Another important limitation of
research bronchoscopy is that the procedure has only been conducted in stable state

COPD, and not in patients with ongoing exacerbations.
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6.5 How to plan a study?

The overall objective of research is to acquire knowledge about a specific subject. The
selection of a study design is crucial in achieving this objective. In the field of medical
research, randomised, controlled trials (RCTs) are usually considered the superior
study design (29), but they do have their limitations, as discussed by Bosdriesz et al.
(30). For instance, envision a study looking into the correlation between smoking and
dementia, where one group of healthy individuals is randomly assigned to smoke 20
cigarettes per day for 20 years, while another group remains smoke-free. Due to the
well-known health risks associated with smoking, such an RCT would (hopefully)
never receive approval from an ethics committee. However, an observational cohort
study could be conducted to examine whether there is a higher incidence of dementia
among smokers compared to non-smokers, without imposing smoking on the
participants. Additionally, cohort studies have the advantage of being more cost-
effective, allowing for larger-scale studies compared to RCTs (29). A potential
drawback with observational cohort studies is the time needed to observe outcomes.
Case-control studies in which the outcome identifies cases and controls, and inclusion
depends on available exposure data can effectively overcome this issue. Important
limitations to such case-control studies include confounding, recall biases and
inappropriate inclusion of controls (31). Confounding refers to the influence of factors
other than those under study. To mitigate this, stratification can be used (31). For
example, dementia is more prevalent in the elderly, who are also more likely to have
smoked for a longer duration than younger participants. Therefore, studies on smoking
and dementia should analyse data from young and elderly individuals separately to
reduce the confounding effect of age. Another approach is to use cases as their own
controls in a crossover design (31). Traditionally, case reports have been regarded as
the least reputable study design, with the focus on in-depth investigations of
individual participants (29). Study designs can either be longitudinal, comparing
measurements over time, or cross-sectional, where measurements are taken at a single

point in time. The latter design does not allow for causal inference.
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It is essential to obtain and process samples according to validated methods (26, 32).
The internal validity must be acceptable, meaning that the results should accurately
reflect the sampled environment. Additionally, external validity is important, as we
need to ensure that what we observe in the study population is representative of the
general population. Furthermore, we want the results to be repeatable and reliable. It
is necessary to determine if observations made are random or not, and if the data
obtained will suffice to detect significant patterns in our data. This requires us to

assess if the statistical power is high enough to allow us to draw conclusions.

Considering the factors mentioned above, it becomes evident that it is important to
clearly formulate the questions one intends to address and select an appropriate study

design and sampling methods in alignment with those questions.

6.6 Microbiota data and statistical analyses

Some challenges arise when working with microbiota data and statistical analyses.
One of these challenges is the high zero-counts in sequencing data. Many bacterial
sequences exist in low quantities and can only be found in a few samples. Several
established statistical methods struggle to handle datasets with high zero-counts, but
there are ongoing efforts to develop mathematical approaches to address this issue
(33). Additionally, the compositionality of sequencing data complicates the
interpretation of changes and differences (34). This was effectively demonstrated in

Leiten's PhD thesis The airway microbiota of stable COPD (Illustration 4).
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Relative abundances

. Streptococcus

. Prevotella

1 2
Potential corresponding absolute abundances
—> — 4’ —»
1 2 1 2 1 2 1 2
2-fold increase of Prevotella is Both genera increase, but goth %elr;er;\ decrease, but
Streptococcus 50 % reduced Streptococcus increases more revotefla decreases more

[lustration 4: Four scenarios of absolute abundances that correspond to the relative
abundance of Streptococcus and Prevotella in samples 1 and 2. Illustration reprinted with
permission from PhD, MD Elise Leiten.

6.6.1 Bioinformatic pipelines

Microbiota data comprises an extensive number of sequences (reads), rendering
manual curation impractical. Consequently, these data need to be processed with
bioinformatical pipelines, of which Quantitative Insights Into Microbial Ecology
(QIIME) 1&2 and Mothur are commonly employed (35, 36). Furthermore, data
curation can be conducted using diverse tools created within the open statistics
environment known as R (37). The bioinformatic tools aid in transforming the
millions of sequences, depicted as lengthy strings of letters, with each letter

symbolising one base in the amplicon sequence, into comprehensible data.

6.6.2 Microbiota characteristics

Descriptions of microbiota typically include diversity and taxonomy. In 1972,

biologist Whittaker introduced the concepts of alpha-, beta-, and gamma-diversity,
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which help to explain the diversity both within and between samples (38). Since then,
a wide range of mathematical diversity models have been developed improving our
understanding of the complexity of microbiota data. It is important to recognise that
there are differences between diversity analyses to fully grasp the intricacies of the

microbial diversity.

The taxonomy of microbiota is described at various hierarchical levels, beginning
with kingdom followed by phyla, classes, orders, families, genera, species, and even
sub-species. However, caution must be taken when interpreting bacterial taxonomy
below the genus rank, due to limitations in 16s rRNA target gene sequencing (39).
Additionally, including more ranks in analyses increases the number of comparisons

made and the risk of false positive observations.

The complexity of microbiota data has led to the development of several statistical
methods for comparing taxonomy between groups. These differential abundance
analyses have been constantly evolving, and the methods used for this thesis are

summarised in the methods section (Table 3).
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6.7 Potential implications of microbiota research for patient care

The most notable illustration of utilising microbiota to treat disease is faecal
transplants for antibiotic resistant Clostridium difficile colitis (40). Unfortunately,
diseases like COPD are not likely to be caused or worsened by a single treatable
microorganism, as in the case of C. difficile infections. Therefore, targeting individual

pathogens would not be effective in preventing COPD.

Hopefully, methodical, and descriptive studies have laid the foundation for future
research endeavours focused on unravelling the intricate interplay between host
inflammation and the airway microbiota and its disease propagating characteristics.
Aided by continually advancing statistical and bioinformatic tools this research field is
far from exhausted and can be important for improved patient care. Although we may
not achieve the same level of success for patients with COPD, as for the C. difficile
sufferers, there is reason to believe that the lower airway microbiota plays an
important role for the human health as summarised by Man et al. (41). Perhaps, in the
future, it may be feasible to administer personalised treatments to distinct sub-groups
of smokers and patients with COPD by considering their microbiota-inflammatory

profiles.
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7. Objectives of this thesis

I conducted the two first studies with the intention to understand the influence of
different methods of sputum sampling on the measurement of lower airway
inflammation and microbiota and to use the results to direct the sample selection for

my third study.

Next, my goal was to identify specific patterns of change in inflammation and
microbiota in induced sputum from patients with COPD enrolled if sampled both

during stable and exacerbated states.

Lastly, I aimed to find potentially important differences in the lower airway
microbiota between a large group of patients with COPD and a similarly sized group

of healthy participants, as measured in BAL.
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8. Material and methods

8.1 Research studies

The data in this thesis was acquired from three extensive cohort studies concerning

patients with COPD and healthy controls residing in western Norway:

The Bergen COPD Cohort Study (BCCS) followed 433 patients with COPD over a
span of three years, from 2006 to 2010 (42-45). To be eligible for inclusion as a
COPD patient a study physician had to clinically confirm the COPD diagnosis based
on both respiratory symptoms and spirometric criteria, with post-bronchodilator
measures of forced expiratory volume in 1 sec/forced vital capacity (FEV1/FVC) <0.7
and FEV <80% of predicted. In addition, patients with COPD were required to have a
smoking history of 210 pack years. Candidates with other lung diseases, connective
tissue disorders, inflammatory bowel disease, or cancer during the last five years were
excluded. The data collected within the BCCS and used in this thesis consists of
medical history including age, sex, smoking history, information on medications,
exacerbation history, body composition measurements, lung function testing with
COPD severity classification (6), induced sputum samples and spontaneous sputum

samples.

The Bergen COPD Exacerbation study (BCES) followed 356 patients from the BCCS
who resided within the Bergen hospital district (46, 47). These patients were given
detailed descriptions of COPD exacerbation symptoms and were encouraged to
contact the hospital if they experienced such symptoms. A telephone service staffed
by a study nurse was open 12 hours per day, seven days a week, for the duration of the
study. The study nurse determined if immediate hospitalisation was needed, or if a
next working day outpatient clinic visit with a study physician was sufficient. The
data collected within the BCES and used for this thesis is identical to the data from the
BCCS, but with the addition of serum white blood cell counts (WBC) and absolute
neutrophil counts (ANC) (9).
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The Bergen COPD microbiome study (MicroCOPD) included 249 participants, with
data collected between 2012 and 2016 (26, 48, 49). Among these participants, 130
were diagnosed with COPD and 103 served as healthy controls. The confirmation
process for a COPD diagnosis followed the same criteria as in the BCCS, except that
COPD with the Global initiative for chronic Obstructive Lung Disease (GOLD) stage
I were also allowed. Participants were excluded if they were deemed unsuitable for
bronchoscopy. Factors that would prevent bronchoscopy included oxygen saturation
<90% with oxygen supplementation, pCO> in arterial blood >6.65 kPa, increased risk
of bleeding and a known allergy towards the premedication. Cardiac risks such as
acute coronary syndrome last six weeks, severe pulmonary hypertension, or valve
prosthesis ruled out bronchoscopy. The use of antibiotics and/or systemic
corticosteroids two weeks prior to the scheduled bronchoscopy, as well as ongoing
airway infections, would only delay inclusion. The data collected within the
MicroCOPD study and used for this thesis include medical history (including age,
sex, smoking history, information on medications, exacerbation history), lung function

testing with COPD severity classification (6) and BAL.

Flowcharts depicts how participants from the three studies were selected for my
studies, based on availability and stringent quality screening of all biological samples

(Figure 1 and Figure 2).
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Participants:
BCCS: 433
BCES: 356

BCES:
o n=217 had no
”lexacerbations assessed
in outpatient clinic

Participants eligible for ISS
BCCS: 433
BCES: 139

Y

BCCS samples Spuiulm n?llllljlllrlltlil z:]r;:rol: BCES samples:

ISS (n=257): 483 ISS (n=60): 91

P <20 % epithelial cells —£ A
SSS (n=81): 107 > 70 % LPK viability SSS (n=64): 91

Y
Concomitant ISS & SSS:
BCCS (n=36): 43
BCES (n=34: 46

Y y
Inclusion criteria: Inclusion criteria: Inclusion criteria:
Inflammation data in Sequencing data in Sequencing data in stable
ISS & SSS ISS & SSS state & exacerbation
BCCS: 31 BCCS: 11 BCCS: 36
BCES: 29 BCES: 25 BCES: 36

Figure 1: Sample selection for sputum studies: Flowchart depicting the sample selection
process from the Bergen COPD cohort study (BCCS) and the Bergen Exacerbation Cohort
study (BCES). Induced sputum samples (ISS) and spontaneous sputum samples (SSS) for
evaluation of sampling effect and induced sputum for evaluation of exacerbation effect on
inflammation and microbiota.
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MicroCOPD participants
COPD: 130
Control: 103

A

COPD: 100
Control: 100

—

[Participants successfully sampled

h 4
COPD Curation: Control
BAL: 163 DADA2 BAL: 162
ASVs: 538 VSEARCH ASVs: 502
Sequences: 2559040 DECONTAM Sequences: 2187992
COPD ASV filtering: Control
BAL: 162 ASVs < 10 sequences BAL: 162
ASVs: 404 ASVs in < 2 samples ASVs: 376
Sequences: 2423412 Missing phylum annotation Sequences: 2044740

COPD Control
BAL: 97 Sample filtering: BAL: 97
ASVs: 399 ’ ASVs: 366
Unique: 62 Samples < 500 sequences Unique: 29
Sequences: 1790392 Sequences: 1577023

Figure 2: Sample selection for the bronchoalveolar lavage (BAL) study: The Bergen
microbiome study (MicroCOPD) providing BAL for evaluation of differences in microbiota
in a COPD cohort and healthy controls. COPD: Chronic obstructive pulmonary disease.
ASVs: Amplicon sequence variants. Unique: Found only in COPD or only in control.
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8.2 Sampling and sample processing.

8.2.1 Sputum sampling

The collection of sputum began by attempting to collect spontaneous sputum.
Participants were instructed to rinse their mouths with water and blow their noses
before expectorating into two separate cups. After spontaneous sputum collection was
attempted, sputum induction was performed. To prevent bronchoconstriction during
and after induction and to obtain a post-bronchodilator spirometry, participants were
given salbutamol inhalations as a pre-treatment (19, 50). Induction was only carried
out if participants had an oxygen saturation level of at least 90% after the salbutamol
treatment. Inhalations of saline were administered using an ultrasonic wave nebuliser,
with each inhalation lasting seven minutes and being repeated three times
consecutively. Sterile hypertonic saline (3%) was the preferred choice, but in 10 cases,
the procedure was modified to use 0.9% saline due to participants experiencing
clinical obstruction or refusing to inhale the hypertonic saline. Spirometry tests were
conducted before and after each induction, using the Vitalograph Ltd. S-model in
stable states and the EasyOne model 2001 Ndd Medizintechnik AG during
exacerbations. The induction procedure was stopped if the FEV; declined by more

than 20%, if symptoms worsened, or if the participants chose not to continue.

8.2.2 Sputum sample processing

Both types of sputum samples were immediately placed on ice until processed for
quality control and storage, typically within 30 minutes. Dithiothreitol 0.1% (DTT)
was added to break disulphide bonds in mucin at a ratio of 4 ml/gram sputum (51).
The samples were then homogenised using an Eppendorf homogeniser at 600 rounds
per minute for 15 minutes at a temperature of 4° Celsius. Phosphate-buffered saline
(PBS) was added, and the samples were filtered to enhance homogenisation. After
centrifugation at 450g for 15 minutes at 4° Celsius, the supernatants were removed,
divided into 0.5ml tubes, and stored at —80° Celsius. These aliquots were used to

measure inflammatory markers and AMPs.
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The cell pellets were re-suspended in PBS for quality evaluation and leukocyte
differential counts. Trained personnel assessed viability after staining with tryptan
blue. The samples were considered acceptable if they contained >1 million cells/mL,

<20% epithelial cells, and the leucocyte viability were >70%.

The cell suspension remaining after preparation of Cytospin slides for leukocyte
differential counts was centrifuged at 450g (5 minutes, 4° Celsius). The resulting cell
pellet was resuspended in cold TRIzol (Invitrogen, Product No. 15596-026), divided
into 0.5 ml tubes, and stored at —80° Celsius. These aliquots were used for microbiota

analyses. Negative controls were not stored.

Sputum samples collected after December 2006 were cultured at the Department of
Microbiology, Haukeland University Hospital. Albumin measurements were
conducted by enzyme immunoassay for paper I to enable concentration correction of
measured inflammatory markers. Albumininduced/ Albuminspontancous Was multiplied with

each concentration of the inflammatory markers.

Cytokine analyses were performed using the Luminex® xMAP® technology
(Luminex Corporation, Austin, Texas) (52). Standards from BioRad (Bio-Plex Pro
Human Cytokine Standards Group I 27-Plex #171-D50001, Lot No 5022130. Bio-
Plex Pro Human Cytokine Standards Group II 23-Plex #171-D10502 Lot No
5015357) along with bead-based multiplex assays allowed for the analysis of
Interleukin-6, interleukin-8, interleukin-18, interferon gamma-inducible protein-10,
monokine induced by gamma interferon, and tumour necrosis factor-alpha (IL-6, IL-8,
IL-18, IP-10, MIG and TNF-a) in simplex analyses. A Luminex 100 instrument was
used according to the manufacturer’s instructions, and the results were collected and
stored using STarStation software version 2.0 (STarStation Software Version 2.0,

Applied Cytometry, Sheffield, UK).

Two AMPs, LL-37, and secretory leucocyte protease inhibitor (SLPI) were examined.
Both AMPs were obtained from a previous study (47). LL-37 was measured using an

enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s
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instructions (Hycult Biotech, Uden, the Netherlands). SLPI was measured using an
ELISA protocol developed at the Laboratory for Respiratory Cell Biology and
Immunology, Leiden University Medical Centre, the Netherlands (53).

Albumin was used to adjust for the dilution of sputum following induction. Albumin

measurements were conducted for 58 pairs of induced/spontaneous sputum samples.

8.2.3 BAL sampling

Preceding bronchoscopy, participants were fasting for at least four hours and pre-
treated with salbutamol for a post-bronchodilator spirometry. Sterile PBS was used for
all sampling. Each day a new bottle of 500 mL sterile PBS was opened. All
participants first delivered an oral wash sample consisting of 10 mL PBS gargled for
one minute. Then PBS was used for BAL, storage of sterile brushes, and small-
volume lavage samples. It was also used for negative control samples. BAL was not
sampled if post-bronchodilator FEV| <30% predicted and <1.0 litre. Participants were
monitored during bronchoscopy with non-invasive blood pressure, three-lead
electrocardiogram, and pulse oximetry. Oxygen was supplied nasally (3 litres/min).
Premedication was administered intravenously (Alfentanil 0.25-1.0 mg according to
participant preference), and topically (Lidocaine oral spray 10 mg/dose).
Bronchoscopy was performed via oral access with patients lying in a supine position.
Topical anaesthesia was administered to the bronchi through the bronchoscope. To
reduce the risk of upper airway contamination suction was not used until the
bronchoscope was below the vocal cords. Furthermore, a sterile wax-plug inner
catheter (Plastimed Combicath, France) was used to instil and collect the BAL fluid in
two 50 ml fractions from the right middle lobe. The total BAL yield (x mL/100mL)
was recorded for each sample. After the procedure, the participants were monitored
for two hours and provided with contact information for the ward in case of any

adverse effects after discharge.
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8.2.4 BAL processing

BAL fluid was immediately processed and partitioned using sterile equipment and
processed for 16S rRNA sequencing. For the sequencing analyses, 2 mL aliquots of

BAL fluid were stored in ultra-freezers at -80° C until processed in our laboratory.

8.2.5 DNA extraction and 16S rRNA sequencing
The detailed procedure for DNA processing and sequencing of the MicroCOPD

samples can be found on the open access protocols.io website (54). The sputum

samples from BCCS and BCES were processed using the same procedure.

To ensure bacterial DNA access, sputasol treatment was performed along with an
enzymatic pre-lysis step involving Lysostaphin (4000 U/mL), Lysozyme (10 mg/mL),
and Mutanolysin (25,000 U/mL) (Sigma-Aldrich). Mechanical and chemical lysis
were carried out using the FastPrep-24 instrument and reagents from the FastDNA
Spin Kit (MP Biomedicals, LLC, Solon, OH, USA) as the previous steps did not
guarantee access to bacterial DNA within whole cells. Centrifugation was used to
separate the samples into supernatants and pellets, and only the pellets underwent
mechanical and chemical lysis to protect free DNA. The lysates and supernatants were

then combined, and the extracted DNA further purified using the FastDNA Spin Kit.

The library preparation and sequencing of the V3/V4 region of the 16S rRNA gene
were conducted following the protocol for Metagenomic Sequencing Library
preparation for the Illumina MiSeq System (Part # 15044223 Rev. B, MiSeq Reagent
Kit v3). Amplicon polymerase chain reaction (PCR) with 45 cycles was performed,
followed by index PCR using primers from the Nextera XT Index Kit (Illumina Inc.,
San Diego. CA, USA). The samples were pooled and normalised for the paired-end
sequencing of 2 x 300 base pairs (Figure 3).
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Figure 3: Illustration of processing for 16S rRNA sequencing. DNA extraction from samples
in a multiple step procedure, PCR amplification and indexing, and paired-end 16S rRNA
amplicon sequencing of the V3/V4 region.

8.2.6 Serum leukocyte counts

In paper 111 white blood cell counts (WBC) and absolute neutrophil counts (ANC)
were reported from the BCES. Peripheral venous blood was processed for leukocyte
counts at the Haukeland University Hospital clinical laboratory. WBC and ANC were
categorised as high or low with cut-offs for 4igh at 11.3 10°/L, and 8.4 10°/L
respectively. These cut-offs represented the upper limit of normal + known analytical

variance of 2.7% as given by the laboratory.

8.3. Bioinformatic processing — for those interested

8.3.1 Quantitative Insights Into Microbial Ecology 1 & 2
We chose the open-source bioinformatics pipeline QIIME (35, 55). QIIME 2

succeeded QIIME 1 as of 2018. Both versions of the pipeline make use of numerous
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external software packages. Due to the significant advancements in bioinformatic

methods over the past few years, there are certain differences between QIIME 1 & 2

(Figure 4).

Imported data:

Mlumina MiSeq sequencing output

Meta data
[ QIIME 1 ] v [ QIIME 2 ]
™ Quality filtering

> 75% consecutive high quality DADAZ2: Set Q-score limit

base calls Keep minimum overlap

< 3 consecutive low quality forward/reverse read
base calls Filter phiX reads

No ambiguous base calls Chimera removal 1: Pooled
Phred quality score >3 Chimera removal 2: vsearch

Cluster in operational taxonomic )

units (OTUs) by 97% similarity.
Choose representative sequences.
Open reference with GreenGenes v

4
A
Clustering

A

~
Cluster in amplicon sequence

variants (ASVs) using sequencing
quality scores in error models

Generate representative sequences

13.8 Y, )
Y
Alignment and
taxonomy .
. Al : mafft
Align sequences: PYNAST . 187 sequences .ma B
i . Assign taxonomy with Naive
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' Silva v 128/138.1
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Phylogeny:
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FastTree
A 4
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o /
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Remove OTUs containing Remove ASVs by chosen limit for
< 0.005% of all sequences frequency and contingency
Filter OTU table to contain study Filter ASV table to contain study
populations for analyses populations for analyses

/

Figure 4: QIIME 1 & 2 workflow for microbiota analyses in the current thesis.
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8.3.1.1 Quality filtering

In QIIME 1, we followed a recommended approach to prevent the inclusion of
incorrect amplicon sequences in downstream analyses (56). The specific parameter
boundaries can be found in Figure 4. For this strategy, we set the quality scores (phred

scores) generated by Illumina MiSeq to low values. Chimeras were not removed using

QIIME 1.

In QIIME 2, we used DADA?2 to denoise and generate amplicon sequence variants
(ASVs) (57). To initiate quality filtering, we examined the quality score graphs
produced from the I[llumina MiSeq phred scores. Forward and reverse reads from the
paired-end sequencing runs were evaluated separately. The quality score graphs
displayed the phred scores (Q-score) for each base throughout the length of the reads.
If the Q-scores consistently dropped below 20, the likelihood of an incorrect base
insertion was 1:100, and we trimmed the sequences accordingly. Primers containing
ambiguous nucleotides were removed. Our forward and reverse primers were 17 and
21 nucleotides long, respectively. Through trimming, there was a risk of shortening
the sequences to the point where the forward and reverse reads did not overlap by at
least 20 base pairs, which is necessary for achieving acceptable quality upon joining
the reads. Thus, a more stringent quality score cut-off could result in the loss of a
significant number of reads. In this thesis, we set the phred score cut-off at 25 for
sputum samples and 20 for BAL samples. Additionally, DADA?2 discarded reads if
the number of expected errors in a forward or reverse read exceeded 2. Finally,
DADA?2 removed so-called phiX reads, which are sequences originating from a small

bacteriophage genome added to the samples for technical purposes.

We applied both DADA2 and VSEARCH (58) to filter out chimeras in our data, as
manual examination of the sequences revealed some chimeric sequences remaining
after using DADA2. Simply put, a chimera is identified when an amplicon sequence
contains segments that are identical to those of other amplicon sequences present in
higher quantities. Chimeras are formed during one of the PCR cycles and theoretically

get duplicated fewer times than their "parents."
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8.3.1.2 Clustering and establishing representative sequences

Amplicon sequences were categorised for analysis. In QIIME 1 amplicon sequences
were grouped together based on a 97% similarity threshold, which was believed to
correspond to the phylogenetic rank of species (59). These clusters were referred to as
operational taxonomic units (OTUs). We used the uclust open-reference OTU picking
method (55). Our data was compared to the GreenGenes ribosomal reference
database, and any sequences resembling the ones found in GreenGenes were included
in the clusters. If our sequences were not found in GreenGenes, they were added as
de-novo OTUs. However, QIIME 2 suggests using ASVs instead of OTUs (35, 60).
DADAZ2? is a QIIME 2 integrated tool that assign amplicon sequences to ASVs using
denoising methods rather than clustering. Before adding our sequences to a given
ASYV, error models were built based on Illumina quality scores, and used to correct the
sequences. As a result, DADA?2 allowed for less variability within our ASVs
compared with our OTUs in paper II. A single base difference was enough to

categorise amplicon sequences into separate ASVs (60).

Certain bioinformatic processes required an input consisting of "representative
sequences". For OTUs, this meant that each amplicon sequence had to be grouped
with identical sequences within the same OTU. The representative sequence was
chosen from the largest group of identical amplicon sequences. In contrast, for ASVs,
the sequences were expected to be identical, and any single sequence could be chosen
as the representative. The processes that required this subset of representative
sequences included sequence alignment, taxonomic assignment, and the establishment

of phylogenetic relationships between OTUs/ASVs.

8.3.1.3 Alignment and taxonomy

The alignment of amplicon sequences involves organising representative sequences
based on their similarities. In QIIME 1, representative sequences were aligned using
pyNAST, which is a python implementation of the Nearest Alignment Space
Termination (NAST) algorithm. The GreenGenes ribosomal reference database served

as a template for this alignment process (61, 62). However, with the introduction of
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QIIME 2, pyNAST was replaced by the MAFFT algorithm, which performs a de-novo
alignment of sequences based on the fast Fourier transform. Instead of using
templates, MAFFT aligns sequences by considering the differences between the

representative sequences provided (63).

In QIIME 1, GreenGenes was the recommended reference database for assigning
taxonomy to each representative sequence. Taxonomy information was added to the
output files during uclust open-reference OTU clustering. However, as GreenGenes
updates ceased for many years after a release in 2012, other ribosomal reference
databases became preferable. In my case, I chose to use the Silva ribosomal RNA
database (64). To obtain the data from Silva, I used two methods. First, [ used the
QIIME 2 provided taxonomy files, which were pre-processed to only include
sequences resulting from V3/V4 sequencing, like my own data. Additionally, in paper
IV, I made use of the RESCRIPt tool to collect and modify relevant taxonomic
information from Silva (65). In QIIME 2, self-trained Naive Bayes classifiers were
generated for taxonomy assignment. The taxonomy classification system follows a
hierarchical structure of ranks, as explained earlier. While assigning taxonomy in both
QIIME 1 and QIIME 2, it was possible to obtain information ranging from a known
phylum to a specific species name. However, if a sequence could not be assigned any
taxonomy or was only assigned up to the kingdom level, these sequences were
excluded from analysis in the latter two of the three microbiota papers. Further
examination of such "unassigned" sequences using the online service BLAST (66),

revealed that they originated from humans.

8.3.1.4 Phylogeny

Phylogeny describes the evolutionary connections between OTUs or between ASVs.
By aligning the representative sequences, sophisticated models can be created using
tools like FastTree (67) to establish the evolutionary distances. In simple terms, a
family tree is constructed where the common ancestor is represented by the root and
trunk of the tree. Each OTU or ASV is depicted as a leaf or external node on this tree.

Intersections of branches signify the internal nodes, representing the most recent
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shared ancestor. OTUs/ASVs that are separated by short branch lengths are
considered more closely related than those separated by long branch lengths. Using
the available phylogenetic information, we can assess diversity not only in terms of
the number and abundances of different OTUs/ASVs, but also in relation to their

evolutionary connections. The larger the family tree, the greater the diversity.

8.3.1.5 Contamination

A challenge in microbiota research is the ubiquitous nature of bacteria. They are in
our laboratory fluids, on our containers and instruments, leading to sample
contamination despite our efforts to prevent it. Consequently, the accurate
interpretation of our data is affected by the presence of contaminating DNA (68).
Contamination was not considered in our QIIME 1 analyses, but we used the online
tool Decontam in our QIIME 2 analyses (69). In the case of sputum, we measured the
total DNA-load using Quant-iT™ PicoGreen™ from ThermoFisher Scientific Inc,
which was available for 50 samples. Based on this data, Decontam was implemented
with the frequency option, and we examined the data using various threshold settings
to classify contaminants. Ultimately, we determined an appropriate threshold of 0.2.
Raising the threshold would increase the algorithm’s identification of contaminants,
resulting in a higher risk of false positives. In the case of BAL analyses, negative
controls were available, and Decontam was used with the prevalence option with all

the MicroCOPD samples pooled together. The threshold was set to 0.2.

8.3.1.6 Filter OTUs/ASVs

Bokulich et al. benchmarked quality control and filtering parameters for QIIME 1 and
recommended removing OTUs containing <0.005% of all sequences in the data (70).
A similar procedure has not been recommended in QIIME 2 where no or limited

filtering of the smallest and rarest ASVs are considered sufficient.

8.4 Statistics

Statistical methods used in this thesis are presented in Table 3.
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9. Summary of papers
9.1 Comparison of inflammatory markers in induced and

spontaneous sputum in a cohort of COPD patients

Airway inflammation is commonly assessed by measuring concentrations of
inflammatory markers in sputum. The effects sputum sampling methods may have on
measured levels of inflammatory markers are understudied. We investigated for
differences in concentrations of six inflammatory markers based on sputum sampling
method after albumin correction of concentrations. In addition, we assessed the safety

of sputum induction in exacerbating patients with COPD.

Patients were included from the Bergen COPD cohort study (BCCS) and the Bergen
COPD exacerbation study (BCES) running from 2006-2010. All patients were
diagnosed and classified with COPD according to the GOLD guidelines. A routine
follow-up was scheduled every six months, and patients experiencing exacerbations
came in for additional consultations. For spontaneously expectorating patients
spontaneous sputum sampling preceded inhalation of nebulised 3% or 0.9% saline
inducing patients to expectorate. Forty-five patients had delivered sputum samples by
both methods at 60 consultations. Thus, 60 sputum pairs were available for this study.
IL-6, IL-8, IL-18, IP-10, TNF-a, and MIG were measured by bead based multiplex
immunoassay. Albumin was measured by enzyme immunoassay to allow
concentration correction. Culturing for bacterial growth was performed on 24

samples. Stata was used for statistical analyses.

The study showed fair correlation between the levels of markers in induced and
spontaneous sputum with correlation coefficients between 0.58 (IL-18) and 0.83 (IP-
10). Meanwhile, the Bland-Altman limits of agreements between the two sampling
methods were low for all six markers. An observation of higher TNF-a during
exacerbations (p = 0.002) and trending higher at the steady state (p = 0.06) was made
only in spontaneous sputum. Similarly, only in spontaneous sputum were IL-18 and
MIG significantly higher in ex-smokers (p <0.05), and IL-6 significantly lower with

positive Haemophilus influenzae (HI) cultures. Induction with saline during
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exacerbations did not cause a significant decline in FEV regardless of COPD

severity.

From this study we recommend that sampling method is given careful consideration
when conducting and comparing studies on inflammatory markers in sputum. We
found induction with hypertonic saline to be a safe sampling procedure during

exacerbations, also in patients with very severe disease.

9.2 Comparing microbiota profiles in induced and spontaneous

sputum samples in COPD patients

As with airway inflammation, the airway microbiota is commonly assessed in sputum.
Whether sputum sampling methods influence on the composition of the airway
microbiota is understudied. We compared the bacterial microbiota in sputum pairs

consisting of induced and spontaneous sputum from patients diagnosed with COPD.

In this study, patients were included from the BCCS and BCES if we had both
spontaneous and induced sputum from the same consultation. Thirty-six paired
sputum samples from 30 patients were available for DNA sequencing from our
biobank. DNA was extracted by enzymatic and mechanical lysis methods. The V3/V4
region of the 16S rRNA gene was PCR-amplified and prepared for paired-end
sequencing with the [llumina MiSeq System. QIIME 1 and Stata were used for

bioinformatics and statistical analyses.

The study showed that diversity was not associated with sampling method if
comparing all induced with all spontaneous sputum samples. Looking at individual
patients, nine had significant differences in beta-diversity linked to sampling method
according to weighted UniFrac (WUF) significance tests (p <0.01). OTUs were
assigned taxonomy, and the composition and abundances of bacterial genera were
investigated. Pair-wise comparisons of composition with Yue-Clayton dissimilarity

and Bland-Altman agreement analyses showed considerable differences in several
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patients (Yue-Clayton >0.2 for seven patients, Bland-Altman limit of agreement >0.1
for 13 patients). Fifteen genera were differentially abundant across sample types
collected at stable state and/or at exacerbations (log-likelihood ratio tests p <0.05).
Among the genera with differential abundance were potential pathogens like

Haemophilus and Moraxella.

From this study we recommend that sputum sampling methods are standardised upon

conducting studies on the sputum microbiota to avoid sampling method biases.

9.3 Sputum microbiota and inflammation at stable state and
during exacerbations in a cohort of chronic obstructive

pulmonary disease (COPD) patients

Exacerbations of COPD are often attributed to infections. The dynamics of the airway
microbiota in exacerbations are not well described. We investigated for differences in
the microbiota and immune responses in induced sputum samples collected from

patients with COPD at stable state and during exacerbations.

In this study, patients were included from the BCCS and BCES if we were able to
obtain measures of inflammatory markers, and biological material for DNA
sequencing from induced sputum. Thirty-six paired sputum samples from 36 patients
were included. In addition, one patient who delivered sputum on 13 different
occasions during the three-year study period were included for a longitudinal case
study. DNA was extracted by enzymatic and mechanical lysis methods. The V3/V4
region of the 16S rRNA gene was PCR-amplified and prepared for paired-end
sequencing with the [llumina MiSeq System. Sputum inflammatory markers (IL-6, IL-
8, IL-18, IP-10, MIG, TNF-a) and AMPs (LL-37/hCAP-18, SLPI) were measured in
supernatants, whereas target gene sequencing (16S rRNA) was performed on
corresponding cell pellets. Serum leukocyte counts were performed at the Haukeland
University Hospital clinical laboratory. The bioinformatic pipeline QIIME 2 and the

statistics environment R were used to analyse the data.
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The study showed that the sputum microbiota and inflammatory markers in induced
sputum differed from stable states to exacerbations. Changes in the microbiota were
more apparent within individual patients with COPD, than for the patient cohort as a
whole. Except for SLPI, all measures of inflammation were higher during
exacerbations than at stable state (significantly for IP-10, MIG, TNF-a, SLPI and LL-
37, p <0.05). We observed significant changes in taxonomic composition when
examining individuals (Yue-Clayton >0.2), rather than all patients at stable state
against all patients during exacerbations (ALDEx2, p >0.05). The seven patients with
high serum ANC during exacerbations had significantly higher Shannon diversity
index in stable state compared with patients with non-elevated serum ANC. The
bacterial composition in the case study spanning over 13 stable state/exacerbation

visits was highly dynamic and without a consistent stable state equilibrium.

From this study we recommend that longitudinal airway microbiota studies include
analyses of inter-individual differences as well as group analyses to better assess the
microbiota. Further, our study indicates that establishing guidelines for treatment of
microbiota dysbiosis can be challenging due to the inter- and intra-individual

differences observed.

9.4 The lower-airway microbiota in COPD and healthy patients

The bacterial microbiota in the lower airways has been linked to COPD, smoking, and
for patients with COPD, the use of ICS. We investigated for possible differences in
the microbiota in protected BAL across all these factors in a large cohort of patients

with COPD and healthy controls.

Participants were included from the MicroCOPD study if we had valid DNA
sequencing results from BAL available. Ninety-seven patients with COPD and 97
controls were included. Participant characteristics were obtained through standardised
questionaries and clinical measurements between 2012-2015. DNA was extracted by

enzymatic and mechanical lysis methods. The V3/V4 region of the 16S rRNA gene
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was PCR-amplified and prepared for paired-end sequencing with the Illumina MiSeq
System. The bioinformatic pipeline QIIME 2 and the statistics environment R were

used to analyse the data.

The study showed lower alpha-diversity in COPD compared with controls. The
difference was explained by a loss of evenness rather than a loss of richness (Pielou
evenness p = 0.004, Shannon diversity index p = 0.01, Observed ASVs, and Faith’s
PD p >0.05). Comparing beta-diversity in BAL from smoking and non-smoking
patients with COPD revealed a significant difference only when abundances and
phylogenetic information both were considered with weighted UniFrac (permutational
multivariate analysis of variance (PERMANOVA) R*2 = 0.04, p = 0.01). Differential
abundance of taxa assessed with Analysis of compositions of microbiomes with bias
correction (ANCOM-BC) was found for nine genera. The three genera enriched in
COPD all belonged to the Firmicutes phylum. Among these were Streptococcus, a
potential pathogenic bacterium. Smoking quantified by pack years was associated
with a significant reduction in Haemophilus and Lachnoanarobaculum in healthy
controls only. The only genera associated with smoking in the COPD cohort was
Oribacterium with lesser abundances in patients still smoking. Neither diversity nor
taxonomic abundances differed in BAL fluid with the use of ICS or with increased

COPD severity.

From this study we conclude that differences observed in the lower airway microbiota
in patients with COPD compared with controls seem independent of smoking, and
unaffected by use of ICS among patients with COPD. We recommend conducting
longitudinal studies to assess causality between the development of COPD and the

development of a dysbiosis of the lower airway microbiota.

10. Discussion of methods

10.1 Study design and study populations
BCCS, BCES and MicroCOPD were all longitudinal, observational COPD cohort

studies with control groups enrolled. Paper I-III can best be described as observational
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cohort studies with a cross-sectional, and a “crossover” design. Paper III also include
a longitudinal case report. Paper IV was an observational case-control cohort study

with a cross-sectional design.

While the original studies included large numbers of participants and samples, the
number of available sputum samples for my analyses were small. The reason for this
is that the microbiota research was initiated in 2012, two years after the completion of
the sampling period. Samples that were available in our biobank was thus not
collected nor stored for the purpose of answering the research questions in this thesis.
Meanwhile, when establishing the MicroCOPD study it became clear that the stored
sputum cell pellets could be of value, and it was sought to analyse as many as
possible. Overall, the success rate of sputum induction was around 50%, and in
addition, quality assessments excluded more samples. Further, for my analyses I
needed pairs of sputum samples, and thus the number of valid sample pairs were

reduced accordingly.

A lack of statistical power is a shared shortcoming for all three sputum studies as the
number of samples are small. It follows that the larger BAL study should be expected
to have higher statistical power. Sample size calculations were not performed
preceding enrolment for the MicroCOPD study. The benefits of calculating sample
sizes needed to answer research questions are known, but established methods for
microbiota research seemed to lack in 2012. Ferdous et al. proposed a comprehensive
and complex set of methods taking the different elements in microbiota research into
account in 2022 (71). Hopefully, such calculations will be easier to implement in the
future. However, an observational study such as MicroCOPD has several aims, and
thus several potential “ideal” sample sizes depending on which aim one examines.
Thus, the sample size for the MicroCOPD was also determined by what was possible

to collect within a reasonable timeframe.

My sputum studies were designed such that confounding was reduced. For paper I and
II all participants were represented both in the induced and spontaneous sputum

groups eliminating confounding from static variables like sex. Also, the samples were
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collected the same day preventing the effect of passed-time which otherwise could
influence on for example accumulated pack years, COPD severity and age.
Stratification was challenging for my small sputum studies as sub-groups would
become very small. For the larger BAL study stratification was used for variables like

age, sex, and smoking.

10.2 Airway sampling and sample processing

When conducting research on living human participants, it is not feasible to obtain
entire lungs for investigation. Therefore, we must use alternatives such as sputum and
BAL to represent the overall lower airway inflammation and microbiota. However, it
is important to note that this simplified approach cannot fully capture the complexity

of these entities along the entire bronchial tree, and lung.

Sputum and BAL differ significantly, not only in terms of the invasiveness of the
sampling procedures but also in terms of potential oral contamination. While oral
contamination could not be avoided in the case of sputum, measures were taken
during bronchoscopy to minimise oral contamination of BAL. These measures likely

reduced contamination significantly (26).

Determining the best sample type for predicting clinical outcomes is challenging.
Intuitively, one would think that lower airway samples verified through
bronchoscopy, and with minimal contamination from the upper airways would be
preferable to sputum samples. However, in clinical practice, sputum samples are far
more readily obtainable. Should we analyse and examine the lower airways using
samples that are practical in a clinical setting rather than ones that are limited to
research protocols? Or will important pathogenetic signals be lost in the presence of
abundant oral microbiota? These are questions that undoubtedly need further

investigation.

In terms of the validity of my data, the first factor to consider is selection biases. All

participants included in the comparison of induced and spontaneous sputum had to be
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able to expectorate. Therefore, observations of inflammation and microbiota may not
be representative of all the patients with COPD who do not expectorate. The external
validity of the actual measurements may be weakened by the selection criteria. The
same issue arises in the third study, as the requirement for presence of exacerbations
may render the measurements not applicable to the general COPD population.
Selection biases in the BAL study (Under peer-review at the present time, available in
the supplement of this thesis) were based on safety precautions that eliminated

participants with certain features (48).

In my studies, as in so many others, internal validity may have been compromised
with each step of the sample processing, despite following stringent protocols. It is
also important to keep in mind that my studies aimed to determine whether sampling
methods affected measurements, rather than what the measurements were in sputum

from patients with COPD.

Lastly, it is worth mentioning that all samples in all four studies were taken as single
samples. Ideally, we would have divided the original sputum samples into several
fractions and analysed them in parallel, but this was not possible. For the BAL study,
we discussed the possibility of amplifying and sequencing the extracted DNA in
triplets, but tripling the processing expenses was not feasible. This limitation affects
our ability to discuss whether variation in measurements resulted from processing,

natural variability, or the variables of interest for analyses.
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[llustration 5. Freshly delivered induced sputum sample, potentially diluted, and polluted by
nebulised saline in a potentially contaminated petri dish, ready for processing with
contaminated laboratory fluids, potentially affecting inflammatory marker concentrations.

10.2.1 Inflammation.

The impact of using PBS and DTT on recovery of cytokines has been demonstrated
(72, 73). For paper I all samples were processed according to the same protocol, and
the effect of chemicals on our measurements should be similar regardless of sputum
sampling methods. However, the use of these chemicals should be kept in mind if
comparing our data with other studies processing samples with different chemicals.
The inflammatory markers and AMPs were measured in simplex due to cost, which

possibly introduced measurement errors greater than if measured in duplex.

To address the potential diluting effect of saline inhalation (74), the ratio of albumin
between induced and spontaneous samples was used as a correction factor as
suggested by a reviewer for the journal (Respiratory Research). Applying this method
affected the interpretation of three inflammatory markers. IL-18 measured during
exacerbations was significantly lower in induced than spontaneous sputum before
albumin correction, but not after. TNF-o and MIG were both significantly lower in

induced than spontaneous sputum at stable state before correction, but not after. It



64

should be noted that this concentration correction method has not been validated, but
in accordance with the journal request, adjusted values were reported in our

publication.

Measurements of AMPs were carried out by colleague Persson (47). In her paper she
discussed how sputum composition can influence on immunoassay-based
measurements of cathelicidin. We did not examine AMPs across sputum types, but of
course the composition of induced sputum might vary and thus influence AMPs
measurements. We had no means to investigate for this comparing sputum AMPs

across disease states.

As mentioned earlier, it is difficult to determine which sample type generally has the
greatest internal validity. However, the induction method allows for the inclusion of
individuals who do not spontaneously produce sputum, which may improve the

external validity of airways studies. This also allows for larger sample sizes, leading

to enhanced statistical power and enabling meaningful stratification.

10.2.2 Microbiota

To obtain data for the microbiota analysis we started with the isolation of DNA from
the samples. However, DNA extraction may decrease internal validity due to its
varying efficiency in extracting DNA from different types of bacteria. To mitigate this
issue, it is imperative to ensure that the process aligns with the diversity in bacterial
wall structures. Hence, we initiated the procedure by following the recommended
enzyme step as described (75). The removal of DNA in supernatants before bead
beating and chemical lysis was carried out to minimise any potential shearing or
distortion of DNA. This step was deemed significant because the low biomass airway
samples necessitated a high number of PCR cycles to obtain a meaningful signal. It
was hypothesised that sheared and distorted DNA, amplified over numerous PCR
cycles, could lead to an increase in chimeric sequences. The DNA extraction process

consisted of several steps and involved laboratory solutions containing significant
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amounts of contaminating bacterial DNA, which could also interfere with the
interpretation of the microbiota (68). Further discussion on contamination will be

provided later.

Illustration 6. Top picture: DNA-extraction laboratory fluids, the habitat of contaminants.
Bottom pictures: Bead-beating equipment, the likely shearer of DNA.

DNA extraction does not discriminate between human and bacterial DNA. This is first
possible in polymerase chain reactions (PCR). Primers designed to adhere to the
bacterial 16S rRNA gene ensured that bacterial DNA was multiplied in each PCR
cycle. The choice of primers has been shown to impact the results in microbiota
studies (76). One study on faecal microbiota and mock communities points to primers
designed for the V3/V4 regions of the 16SrRNA gene to perform better than other

primers (77). In our own laboratory Drengenes compared V3/V4 sequencing against
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V4 sequencing with different workflows and showed that V3/V4 resulted in more
ASVs, and the best taxonomic resolution (76). Index PCR in which primers are
attached to the amplicon primers allow for further, though not perfect discrimination

between human and bacterial DNA.

To obtain an adequate amount of sequencing material from low biomass samples such
as BAL, and to some extent sputum, it is necessary to increase the number of PCR
cycles. However, this comes at the expense of a potential amplification of
contaminating and/or chimeric sequences (78-80). These errors are likely to have
diminished the internal validity of my data. Moreover, studies with high biomass
samples using fewer PCR cycles are less likely to be impacted by the variable
numbers of the 16S rRNA gene present in bacteria compared to studies using a high

number of PCR cycles.

Sequencing of the PCR products represented the last step in which biological material
was processed. Errors from sequencing includes erroneous insertion of bases. The
median sequencing error rate for the Illumina MiSeq has been estimated by Stoler et
al. to be 0.47% (81). Bioinformatical tools dealing with such sequencing errors,
chimeric sequences, and contaminants have been introduced and improved
continuously during the decade I have researched microbiota. So has my knowledge

about both the issues and possible solutions.

Measurement differences can exist between samples processed in different batches,
resulting in what is known as a batch effect. To mitigate this effect, we processed
samples collected from the same participants together. Bar charts were used to
visualise the relative abundances of various genera, and paired samples were
compared. A notable dissimilarity was observed between the induced and spontaneous
sputum samples from seven participant, which raised concerns about the processing of
these samples. To investigate further, these seven pairs, along with three pairs that
appeared similar, underwent PCR and sequencing twice to determine if the results

would be consistent. The second run yielded consistent results for all but one pair, and
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19 out of the 20 samples. However, due to the small number of samples, this

investigation into variability caused by PCR/sequencing has limited value.

10.3 Statistical and bioinformatic analyses

Starting in 2013, and wrapping up 10 years later, this thesis hopefully illustrates not
only the evolution of bioinformatic tools for microbiota research, but also an evolution
of personal knowledge. Statistical methods used in this thesis will be discussed for

each paper separately.

10.3.1 Comparison of inflammatory markers in induced and

spontaneous sputum in a cohort of COPD patients

10.3.1.1 General considerations
Data distribution was assessed visually from bar-charts for all analyses, and statistical

methods chosen accordingly.

10.3.1.2 Agreement

I examined the correlation between inflammatory markers sampled by induction and
by spontaneous expectoration and observed a fair correlation. Bland and Altman
criticised the use of correlation in such comparisons, and proposed that measuring
methods should yield similar rather than just correlating results (82). To address this
concern, they introduced The Bland-Altman plot and limits of agreement (LOA)
(Table 3). Log transformation of my non-parametric data was recommended before
plotting, with the upper and lower limits of agreement interpreted after calculating the
antilogs (83). Whether the limits are acceptable or not is decided by the researcher and
must be contextualised and evaluated before the analyses are run. For instance, while
a variability of +/- 50 g may be acceptable when weighing an average person, it would
not be appropriate when weighing gold. Therefore, the choice of a cut-off for inferring

differences must be based on existing knowledge and the researcher’s discretion.
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Regrettably, paper I lacks a pre-discussion of LOA due to my unfamiliarity with this

method and its significance in setting a cut-off prior to calculating the results.

10.3.2 Comparing microbiota profiles in induced and spontaneous

sputum samples in COPD patients

10.3.2.1 General considerations

Visual assessment of bar-charts was employed to evaluate the data distribution for all
analyses, and statistical methods were selected accordingly, except for one situation
that will be elaborated on later. The paired study design represented a challenge in

finding appropriate statistical methods.

QIIME 1 was chosen for analyses primarily due to the availability of courses designed
for researchers venturing into microbiota research, as well as the compatibility of our
data with the pipeline. Lacking proficiency in bioinformatics, I relied on the tools
provided by QIIME 1 for data analysis, while employing Stata and worksheets as

alternatives.

10.3.2.2 Chimera and contamination

In QIIME 1 the possibility of removing chimera was acknowledged, but concerns
were raised about its potential impact on alpha-diversity estimates (84). While
attending our first QIIME course held in New York, USA in 2015, our research group
was advised against removing chimera. Instead, it was emphasised that the
implementation of benchmarked filtering steps was sufficient (56). Furthermore, the
issue of contamination was disregarded in paper II. I lacked negative control samples
containing saline used for induction nor did I consider processing a sterile PBS sample
along with the biological samples to check for laboratory contamination. The latter
has been confirmed problematic by my fellow researcher Drengenes (68).
Consequently, this represents a clear shortcoming. However, the confounding from
potential contamination in the laboratory was reduced by treating all samples

identically, and all pairs with the same laboratory kits.
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10.3.2.3 Diversity — measures of that within and that between

In paper 11, rarefaction was employed to normalise samples before conducting
diversity analyses (Table 3). To ensure that no samples were lost, we set the
rarefaction limit equal to the number of sequences in the least rich sample.
Rarefaction removed 2.67 million sequences, reducing the number of OTUs in the
dataset only by two, from 1004 to 1002. Rarefaction may have heightened the
discrepancy between the diversity in the actual airway microbiota and the diversity

analysed statistically.

For paper II we chose three alpha-diversity metrics provided as default by QIIME 1
(84). Of these, observed OTUs were the simplest alpha-diversity metric, Chaol
attempted to estimate what should have been present in the samples but were not due
to incomplete sampling (85), and Faith’s PD implemented phylogenetics. With this
choice of alpha-diversity metrics we lacked information about the evenness of OTUs.
In hindsight Shannon diversity index or Pielou evenness could have been included for
a fuller picture of the alpha-diversity. For statistical analyses the integrated solution in
QIIME 1 was a non-parametric two-sample t-test which was chosen (Table 3). In
retrospect, a better solution would have been to export the alpha-diversity metrics
from QIIME 1 and to use the Wilcoxon signed rank test based on the paired, non-

parametric nature of the data.

Beta-diversity could also be calculated with different methods in QIIME 1, but
UniFrac was recommended (55). UniFrac integrate phylogenetic information from a
phylogenetic tree, and can be both qualitative and quantitative (86). For paper 11 we
restricted beta-diversity analyses to UniFrac, thus we lacked information on sputum
sampling methods effects on non-phylogenetic beta-diversity. For statistical analyses
we ran beta_significance.py with weighted UniFrac test (Table 3) This was the only
available test for pairwise comparisons of UniFrac that I could apply at the time, but it
later became obsolete as the datasets grew. Its limitation can be illustrated with our 36

pairs of sputum, resulting in a staggering 2556 comparisons, of which only 36 were of
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interest as they pertained to the paired samples. Bonferroni correction of p-values was

used to counter the multiple testing issue.

The Procrustes transformation of principal coordinates analysis (PCoA) plots
continues to be a useful visual method for comparing pairwise beta-diversity (Table
3). These plots are advised to be considered appropriate only when the sum of
variation explained by the first three axes >50% (87). Like the Bland-Altman limits of
agreement, the Procrustes transformation lacks a predetermined threshold for the
outputted M”2, making the reporting and interpretation of results more complex.
Consequently, it was easier to draw conclusions from the analysis of similarities
(ANOSIM) between induced and spontaneous sputum, as ANOSIM in QIIME 1
provided p-values with a significance level of p <0.05. However, it is important to

note that the ANOSIM test in QIIME 1 were not designed to handle paired data.

10.3.2.4 Taxonomy

QIIME 1 made several online taxonomic databases available, but I opted for the
recommended GreenGenes (61, 84). Selecting a different database could have resulted
in different assigned taxonomy (88). This discrepancy in sequence classification
across databases still has the potential to impact comparisons between research
papers. While taxonomy was assigned down to the species level, limitations in the 16S
rRNA gene sequencing prevented us from investigating more detailed taxonomic
ranks beyond genera (39). Some OTUs were not assigned taxonomy, and for some,
only higher taxonomic ranks such as family, class, and order were assigned. When
revisiting the GreenGenes taxonomic assignment from 2015, I discovered that 6% of
sequences lacked taxonomic information beyond the kingdom rank. These sequences
were not given special attention and were analysed as

Unassigned; Other; Other, Other, Other, Other (5.7% of sequences in induced sputum,
6.1% of sequences in spontaneous sputum) and

k__Bacteria, Other,; Other; Other; Other, Other (0.01% of sequences in both induced
and spontaneous sputum). It later became apparent that these sequences likely

originated from human DNA.
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To evaluate the effect of sputum sampling methods on taxonomy, Bland-Altman
analyses were used, as described in paper 1. In paper II, I calculated the range of limits
of agreement (LOA) to facilitate interpretation. It became clear that an a-priori cut-off
needed to be established, and this was discussed within our study group. The chosen
limit allowed for a 10% difference in the relative abundance of taxa between induced
and spontaneous samples. We recognised that larger differences indicated greater
variability than what we expected would arise from processing and natural variation.
Inspired by Bassis et al. (89) I also employed Yue-Clayton dissimilarities (90) to
express beta-diversity calculated on OTU/ASV data when comparing groups. We
found this method helpful in quantifying differences in the relative abundances of
phyla and genera within individual sample pairs. Establishing a cut-off for what could
be considered different using Yue-Clayton dissimilarities was a challenge, and it was
discussed with both Bassis and within our research group. This situation exemplifies a
scenario where running fractioned samples through the laboratory would have been
valuable. Instead, our solution was to have three members of the research group
independently classify taxonomic bar plots as visually similar or dissimilar. We
determined that the Yue-Clayton dissimilarity cut-off needed to align with the a-priori
visual classification. A cut-off at 0.2 proved sufficient in this regard, although it
remained somewhat arbitrary. Additionally, we were unable to create comprehensive
plots including all 106 taxa, so the cut-off was established in relation to the 11
visualised taxa containing at least 1% of all sequences. Extrapolating the two within-

pair similarity estimates to other studies and populations is therefore challenging.

To assess the differential abundance of taxa between all induced and spontaneous
samples, we performed rarefaction using the log-likelihood ratio test provided in the
QIIME 1 command group _significance (Table 3). We did this although our data had a
non-parametric distribution, and the statistical test assumed normality. In fact, QIIME
1 did not offer any statistical methods accepting paired, non-parametric data. The
development and improvement of tests for differential abundance are ongoing, both
within the QIIME pipeline and in available packages in R. Consequently, the analyses

of taxonomic differences in paper Il are now somewhat outdated.
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10.3.3 Sputum microbiota and inflammation at stable state and during
exacerbations in a cohort of chronic obstructive pulmonary disease

(COPD) patients

10.3.3.1 General considerations

After completion of numerous statistics courses, statistical assessment of data
distribution was conducted using the Shapiro-Wilks test for all analyses in paper IIL.
The selected statistical analyses for the evaluation of inflammatory markers are

assumed to be well-known and will not be discussed further (Table 3).

In January 2019, QIIME 1 was replaced by QIIME 2, which provides a more
comprehensive bioinformatic and statistical toolbox. Additionally, I attended an R
class by Professor Pat Scloss (Crashcourse in R Workshop for Microbial Ecologists)
in 2016, giving me the opportunity to analyse data for paper III in R. However, the
paired study design posed a significant challenge in identifying suitable statistical

methods and analyses for the microbiota data.

10.3.3.2 Chimera and contamination

During the time when paper 11l was being worked on, the recommendations in QIIME
2 were to eliminate both chimeric sequences and contaminants as outlined in the
Methods. It was generally believed that DADA?2 was effective in removing chimeras,
but our manual curation in the laboratory revealed otherwise. Additionally, Drengenes
highlighted the potential for chimeric sequences due to shearing of DNA during bead
beating and the high number of PCR cycles in our protocol (91). While it is possible
that the heightened elimination of chimeras could have affected the data by excluding
legitimate biological sequences, I maintain the belief that it ultimately improved the

internal validity of my findings.

In 2018, the introduction of the R package Decontam provided us with a tool to
identify contamination in our data, despite the absence of negative controls (68, 69).
We had picogreen measurements of the total DNA-load in 50 samples and applied the

frequency option in Decontam on these samples. The analyses likely enhanced the
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internal validity though 22 samples could not contribute to the identification of

contaminants.

For QIIME 1, Bokulich et al. conducted a benchmark study on a quality filtering
procedure (56), but this has not yet been done for QIIME 2. Therefore, the question of
whether ASVs should be filtered based on abundances and contingency was discussed
among our research group and with the QIIME 2 developers. Considering the high
number of PCR cycles, I made the decision to eliminate ASVs that had less than 10
sequences across the 72 samples. Additionally, I removed sequences that were not
found in at least five samples, which corresponds to three participants due to the
paired design. The features filtered out in this process were extremely rare and low
abundant, making it difficult to attribute biological meaning to any of them. As a
result of this filtering, the number of ASVs decreased from 1439 to 408, with an
average number of sequences per removed ASV of 197. This represented only 0.007%
of the total number of sequences. It is important to acknowledge that this filtering did
potentially impact the richness and differential abundance analyses, but I did not

investigate to which extent it affected the data.

10.3.3.3 Diversity — measures of that within and that between
The developer’s recommendation for rarefaction in diversity analyses remained
unchanged after the transmission to QIIME 2. To avoid losing samples, I set the

rarefaction limit to match the sample with the lowest number of reads.

For paper III, I computed Faith’s PD and Shannon diversity index, the later including
consideration of the evenness of features. These analyses were conducted using the
Vegan package in R, and the Wilcoxon signed rank test was used to handle both

paired and non-parametric data, which was an improvement from our previous paper.

The evaluation of beta-diversity was expanded to include calculations of both
phylogenetic and non-phylogenetic matrices, as well as Aitchison distances that
treated microbiota data as compositional (34). The introduction of Aitchison distances

was directly linked to the availability of differential abundance analyses, which will
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be discussed later (34). Additionally, the use of the Vegan package allowed me to
perform PERMANOVA for both paired and non-parametric data, without violating
the assumptions of the statistical test (92). As a result, the analysis of beta-diversity

was also enhanced compared to our previous paper.

After learning more about ordination plots, I decided to replace principal coordinate
analysis (PCoA) with non-metric, multidimensional scaling plots (NMDS). This
decision was made because I calculated five different distance matrices that were
unlikely to satisfy the assumption of linearity in PCoA. Furthermore, the sum of
variation explained by the first three axes in PCoA was less than 50% for both Bray-
Curtis and unweighted UniFrac distances generated in QIIME 2. By using NMDS, [
forced the data into two dimensions without considering stress, which is a measure of
how well the data is represented by the plot. Unfortunately, at that time, I had not yet
realised that ordinating the data in three dimensions would result in a more acceptable
level of stress (87, 92). Procrustes transformation of NMDS ordinations were

performed as described for PCoA in paper II.

10.3.3.4 Taxonomy

QIIME 2 could make use of several taxonomic databases, and I chose to use Silva for
paper III as GreenGenes had not been updated since 2012. After conducting a BLAST
investigation on the ASVs that were lacking taxonomic annotation, I removed these
ASVs before conducting any statistical analyses. This step likely contributed to
enhancing the internal validity of the data in paper III.

To assess the impact of disease state on taxonomy, I employed Yue-Clayton
dissimilarities for each participant. I chose to maintain the cut-off value from paper II.
The samples used in both papers underwent the same processing procedures, with 28

samples being included in both studies.

When it came to differential abundance analyses for non-parametric data from a
paired study design, my options were limited to ANCOM and ALDEx2. The

statistical method incorporated into ANCOM for paired data was Friedeman's test,
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which assumes a minimum of three repeated samples per participant. ALDEx2 was
the only test I could find that did not have its assumptions violated by my data. In
addition to analysing the abundances of phyla and genera, I used ALDEx2 for ASVs.
In comparison to the methods employed in QIIME 1, I consider ALDEX2 to be an

improvement.

10.3.4 The lower airway microbiota in COPD and healthy controls

10.3.4.1 General considerations

The data for paper 1V is a sub-selection from the greater MicroCOPD study. Several
studies have been published by my fellow researchers describing methods and
statistical challenges in depth (26, 28, 48, 54, 68, 76, 93, 94). I limited the data to
BAL samples after having discussed the option of also including oral wash collected
directly prior to the bronchoscopic procedure. This would have allowed me to
compare the oral microbiota with the lower airway microbiota. We did find it
necessary to limit the study to only one sample type to answer the main research

question within the word limits set by the publisher.

10.3.4.2 Chimera and contamination

The process of removing chimeric sequences from all 2448 samples in the
MicroCOPD study was performed in the same manner as described in paper III.
However, for the MicroCOPD data, Decontam was used with the prevalence-based
approach since we had negative control samples available (69). As a result, I can
confidently conclude that the handling of contaminants in my research has

progressively improved.

With regards to the filtering of ASVs based on abundances and contingency, our
research group again debated on this topic. Initially, ASVs comprising less than 10
sequences throughout the entire MicroCOPD dataset were eliminated after the
removal of chimeric and contaminating sequences. Subsequently, we implemented the

strategy outlined in Figure 5. Any ASVs lacking taxonomic annotation were excluded,
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likely increasing the internal validity. Samples with <500 sequences were not
included. Both rarefaction for diversity analyses and ANCOM-BC for differential

abundance analyses required a higher sequencing depth for inclusion of samples.

10.3.4.3 Diversity — measures of that within and that between

With data from MicroCOPD it was not feasible to prevent loss of samples by setting
the rarefaction limit equal to the sparsest sample as I did for the sputum studies.
Therefore, the rarefaction level of 2200/sequences per sample was chosen as a
compromise between the goal of keeping as many samples as possible and the aim of

avoiding an underestimation of diversity.

For paper IV, I included four alpha-diversity metrics and four distance matrices. A
detailed description of these is provided in the supplementary materials of paper IV.
Using this approach, I was able to examine different aspects of the data and identify

the most prominent differences between the groups.

10.3.4.4 Taxonomy

Silva was again chosen for taxonomy in paper IV, despite that the research group
otherwise had used the Human Oral Microbiome Database (HOMD) for MicroCOPD
data (28, 93, 94). I wanted to use Silva for continuity, and I personally worried
HOMD could have limitations with regards to the lower airway microbiota. The
database comprises of sequencing data from the oral cavity, nasal passages, sinuses,

pharynx and oesophagus, but not from the airways distal to the vocal cords (95).

For differential abundance, ANCOM-BC was the only one used in paper I'V.
ANCOM-BC builds on the previous ANCOM and ANCOM-II and claims to handle
the excessive number of zeros, allow for non-normal distribution of data and the bias
correction is said to deal with biased sampling. It is vulnerable for false positives due
to the many comparisons made which is why we present adjusted p-values, or q-
values. It is important to acknowledge that every differential abundance analysis tool
has its own strengths and weaknesses. Consequently, limiting the differential

abundance analyses to only ANCOM-BC, could represent a shortcoming.
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11. Discussion of results
11.1 Comparing induced and spontaneous sputum samples and

assessing the safety of hypertonic saline for sputum induction

The first two studies aimed to examine how the different methods of sputum
sampling, induced and spontaneous, affected the measurements of sputum
inflammation and microbiota. This inquiry arose from our intention to investigate the
microbiota and associated inflammation in stable and exacerbated COPD. We wished
to use sputum samples from the BCCS and the BCES from which both sputum types
were stored. We noticed that there was limited knowledge regarding the
interchangeability of induced and spontaneous sputum for measuring inflammation
and microbiota. Therefore, we felt it was necessary to investigate this before
conducting the comparative analyses of stable states versus exacerbations in COPD.
We also wanted to know more about the safety of the induction procedure performed
in the BCCS and the BCES for future references. The first two studies would have a
direct practical application by allowing a more knowledge-based selection of samples

for paper I1I.

I observed discrepancies in the measurements of inflammatory markers and
microbiota in consecutively collected induced and spontaneous sputum samples
obtained from patients diagnosed with COPD (52, 96). While the observed differences
were not statistically significant when the samples were grouped by type, they became
evident when each participant was examined individually. It was interesting to
observe that statistically significant associations between inflammatory markers and
clinical variables like smoking and H. Influenzae-positive cultures were indeed not

uniformly observed across the two sputum types (52).

Henderson et al. assessed mucus hydration in induced and spontaneous sputum (74).
They observed that hypertonic saline had a diluting effect on the induced sputum,
which could lead to lower concentration measurements. [ have previously discussed
the implementation of concentration corrections with albumin and its impact.

Henderson et al. did not identify any significant differences in inflammatory markers
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when comparing all sputum samples across the two sampling methods in stable state
COPD. However, it is important to note that they did not assess the impact of
sampling techniques on their measured inflammatory markers for the 18 individual

participants with consecutively sampled induced and spontaneous sputum (74).

Earlier studies have suggested that induction can allow for the collection of sputum
distal to spontaneous samples (97, 98). Additionally, discrepancies in immune cells
and the microbiota along the airway tractus have been observed (25, 26, 99). Induced
sputum samples may thus represent a slightly different environment with a different
pattern of immunity and microbiota compared with spontaneous samples, even if both

sputa originate from proximal rather than distal airways (24).

Mayhew et al. included both types of sputum in a comprehensive, longitudinal study
across stable state and exacerbated COPD (100). Comparisons of sputum types were
not the main target with their study, and therefor naturally limited. They concluded
with a lack of discrepancies between induced and spontaneous sputum based only on
UniFrac distances, and a visualisation of percent abundances for three phyla within 65
participants. The changes in percent abundances of Haemophilus and Streptococcus
however seem non-consistent between the plotted panels, and the beta-diversity
analyses might not be powered to capture differences between individual patient’s
sputum types. The comparisons were made between samples collected from different
consultations and with the patients being in different disease states. Thus, it is difficult
to use these results to advocate for the inclusion of both sputum types without other
confirmatory studies. Diver et al. acknowledged the potential limitation of using both
types of sputum in their study and they mentioned that the impact of the sampling
method had been assessed (101). Unfortunately, the paper they referred to focused on

inflammation and lacked comparisons for microbiota.

In a 2019 review conducted by Ditz et al. a summary of studies on the sputum
microbiota in COPD was provided. Based on this review, it can be inferred that the
microbiota analysed in sputum samples, whether induced, spontaneous, or analysed

collectively, may be linked to several clinical outcomes (102). This in turn, reinforces
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the utilisation of sputum as a readily accessible and non-invasive sample for studying
the airway microbiota in COPD. In clinical settings it is highly unlikely that
bronchoscopic sampling will be routinely performed on admitted patients with COPD
exacerbations. It is also unlikely that routine bronchoscopic sampling at a stable state
aimed at mapping the microbiota and inflammation for individual patients will be
feasible. Consequently, increasing our understanding of the microbiota and
inflammation in sputum may prove more useful, as recognised associations and
patterns observed in sputum can be more easily applied in a clinical setting. Ditz et al.

also discussed the strengths and limitations of different sampling methods (102).

To the best of my knowledge, large-scale studies aimed at investigating the effects of
sputum sampling techniques on microbiota and inflammation are still lacking. It is
important for future research to acquire a better understanding of the impact of sample
processing methods, the natural variability of inflammation and microbiota in sputum,
and the specific role of sampling techniques. This knowledge will enable a more
accurate interpretation of the associations between measurements of inflammation and
microbiota and the clinical variables studied. Deciding on a preferred sample type for
microbiota studies would further depend on which sample type correlate strongest

with clinical variables.

Taking adequate safety precautions is essential for the researcher as well as the
clinician. Ethical considerations in research include strict demands to avoid using
methods potentially putting study participants at risk for adverse events. The risks and
burdens of induced sputum sampling for study participants have been found

acceptable in several studies (21-23).

In our cohort, using hypertonic saline to induce not only stable state but also
exacerbated patients including those with very severe COPD, did not result in any
severe adverse events (52). Tolerance for the combination of hypertonic saline and the
bronchodilator salbutamol might not surprise clinicians as it is offered some
hospitalised exacerbated patients with excessive sputum. Studies of the usefulness of

hypertonic saline inhalations for patients with COPD has been conflicting, but also
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conducted under very different patient settings. This might partially explain why
different studies conclude differently (103, 104). A key point is to always protect
patients against bronchoconstriction by administrating bronchodilators before or
together with the hypertonic saline. Our results on the safety of sputum induction
align with the previous studies and support the use of induced sputum for research

purposes.

Summarising both the discussion of sputum sampling methods and results from paper
I and IT I would advocate for the use of induced sputum over spontaneous sputum

when studying the lower airway microbiota and inflammation.
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11.2 Comparing stable state and exacerbated COPD

My goal for paper III was to identify specific patterns of change in inflammation and
microbiota in sputum from patients with COPD sampled both during stable and
exacerbated states. Paper I and II resulted in the selection of induced sputum samples

exclusively.

I discovered that over 2/3 of patients had substantial changes in the composition of
their sputum microbiota from stable to exacerbated state. However, the changes
observed were not uniform across patients. Furthermore, the longitudinal case study
demonstrated that even within the same individual, there were no clear patterns of
change between stable states and exacerbations. For measurements of sputum
inflammation clearer patterns were observed for the entirety of the cohort, with three
cytokines significantly elevated during exacerbations. Interestingly, their role in viral
infections and against intracellular bacteria might be more prominent than their role in

defeating extracellular bacterial infections (105-107).

Both stability and variability of the sputum microbiota in patients with COPD have
been previously observed, both among different groups of patients, and within
individual patients (100, 108-110). Establishing whether the extent to which changes
in the microbiota are causally linked to the transition from a stable state to

exacerbations is a challenging question that needs to be addressed.

In a comprehensive sputum study published in 2018, Mayhew et al. demonstrated
several interesting findings (100). They analysed the microbiota in multiple sputum
samples collected over time, both at stable state and exacerbations. They observed a
certain level of consistency in the microbial composition within patients, allowing for
differentiation between participants based on their sputum microbiota. Furthermore,
they demonstrated that exacerbations were more closely linked to changes in the
abundance of taxa rather than the acquisition or loss of taxa. These results align with
our own Procrustes findings, as the matrices sensitive to abundances (Bray-Curtis and
weighted UniFrac) exhibited higher M"2 values compared to their abundance-

insensitive counterparts (46).
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Mayhew et al. also observed significantly higher relative abundances of Moraxella in
samples collected during exacerbations, and that this bacterial genus had the strongest
association with the frequency of exacerbations (100). Ideally, this would support
targeted therapy directed at Moraxella in patients with COPD. Alas, it is also
described that only a minority of exacerbated patients had a substantial increase in
Moraxella. Our case study aligns with this observation. Figure 9 in paper III
demonstrates substantial fluctuations in Moraxella abundances within the COPD
participant both during exacerbations and periods of stability. Moraxella was both
completely absent and the most abundant genera in both states of COPD (46).
Previous analysis of our sputum samples revealed that Moraxella was substantially
more common in spontaneous sputum compared to induced sputum. However, there
was no discernible correlation with exacerbations when examining all patients
collectively. Similarly, Wang et al. did not find any correlation either, but they did
note that higher abundances of Moraxella were negatively correlated with Shannon

diversity index (111).

The overall absence of significantly different taxa in my sputum data could be
attributed to the small number of participants. But it could also be a result of the fact
that changes in taxa abundances were opposite in different patients. This observation
can be seen in Figure 4 of paper I1I for several genera. Our findings suggest that

employing a single treatment approach for all patients will be ineffective in COPD.

The lack of consistent changes in the microbiota across disease states in my study
could be partly explained by the multifactorial nature of COPD. This introduces the
need for sub-group analyses of larger data to find COPD phenotypes in which there
are consistent patterns. While my study was too small to run sensible sub-group
analyses incorporating inflammation measurements, Wang et.al., presented such a
study in 2021 (112). They classified COPD sputum samples according to leukocyte
patterns and further sub-classified neutrophilic sputum according to the microbiota
composition (balanced, Haemophilus). They reported distinct associations between

the sub-groups and several inflammatory markers from sputum and serum. They also
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observed that patients with neutrophilic-balanced stable state sputum were more likely
to experience larger changes in the sputum microbiota during exacerbations.
Interestingly, in my study, large sputum microbiota changes during exacerbations
were associated with a depletion of sputum SLPI. Negative associations between
sputum neutrophil percentages and SLPI were discussed by Persson et al., who also
pointed at studies linking SLPI with bacterial infections (47, 113, 114). Links
between a dysbiotic sputum microbiota in exacerbated COPD and neutrophilic-
balanced sputum at stable state, and a depletion of SLPI during exacerbations, could
indicate a potentially harmful interplay between the lower airway microbiota and

inflammatory system.

The evaluation of serum inflammatory markers in our data was limited. We did
observe that the seven participants classified with high serum absolute neutrophil
counts during exacerbations had significantly higher Shannon diversity index when
sampled at stable state. This contradicts the result from Lonergan et al. on stable state
COPD showing that high blood neutrophil counts were associated with significantly
lower Shannon diversity index (115). Wang et al. found a joint association between
microbiota dysbiosis and blood eosinophilia on the one hand, and a significantly more
reduced FEV at exacerbations compared with stable state on the other (111). Dicker
et al. were able to observe associations between blood eosinophils and relative
abundance of Proteobacteria/Haemophilus (negatively associated) and
Firmicutes/Streptococcus (positively associated) in sputum samples collected at stable
state of COPD (116). From our data, though not reported in paper III, we did not
observe any associations between eosinophils in blood and the microbiota in sputum
either at stable state or during exacerbations. The correlation between blood

inflammatory markers and the lower airway microbiota remains understudied.

In summary, there is a need to view the lower airway microbiota in concert with both
local and systemic inflammation. Expanding analyses to include the effect of fungi
and viruses is likely necessary to paint a fuller picture of what drives the inflammation

in COPD airways and lung tissue. To effectively customise treatment for patients with
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COPD we may depend on identifying well-defined inflammatory-microbial

phenotypes for which targeted treatment can be prescribed.

11.3 Comparing patients with COPD and healthy controls

My goal for paper IV was to find potentially important differences in the lower airway
microbiota between a large group of patients with COPD and a similarly sized group

of healthy participants. For this paper, the microbiota was measured in BAL.

The remodelling of airways and lung tissue in COPD, once established, cannot be
reversed. Therefore, it is crucial to prevent the damage from occurring in the first
place. If it is too late to prevent the disease, the next best objective is to halt its further
development. Ultimately, our research goal is to uncover a causal relationship
between a treatable bacterial dysbiosis in healthy smokers and COPD. Additionally,
we aim to identify a causal relationship between an equally treatable bacterial
dysbiosis and disease progression and exacerbations on behalf of those already
diagnosed with COPD. In the following discussion, I will present our observations
from paper IV in the context of relevant and available publications regarding the

lower airway microbiota in COPD and healthy controls.

We found that BAL microbiota in COPD had lower evenness than in healthy controls.
The most prevalent phyla and genera found in patients with COPD were also the most
prevalent in healthy controls. Still, nine genera differed significantly across COPD
and controls. One phylum was enriched in COPD and that was Firmicutes. In fact,
only genera belonging to the phylum Firmicutes were significantly more abundant in

COPD compared with controls.

Alpha-diversity has previously been reported to be decreased in airway samples from
patients with COPD compared with controls, and to be further lowered with disease
progression (27, 117-120). In paper IV, we observed that the richness and the
phylogenetic diversity within BAL from patients with COPD were comparable to that
observed in healthy controls. What separated COPD and control BAL was the
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evenness of the different microbiota members present in the samples. If we dissect the
studies listed in Table 1 and Table 2 we find that Ramsheh et al. observed a COPD-
associated reduction of all alpha-diversity characteristics (richness, evenness, and
phylogenetic diversity) in their comprehensive study of 339 patients with COPD and
207 healthy controls (120). The remaining studies on alpha-diversity across COPD
and health are far smaller. Sze et al. studied the microbiota in lung tissue and
compared alpha-diversity between patients with COPD and controls with two
different mathematical methods (118, 121). The reported lower Shannon diversity
index in lung tissue from patients with COPD compared with controls was observed
only at one of six sampled positions within the nine lungs that were examined. The
Simpson index calculated in their study published in 2012 showed no difference in
alpha-diversity between COPD and controls. This was also the case for both Pragman
et al., and Zakharkina et al. who both chose Shannon diversity index to describe
alpha-diversity (122, 123). One can suspect that some of these studies have been too

small to detect a difference between COPD and control samples.

Together with the study of Ramsheh et al., and Opron et al. we have the largest patient
population sampled from the distal airways. So why are both the richness and
phylogenetic diversity sustained in our, but not in Ramsheh et al.’s, COPD population
when compared to controls? Disease severity could have been a suggested cause, as
Mayhew et al. observed that the severity of COPD was negatively associated with
alpha-diversity (100). But the percent cases of severe and very severe COPD were 31
in our study and only 12 in Ramsheh et al.’s study population. The discrepancy
between our and Ramsheh et al.’s study is thus not in accordance with the
observations made by Mayhew et al. The lower airway microbiota is proposed to be
dynamic with bacterial influx through inhalation and micro-aspiration (124), and
removal through mucociliary clearance, cough, and immune responses. In addition,
one can postulate that local replication and survival will vary between the different
microbiota members (125). One possible explanation for the loss of evenness but

sustained richness and phylogenetic diversity observed in our samples could be that it
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reflects a regular influx of the upper airway microbiota, combined with local factors in

the lower airways causing some taxa to thrive.

The lack of difference in beta-diversity between BAL from patients with COPD and
controls agrees with previous studies (120, 126, 127). In sputum, Wang et al. observed
a significant difference in weighted UniFrac distances between COPD and controls,
but with an effect size of only 3% (R"2), thus having disease explain very little of the
variation in the model (119). Opron et al. observed significant associations between
beta-diversity measures and both COPD assessment scores (CAT scores) and
bronchodilator response. Meanwhile, the significant p-values from the
PERMANOVA analyses were accompanied by very low R"2 scores (1% - 2%), thus

the effect sizes of CAT scores and bronchodilator response were also very small.

In COPD, the shift from a state of good health to chronic obstruction occurs gradually,
rather than abruptly. Consequently, it is conceivable that alterations in the microbiota
of the lower airways could also exhibit a continuum of change, making it difficult to
distinguish between the healthy and the obstructive airways. Additionally, considering
the continual supply of microorganisms from the upper airway and the dynamic nature
of the lower airway microbiota, these factors might account for the absence of a

correlation between beta-diversity and COPD or health.

Diving into the taxonomy, we observed several taxa with differential abundance
across COPD and controls, as would have been expected from the alpha-diversity
results. Differential abundance of taxa associated with disease was more pronounced
than that associated with other demographics considered in our study (Paper VI). In
COPD, we observed an increase only in genera belonging to the Firmicutes phylum:
Granulicatella, Gemella, and Streptococcus. For the potentially pathological genera
Streptococcus, there was an additional, successive increase in relative abundances
with increased disease severity. Opron et al., and Wang et al. observed the same
pattern in BAL and sputum, respectively (119, 126). Ramsheh et al. also observed an
increase of Gemella and Streptococcus in patients with COPD compared with their

control group. Furthermore, they observed an enrichment of Prevotella, and
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Leptotrichia (120). Thus, all three bronchoscopy studies comparing the microbiota in
COPD with healthy controls observe that the distal airways of patients with COPD
harbours significantly more Streptococcus than the airways of healthy controls. The
result of Dicker et al. is interesting in this context as they observed associations
between Streptococcus in induced sputum in COPD and increased blood eosinophil
levels. Sputum enriched with Streptococcus was also associated with frequent
exacerbations (116). Opron et al. found another link between Streptococcus and host
responses as neutrophils in BAL were positively associated with abundances of
Streptococcus (126). This indicate that Streptococcus trigger both local and systemic
inflammatory activity and is putting patients at risk for more frequent exacerbation
events, which again is linked to declining quality of life and life expectancy and
increasing disability and need for hospitalisation. Whether the lower airway in COPD
has an impaired inflammatory profile in which Firmicutes are allowed to multiply, or
if Firmicutes multiplies with a subsequent change in inflammation should be

investigated further in longitudinal studies.

Irrespective of a diagnosis of COPD, the correlations between sex and age and the
lower airway microbiota were few. Neither sex or age were found associated with
diversity measures, and although there was a decrease in Bacteroidota with age
among healthy controls, this trend was not evident at the genus level. Therefore, it is
challenging to draw any definitive biological conclusions from this observation.
Additionally, there were no significant associations between the severity of COPD
and frequency of exacerbations in our COPD patients and the BAL microbiota. In
fact, none of the observed associations were consistent enough to propose a clear

biological significance (paper IV).

Considering the well-established role of cigarette smoking in the development of
COPD, it is reasonable to expect a connection between smoking and the composition
of the lower airway microbiota. However, we found minimal evidence of such a
relationship in the BAL samples of our study participants. In terms of alpha-diversity,

there were no significant variations in any of the four alpha-diversity metrics included
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in our study. This remained true even when analysing COPD patients and controls
individually. Regarding beta-diversity, PERMANOVA analysis confirmed a
discrepancy in weighted UniFrac between smoking and non-smoking COPD patients,
but the effect size was only 4%. Smoking thus remain weakly linked to the diversity
of the lower airway microbiota, as has been observed in other large studies as well

(100, 119, 126).

Is it possible that certain members of the microbiota could be affected by smoking
while the overall diversity remained unchanged? Our findings indicate that smoking,
measured in terms of pack years, is significantly linked to a decrease in Haemophilus
and Lachnoanarobaculum in healthy controls (paper IV). This finding aligns with the
research conducted by Pfeiffer et al. which examined the impact of smoking on the
airway microbiota in healthy subjects (128). Within our COPD cohort, Oribacterium
was decreased in smoking patients. Common for Lachnoanarobaculum and three
genera significantly differentially abundant in all smokers versus non-smokers is a
low abundance and presence in few samples. The research on smoking and the lower
airway microbiota has so far not identified convincing links between the two (126,

129).

In paper IV we further assessed if ICS could influence the airway microbiota in our
COPD cohort. This is an interesting question as frequent exacerbators with elevated
blood eosinophils have been identified as a COPD sub-group who can benefit from
ICS, while others should better avoid ICS due to the known increase in the risk of
pneumonia and infectious exacerbations (6, 130, 131). Keir et al. concluded a review
of ICS and the lung microbiota by stressing that ICS use should be founded on
leucocyte endotypes to avoid prescription to patients at a higher risk of Streptococcus
and Haemophilus overgrowth (132). Interestingly, of the studies included in this
review, only two on COPD in humans showed increased Streptococcus abundances,
and a third study showed decreased abundances of the taxon in case of ICS use (133-
135). Contradictive observations for Haemophilus are also apparent (135, 136). With

Dicker showing that both blood eosinophiles and frequent exacerbations were
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associated with increased Streptococcus in sputum samples (116), it is difficult to fit
the microbiota observations with the long-accepted observations of an adverse
association between ICS and pneumonia risk. In my study, 60 of the 97 patients with
COPD used ICS. In stable COPD, we did not find evidence of a significant influence
of ICS on the lower airway microbiota, including the abundances of Streptococcus
and Haemophilus. This is supported by the observations made by both Opron and
Ramsheh (120, 126).

Leitao Filjo et al. studied the lower airway microbiota and ICS using bronchial brush
samples from 56 patients with COPD randomised into two different ICS treatment and
one non-ICS treatment groups (136). Both lower richness and Shannon diversity index
were observed in patients receiving ICS. However, the visualisation of within-
individual differences in alpha-diversity between sampling time-points resembles that
of our paper I (46). Whether these within-individual differences are linked to ICS or
exacerbations respectively, or if it represents what to be expected between repeated
samples is unknown. Leitao Filjo et al. observed no associations between ICS and
Streptococcus, while Haemophilus was reduced after the 12-week treatment period
with fluticasone (136). The current evidence of a link between ICS treatment and
unfavourable changes in the lower airway microbiota in patients with COPD thus

remains rather unclear.

To summarise our results, there were convincing differences between the BAL
microbiota measured in our group of patients with COPD and that measured from the
group of healthy controls. The main cause of COPD, smoking, could not be associated
any closer to the microbiota than other characteristics, and neither could ICS even
though it is an established risk factor for infectious COPD exacerbations and
pneumonia. The lower airway microbiota is likely to play a part in COPD and other
lung diseases, but to unveil how its conducting its influence proves difficult. Future
research will call for complex study designs integrating host inflammatory activity

and using state of the art bioinformatic processing and statistical analyses.
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12. Conclusion

I conducted the two first studies with the intention to understand the influence of
different methods of sputum sampling on the measurement of lower airway
inflammation and microbiota and to use the results to direct the sample selection for

my third study.

Both studies showed there were differences between induced and spontaneous sputum
in terms of inflammatory markers and microbiota profiles in COPD patients. These
findings emphasise the importance of understanding the variations between these two
types of sputum samples. Further research is warranted to fully explore the clinical
implications and potential applications of this knowledge. Meanwhile, based on the
findings from paper I and II, I advocate for the use of induced sputum over

spontaneous sputum when studying the lower airway microbiota and inflammation.

Next, my goal was to identify specific patterns of change in inflammation and
microbiota in induced sputum from patients with COPD enrolled if sampled both

during stable and exacerbated states.

The study revealed significant variability in the alterations of sputum microbiota
during the progression from a stable to an exacerbated state. This variation was also
observed within the same individual over a three-year period. Considering previous
research findings, our results support that while the bacterial microbiota may play a
role in both stable and exacerbated COPD, its impact likely intertwines with host
inflammation and potentially other microorganisms such as fungi and viruses. To
tailor treatments for COPD patients, it is crucial to identify precise inflammatory-
microbial phenotypes that can guide the prescription of targeted therapies including

antibiotics, corticosteroids, bacteriophage therapy and pro/prebiotics.

Lastly, I aimed to find potentially important differences in the lower airway
microbiota between a large group of patients with COPD and a similarly sized group

of healthy participants, using bronchoalveolar lavage (BAL).
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Our findings indicate significant differences between the lower airway microbiota in
COPD compared to in healthy controls. Despite smoking being a major cause of
COPD, we were unable to establish a stronger association between smoking and the
microbiota compared to other factors. Similarly, although ICS are known to increase
the risk of airway infections, we could not find a link between ICS and the microbiota.
Understanding the impact of the lower airway microbiota on COPD and other

respiratory conditions continues to present significant challenges.



92

13. Implications and future perspectives

Microbiota research has the potential to improve our understanding of COPD and
pave the way for new treatment strategies. While earlier research has focused on the
role of inflammation and genetics in COPD, recent studies have begun to unravel the
influence of the lung microbiota on disease development, progression, and
exacerbations. Understanding the complex interplay between the lower airway
microbiota, host immune responses, and disease progression could lead to innovative
therapeutic strategies including probiotics, prebiotics, or bacteriophage therapy.
Additionally, manipulation of the lung microbiota could potentially halt or slow down
disease progression, transforming COPD management into a more proactive approach.

Meanwhile, significant challenges lie ahead, and a selection of them are listed below.

1. Standardisation of methods: One major challenge is the lack of standardisation of
methods for studying the lower airway microbiota. Researchers use different
techniques, sample types, and analytical methods, making it difficult to compare and
replicate findings. The high-dimensional, complex data generated through microbiota
research require advanced computational tools for analysis and interpretation. There is
a need for standardised bioinformatics pipelines and data sharing platforms facilitating
collaborative research and meta-analyses, and for standardised protocols and

methodologies allowing for better comparison of results.

2. Biological and clinical heterogeneity: COPD encompasses a heterogeneous group
of patients, with different clinical phenotypes and patterns of disease progression. The
microbiota composition and its relationship with disease severity, exacerbations, and
response to therapy varies among individuals. Understanding this heterogeneity and
identifying microbiota signatures associated with specific subgroups will aid in
personalised treatment approaches. There is a need to supply the present day single-
kingdom studies with broader examinations including all microbiological kingdoms
inhabiting the lower airways. Studies integrating information from the bacterial,
fungal, and archaeal communities and viruses in the lower airways will provide a

more holistic view on the interplay between host inflammation and microbes.
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3. Longitudinal studies: COPD is a chronic and progressive disease, and the
microbiota composition changes over time. Longitudinal studies tracking the
dynamics of the lower airway microbiota and its association with disease
development, progression and exacerbations are needed. Large-scale cohort studies
with long follow-up periods would provide valuable insights into the temporal

relationship between the lower airway microbiota and COPD.

4. Therapeutic interventions: Microbiota-targeted interventions may hold promise for
COPD management, but the development of novel therapies requires rigorous
research involving larger patient cohorts and long-term follow-up assessing the safety

and efficacy of new treatments.

5. Causality and mechanisms: Establishing a causal relationship between altered
microbiota and disease development or progression is challenging. With the
limitations of amplicon sequencing techniques, whole genome sequencing represents
a promising method for improved characterisation and understanding of the
microbiota. A true understanding of the role of the microbiome requires assessment of
its functionality. With whole genome sequencing, species resolution of the full
(bacterial and fungal) microbiota can be used to calculate dysbiosis indexes based on
which species are differentially abundant between groups, potentially making for new
disease biomarkers. Further, the functionality of the lower airway microbiome can be
assessed from whole genome sequencing. To elucidate the mechanistic pathways
through which microbiota influences COPD pathogenesis and exacerbations

researchers must now move beyond the 16S rRNA sequencing.

In conclusion, microbiota research in COPD holds promise for the future. By
unravelling the intricate connections between the microbiota and disease
pathogenesis, we may unlock novel therapeutic options and develop personalised
treatment regimens for COPD patients. With further research, we can anticipate a

future where microbiota-based interventions are part of the management of COPD.
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14. Errata

In paper I, I stated that sputum leucocyte particle count (LPK) viability >30% was

considered sufficient, when in fact it had to be >70%.
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Comparison of inflammatory markers in induced
and spontaneous sputum in a cohort of COPD
patients
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Abstract

Background: Sputum induction is a non-invasive method for obtaining measurements of inflammation in the airways.
Whether spontaneously sampled sputum can be a valid surrogate is unknown. The aim of this study was to compare
levels of six inflammatory markers in sputum pairs consisting of induced and spontaneous sputum sampled on the
same consultation either in a stable state or during exacerbations of chronic obstructive pulmonary disease (COPD).

Methods: 433 COPD patients aged 40-76, Global initiative for chronic Obstructive Lung Disease (GOLD) stage II-IV were
enrolled in 2006/07 and followed every six months for three years. 356 patients were followed for potential exacerbations.
Interleukin-6, interleukin-8, interleukin-18, interferon gamma-inducible protein-10, monokine induced by gamma
interferon and tumor necrosis factor-alpha (IL-6, IL-8, IL-18, IP-10, MIG and TNF-a) were measured by bead based multiplex
immunoassay in 60 paired sputum samples from 45 patients. Alboumin was measured by enzyme immunoassay, for
concentration correction. Culturing for bacterial growth was performed on 24 samples. Bland-Altman plots were used to
assess agreement. The paired non-parametric Wilcoxon signed-rank test, the non-parametric Spearman’s rank correlation
test and Kruskal-Wallis test were used for statistical analyses. For all analyses, a p-value < 0.05 was considered significant.

Results: Agreement between the two measurements was generally low for all six markers. TNF-a was significantly higher
in spontaneous sputum at exacerbations (p = 0.002) and trending higher at the steady state (p = 0.06). Correlation
coefficients between the levels of markers in induced and spontaneous sputum varied between 0.58 (IL-18) to 0.83
(IP-10). In spontaneous sputum IL-18 and MIG were higher in ex-smokers (p < 0.05). The levels of all markers were higher
in GOLD stage Ill & IV except for IL-6 in spontaneous sputum and IL-18 in induced sputum, compared with GOLD stage I,
although not statistically significant. In spontaneous sputum the levels of IL-6 were significantly higher if Haemophilus
influenzae (HI) was not cultured.

Conclusion: We observed a low agreement and significant differences in inflammatory markers between induced and
spontaneous sputum, both at steady state and exacerbations. We recommend considering sampling method when
reporting on inflammatory markers in sputum.
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Background

Chronic obstructive pulmonary disease (COPD) is a
chronic inflammatory disease affecting both the airways
and lung parenchyma [1]. The increased airway inflam-
mation has been well described, but its role is yet
controversial [2]. Obtaining reliable measurements of
airway inflammation non-invasively can enable large
cohort studies. Biomarkers sampled by methods like
exhaled breath condensate and induced sputum have
been compared recently [3]. Induced sputum sampling
(ISS) is a non-invasive procedure, which has been standard-
ized and used extensively the last 20 years [4]. Nebulized
and inhaled saline increases sputum production in the
lungs [4]. Induction has been reported to provide sputum
samples of sufficient quality for analyses in more than 80%
of asthma and COPD patients [5-8]. In patients with ob-
structive lung disease, ISS is usually performed in the steady
state as it can induce bronchoconstriction [9,10]. However,
at least one study has shown that it can be done safely also
during exacerbations in patients with mild to moderate
COPD [11].

An alternative to ISS is spontaneous sputum sampling
(SSS). Levels of inflammatory markers and cell counts in
spontaneous and induced sputum have been presented
without discriminating between the two sampling methods
in some studies [12-14]. Two studies have found that cell
viability was higher in induced than spontaneous sputum
in patients with asthma or COPD [15,16]. However, few
studies have addressed whether induced and spontaneous
sputum sampled from patients with COPD can actually be
used interchangeably for analyses of inflammatory markers,
as it was pointed to in a review article published as late as
in 2013 [17]. More studies on the subject were recom-
mended already in 2002 [4].

The aim of this study was to compare the levels of the
six common inflammatory markers interleukin 6, 8 & 18
(IL-6, IL-8 IL-18), interferon gamma-inducible protein-
10 (IP-10), tumor necrosis factor-alpha (TNF-a) and
monokine induced by gamma interferon (MIG) in paired
induced and spontaneous sputum samples collected
from COPD patients in the stable state and/or during
acute exacerbations. These markers were chosen for dif-
ferent roles in airways inflammation in COPD, as part of
the analyses in the Bergen COPD Exacerbation Study. In
addition, this study allowed for an assessment of the
safety of sputum induction in COPD patients undergo-
ing an exacerbation.

Methods and material

Study population

The Bergen COPD Cohort Study (BCCS) was a three
year follow-up of 433 COPD patients from western
Norway between 2006 and 2010, previously described in
detail [18]. The patients were invited to our study centre
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every six months, and sputum induction was performed
at nearly all visits. Of the 433 COPD patients, 356
patients living in a proximity that meant they belonged
to the Bergen hospital district were offered concomitant
participation in the Bergen COPD Exacerbation Study
(BCES). Patients included in the BCES were given a lam-
inated green-card with detailed instructions regarding
potential symptoms of COPD exacerbations and a tele-
phone number to our study nurse. The telephone was
open 12 hours per day, seven days a week for the three
years the study lasted. Once contact had been made, the
study nurse determined whether immediate hospitalization
was necessary, or whether a visit with a study physician
could be scheduled the next working day. During that visit
or at the ward the day after hospitalization, sputum induc-
tion was attempted if our study physician determined the
event to be a clinical COPD exacerbation, with a formal
assessment according to Wedzicha and Donaldsons’s defin-
ition [19].

Spontaneous sputum samples were collected before
the induced sputum sample at the same time point at
occasions when the patients presented with abundant
sputum. In total 60 sputum pairs of acceptable quality
from 45 patients in the stable state (n=31) or during
COPD exacerbation (n =29) were available for analysis.
Classification into Global initiative for chronic Obstructive
Lung Disease (GOLD 2007) stage and information on
smoking habits, were based on the baseline visit in the
BCCS. All patients provided written informed consent,
and both studies were approved by the Norwegian
Regional Ethical Committee.

Sputum sampling and processing

Inductions were performed using an ultrasonic wave
nebulizer. Hypertonic saline (3%) was inhaled seven
minutes times three, and sputum was attempted sam-
pled after each inhalation. If however, the patient was
evaluated by the study physician as being too clinically
obstructive, or if the patient did not want to inhale an
increased saline concentration, the physiological saline
concentration of 0.9% was inhaled instead. Of the 60
sputum pairs evaluated, induction was done with 3%
saline in 47 cases, 0.9% in ten cases, while for three
inductions the concentration was not recorded. Spiromet-
ric evaluations (Vitalograph S-model Vitalograph Ltd.,
Buckingham, England at regular visits in the steady state,
EasyOne model 2001 Ndd Medizintechnik AG, Zurich,
Switzerland at exacerbation visits) were performed after in-
halation of 200-400 ug salbutamol prior to induction with
saline. Spirometry was then repeated after each inhalation
of the saline. The procedure ended if FEV; declined 20% or
more, if the patient’s symptoms worsened, or if the patient
did not wish to proceed. If the patient’s post-bronchodilator
oxygen saturation was <90%, induction was not performed.
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For the SSS, patients were asked to expectorate in two
different cups, and the most purulent sputum was proc-
essed. Both types of sputum samples were kept on ice until
processed for quality control and storage, usually within
30 minutes. To break disulphide bonds in mucin, 4 ml di-
thiothreitol 0.1% (DDT) per gram sputum were added [20].
The samples were then homogenized using an Eppendorf
homogenizer at 600 rpm for 15 minutes at a temperature of
4 degrees Celsius. Phosphate-buffered saline (PBS) was
added, and the sample filtered to increase homogenization.
Supernatants were removed after 15 minutes centrifugation
at 4 degrees Celsius, 450 g, aliqouted in 0.5 ml tubes, and
stored at —80 degrees Celsius. Trained personnel evaluated
viability after staining with tryptan blue. For the sputum
samples to be considered of acceptable quality there had to
be > 1 million/mL cells, < 20% epithelial cells and the leuco-
cyte viability had to be > 30%. After December 2006, all
sputum samples were also cultured at the Department of
Microbiology, Haukeland University Hospital.

The sputum samples were analysed for cytokines using
the Luminex® xMAP* technology (Luminex Corporation,
Austin, Texas). The cytokine assay used was made by com-
bining standards from BioRad (Bio-Plex Pro Human Cyto-
kine Standards Group I 27-Plex #171-D50001, Lot No
5022130. Bio-Plex Pro Human Cytokine Standards Group
II 23-Plex #171-D10502 Lot No 5015357) and singleplex
assays containing beads for analyses of IL-6, IL-8 IL-18, IP-
10, TNF-a and MIG. Thus, all six markers were analyzed
in simplex. The samples were processed on a Luminex 100
instrument and the results collected and stored by STarSta-
tion software version 2.0 (STarStation Software Version
2.0, Applied Cytometry, Sheffield, UK.) The procedure was
performed according to the manufacturer’s instructions on
six separate days in September 2011.

For 58 of the 60 sputum pairs we also had enough
material to perform an enzyme immunoassay of levels of
albumin in duplex (Albumin Human ELISA kit, ab
108788, Abcam, Cambridge, UK). Albumin was used as a
correction factor for concentration differences between the
induced and spontaneous sample for each pair in the
following way: The induced to spontaneous albumin ratio
was calculated for each sputum pair, and the level of each
of the six markers in each of the spontaneous sputum sam-
ples multiplied by the corresponding ratio. All later statis-
tical analyses were performed both on “corrected” sputum
levels and “uncorrected” sputum levels.

Statistical analyses

Stata 12.0 was used for the statistical analyses (StataCorp.
College Station, Texas). Bland-Altman plots were made to
assess agreement between the measured levels of the
markers in induced and spontaneous sputum pairs. Bland
& Altman advocates using the difference between the two
measurements as the central measurement of bias, and the
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spread of the difference as a measure of limits of agreement
[21]. Usually the difference between the measurements is
plotted against the mean of the two measurements, with 2
standard deviations (SD) of the difference representing the
95% limits of agreement. However, sometimes the differ-
ence is dependent upon the size of the mean, in which
Bland & Altman advocates plotting on a log scale [22]. This
was the case for all six markers in our study.

The inflammatory markers were not normally distrib-
uted, hence the paired non-parametric Wilcoxon signed-
rank test was used to compare levels of the markers and
cell viability between spontaneous and induced sputum.
For correlation analyses between spontaneous and
induced samples the non-parametric Spearman’s rank
correlation test was used. For comparisons of the levels of
inflammatory markers by clinical characteristics, Kruskal-
Wallis test was used. For comparisons of FEV; decline
between stable state and exacerbations during inductions,
Wilcoxon signed-rank test was used. For all analyses, a
p-value of less than 0.05 was considered significant.

Results

The characteristics of the study population are presented
in Table 1. 60 sputum pairs were available from 45
patients, of which 15 of the patients were women. Of the
60 sputum pairs, 31 were sampled during the stable state
and 29 during COPD exacerbations (Table 1).

Mean cell viability was 98% for both the induced and
spontaneous sputum samples. Among the induced sam-
ples, 2 out of 60 samples had viability below 90%, for the
spontaneous samples all were 90% viable or better.

Of the six inflammatory markers, TNF-a was signifi-
cantly higher when measured in spontaneous sputum
during exacerbations and almost reaching statistical sig-
nificance in the steady state (Table 2). For the other
markers, no clear trend was seen (Table 2).

Bland-Altman plots for all six inflammatory markers on
the log scale are presented in Figure 1. To obtain the
limits of agreement the antilog of the two standard devia-
tions were calculated, and these are presented in Table 3
together with the Spearman’s rank correlation coefficients.
Although the correlation was fair, varying between 0.58
for IL-18 to 0.83 for IP-10, the agreement was quite low
for all six inflammatory markers. Since the 95% limits of
agreement were calculated on the log scale, the upper and
lower limits represents ratios relative to one. Thus, based
on the calculations presented in Table 3, one would expect
the measurement of for instance IL-6 in spontaneous spu-
tum to fall between 6 times higher or 8 times lower than
that measured in induced sputum 95% of the time.

Even though agreement between individual measure-
ments was low, there could be value to the spontaneous
samples if the levels of the markers showed the same asso-
ciations to clinical parameters in spontaneous as in the
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Table 1 Characteristics of the study population

n %

Patients 45
Age, mean (range)’ 634 (46-74)
Sex

Women 15 33

Men 30 67
Smoking habits

Ex 30 67

Current 15 33
GOLD (2007) stage”

Il 15 33

Il 24 53

vV 6 13
Patients with one sputum pa/'r» 36 80
Patients with multiple sputum pairs 9 20
Sputum pairs 60

stable state 31 52

during exacerbation 29 48
H.nfluenza positive"

No 12

Yes 12

“At inclusion.

“Consisting of one spontaneous and one induced sputum sample.
Detected in induced and/or spontaneous sputum sampled from stable state
visits, and/or exacerbations.

induced sputum samples. Potential associations between
measured levels of the inflammatory markers in spontan-
eous and induced samples, and clinical variables are pre-
sented in Table 4. There was no consistent difference in
levels of any of the six markers between current and ex-
smokers. However, in the spontaneous samples the mea-
sured levels of IL-18 and MIG were significantly higher in
ex-smokers, an association not found in the induced
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samples. For all markers except IL-6 and IL-18, there was
a non-significant trend of higher levels in GOLD stage III
& IV compared with GOLD stage II. Importantly however,
the pattern was the same for both spontaneous and in-
duced sputum samples. Finally, in the 24 sputum pairs
where culture was obtained, we examined which impact
Haemophilus influenzae (HI) had on the pattern of the
sputum markers. In the spontaneous samples HI was as-
sociated with significantly lower levels of IL-6, a difference
not found in the induced samples. In addition, we
observed that in the spontaneous samples levels of MIG
were lower in sputum with HI, whereas the opposite
pattern was seen in the induced samples (Table 4).

To assess the safety of induction during exacerbations
and the stable state we calculated the decline in FEV;%
predicted during induction for all COPD patients who
underwent inductions both in the BCCS and BCES. For
decline in FEV;% predicted from post bronchodilation
values during induction the relative fall was calculated
(thus a fall from 30% predicted to 20% predicted will be
presented as a 33% decline). To avoid repeated measure-
ments from the same patient at steady state and/or at
exacerbations only one registered induction at the two
different disease states was selected for analyses per pa-
tient. 63 patients were induced during exacerbation. 33
of the patients were GOLD stage III or IV, while the
remaining 30 were GOLD stage II. We found no signifi-
cant difference in FEV;% predicted decline caused by
induction related to disease severity (p=0.07) during
exacerbations. When comparing patient groups in the
stable state we found that patients with more severe
COPD had a statistically larger decline related to induction,
than patients with COPD GOLD stage II (p <0.001). The
relative fall was significantly higher during the stable state
than during exacerbations (p =0.03) (Table 5). However,
no adverse events followed inductions regardless of disease
state and severity, and all patients increased in FEV, after a
rest period and a new inhalation of salbutamol.

Table 2 A comparison of inflammatory markers in induced and spontaneous sputum sampled from the COPD patients
at the time; either during a COPD exacerbation or during the stable state

During a COPD exacerbation n = 28

During the stable state n = 30

Induced sputum Spontaneous sputum p* Induced sputum Spontaneous sputum p*
sample sample sample sample
IL-6(pg/ml) median, IQR  10.0(4.9-26.6) 104(2.8-23.3) 029 205(6.11-43.2) 13.9(2.2-55.2) 046
IL-8(pg/ml) median, IQR  339.7(193.6-663.9) 344.9(173.9-812.2) 077  514.2(225.6-1257.2) 3709.9(171.7-976.7) 0.18
IP-10(pg/ml) 735.0(205.4-2099.6) 372.1(218.7-1416.2) 0.15  529.0(215.4-2554.8) 362.3(142.0-1393.1) 0.07
TNF-a (pg/ml) median,  3.0(0.2-11.8) 6.3(2.0-34.0) 0.002 0.9(0-24) 1.3(0.2-4.3) 0.06
IQR
IL-18 (pg/ml) median, 9.2(4.9-12.9) 10.6(3.6-27.3) 052  6.5(24-256) 9.6(0.8-18.2) 0.64
IQR
MIG (pg/ml) median, 539.2(100.1-1496.0) 384.6(221.2-1997.0) 041  534.4(56.9-1450.1) 567.4(178.0-2031.7) 0.82

IQR

“Wilcoxon sign rank test.
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Discussion

This study showed that for the six inflammatory
markers, the correlation between levels measured in
induced and spontaneous sputum pairs was fair, but the
agreement was quite low. TNF-«a was significantly higher
in spontaneous sputum samples than in induced samples
when measured during a COPD exacerbation. Further,
there was a relationship between HI carrier state and IL-
6, and smoking status and IL-18 and MIG, found only in
spontaneous sputum samples.

There are some methodological issues to consider.
Firstly, it has been shown that both PBS and DTT affect
the recovery of some cytokines [12,23]. However, a
strength of this study was that the exact same processing
protocol was used for all sputum pairs, and this should

thus not impact the measured levels differently between
spontaneous and induced sputum samples. Secondly, all
the inflammatory markers were measured in simplex,
thus the potential measurement error is greater than if
the markers were measured in duplex. The choice of
analysing in simplex was due to cost, since this is part of
a larger analysis of inflammatory markers in sputum.
Most importantly however, all sputum pairs were analysed
on the same plate, on the same day. Thus the measure-
ment error should not differ between spontaneous and in-
duced samples. Thirdly, we found associations between
inflammatory markers and smoking, and inflammatory
markers and colonization with HI only in spontaneous
sputum. We found no association between inflammatory
markers and GOLD stage in either type of sputum, but

Table 3 Rank correlation coefficients and the 95% limits of agreement between measurements of six inflammatory

markers in induced and spontaneous sputum samples

Correlation coefficient”

Bland & Altmans 95% limit of agreement’

Lower Upper
IL-6 (pg/ml) 0.729 0.12 635
IL-8 (pg/ml) 0.695 012 5.59
IP-10 (pg/ml) 0833 0.08 137
TNFa (pg/ml) 0.600 0.11 553
IL-18 (pg/ml) 0.583 0.09 29.99
MIG (pg/ml) 0.754 0.10 17.24

“Spearman’s rank correlation test.
42 SD of the mean difference between the two measurements.
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Table 5 Relative FEV, decline in % predicted during
sputum induction

Exacerbations Steady state p
n=63 n=390
0.004
Median (IQR) 12.64(5.56-21.79) 18.75(11.11-25)
Mean (SD) 14.80(13.05) 18.51(11.44)

“Wilcoxon sign rank test.

this may be due to lack of strength. Finally, the choice on
whether to induce or not during an exacerbation was based
on several subjective factors in addition to oxygen satur-
ation; most importantly patients” willingness to be induced
and the clinicians’ evaluation regarding obstructivity. Thus,
it is impossible from this design to conclude that sputum
induction would be safe during all exacerbations.

Although more studies on the subject of whether spon-
taneous and induced sputum samples could be compared
was recommended already in 2002 [4], few studies have
yet been published. We have found one earlier report on
levels of IL-8 in spontaneous versus induced sputum that
showed no significant differences in IL-8 levels between
the two sputum types in COPD patients in stable state
[16]. Our study confirmed the results from this earlier
study, but in addition we were able to show that this is
true also during exacerbations. We have been unable to
find earlier reports on the relationship between levels of
inflammatory markers in spontaneous and induced
sputum for the remaining five inflammatory markers. To
our knowledge comparison of other inflammatory
markers in induced and spontaneous sputum sampled on
the same consultation has not been performed in patients
with obstructive pulmonary disease.

It has previously been shown that the sputum sampled
early during induction has a different consistency and
cell composition than sputum sampled late in the induc-
tion [24,25]. It is likely that more central airways are sam-
pled early, and would thus most resemble spontaneous
sputum. Thus, induced sputum is likely to sample a more
distal airways environment than spontaneous sputum.
Central and distal airways differ by epithelial components
[26], distribution of immune cells [27,28], and possibly re-
spiratory microbiome [29]. Thus, it is theoretically rather
likely that levels of inflammatory markers differ between
spontaneous and induced sputum samples. However, one
can argue that spontaneous sputum could be a favorable
alternative to induced sputum when patients find induc-
tion uncomfortable, or the safety of the induction is uncer-
tain, and enable sampling in primary healthcare settings
where induction is rarely if ever performed to our know-
ledge. Cell viability in spontaneous sputum has in some
studies been shown to be poorer than in induced sputum
samples [15,16]. Such was not the case in our samples,
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where viability was as good in the spontaneous samples as
in the induced samples. In our study the time from collec-
tion to processing was usually very short, which could
explain the high viability.

Although agreement for individual measurements was
low, measuring levels of inflammatory markers in spon-
taneous sputum could have value for instance in serial
measurements of spontaneous sputum, something our
study is not equipped to assess. Also, although compari-
sons of inflammatory markers between spontaneous and
induced sputum is invalid for some markers, they may
be valid for others.

There are still sparse data on the safety on induction
in patients with severe COPD during exacerbations, and
in several studies sputum induction is performed during
exacerbation without the published reporting on poten-
tial adverse effects on the procedure [3,30,31].

In our study we found statistical differences in FEV;%
predicted decline between patients with moderate and
severe/very severe COPD only during steady state, while
disease severity did not affect the decline during exacerba-
tions. No adverse events were registered during either the
steady state or during exacerbations. This is in accordance
with other reports [7,11], but we expand by including pa-
tients with severe/very severe COPD. However, it should
be stressed that necessary precautions need to be taken
such as having access to acute rescue medications, and
that all inductions only should be performed by trained
medical personnel [32].

The results from the current study point toward a ne-
cessity for reporting on sampling methods when consider-
ing inflammatory markers in sputum samples collected
from COPD patients both during the steady state and dur-
ing acute exacerbations as the agreement was generally
low as assessed by Bland & Altman’s 95% limits of agree-
ment. Whether levels of inflammatory markers can be
compared between spontaneous and induced sputum
samples likely differ by each inflammatory marker in ques-
tion, and should be addressed within each study. In cases
where induced sputum sampling is impossible, spontan-
eous samples may have value if compared with other
spontaneous samples.
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Abstract

Background: Induced and spontaneous sputum are used to evaluate the airways microbiota. Whether the sputum
types can be used interchangeably in microbiota research is unknown. Our aim was to compare microbiota in
induced and spontaneous sputum from COPD patients sampled during the same consultation.

Methods: COPD patients from Bergen, Norway, were followed between 2006/2010, examined during the stable
state and exacerbations. 30 patients delivered 36 sample pairs. DNA was extracted by enzymatic and mechanical
lysis methods. The V3-V4 region of the 165 rRNA gene was PCR-amplified and prepared for paired-end sequencing.
lllumina Miseq System was used for sequencing, and Quantitative Insights Into Microbial Ecology (QIIME) and Stata
were used for bioinformatics and statistical analyses.

Results: Approximately 4 million sequences were sorted into 1004 different OTUs and further assigned to 106 different
taxa. Pair-wise comparison of both taxonomic composition and beta-diversity revealed significant differences in one or
both parameters in 1/3 of sample pairs. Alpha-diversity did not differ. Comparing abundances for each taxa identified,
showed statistically significant differences between the mean abundances in induced versus spontaneous samples for

15 taxa when disease state was considered. This included potential pathogens like Haemophilus and Moraxella.

Conclusion: When studying microbiota in sputum samples one should take into consideration how samples are
collected and avoid the usage of both induced and spontaneous sputum in the same study.

Keywords: COPD, Sputum, Microbiota, High-throughput sequencing

Background

Chronic obstructive pulmonary disease (COPD) is char-
acterized by a chronic inflammation of the lower air-
ways, dominated by an influx of innate immune cells.
Recent marker-gene studies indicate the existence of a
pulmonary microbial flora (microbiota) present in both
health and disease [1]. The chronic inflammation seen in
COPD might be a consequence of a disrupted equilib-
rium between the pulmonary microbiota and the innate
immune system. To explore this hypothesis, accurate
measurements of the microbiota during both stable state

* Correspondence: stangedal@gmail.com; tomas.eagan@uib.no
'Department of Thoracic Medicine, Haukeland University Hospital, Bergen,
Norway

Full list of author information is available at the end of the article

( Bioled Central

and acute exacerbation of chronic obstructive pulmon-
ary disease (AECOPD) are necessary.

The emerging gold standard for exploring the micro-
biota in the lower airways with minimal oral contamin-
ation is through bronchoscopy, but this is impossible
during most AECOPD. Collecting induced sputum sam-
ples (ISS) is therefore a standardized sampling method
of choice [2]. However, in several studies spontaneous
sputum samples (SSS) have also been used since they are
easier to retrieve [3, 4]. The validity of SSS with regard
to microbiota studies is uncertain to date. Two previous
studies have compared the microbial composition in ISS
and SSS samples from cystic fibrosis (CF) patients, find-
ing comparable results between the two methods [5, 6].
However, CF patients usually produce more sputum
spontaneously, have a relatively high biomass in the

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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airways, and one of the cited studies used an earlier
method of bacterial profiling (Terminal Restriction Frag-
ment Length Polymorphism Profiling) [6], wheras the
other had only 15 sputum pairs [5]. The validity of SSS
with regard to 16S rRNA marker-gene based studies on
non-CF patients is unknown to date.

The Bergen COPD Cohort Study (BCCS) and its
adjunct Bergen COPD Exacerbation Study (BCES) offers
an opportunity to address this issue in COPD patients as
we have sampled sputum both induced and spontan-
eously in a number of our COPD patients repeatedly
during follow-up. We have previously shown that levels
of inflammatory markers differed between sputum types
in a study from the same population [7]. In the present
study we compared the taxonomic composition and
diversity measures in 36 sputum pairs consisting of SSS
and ISS sampled sequencially from COPD patients
either during AECOPD or at the stable state.

Methods
Study design
The current study sample consisted of 36 sputum pairs col-
lected from 30 COPD patients who participated in both the
BCCS & BCES. The study design and sampling of the
BCCS [8] and the BCES [7] has previously been described
in detail. The COPD patients had a smoking history of >10
pack-years, and a post-bronchodilation FEV;/FVC ratio < 0.7
and FEV; < 80% predicted. Active autoimmune diseases or
cancer within the last 5 years were cause for non-inclusion.
A study physician examined and undertook a structured
interview of all patients upon inclusion and at half-yearly
follow-up visits when the patients were in the stable state.

Patients were instructed to contact the study-staff at
periods with worsening of symptoms (malaise, fever,
airway symptoms). The study physician offered a clinical
examination at the outpatient clinic, Dept. of Thoracic
Medicine, Haukeland University Hospital within 24 h of
contact, or on the first working day after the weekend.
Hospitalized patients were examined by a study
physician the first day after admission.

The study was approved by the regional ethical board
(REK-Vest), case number 165.08.

Sputum sampling and processing

Both sputum sampling and immediate processing have
been described in detail [7]. SSS was collected first from
patients expectorating. If the patient’s clinical state allowed
it, induction with hypertonic saline (3%) was performed.
Patients inhaled the saline for 7 min three times, and
sputum was collected and pooled after each inhalation.
Spirometric evaluations were performed before and after
each inhalation during induction (Vitalograph S-model
Vitalograph Ltd., Buckingham, England at regular visits in
the steady state, EasyOne model 2001 Ndd Medizintechnik
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AG, Zurich, Switzerland at exacerbation visits). Sputum
samples were kept on ice until undergoing quality control
less than 30 min after sampling. For the sputum samples
to be considered of acceptable quality there had to be >1
million/mL cells, <20% epithelial cells and the leucocyte
viability had to be >30%. If the samples were of sufficient
quality, they were further treated by standard protocol [7]
to separate the supernatant from the cell pellet. All mate-
rials were aliqouted and frozen at -80 °C.

DNA extraction and 16S rRNA sequencing

The samples were thawed and treated with sputasol
(Oxoid). They underwent pre-lysis with Lysostaphin
(4000 U/mL), Lysozyme (10 mg/mL) and Mutanolysin
(25,000 U/mL) (Sigma-Aldrich). To avoid shearing of
free DNA each sample was centrifuged and supernatants
and pellets separated. The pellets underwent mechanical
and chemical lysis using the FastPrep-24 Instrument and
reagents from the FastDNA Spin Kit (MP Biomedicals,
LLC, Solon, OH, USA). Lysates and supernatants from
each sample were recombined and the extracted DNA
was further purified using the FastDNA Spin Kit. Library
preparation and sequencing of the V3-V4 region of the
16S rRNA gene was carried out according to the proto-
col for Metagenomic Sequencing Library Preparation for
the Illumina Miseq System (Part # 15044223 Rev. B,
MiSeq Reagent Kit v3). Amplicon PCR was carried out
with a total of 45 cycles and followed by Index PCR
using primers from the Nextera XT Index Kit (Illumina
Inc., San Diego. CA, USA). Pooled, normalized samples
went through 2 x 300 cycles of paired-end sequencing.
Each of the sample pairs were processed on the same
day, and for all pairs we used the same reagent kits
throughout DNA extraction, PCR and sequencing.

Bioinformatics analyses

FASTQ-files were computed using Quantitative Insights
Into Microbial Ecology (QIIME) v.1.9.1 [9, 10]. First,
forward and reverse reads were assembled, after which
sequences that did not pass quality demands as advised
by QIIME were removed [11]. The accepted sequences
were clustered into operational taxonomic units (OTUs)
through open reference OTU-picking using uclust
v.1.2.22 [12] and the GreenGenes Database v.13_08 [13].
The latter was also used for taxonomic assignment with
analyses performed on GreenGenes taxonomic level 6
(genus). The clustering was based on sequence similarity
with a threshold of 97%, which is considered the con-
ventional cut-off for 16S rRNA maker-gene surveys and
representative for bacterial species [14]. For each OTU a
representative sequence was aligned using PyNAST
v.1.2.2 [15], and sequences not successfully aligned were
omitted from further analyses. A phylogenetic tree was
built using FastTree v.2.1.3 [16]. Counts of observations
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(OTUs) on a per-sample basis were stored in Biological
Observation Matrix (BIOM) format and OTUs contain-
ing less than 0.005% of the total number of sequences
were removed according to QIIME guidelines [10, 11].

Statistical analyses

Comparisons of the taxonomic distribution between
pairs were performed both by calculating the Yue-
Clayton measure of dissimilarity (1-6yc - range 0 to 1; 0
indicates perfect similarity, 1 perfect dissimilarity) [17],
and using limits of agreement (LOA) calculated from
Bland-Altman plots [18, 19]. Both methods allow evalu-
ation of quantitative differences within each pair.

The mean number of sequences allocated to each identi-
fied taxa in the 36 ISS was compared to that found in the
36 SSS, using log-likelihood ratio tests with Bonferroni cor-
rected p-values due to multiple comparisons. The compari-
sons were made between samples normalized through
rarefaction with random subsampling without replacement.
Comparisons of alpha- and beta-diversity were performed
on rarefied OTU-tables [20] with available statistical
analyses incorporated in QIIME-scripts. Alpha-diversity
(within-sample diversity) was estimated using Faith’s phylo-
genetic diversity, Chaol and counts of observed OTUs.
Beta-diversity is a measure of diversity between samples.
To evaluate differences in phylogenetic, quantitative beta-
diversity pair-wise, weighted UniFrac (WUF) significance
tests were applied [21]. All 72 samples were compared gen-
erating 2556 comparisons, for which Bonferroni corrected
p-values were used.

Principal coordinates analysis (PCoA)-plots of WUF
distances between sampling methods were used for
visualization of distances in three-dimensional space
using Procrustes analyses and transformations of prin-
cipal coordinates 1-3 [22]. Analyses of similarities
(ANOSIM), were used to compare differences in beta-
diversity between ISS and SSS when samples were
grouped by type [23], both considering WUF and its quali-
tative equivalent unweighted UniFrac distances (UWUF).

Stata 13.1 (StataCorp LP. 2013. College Station, TX)
was used for generation of the Bland-Altman plots.

All relevant data were deposited at the Dryad Digital
Repository (www.datadryad.org) and are referenced in
the text using the following doi: http://dx.doi.org/
10.5061/dryad.5gc82.

Results
We obtained a total of 36 high-quality pairs of spu-
tum from 30 different COPD patients. Eleven patients
were women; two thirds of patients were aged 55-
64 years at inclusion. Patient characteristics are
summarized in Table 1.

After processing of the raw data, 1004 different OTUs
were identified with 2.5 of 4 million sequences belonging
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Table 1 Patient characteristics
n (%)

Sex

Women 11 (37%)

Men 19 (63%)
Age

40-54 years 4 (13%)

55 - 64 years 18 (60%)

65 - 75 years 8 (27%)
Body composition

Normal 21 (70%)

Obese 4 (13%)

Cachectic 5 (17%)
Smoking

Ex 18 (60%)

Current 12 (40%)
GOLD stage

Il (FEV; 50-80%) 14 (47%)

Il (FEV; 30-50%) 12 (40%)

IV (FEV; < 30%) 4 (13%)
Frequent exacerbator®

No 20 (67%)

Yes 10 (33%)
Using inhaled steroids

No 6 (20%)

Yes 24 (80%)
Using antibiotics”

No 30 (100%)

Yes 0 (0%)

2>1 exacerbation last 12 months prior to inclusion
PAt time of sampling

to samples delivered at exacerbations (25 of the 36
sputum pairs).

Taxonomy

The 1004 OTUs identified by QIIME were sorted into
106 different taxa by QIIME’s taxonomic summary
command. First, we calculated the Yue-Clayton measure
of dissimilarity between the mean abundances of the
most dominating OTUs (each containing >1% of all
sequences) assigned to 11 different taxa in all ISS versus
all SSS. This represents a group comparison and not a
pair by pair comparison. The samples were then sorted
with regards to disease state at time of sampling. The
dissimilarity (1-8yc) measure was 0.04 when disease
state was not considered. For exacerbation samples the
dissimilarity (1-8yc) measure was also 0.04, and for
stable state samples 0.03. Performing the same analyses
including also low-abundance OTUs gave a dissimilarity
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(1-8yc) measure of 0.04 when all samples were included,
and 1-Byc of 0.04, and 0.05 for exacerbation and stable
samples respectively.

Taxonomic compositional differences within sample
pairs were visualized as bar graphs for the same 11 dom-
inating taxa (Fig. 1). As shown, there were obvious visual
differences within some pairs. 1-8yc was calculated both
for dominating OTUs exclusively, and for all OTUs.
When evaluating dissimilarities pair-wise for dominating
OTUs and their associated taxa, 1-Oyc ranged from
<0.01 - 0.92 (Fig. 1). 1-Byc ranged from <0.01 — 0.58
when also including sparse OTUs and corresponding
taxa (data not shown). With 0.2 as limit for acceptable
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within-pair 1-6yc, seven pairs were found dissimilar
regardless of OTU-abundance (pairs 8, 11, 19, 20, 27, 34
and 36), while four pairs were found dissimilar only if
filtering out low-abundance OTUs (pairs 6, 14, 24 and
28) or keeping low-abundance OTUs respectively (pairs
3,13, 22 and 26).

To further assess differences in taxonomy between
sample pairs, one Bland-Altman plot of the relative
abundances of our 106 taxa was generated for each pair.
From the upper and lower 95% LOA, the range is calcu-
lated (upper-lower/100) corresponding to a number
between 0 and 1, where O indicates perfect agreement.
Using this approach, we found ranges in LOA between
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0.02-0.66 (Fig. 2). Setting an acceptable limit for LOA at
0.1 allows the relative abundance in each taxa to vary
from ISS to SSS by 10%. With this limit 13 pairs could
not be accepted as equal, including the seven pairs
found too different by 1-8yc regardless of OTU-
abundance (Fig. 2).

There were significant differences between the mean
abundances in induced versus spontaneous samples for 15
taxa in either the exacerbated or the stable state (Table 2).
For instance for the well known pathogenic Moraxella,
there were almost twice as many sequences in all spontan-
eous samples compared with all the induced samples both
during exacerbations and in the stable state (p < 0.001,
Table 2). Also Haemophilus was consistently more abun-
dant in spontaneous than in induced samples.

Diversity
No statistically significant differences were found in
alpha-diversity (Table 3).

However, we found statistically significant differences
(p < 0.01, Bonferroni corrected due to multiple compari-
sons) in the pair-wise quantitative, phylogenetic beta-
diversity as evaluated by weighted UniFrac for 9 pairs
(Pair 3, 14, 17, 19, 26, 30, 32, 33 and 36).

The principal coordinates analysis (PCoA) plots are
presented in Fig. 3.

Each dot represents the weighted UniFrac distance
diversity measure for each sample, and lines illustrating
the distance between paired sputum are shown (Blue
line attaches to ISS, red to SSS). The greater the
distance, the greater is the difference. Although this is a
two-dimensional visualization of a three-dimensional
calculation, Fig. 3 clearly shows that the distances be-
tween paired samples varied. A Monte Carlo simulation
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with 1000 permutations was applied giving M> = 0.5,
confirming the visual interpretation (Identical plots:
M? = 0, if completely dissimilar M* = 1).

Using analyses of similarities (ANOSIM), we found no
significant differences in means of beta-diversity (UWUF
and WUF) between ISS and SSS when samples were
grouped by type. This was true both in stable state and
at exacerbations (p > 0.05).

Discussion

This study on sputum samples collected sequentially
using two different methodologies from COPD patients
and treated equally by the same protocol shows that in
approximately 1/3 of sputum pairs either taxonomical
and/or diversity analyses differ significantly. Discordance
between induced and spontaneous samples were seen
both at exacerbations and during stable state.

The strength of the current study is the unique data
material; including induced and spontaneous sputum
samples collected simultaneously, treated by the same
protocol [7, 8], both at the stable state and during exac-
erbations. However, there are some methodological
issues to discuss. First, after either induction or through
sampling of spontaneous sputum, sputum was kept in a
clean collection dish, and material selected by trained
technicians for further analyses. This is the standard
approach [24], but entails a natural variation of sample
selection. However, there is no reason to believe the
judgment of the technician should differ between sample
types, and all other processing was the same for both
types of sputum.

Second, errors may occur during DNA extraction,
PCR or sequencing steps. All pairs were run simultan-
eously for all steps in the laboratory protocol, including

07
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Sample pair number

Fig. 2 Expected differences between relative abundances of taxa per sample pair with 95% Bland-Altman limits of agreement. *Range = 0-1.
**Pair 1-11: Stable state Pair 12-36: Exacerbation
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Table 2 Mean number of sequences per sample constituting the 15 taxa® found in significantly different amounts in induced and
spontaneous sputum from COPD patients with and without respect to disease state

All samples Exacerbation Stable state
Taxonomyb Induced ~ Spontaneous  p° Induced  Spontaneous  p° Induced  Spontaneous  p©
f_Prevotellaceae;g_Prevotella 2499.2 17603 <0001 26331 1817.1 <0001 23495 1763.0 <0.001
f_Pasteurellaceae;g_Haemophilus 14719 24403 <0001 13082 2356.6 <0001 19577 2859.8 <0.001
f_Moraxellaceae;g_Moraxella 2592 5423 <0001 2344 456.5 <0001 3539 798.0 0.001
f_Veillonellaceae;g_Veillonella 14883 11708 <0.001 16188 1173.1 <0.001
f_Veillonellaceae;g_Megasphaera 179.9 100.0 <0001 2019 115 <0001 1348 794 0.01
f_Corynebacteriaceae;g_ 449 120 <0001 603 149 <0.001
Corynebacterium
f_Oxalobacteraceae;g_Ralstonia 4233 604.7 <0001 3318 2133 <0.001
f_Comamonadaceae;g_Curvibacter 5187 7130 <0.001 4307 269.5 <0.001
f_Leptotrichiaceae;g_Leptotrichia 1718 95.2 <0.001
f_Neisseriaceae;g_Neisseria 3445 149.8 <0.001
f_Gemellaceae;,g_Gemella 849 16.5 <0.001
f_Gemellaceae;g_ 4527 2736 <0.001
f_Neisseriaceae;g_ 79.5 175 <0.001
f_Leptotrichiaceae;g_Leptotrichia 1236 2176 <0.001
f_Actinomycetaceae;g_Actinomyces 350.1 256.0 0.001

“Rarefied OTU-tables: Sequences/Sample = 18,250 for All samples and Exacerbations, for Stable state: 19,743
PGreenGenes Level 6: f_ = Name of family level g_ = Name of genus level. One hundred six different taxa in total

“log-likelihood ratio test, Bonferroni corrected due to multiple comparisons

on the same flowcell in the Illumina MiSeq. However,
random errors could be a factor, and based on the plots
of the dominant taxa in Fig. 1, we chose the seven most
visually dissimilar pairs (pairs 11, 14, 19, 20, 26, 27 and
36) and three visually similar pairs (pairs 2, 5 and 29)
and redid the laboratory analyses. For only one of the 20
samples (pair 26, ISS) were the results convincingly
different visually from the first to the second run. Since
this was not a random selection, the likely error is much
lower than 5%, and we do not believe our results are
due to random laboratory error. For data analyses we
chose to keep the sequences from run two for the ten
re-run pairs.

Third, low biomass samples are prone to contamin-
ation from multiple sources during laboratory handling

[25]. Approaches to handle the potential contamination
include sequencing of known (“mock”) communities,
negative control samples, and manual curation of the
sequencing output. A potential contaminator in our
study is the saline used for induction. Unfortunately it
was not stored at the time the procedures were
performed, and so an important limitation to the current
study is that we were not been able to examine the influ-
ence of negative saline controls on our samples. All sam-
ples were treated exactly similar at all steps of analyses,
thus minimizing confounding from potential contamin-
ation. However, as the biomass and dilution of each
sample in a pair may differ, we cannot exclude that
samples could be differentially affected by contamination
from saline. Finally, as in other studies comparing

Table 3 Mean within sample diversity (alpha diversity) in induced versus spontaneous sputum in COPD by different alpha diversity

indices
All samples Exacerbation Stable state

Diversity Indices Induced Spontaneous p® Induced Spontaneous p? Induced Spontaneous p?
Faith's Phylogenetic Diversity

mean (std) 569 (9.3) 56.2 (8.6) 0.7 573 (95) 56.2 (8.8) 0.7 57.1 (85) 56.6 (84) 09
Chaol

mean (std) 646.5 (116) 6383 (107.5) 0.7 655.0 (1185) 642.1 (105.1) 0.7 640.8 (110.4) 643.6 (105.3) 09
Observed OTUs

mean (std) 5432 (104.9) 528.8 (106.1) 06 5529 (105) 5343 (107.1) 06 531.6 (102.4) 527.7 (103.2) 09

®Non-parametric two-sample t-test using Monte Carlo permutations
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Fig. 3 PCoA plots modeling multi-dimentional distribution of OTUs
derived from induced and spontaneous sputum samples*. *Sample
pairs connected by bars - blue bars attach to induced sputum samples,
red bars attach to spontaneous sputum samples

sampling methods’ impact on microbiota [5, 26, 27], the
number of samples is limited, and the statistical power
therefore reduced.

One of the challenges in microbiome research is
that the technological advancements develop faster
than the establishment of statistical tools to assess
results. What signifies a true compositional difference
between two supposedly similar samples where each
contains a large number of relative abundances of
sequences is still an unsettled question. The cut-off
for the two indices used for assessment of taxonomic
differences, <0.2 for the Yue-Clayton dissimilarity
index (1-8yc) and <0.1 for LOA from the Bland
Altman plots, are arbitrary, and no established con-
sensus regarding these values exist. Similar for the
Procrustes M? value there are no defined limit [28].

Finally, what constitutes a true clinically important
difference is also an unsettled question. It could be that
the entire ecological content of a sample is more relevant
for disease, or it could be the presence of a few, perhaps
even only one, low-abundant pathogen. If the latter is true,
a cut off <0.2 for 1-Byc and <0.1 for LOA will be too
crude. With a sample size of 36 sputum pairs, this study
did not have the power to evaluate whether ISS or SSS
better correlated with clinical data. Future studies with lar-
ger sample sizes are needed to elucidate this question.

This study brings forward new information on the
much used sputum samples in studies on COPD pa-
tients. Pair-wise comparisons of taxonomic composition
on genus-level between ISS and SSS from lung patients
have not previously been done to our knowledge.
Neither have comparisons of alpha- or beta-diversity
between ISS and SSS earlier been reported. Induced
sputum sampling is an established protocol for studying
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COPD patients at stable state [29]. Common for both
ISS and SSS is that they sample both lungs in contrast
to bronchoalveolar lavage and biopsies, and are more
easily accessible material. Spontaneous sputum is easier
to collect during AECOPD when sputum production
increase, and may be preferred by some for fear that
induction may worsen airway obstruction. However, we
have previously shown that induction can safely be
performed during COPD exacerbations, at least with up
to 3% hypertonic saline [7].

There are potential reasons why spontaneous and
induced sputum samples would differ in their microbial
content. Different airways regions have been shown to
harbor different communities [30, 31], possibly partly
due to different ventilation-circulation ratios in the
lower and upper parts of the lungs, and possibly due to
differences between proximal and distal airways. It has
been shown before that sputum sampled early during
induction has a different composition of cells than spu-
tum sampled late during induction [32, 33]. Spontaneous
samples may resemble proximal airways more than the
distal sampled by induction, and possible differ in ability
to sample upper and lower airways.

Abundant OTUs and correspondingly dominating
taxa in different environments have been shown to be
particularly important in their habitats [34]. However,
sparse members of the microbiota have also been
found to contribute in pathogenic processes in the
lungs [35, 36]. With this in mind we chose to exam-
ine the identified taxa emphasizing both dominating
and sparse OTUs. The group comparison of mean
abundances of taxa by Yue-Clayton dissimilarity
showed that pooling of observations can hide differ-
ences seen between individual sample pairs.

The strength of the 1-Oyc index is that it measures
structural dissimilarity by calculating the proportions of
both shared and unshared components in a community
[17]. The number of pairs where ISS and SSS were con-
sidered too dissimilar to be accepted as good substitutes
for each other (1-8yc > 0.2) was the same regardless of
focusing on taxonomic assignment of only abundant
OTUs or accepting all OTUs. In both cases 1 of 3 pairs
would render different results depending on which sam-
ple type was picked to represent the patient.

The Bland-Altman’s LOA analyses confirmed the find-
ings using Yue-Clayton’s dissimilarity, in that ISS and
SSS did not provide the same results in a significant
fraction (13 of 36) of pairs when evaluating taxonomical
composition in sputum from COPD patients.

Summarizing our findings on GreenGenes genus-
level left 106 unique taxa. When comparing the mean
abundance of sequences in each taxa between sample
types, 8.5% of taxa were found in statistically signifi-
cant different levels between sputum types during
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exacerbations, and 11.3% in the stable state. Both of
the known potential pathogens Haemophilus and
Moraxella were significantly more abundant in spon-
taneous samples compared with induced samples,
both in the stable state and during exacerbations. In
this new era, where the whole composition of a
microbiome may be relevant for disease, it may be
that induced sputum samples better reflect presence
of low-abundant species in the distal airways, which
are masked by frequent colonization of genera like
Haemophilus and Moraxella in spontaneous samples.
However, presence of both Haemophilus [37, 38] and
Moraxella [39] in stable state sputum samples have shown
similar higher levels of inflammatory markers in the spu-
tum samples indicating stimulation of the immune system.
Thus either sampling method may have important value
in research, but important differences in interpretation of
the microbiota could result from using the sputum types
interchangeably.

We could not find differences in alpha-diversity be-
tween sample types. This should perhaps not be surpris-
ing considering the shared route of delivery through the
oral cavity and the samples not discriminating between
right and left airways. It has been shown that diversity in
sputum is higher than in explant lung samples, likely
due to oral contamination [30].

There were no significant differences in mean phylo-
genetic beta-diversity between ISS and SSS, neither
when considering absence/presence data, nor when
emphasizing abundances (UWUF/WUF). However,
when considering samples pair-wise we found differ-
ences in WUF in 1 of 4 pairs and for UWUF differences
were found in 50% of the sputum pairs. With focus on
quantitative data Procrustes transformation of PCoA-
plots of WUF distances this pair-wise difference was
confirmed, as the distances in multidimensional space
were too large to ignore for several pairs. A defined limit
for Procrustes M> to be considered too high to claim
similarity does not exist, but levels >0.3 is indicative of
influential differences.

Conclusions

In this study we found clear discrepancies in both
taxonomic composition and beta-diversity between
ISS and SSS collected concurrently from COPD
patients in the stable state and during exacerbations
when comparing samples pair-wise. For grouped ana-
lyses the differences were subtler, potentially masking
important differences. The most prudent approach in
studies using sputum for microbiota analyses is to
only rely on either induced or spontaneous sputum.
We advise that sampling method is always reported,
and that comparisons are made and presented, if both
sample types are used.
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Abstract

Background

Exacerbations of chronic obstructive pulmonary disease (COPD) are debilitating events and
spur disease progression. Infectious causes are frequent; however, it is unknown to what
extent exacerbations are caused by larger shifts in the airways’ microbiota. The aim of the
current study was to analyse the changes in microbial composition between stable state and
during exacerbations, and the corresponding immune response.

Methods

The study sample included 36 COPD patients examined at stable state and exacerbation
from the Bergen COPD Cohort and Exacerbations studies, and one patient who delivered
sputum on 13 different occasions during the three-year study period. A physician examined
the patients at all time points, and sputum induction was performed by stringent protocol.
Only induced sputum samples were used in the current study, not spontaneously expecto-
rated sputum. Sputum inflammatory markers (IL-6, IL-8, IL-18, IP-10, MIG, TNF-a) and anti-
microbial peptides (AMPs, i.e. LL-37/hCAP-18, SLPI) were measured in supernatants,
whereas target gene sequencing (16S rRNA) was performed on corresponding cell pellets.
The microbiome bioinformatics platform QIIME2™ and the statistics environment R were
applied for bioinformatics analyses.

Results

Levels of IP-10, MIG, TNF-a and AMPs were significantly different between the two disease
states. Of 36 sample pairs, 24 had significant differences in the 12 most abundant genera
between disease states. The diversity was significantly different in several individuals, but
not when data was analysed on a group level. The one patient case study showed longitudi-
nal dynamics in microbiota unrelated to disease state.
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Conclusion

Changes in the sputum microbiota with changing COPD disease states are common, and
are accompanied by changes in inflammatory markers. However, the changes are highly
individual and heterogeneous events.

Introduction

A myriad of bacteria and other microorganisms, collectively called the human microbiota,
inhabits the human body. With modern marker-gene DNA-sequencing technology more
knowledge of how bacteria affect the human host is rapidly being acquired. It was long
believed that the lower airways were sterile, but recent studies have shown a present micro-
biota also in healthy subjects [1-3].

Chronic obstructive pulmonary disease (COPD) is characterized by chronic inflammation
in the airways [4], and an increase in systemic inflammation [5, 6]. The cause of the inflamma-
tion has been unknown, but toxic effects of inhaled tobacco or other substances [7] and auto-
immunity has been suggested [8].

A dramatic manifestation of COPD, the acute exacerbations [9] with potentially life-threat-
ening airways obstruction, is most often seen in combination with symptoms of infection.
Indeed, bacteria and viruses are believed to trigger most exacerbations [10, 11]. Traditionally
this has been seen as single-agent infections, and one debate has been whether any such agent
was acquired by contagion or an upswing of pre-existing colonizing agents [12]. Although
most exacerbations are likely due to infections, it is suspected that environmental factors like
air-borne pollution and air-temperature can trigger these episodes [10]. Thus, single-agent
infections are unlikely explanations for all or the entire COPD exacerbation event.

We suggest that the chronic inflammation of COPD reflects a chronically distorted micro-
biota. And, that the COPD exacerbations may reflect an acutely imbalanced respiratory ecosys-
tem, with an accompanying inflammatory response to this imbalance.

However, little information exists to date on the dynamics of the airways microbiota in
COPD patients shifting from a steady state to a COPD exacerbation [13]. In the current study
we examined the microbiota in 36 COPD patients from whom we had induced sputum sam-
ples collected both during the stable state and during COPD exacerbations. And in one partic-
ular patient prone to experience frequent exacerbations we assessed the temporal changes of
the sputum microbiota over 36 months in six samples from stable state visits, and seven col-
lected during exacerbations.

Methods
Study population

The Bergen COPD Exacerbation Study (BCES) included all COPD patients from the Bergen
COPD Cohort Study (BCCS) that belonged to the Haukeland University Hospital district for
emergency care (356 out of 433 COPD patients in the BCCS). Detailed descriptions of study
design and inclusion for the BCCS and the BCES has been published [6, 14]. Only induced
sputum samples were used in the current study, not spontaneously expectorated sputum. A
flowchart depicting the selection of the study sample is presented in Fig 1. Of the 356 included
patients, 154 had one or more examined exacerbation events. Sputum induction was
attempted unless the patient declined or in some instances when we did not have available
technicians to process the sputum fresh after the induction. A total of 36 patients had induced
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356 COPD patients included in BCES

A\

323 exacerbation events examined either
at outpatient clinic or in the ER

\

154 patients had one or more examined
exacerbation events

__| 15 patients only examind upon
hospitalization through the ER

\

139 patients examined at least once at
the outpatient clinic and thereby eligible
for sputum induction

\

70 patients had at least one exacerbation
event with succesful sputum induction

\
57 patients had at least one exacerbation
event with a sputum sample passing
quality control after processing

36 patients had at least one stable state
visit from the BCCS with a sputum
sample passing quality control after
processing

Fig 1. Flowchart depicting selection of the 36 patients in the current study, from the Bergen COPD Exacerbation
Study (BCES) and the Bergen COPD Cohort Study (BCCS).

https://doi.org/10.1371/journal.pone.0222449.g001

sputum of acceptable quality available both from a stable state and an exacerbation visit, and
these 36 sputum pairs define the current study population (Fig 1).

All patients provided written informed consent, and the Norwegian Regional Ethical Com-
mittee approved the study (REK-Vest, case number 165.08).

Data collection

A trained study physician examined all patients both at regular BCCS-visits and during BCES-
exacerbation visits. Classification of airways obstruction was according to Global initiative for
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chronic obstructive lung disease (GOLD) guidelines [15]. Body composition was determined
with bioelectrical impedance measurements, and patients categorized as normal, obese or
cachectic [16]. COPD exacerbation history was taken by the study physician at the baseline
visit of the study, based on patient recall. An exacerbation was defined as a worsening of symp-
toms requiring treatment with either antibiotics or oral steroids. Induced sputum sampling
was performed depending on patients’ cooperation and availability of study technicians
trained in sputum processing.

Laboratory analyses

Sputum samples had to fulfill quality measures ensuring lower airway sampling. The details of
sputum induction and processing are previously published [14, 17].

Sputum processing was performed immediately after sampling. After the filtering step, sam-
ples were centrifuged at 4°C for > 15 minutes at 450 g. The resulting supernatants and cell pel-
lets were frozen separately at -80°C. DNA was extracted from cell pellets using the FastPrep-24
Instrument and reagents from the FastDNA Spin Kit (MP Biomedicals, LLC, Solon, OH, USA).
Amplicon PCR (45 cycles) and index PCR were run using primers from the Nextera XT Index
Kit (Illumina Inc., San Diego, CA, USA). Paired-end sequencing (2 x 300 cycles) of the V3-V4
region of the 16S rRNA gene followed the protocol for Metagenomic Sequencing Library Prepa-
ration for the Illumina Miseq System (Part # 15044223 Rev. B, MiSeq Reagent Kit v3).

The inflammatory markers interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-18 (IL-
18), interferon gamma-inducible protein-10 (IP-10), tumor necrosis factor-alpha (TNF-a) and
monokine induced by gamma interferon (MIG) in sputum supernatants were processed using
bead-based multiplex assays and the Luminex® xMAP®) technology (Luminex Corporation,
Austin, Texas). The data on sputum levels of LL-37 (a cathelicidin peptide derived from
human hCAP-18) and secretory leucocyte protease inhibitor (SLPI) derived from previously
unfrozen, aliquots of the same sputum supernatants by enzyme immunoassays, were derived
from a previous analysis [18, 19].

Bioinformatics analyses

The amplicon sequences were quality and chimera filtered through the microbiota pipeline
Quantitative Insights Into Microbial Ecology 2 (QIIME2) (v.2017.9 - v.2018.11) [20], using
the Divisive Amplicon Denoising Algorithm 2 (DADA2) [21]. Laboratory-made sequences
(chimeras) were removed first through DADA2 [21] and then VSEARCH [22]. Negative con-
trols were unavailable, so to filter contaminants we used the total DNA-load measurements
(Quant-iT™ PicoGreen™, ThermoFisher Scientific Inc) and the Decontam algorithm in R [23].
Amplicon sequence variants (ASVs) created by DADA2 were assigned taxonomy, using a self-
trained Naive Bayes classifier and the Silva database [24]. ASVss that could not be assigned tax-
onomy beyond kingdom level were omitted. After de-novo alignment, FastTree was used to
build a phylogenetic tree for diversity analyses [25].

Statistical analyses

To compare inflammatory markers and antimicrobial peptides in sputum during the stable
state and during exacerbations, Wilcoxon signed rank test was used to account for the paired
design. To compare taxonomic composition between pairs of samples we calculated the Yue-
Clayton measure of dissimilarity (1-8yc) [26]. This was performed at the genus level, after
omitting ASVs containing < 1% of the total amount of sequences. Differential abundances of
taxa between disease states were analysed using an ANOVA-like differential expression proce-
dure (Aldex2) in R [27]. Diversity analyses were performed after sub-setting all samples at the
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number of sequences of the sparsest sample (rarefaction). Beta-diversity visualized as non-
metric multidimensional scaling plots (NMDS), were analysed with permutation tests of mul-
tivariate homogeneity of variances, permuted analysis of variance (PERMANOVA) and Pro-
crustes analyses in the Vegan package in R [28]. For analyses of clinical data relative to
measurements from biological samples StataSE (StataCorp LP. Release 14. College Station,
TX) was used. Further details on bioinformatics and statistical methods are available in the
online supplement S1 Text. More on bioinformatics and statistical methods.

Results

Table 1 shows the patient characteristics for the 36 included COPD patients.

Eleven patients had experienced two or more exacerbations the last 12 months before inclu-
sion. At inclusion 28 participants used inhaled corticosteroids. No patients used antibiotics or
oral corticosteroids at stable state, whereas at exacerbation visits, one patient used antibiotics,
one used oral corticosteroids, and one patient used both (Table 1). For 26 of the 36 sputum
pairs, the stable sputum was collected prior to an exacerbation event, and vice versa for the
other 10 pairs. The median number of days between the two collections were 257 days.

Inflammatory markers and antimicrobial peptides

Levels of the two AMPs and three of the measured inflammatory markers (IP-10, MIG, TNE-
o) differed significantly in sputum sampled between disease states (Fig 2), with levels of all

Table 1. Patient characteristics at inclusion in the Bergen COPD Cohort Study.

n (%)

Sex

Women 15 (42%)

Men 21 (58%)
Age

40-54 years 4(11%)

55-64 years 21 (58%)

65-75 years 11 (31%)
Body composition

Normal 27 (75%)

Obese 6 (17%)

Cachectic 3 (8%)
Smoking

Ex 21 (58%)

Current 15 (42%)
GOLD COPD stage

11 (FEV1 50-80%) 18 (50%)

111 (FEV1 30-50%) 14 (39%)

IV (FEV1 <30%) 4 (11%)
Frequent exacerbator*

No 24 (67%)

Yes 11 (31%)

* >1 exacerbation last 12 months prior to inclusion. One patient missing information. GOLD: Global Initiative for
Chronic Obstructive Lunge Disease. COPD: Chronic obstructive lunge disease. FEV1: Forced expiratory volume 1st

second

https:/doi.org/10.1371/journal.pone.0222449.t001
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Fig 2. Inflammatory markers and antimicrobial peptides in induced sputum collected from a COPD cohort at
stable state and during exacerbation. Interleukin-6 (IL-6), Interleukin-8 (IL-8), Interleukin-18 (IL-18), Interferon
Gamma-Induced Protein 10 (IP-10), Monokine induced by gamma interferon (MIG): n = 35. Secretory Leukocyte
Protease Inhibitor (SLPI): n = 36. LL-37/hCAP-18: n = 34. Boxes show the interquartile range (IQR = 75t percentile-
25" percentile), with medians marked by the horizontal line within each box. Samples collected from the same patient
at different disease states are connected by lines. Wilcoxon signed rank test was applied based on the paired, non-
parametric data.

https:/doi.org/10.1371/journal.pone.0222449.9g002

mediators being higher during exacerbation except for SLPI. One patient had no measurement
of inflammatory markers and two patients had no measurement of LL-37/hCAP.

Taxonomy

Of 15 phyla identified, Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria were the
most abundant, containing 97% of all sequences at both disease states. Proteobacteria was rela-
tively more dominating in samples collected during exacerbations compared to stable state.
Streptococcus, Rothia, Prevotella 7, Veillonella, and Haemophilus; which altogether contained
68% of all sequences at both disease states were the most abundant genera (Fig 3).
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Fig 3. The four most abundant phylae and the five most abundant genera found in induced sputum samples from COPD patients during the stable state, and
during exacerbations.

https:/doi.org/10.1371/journal.pone.0222449.g003

The differential abundances of different taxa (often designated “features” in bioinformatics
analyses) between disease states were tested at Silva’s phyla and genus level, and for each ASV.
Differential abundances in features between the stable state-sample group and the exacerba-
tion-sample group were not found (FDR-corrected, effect size cut off 0.5. Wilcoxon p>0.05
for all taxa at all three levels, all data available in S1 Table.).

The taxonomic composition and 1-8yc of the 36 sputum pairs are shown in Fig 4. The Yue-
Clayton measure is 0 with perfect similarity and 1 with perfect dissimilarity. To evaluate the
similarity within each sputum pair, 0.2 was set as the Yue-Clayton limit for acceptable within-
pair similarity. With this cut-off, 26 patients had sputum pairs considered dissimilar.

The ten patients with low 1-6YC, and thus similar taxonomic composition across disease
states, did not differ significantly from the other participants with regards to sex, age, body com-
position, smoking status, COPD stage, exacerbation frequency or use of inhaled corticosteroids
(p>0.05, results not shown). Considering levels of inflammatory markers and AMPs at both
disease states, only levels of SLPI during exacerbations were significantly lower in patients with
dissimilar sputum pairs (Fig 5), whereas IL-8 trended towards higher levels in patients with dis-
similar sputum during exacerbations (1-8yc<0.2: Median IL-8 200.5 pg/ml, IQR (59.4-659.1)
1-8yc>0.2: Median IL-8 614.0 pg/ml, IQR (199.9-812.0), Kruskal Wallis p = 0.053).

Diversity

Rarefaction curves of alpha-diversity (within-sample diversity) showed asymptote at 1000
sequences/sample (Fig 1 in S1 Text. More on bioinformatics and statistical methods). Faith’s
phylogenetic diversity (PD) and Shannon’s non-phylogenetic diversity (non-PD) indices
showed no significant differences in alpha-diversity between the two disease states (Table 1 in
S1 Text. More on bioinformatics and statistical methods).

Changes in individual alpha-diversity between disease states are visualized in Fig 6. There
were inconsistent directionality and magnitude of alpha-diversity change between patients.
Faith’s PD was higher at stable state in 15 patients and for Shannon’s non-PD this was the case
in 17 patients (Fig 6A).
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Fig 4. Comparison of bacterial composition in pairs of induced sputum samples (stable state and exacerbation)
from 36 patients suffering from chronic obstructive lung disease. Presenting level 6 taxonomy (genus) provided by
Silva database for amplicon sequence variants containing at least 1% of all sequences. * Yue-Clayton dissimilarity (1-
Oyc) Range 0 to 1; 0 = perfect similarity, 1 = perfect dissimilarity. S: Stable state E: Exacerbation.

https://doi.org/10.1371/journal.pone.0222449.g004

Changes in Faith’s PD by disease state were not related to levels of white blood cell counts
(WBC) or absolute neutrophil counts (ANC), while Shannon’s non-PD was lower at stable
state among patients whose ANC did not become elevated during exacerbations (Kruskal Wal-
lis, p = 0.04) (Fig 6B).
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Fig 5. Comparing Secretory Leukocyte Protease Inhibitor (SLPI) measured in induced sputum in exacerbated
COPD patients with regards to microbial composition alterations between disease states. Unaltered = Yue-Clayton
dissimilarity index <0.2 (n = 10), Altered = Yue-Clayton dissimilarity index >0.2 (n = 26). Boxes show the
interquartile range (IQR = 75" percentile-25™ percentile), with medians marked by the horizontal line within each
box. Kruskal Wallis test used due to non-parametric data.

https://doi.org/10.1371/journal.pone.0222449.g005

We did not find clustering by disease state when we examined different ordinance plots of
beta-diversity (between-sample diversity) (Fig 7). With the PERMANOVA test to compare the
average community value (centroid) between disease-states, significant differences were found
only for non-phylogenetic matrices (Bray-Curtis p = 0.017, and Serensen p = 0.004), however
the corresponding RA2 values were only 0.02 for both.

To investigate beta-diversity within individuals, one distance matrix was created for each
disease state. Overlaying stable state and exacerbation ordinance plots after Procrustes trans-
formation showed ample distance within several sample pairs (Fig 8). MA2 values > 0.3 indi-
cate that the samples delivered at the different disease states have poor resemblance.
Information on which pairs have the least similar samples is given in Fig 2 in S1 Text. More on
bioinformatics and statistical methods.

Longitudinal case study

One patient (NN) delivered induced sputum samples from six stable state visits and seven
exacerbations. NN was a 66-year old ex-smoker, diagnosed with COPD stage IV at inclusion.
NN continued being a frequent exacerbator the three years the study lasted.

The taxonomic composition (including ASVs consisting of > 1% of all sequences) for
each of the 13 samples are shown in Fig 9A. Of the six dominating genera, Streptococcus,
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Fig 6. Alpha-diversity in induced sputum collected from 36 COPD patients. A: Comparison of phylogenetic (Faith
PD) and non-phylogenetic (Shannon non-PD) alpha-diversity in sputum collected at stable state and during
exacerbation. Lines connect samples from the same individual. Wilcoxon signed rank test was applied based on the
paired, non-parametric data. B: Relations between Shannon’s alpha-diversity at stable state and serum inflammatory
markers during exacerbations. WBC: White Blood Cell counts high >11.3 10°/L (n = 8) ANC: Absolute Neutrophil
Count high >8.4 10°/L (n = 7). Kruskal Wallis test used due to non-parametric data. Boxes show the interquartile
range (IQR = 75™ percentile-25" percentile), with medians marked by the horizontal line within each box.

https://doi.org/10.1371/journal.pone.0222449.9g006
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Fig 7. Beta-diversity in induced sputum collected from 36 chronic obstructive pulmonary disease sufferers both at
stable state and during exacerbations, pr d with tric multidi ional scaling (NMDS) ordinations.
The X- and Y-axes display the first and second NMDS dimension respectively. Distance matrices: Sorensen and Bray
Curtis: Both non-phylogenetic; qualitative and quantitative information respectively. Unweighted and weighted
UniFrac: Both phylogenetic; qualitative and quantitative information respectively. Aitchison: Compositional
interpretation of sequence counts.

https:/doi.org/10.1371/journal.pone.0222449.g007

Ralstonia and Comamonadaceae were seen in all samples. Rothia, Moraxella and Gemella
were the other genera found to dominate, though not consistently seen at each sampling
occasion.

Variability in phylogenetic diversity measures are displayed in Fig 9B. Alpha-diversity
changed between sampling time points, but there was no consistent pattern in directionality
between the stable state samples and the samples collected during exacerbations. When com-
paring beta-diversity, there was a trending increase in distances over time with unweighted
UniFrac. However, this could not be seen for weighted UniFrac distances, which also varied
over time unrelated to disease state.
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differences in microbiota as distance between paired samples collected at stable state and during exacerbations of
COPD. Distance matrices: Serensen and Bray Curtis: Both non-phylogenetic; qualitative and quantitative information
respectively. Unweighted and weighted UniFrac: Both phylogenetic; qualitative and quantitative information
respectively. Aitchison: Compositional interpretation of sequencing data. MA2 = Summed squares of distances. The
significance of MA2 was tested for all comparisons, with p<0.05 for all but WUF (PROTEST p = 0.25).

https://doi.org/10.1371/journal.pone.0222449.g008

Discussion

This study has shown that individual COPD patients had evident changes in the sputum
microbiota from stable state to exacerbation, in parallel with significant changes in sputum
inflammatory markers. The individual’s changes in microbiota were to some extent camou-
flaged when analyses were run on groups of patients. Considerable shifts in bacterial composi-
tion were seen in the case study over 13 repeated stable state/exacerbation samples, but
without a consistent stable state equilibrium.

COPD exacerbations are heterogeneous events, differing in length, symptom burden and
need for treatment. In the current study, only patients who met the clinical criteria for an
exacerbation, defined by the Wedzicha and Donaldsons’ definition [29] and the judgment of
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Fig 9. Taxonomic composition and diversity in 13 induced sputum samples collected from the same patient
(chronic obstructive pulmonary disease) at different consultations. A: Presenting taxonomic composition at level 6
taxonomy (genus), provided by Silva database for amplicon sequence variants containing at least 1% of all sequences.
Numbers are given as relative abundances per sample. B: Phylogenetic alpha- and beta-diversity. Alpha-diversity
measured by Faith phylogenetic diversity (right y-axis). Non-quantitative and quantitative beta-diversity measured by
UniFrac (UWUF, WUF respectively, left y-axis). Except from the first sampling time point beta diversity is calculated
between consecutive samples. A+B: Disease state given in A by S = Stable state, E = Exacerbations. Samples are ordered
chronologically and collection dates are given in B.

https://doi.org/10.1371/journal.pone.0222449.g009

an experienced study physician were included. All patients came to the outpatient clinic by
themselves, and only those patients deemed not in need for hospitalization were considered
for induced sputum sampling. Thus, all exacerbations were moderate at the time of sampling.
Still, the sputum inflammatory markers confirmed an altered local immune state during these
events, showing both that the exacerbation state was truly different from the stable state, and
also that microbiota likely was affecting, or affected by, the airways inflammation.

We observed significantly higher levels of TNF-a, IP-10 and MIG during exacerbations.
TNF-o is an upstream inflammatory cytokine with a wide range of effects. It has an important
role in Th1-mediated immune responses, augmenting both IP-10 and MIG signaling down-
stream [30]. These are cytokines induced by interferon-gamma (IFN-y) as part of a
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Th1-mediated immune response [30]. All three cytokines have been shown to play a role
against viral infections, intracellular bacteria and to some extracellular bacteria [31-33].

The AMPs are part of the innate immune response against a wide variety of microbes
including bacteria, fungi and viruses. In a previous study from the BCCS and BCES, we have
shown the same disease state related pattern of change as found in the current study [18]. In
patients where the composition of the taxa in sputum changed with disease state, SLPI was sig-
nificantly lower during exacerbations compared to those patients where the sputum composi-
tion was unchanged. Presumably this is a response to the microbial shift, for instance by
degradation of SLPI by host and microbial proteases. However, in theory it could also be oppo-
site; that during an exacerbation the immune response leads to changes in taxonomic compo-
sitions. In vitro studies are likely necessary to elucidate specific mechanisms. For the other
markers, we could not find an association with shifts in taxonomic composition. Low sample
size is perhaps the most likely explanation for this, in addition to the inherent heterogeneity of
the COPD exacerbations.

The four most abundant phyla in our samples were coherent with previous studies on
COPD sputum microbiota [34, 35]. It was the same four phyla dominating the samples inde-
pendently of disease state, though we did see a shift involving increases in Proteobacteria dur-
ing exacerbations, and a parallel decrease in Bacteroidetes. In the previous study by Mayhew
et al [34], it was further shown that the fraction of Proteobacteria increased with increasing
exacerbation severity, something the current study did not have power to examine. However,
the current study adds to the other studies by showing an accompanied immune response with
the shifts in microbial profiles.

Another important difference between our study and previous studies is that the current
study only included induced sputum samples. We have previously shown that induced and
spontaneous sputum collected during the same visits will not be sufficiently similar in micro-
bial composition to allow them to be used interchangeably [17].

The most abundant genus belonging to the Proteobacteria phylum in our cohort was Hae-
mophilus. This was the case for both stable state and exacerbation, and there were no signifi-
cant changes in its abundance across disease states. Even though several studies have found
Haemophilus to be of importance related to inflammation and exacerbation risk [36, 37], we
could not find that Haemophilus discriminated between disease states when measured in
induced sputum. This could reflect the sample size in the current study, and should not be
interpreted as changes in Haemophilus being without importance. An imperative consider-
ation when evaluating taxonomic composition is that increasing levels of one taxon invariably
will result in decreases in others, since the sum total is 100%. We have used the Yue-Clayton
index (1-8yc) in an attempt to quantify the difference, but the cut-off value of 0.2 is arbitrary
and no established consensus on what constitutes a biologically meaningful cut-off value exist.
If the entire ecological content of a sample, or the overabundance of one low-abundant patho-
gen is more relevant to exacerbation risk, then a cut-off of 0.2 may be too high.

With that caveat, a very important finding in the current study was that there appeared to
be significant changes in taxonomic composition when we examined individual (paired-sam-
ples) changes (1-8yc>0.2, n = 26) again confirming findings by Mayhew et al. However, we
did not find significant changes in composition when all samples were pooled by disease state
(Aldex2 analyses p>0.05). Thus, paired analyses are necessary to evaluate changes in taxo-
nomic compositions, and they confirm heterogeneity among patients.

With an infectious exacerbation, where the compositional taxonomy changes, one would
imagine that the diversity would change as well. If one pathogenic organism dominated, it
would presumably displace others completely (leading to a loss in richness) or skew the distri-
bution significantly (leading to a loss of evenness).
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In this study, we could not find a significant difference in alpha diversity between disease
states on the group level with either non-phylogenetic or phylogenetic indices. However, we
did detect higher diversity at stable state in patients with elevated ANC during exacerbations,
indicating that reduced diversity can impair systemic immune responses. The plot showing
individual changes revealed that alpha-diversity takes on all directionalities with changing dis-
ease states, thus larger numbers would be needed to look at sub-types in more detail.

For beta diversity, using several indices we again saw no convincing change in diversity
from stable state to exacerbation with group comparisons, while such changes were supported
when looking at diversity with paired analyses. Further, the larger change detected with
weighted UniFrac than unweighted, could imply that we see predominately a change in pre-
existing bacteria rather than addition or loss of new species.

Some methodological shortcomings need to be considered. First, we lack negative controls
of the fluids used in the sputum induction in our study. We used the Decontam algorithm in R
to identify likely contaminants, which were then excluded from the study. However, the lack of
negative controls remains a weakness, as that could possibly have led to a more precise identifi-
cation of contaminants. Second, over the three years of the study, two different technicians per-
formed the initial processing of the samples, although with the same protocol. And, although
the same study personnel later analyzed all samples with the same protocol, all paired samples
were not always analyzed on the same laboratory runs. Analyses of taxonomy and beta diversity
did not reveal clear differences in relative abundance between runs or significant differences in
beta-diversity, and thus no adjustment for runs were used. However, some laboratory induced
inter-pair variation cannot be excluded. Third, since the study compares pairs both where the
stable state comes prior to the exacerbation and vice versa, the study is a comparison between
disease states, and no chronological sequence of events can be assumed. Fourth, the sample size
of the study is too small to make inferences about whether some subgroups like patients with
different disease severity have larger variations in their microbiota than other subgroups. Fifth,
variability between consecutive samples could not be addressed as participants delivered only
one sample at each visit. Sixth, sputum was examined and discarded if the number of cells
was < 1 million/mL or number of epithelial cells > 20%. However, even if deemed representa-
tive of the lower airways, sputum will invariably contain some microbial contamination from
the relatively high-biomass oral cavity. For less contamination prone sampling of the lower air-
ways, bronchoscopy is preferred, however, that is not feasible during COPD exacerbations. Sev-
enth, the true stability of the airways” microbiome is yet unknown, thus some of the change
between the stable state and the exacerbations, may just reflect the fluctuating nature of the
microbiome. Finally, amplicon sequencing only tells us which bacteria are present and their rel-
ative abundance based on the amplicon sequenced (in our case 16S rDNA).

This study not only confirms that there are considerable changes in the respiratory micro-
biota between disease states in COPD patients, it further shows an important heterogeneity
between patient’s microbiota. This is indicative of future challenges in development of applica-
ble anti/pro-biotic treatment for groups of COPD patients. At the same time local inflamma-
tion is associated with the changes in microbiota, indicating the microbiota has significant
implications for respiratory health. Further mechanistic studies are needed to examine the
interaction between the microbiota and local inflammation.

Supporting information
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