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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal fibrotic lung disease of unknown
aetiology. There is growing evidence that the lung microbiota may play a role in IPF. However, no
study has investigated the functional impact of the short-chain fatty acids (SCFAs) on disease
pathogenesis. The aim of this thesis was to characterise the respiratory microbiome and
metabolome in healthy controls and subjects with IPF and to investigate the influence of the SCFAs
on human primary bronchial epithelial cells (PBECs) and human lung fibroblasts (HLFs) from these

individuals.

Subjects diagnosed with IPF (n=201) and healthy controls (n=40) were prospectively recruited and
underwent bronchoscopy. Bacterial DNA was isolated and 16S rRNA gene sequencing undertaken
to characterise bacterial communities. Untargeted H nuclear magnetic resonance spectroscopy-
based metabolomics and targeted gas chromatography-mass spectrometry captured the metabolic
profile of these samples. PBECs, differentiated at air-liquid interface, and HLF from healthy controls

and subjects with IPF were either left untreated or exposed to the SCFAs.

Compared to healthy controls, the IPF microbiota was less diverse (P<0.01), and had increased
proportions of Firmicutes (P<0.01), Streptococcus and Staphylococcus (P<0.05). Relative
concentrations of the SCFAs were increased in IPF compared to healthy controls, and in IPF,
propionate positively correlated with the bacterial burden (rho=0.47, P=8 x 10°). Treatment of
PBECs from IPF subjects but not healthy controls with the SCFAs led to morphological changes, a
dose-dependent release of pro-inflammatory mediators in the cell supernatant, and a decrease in
transepithelial electrical resistance (TEER) over time. Compared to baseline, exposure of IPF PBECs
to 1 mM of propionate led to a 40% reduction in TEER and a significant increase (P<0.05) in the
secretion of IL-6. Treatment of HLFs with 5 mM of propionate or butyrate was found to increase cell

proliferation at 72 hours.

Subjects with IPF display an altered microbiome which is associated with a distinct metabolic
signature in the lower airways. Differences in bacterial genera and an increased bacterial burden in
IPF results in changes in the SCFAs in the airways. In vitro work demonstrates the potential of these

SCFAs to shape immunological responses in the lung, mediating the pathogenesis of fibrosis.
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1 Chapter 1: Introduction

1.1Interstitial Lung Disease

Interstitial lung diseases (ILDs) are a diverse group of disorders characterised by inflammation and
a dysregulated fibrotic response within the lung parenchyma [1]. Although ILDs commonly display
similar clinical, radiological and histological features, each form has a distinct aetiology [2], triggered
in response to various stimuli that ultimately elicit a prolonged and exaggerated fibrotic response
within the lung interstitium [1]. The excessive deposition of extracellular matrix (ECM) proteins
leads to loss of alveolar structure, impairment of gas exchange and ultimately, respiratory failure
[3]. Environmental and occupational exposures (e.g. asbestosis, silicosis), certain drugs (e.g.
amiodarone) or underlying systemic illnesses such as connective tissue diseases (CTDs), rheumatoid
arthritis and scleroderma, may act as triggers of ILD [3]. Nonetheless, some forms of ILDs have no

identifiable cause and are classified as idiopathic interstitial pneumonias (IIPs) [4] (Figure 1.1).

INTERSTITIAL LUNG DISEASE

IDIOPATHIC INTERSTITIAL [ Granulomatous ]

Connect?ve tissue diseases PNEUMONIAS . Sarcoidosis «  Lymphangioleiomyomatosis
Occupational causes Hypersensitivity pneumonitis + Histiocytosis X
Drug side-effects + Infections «  Pulmonar alveolar proteinosis

m Unclassifiable
| | |

LP PPFE [ Smoking related ] [Acute and subacute]
|

RB-ILD DIP ﬂ NSIP AP COP

Figure 1.1 Classification of interstitial lung disease.

Chronic fibrosing

ILDs can be divided into broad subcategories: ILDs of known cause, the idiopathic interstitial pneumonias (lIPs), the
granulomatous diseases including sarcoidosis and hypersensitivity pneumonitis, and a miscellaneous group including
other forms such as lymphangiolelomyomatosis and histocytosis X. IIPs are grouped into three groups: major, rare and
unclassifiable. Rare IIPs: idiopathic lymphocytic interstitial pneumonia (LIP), idiopathic pleuroparenchymal
fibroelastosis (PPFE). Major IIPs are distinguished from rare and unclassifiable cases and are grouped into chronic
fibrosing, smoking related and acute/sub-acute IIPs. Chronic fibrosing: idiopathic pulmonary fibrosis (IPF), non-specific
interstitial pneumonia (NSIP). Smoking-related: respiratory bronchiolitis-interstitial lung disease (RB-ILD),
desquamative interstitial pneumonia (DIP). Acute and subacute: acute interstitial pneumonia (AIP), cryptogenic
organising pneumonia (COP). Adapted from [4].
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1.1.1 Idiopathic Interstitial Pneumonias
[IPs are ILDs of unknown aetiology that share similar clinical and radiological features [5]. Diagnosis
of lIPs is based on history, physical examination, high-resolution computed tomography (HRCT)
imaging, pulmonary function tests and lung biopsy. Currently, IIPs are classified into the following 8
histologic subtypes: idiopathic pulmonary fibrosis (IPF), desquamative interstitial pneumonia (DIP),
nonspecific interstitial pneumonia (NIP), cryptogenic organising pneumonia (COP), respiratory
bronchiolitis-associated interstitial lung disease (RB-ILD), acute interstitial pneumonia (AIP),
lymphocytic interstitial pneumonia (LIP) and idiopathic pleuroparenchymal fibroelastosis (PPFE) [2].
These are all characterised by varying degrees of inflammation and fibrosis and all-cause dyspnoea.

However, IPF is the most common and severe form of all the idiopathic interstitial pneumonias.

1.2 Idiopathic Pulmonary Fibrosis

1.2.1 Epidemiology
The annual incidence of IPF is rising; worldwide, it has been estimated at 20 per 100,000 people and
at 7.94 per 100,000 people in the UK [6, 7]. The lack of a unified definition of the disease until early
2000 has meant that, historically, it has been challenging to accurately assess the epidemiology of
the disease [8]. In addition, the overlap of IPF with other chronic respiratory diseases has hindered
the ability to determine and quantify the distribution of IPF in time and space. IPF predominantly
affects men and cigarette smokers [9]. Advancing age has been shown to be an independent risk

factor of IPF, with the onset of the disease typically occurring in patients over 60 years old [9].

1.2.2 Clinical presentation, symptoms and diagnosis
IPF is a chronic, progressive fibrotic lung disease of unknown aetiology for which there is no cure. It
is characterised by the progressive deposition of fibrotic tissue and irreversible remodelling of the
lung parenchyma [10]. Symptoms are usually insidious and include dry cough, dyspnoea on exertion,
fatigue, and gradual decline in the ability to execute daily activities. In advanced disease, clubbing
of the fingernails can also be observed [11]. However, these symptoms are not specific to IPF and
can occur in other ILDs, making the diagnosis of the disease challenging [9, 12]. IPF is currently
defined as a specific form of chronic, progressive, fibrosing interstitial pneumonia of unknown
cause, occurring primarily in older adults and limited to the lungs, and defined by the
histopathologic and/or radiologic pattern of usual interstitial pneumonia (UIP) [8]. The diagnostic
approach to IPF entails the exclusion of known causes of other ILDs along with specific radiographic

and/or histopathologic findings [13] (Figure 1.2).
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Figure 1.2 Diagnostic approach for idiopathic pulmonary fibrosis.

Yes

Patients with suspected IPF are evaluated for potential and/or identifiable causes of ILD, including domestic and
environmental exposures, connective tissue disease (CTD), or drug toxicity. In this absence of this, IPF can be diagnosed
through the evaluation of HRCT images of the chest and histopathological findings. Surgical lung biopsy is not
recommended in patients at high risk for intra-, peri-, or postoperative complications. A MDD is recommended for a
more accurate diagnosis. IPF: idiopathic pulmonary fibrosis; HRCT: high-resolution computed tomography; UIP: usual
interstitial pneumonia; MDD: multidisciplinary discussion among ILD experts. Adapted from [13].

Currently, the diagnosis of IPF is based on the constellation of clinical, radiologic and histopathologic
features [14]. Given the complexity of the disease, a multidisciplinary discussion (MDD) among ILD
experts is advised to improve the accuracy of the diagnosis of IPF. Part of the diagnostic approach
includes obtaining a thorough history, information about comorbidities, medication use along with
serologic studies to identify predisposing domestic and occupational environmental exposures.
Furthermore, information about family history can be informative as up to 10% of cases of IIP have
been estimated to be familial [15]. In the absence of an identifiable cause for ILD, the radiologic
finding of UIP on HRCT combined with a lack of a clinically identifiable trigger in a patients’ history

is often enough to secure a diagnosis of IPF (Table 1.1).

29



Table 1.1 Multidisciplinary guidelines for the diagnosis of idiopathic pulmonary fibrosis (IPF) are based upon high-
resolution computed tomography (HRCT) and biopsy patterns.

Histopathology pattern
IPF suspected indeterminat T py
uIp Probable UIP ndeterminate .erna n./e
uip Diagnosis
uip IPF IPF IPF Non-IPF dx
Probable UIP IPF IPF IPF (likely) Non-IPF dx
HRCT
pattern | ., geterminate for UIP IPF IPF (likely) ~ Indeterminate Non-IPF dx
for IPF
Alternative diagnosis IPF (likely) Non-IPF dx Non-IPF dx Non-IPF dx

IPF: idiopathic pulmonary fibrosis; HRCT: high-resolution computed tomography; UIP: usual interstitial
pneumonia; dx: diagnosis. Adapted from [13].

However, UIP is simply an endpoint of a fibrotic process characterised by the presence of basal and
peripheral reticular opacities and honeycombing, with or without traction bronchiectasis [14]
(Figure 1.3). Indeed, several diseases with known aetiologies including asbestosis, CTDs, and

sarcoidosis can develop this pattern of UIP, complicating the diagnostic process [9, 12].

Figure 1.3 Typical pattern of usual interstitial pneumonia (UIP) on high-resolution computed tomography (HRCT) and
on histopathology slides.

(A) HRCT shows changes consistent with the UIP pattern (i.e. spatial heterogeneity, honeycombing changes with basal
predominance). (B) The histological pattern of UIP shows areas of active fibrosis with fibroblastic foci and extracellular
matrix deposition, alternating with areas of relatively normal lung tissue. Copyright © American Journal of Respiratory
and Critical Care Medicine [12].
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1.2.3 Prognosis and outcomes
The prognosis of IPF is poor, with a median survival of 3 to 5 years post-diagnosis [9]. The course of
IPF can be both variable and unpredictable, with some patients progressing rapidly, while others

follow a more indolent pathway [16] (Figure 1.4).

Dr!set of *
disease Sub-clinical period

Onset of
symptoms

Diagnosis

Disease progression

Time (years)

Figure 1.4 Potential clinical courses of idiopathic pulmonary fibrosis (IPF).

As the disease progresses, subjects with IPF may experience (A) rapid progression, (B) mixed rates of progression with
periods of stability interspersed with (¥) periods of acute deteriorations, or (C) slow, stable decline. Copyright ©
American Thoracic Society [16].

Despite current advances, the clinical course of the disease remains challenging to predict.
Nonetheless, at baseline, several factors have been identified to predict the risk of mortality in
patients with IPF, including a low diffusion capacity for carbon monoxide (DLco) [17], desaturation
during the 6-minute walk test [18], the extent of honeycombing on HRCT [19], increasing age [20],
and the presence of pulmonary hypertension at diagnosis [21]. Longitudinal factors which have
been associated with an increased risk of mortality in IPF include a decrease in forced vital capacity
(FVC) by >10% [17], a decline in DLco by > 15% [17], worsening fibrosis on HRCT [22], and increase
in the level of dyspnoea [17]. The majority of subjects with IPF have multiple comorbidities which
contribute to an increased risk of morbidity and mortality [23]. Common comorbidities among
patients with IPF include pulmonary hypertension, gastro-oesophageal reflux disease (GORD),
chronic obstructive pulmonary disease (COPD), lung cancer, pulmonary embolism, obstructive sleep

apnoea, ischemic heart disease, and diabetes [24].

31



1.2.4 Acute exacerbations
The clinical course of IPF is both variable and unpredictable, with significant heterogeneity among
individual patients [16]. Whatever trajectory the disease adopts it can be punctuated by
unpredictable periods of acute deterioration; episodes termed acute exacerbations of IPF (AE-IPF).
These are defined as acute, clinically significant respiratory deterioration with no identifiable cause,

characterised by new, widespread alveolar abnormalities [25] (Figure 1.5).

Figure 1.5 High-resolution computed tomography (HRCT) imaging of idiopathic pulmonary fibrosis (IPF).

(A) HRCT image of a patient at the time of IPF. (B) HRCT image of the same patient in acute exacerbation (AE) showing
extensive ground-glass abnormalities against a background of basilar honeycombing consistent with AE-IPF. Copyright
© American Journal of Respiratory and Critical Care Medicine [25].

Sometimes, these episodes may be attributed to identifiable causes such as heart failure, pulmonary
embolism, pneumonia or mechanical procedures, including lung surgery [26]. However, in most
instances, they are unpredictable, and the causes leading to their initiation are unknown. The exact
incidence of AEs is unclear but seems to range between 4-20% per year with these episodes
conferring substantial morbidity and mortality (often > 50%) [27, 28]. Furthermore, AE-IPF carry a
significantly higher mortality rate compared to acute exacerbations occurring in other respiratory
diseases, including asthma or COPD [29]. The symptoms with which patients usually present are
insidious in onset and include worsening dyspnoea, cough, and fever [29]. Invasive sampling is
recommended as a diagnostic approach to exclude infection; however, bronchoscopy is often not
feasible as it carries a significant risk in this acute setting. As a result, serological testing and non-
invasive sampling are often employed. Nonetheless, our current understanding of the
pathophysiology of AE-IPF is limited, and it remains unclear whether AE-IPF represent an
accelerated phase of the underlying fibrotic condition or a response to an occult trigger. Therefore,

there is a pressing need to elucidate the mechanisms involved in these events.
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1.2.5 Pathogenesis

1.2.5.1 Established model to explain IPF pathogenesis

To date, the aetiology of IPF remains elusive. Nonetheless, significant strides have been made in
elucidating the pathomechanisms underlying the disease. Recently, the theory that fibrosis in IPF
results from an ongoing inflammation in response to an exogenous stimulus has been replaced by
the notion of IPF as an epithelial-driven disease. The current paradigm suggests that IPF arises in
genetically susceptible ageing individuals as a consequence of repeated or prolonged exposure to
environmental triggers which cause recurrent alveolar epithelial cell (AEC) injury and/or AEC death
[30]. In the long term, this process results in an aberrant wound-healing response, which leads to

fibrosis and causes the progressive structural destruction of the lung [31] (Figure 1.6).
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Figure 1.6 Proposed mechanism contributing to the pathogenesis of idiopathic pulmonary fibrosis (IPF).

In genetically susceptible individuals, repetitive alveolar injury activates several inflammatory, cell signalling and repair
pathways. Activation of these pathways results in an imbalance of profibrotic and antifibrotic mediators. Consequently,
multiple cell types are activated by these mediators, resulting in changes in cellular functioning and cell-cell interactions,
which eventually culminate in progressive fibrosis. TGF-B: transforming growth factor beta; PDGF: platelet derived
growth factor; VEGF: vascular endothelial growth factor; IFNy: interferon gamma: PGE;: prostaglandin E2. Adapted from
[31].
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Numerous genetic and environmental triggers, as well as infective agents, have been proposed as
potential causative factors; however, the initial stimulus remains unidentified [32]. Following an
insult, AECs proliferate and migrate to the site of injury to repair the damaged epithelium.
Dysfunctional AECs produce several mediators (e.g. cytokines, chemokines, matrix
metalloproteinases and growth factors) which promote the migration of cells, including monocytes
and fibroblasts as well as induce their differentiation into fibrogenic cell types such as
myofibroblasts, which can form fibroblastic foci [32, 33]. It is also thought that AECs may act as a
direct source of fibroblasts and myofibroblasts by undergoing epithelial to mesenchymal transition
[34]. These cells secrete several inflammatory mediators and enzymes, resulting in further alveolar
epithelial barrier and basement membrane damage, as well as an increased deposition of ECM
components. Consequently, accumulation of fibrous connective tissue leads to the progressive and
irreversible destruction of the lung parenchyma which results in the classical radiologic and
histologic patterns of UIP [35]. This irreversible destruction of the lung parenchyma causes loss of
alveolar structure, an impairment in gas exchange and ultimately culminates in respiratory failure.
Collectively, this hypothetical model suggests that the host and the environment may be acting
synergistically in modulating the pathogenesis of IPF. As well as alveolar epithelial cells in the
alveolar compartment, bronchial epithelial cells which populate the conducting airways are involved
in IPF pathogenesis. Although the causative event that initiates the fibrotic cascade is unknown,
apoptosis of epithelial cells has been proposed as a potential trigger [36]. Indeed, a study has shown
that IPF patients carry an increased number of apoptotic cells in the bronchial epithelium [37]. The
bleomycin mouse model supports this concept by demonstrating that inhibition of epithelial cell
apoptosis prevents the development of the disease [38]. Although this model is widely used in IPF
research and is representative of the histological features of the fibrotic lung, it does not fully
replicate the extent of human disease [39]. Unlike in subjects diagnosed with IPF where the scarring
of the lungs is progressive and irreversible, the bleomycin mouse model fails to recapitulate the
pathology observed in IPF since this model induces acute lung injury but the mice will recover from

the challenge and return to normal.
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1.2.6 Risk factors

1.2.6.1 Genetic susceptibility

There is clear evidence that an individual’s genetic background plays a role in IPF pathogenesis, with
common genetic variants responsible for approximately one-third of the risk of developing IPF [40].
Genome-wide association studies have highlighted the importance of genes involved in telomere
maintenance (TERT, TERC, OBFC1), host defence (MUC5B, TOLLIP) and epithelial cell integrity (DSP,
9-DDP) in IPF susceptibility [41, 42]. These findings support the notion that loss of normal pulmonary
physiology and aberrant immunity due to genetic alterations, may play an aetiological role in IPF,
and support the concept that infectious agents may act as a source of AEC injury, driving disease

initiation and progression.

For several years, case series of pulmonary fibrosis occurring in families suggested a genetic
predisposition to the disease. These heritable pulmonary fibrosis forms are called familial interstitial
pneumonia (FIP) and only account for 3.7% of all IPF cases [43-45]. These familial forms have been
extensively studied to provide a greater understanding of the genetic factors underlying the
pathogenesis of IPF. FIP cases have been linked to mutations in the SFTPC gene, encoding surfactant
protein-C (SP-C) as well as mutations in SFTPA1, encoding SP-A1, and SFTPA2, encoding SP-A2 [46-
48]. Surfactant proteins are collagen-containing lectins essential for pulmonary alveolar immunity
and homeostasis [49]. Specifically, SP-A and SP-D are secreted into the alveolar space by type Il AECs
and have carbohydrate recognition domains that allow them to bind to bacteria and viruses,
promoting phagocytosis by macrophages [49, 50]. Mutations in the SFTPA2 and SFTPC genes have
been shown to lead to the aggregation of the proteins in the endoplasmic reticulum, leading to
increased endoplasmic reticulum stress and preventing their secretion into the alveolar space [47,
51, 52]. SP mutations account for only 5% of sporadic IPF [53]. Nonetheless, given that both SP-A
and SP-C are produced exclusively by type 2 AECs, these studies still support a role for endoplasmic

reticulum stress in IPF pathogenesis.

Polymorphisms in the promoter region of the MUC5B gene have also been linked to IPF in bronchial
epithelial cells [41] suggesting that epithelial defects, not only confined to alveolar epithelial cells,
may be affecting the onset of disease. Furthermore, a common single nucleotide polymorphism
(SNP) in the promoter region of MUC5B has been shown to be associated with the development of
both familial and sporadic IPF [54, 55]. This gain-of-function variant (rs35705950), increases the
expression of the mucin 5B (MUC5B) in the distal airways of the IPF lung [55]. Paradoxically, subjects

carrying this variant show improved survival compared to individuals without it. However, it remains
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unclear how increased MUC5B expression promotes pulmonary fibrosis. In mice, Muc5b is essential
for normal macrophage function and effective mucociliary clearance of bacteria [56]. Specifically, it
has been shown that Muc5b overproduction in the distal lungs of mice is associated with mucociliary
clearance dysfunction and the induction of an exaggerated fibrotic response which can be
prevented by treatment with a mucolytic agent [57]. These findings highlight a causative role for
Muc5b in murine lung fibrosis and therefore support the hypothesis that, in humans, excess
production of MUC5B reduces mucociliary clearance of inhaled particles resulting in prolonged and
recurrent exposure, which triggers injury to the alveolar epithelium and eventually leads to the

development of fibrosis.

Pulmonary fibrosis has been diagnosed in some patients with dyskeratosis congenita (DKC), an
autosomal dominant disorder caused by mutations in DKC1, a component of the telomerase
complex, although mutations in the TERT and TERC genes have also been reported [58].
Heterozygous mutations in TERT and TERC have been identified in 8% of patients in a cohort with
FIP, with mutation carriers exhibiting shorter telomeres, indicating that mutations in these two
genes can cause pulmonary fibrosis [59]. Furthermore, studies have shown that, in IPF, abnormal
telomere shortening is not specific to patients with telomerase mutation-associated pulmonary
fibrosis [59-61]. Recently, an early-phase clinical trial conducted in subjects diagnosed with IPF who
had short telomeres, revealed that telomeres can be lengthened via the oral administration of the

synthetic androgen danazol [62].

Mitochondrial dysfunction and accelerated senescence also potentially contribute to the
pathogenesis of IPF [63]. Studies have reported increased levels of free mitochondrial DNA in the
plasma and bronchoalveolar lavage of subjects with IPF [64] as well as shown that in the IPF lungs,
AECs exhibit large numbers of damaged mitochondrial DNA [65]. Specifically, decreased expression
of the signalling molecule PINK1 in type 2 AECs has been observed in IPF lungs and has been shown
to correlate with the accumulation of dysmorphic mitochondria as well as increased AEC apoptosis
[65]. In a separate study, it was shown that the activity and expression of iodothyronine deiodinase
2 (DI02), an enzyme that activates the thyroid hormone, were higher in the lungs from patients with
IPF [66]. Dio2 knockout mice exhibited enhanced bleomycin-induced pulmonary fibrosis and
delivery of aerosolised thyroid hormone resolved fibrosis and improved survival. Furthermore,
treatment with thyroid hormone promoted the expression of PINK1, inducing the restoration of
normal mitochondrial function and rescue from mitochondria-regulated apoptosis [66]. The authors

concluded that the antifibrotic properties of the thyroid hormone are associated with the protection
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of alveolar epithelial cells and restoration of mitochondrial function and that this hormone may
therefore represent a potential therapy for pulmonary fibrosis [66]. An increased risk of IPF has also
been linked to other genetic variants in DSP, AKAP13, CTNNA and DPP9, which are involved in cell
adhesion, integrity and mechanotransduction [67]. Collectively, these variants and genetic
mutations may predispose individuals to AEC dysfunction following epithelial injury at the initiation

of fibrosis [53].

1.2.6.2 Epigenetics

Epigenetics is the study of heritable changes in gene expression that do not involve changes to the
underlying DNA sequence [68]. Epigenetic modifications can be influenced by environmental stimuli
and may represent an important mechanism in IPF. These changes encompass a wide range of
molecular modifications to both DNA and chromatin and are mediated primarily by DNA
methylation, microRNAs (miRNAs) and histone modifications [68]. In IPF, a distinct pattern of
differential DNA methylation in the lung tissue has been observed compared with healthy controls
[69]. Changes in DNA methylation have been shown to correspond to altered messenger RNA
(mRNA) expression of a number of genes, suggesting that DNA methylation may play an important
role in the pathogenesis of IPF [70]. miRNAs are post-transcriptional regulators that control gene
expression by binding to untranslated regions of mRNA, which can either lead to mRNA degradation
or inhibition of protein translation [71]. Studies have shown that approximately 10% of the
microRNAs are significantly altered in IPF lungs [72]. Furthermore, miRNAs may be involved in the

development of IPF as miRNA expression in IPF lung has been correlated with disease severity [73].

1.2.6.3 Environmental risk factors

Although genetic risk factors have been recognised to play a role in IPF, they explain only a minority
of the risk for developing the disease. Epidemiological studies have also implicated exposures to
inhaled environmental or occupational agents to an increased risk of IPF, including exposure to
cigarette smoke, wood dust, silica, farming and livestock [74, 75]. However, their role in disease
pathogenesis is unclear. Smoking is the most prevalent risk factor that has been linked to the
development of IPF. Smoking history has been associated with decreased survival in subjects
diagnosed with IPF and has been implicated as the strongest risk factor for the development of FIP,
suggesting that a history of smoking can contribute to the development of the disease [20, 76-78].
However, given that IPF also occurs in non-smokers, smoking cannot be attributed as the only

trigger.
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GORD is a condition which develops when the reflux of the stomach contents enters the oesophagus
and causes unwanted symptoms and complications [79]. GORD is one of the most common
comorbid conditions in IPF and given the increased prevalence, it has been hypothesised that
microaspiration of gastric material may play a role in IPF pathogenesis. GORD has been previously
associated with the development of post-transplant bronchiolitis obliterans [80]. However, research
is still ongoing to determine whether the aspiration of acid refluxate causes the parenchymal

damage associated with IPF.

1.2.7 Infection
The hypothesis that infection may play a role in the pathogenesis of IPF is supported empirically
through observations that active infection and immunosuppression with prednisolone and
azathioprine in combination with N-acetylcysteine increase the risk of death and hospitalisation in
patients with IPF [81, 82]. In contrast, use of the antibiotic co-trimoxazole has been shown to reduce
the frequency of respiratory tract infections and improve the overall quality of life in patients with
IPF [83]. Genetic studies have highlighted the importance of disordered host defence and thus
susceptibility to infection in contributing to disease progression in IPF [41, 54, 84]. In mice, Muc5b
appears essential for normal macrophage function and effective mucociliary clearance of bacteria,

suggesting that infection may be an environmental trigger in susceptible individuals [56, 85].
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1.2.7.1 The role of viruses in IPF

Extensive research investigating the role of infections in the pathogenesis of ILDs and as triggers of
AE in IPF have focused primarily on viruses [86-88]. It has been hypothesised that chronic infection
with viruses may provide a persistent antigenic stimulus in susceptible hosts, culminating in fibrosis
[87]. There is growing evidence, both from animal and human studies, supporting a mechanistic role
for these pathogens in the initiation ad progression of IPF. The human herpes virus (HHV) family,
which includes cytomegalovirus (CMV), Epstein-Barr virus (EBV), HHV-7 and HHV-8, has received
considerable attention as either an aetiologic or exacerbating agent of IPF [88]. The first serological
study to suggest an association between HHV and IPF found that 12 out of 13 patients were
seropositive for EBV [89]. Consistent with this finding, several studies reported an increased
incidence of EBV in bronchoalveolar lavage (BAL) samples and lung biopsies from subjects with IPF
compared to controls [90, 91]. Furthermore, in support of these human studies, a mouse model
studying murine gamma-herpes virus 68 (MHV-68), a virus closely related to EBV, revealed that mice
latently infected with MHV-68 prior to bleomycin exposure developed an exaggerated fibrotic
response compared to non-infected animals [92]. According to a study by Lawson and colleagues,
HHV infection was also found in a majority of cases with both sporadic and familial forms of IPF but
not in the healthy control group [93]. Viral presence in these subjects closely correlated with
markers of endoplasmic reticulum stress, suggesting that AEC stress as a result of occult viral
infections, may promote aberrant repair processes, leading to architectural remodelling of the lung.
Furthermore, at-risk, asymptomatic relatives of patients with familial IPF displayed interstitial
changes under HRCT scan, had increased levels of HHV DNA in BAL and showed evidence of HHV
antigen expression in AECs, which closely associated with ER stress markers [94]. Collectively, these
findings suggest that the presence of subclinical infection and virus-mediated AEC dysfunction prior
to the development of any symptoms, strongly suggests that occult infection may be a factor

involved in the pathogenesis of the disease.

1.2.7.2 The role of viruses in AE-IPF

Emerging evidence supports the hypothesis that occult viral infections may play a pathogenic role
as co-factors for the development of AE-IPF [95] (Table 1.2). Using molecular analysis of viral
particles and BAL, Wotton and colleagues found infection in 19 of 43 cases of AE-IPF, including 12
cases of torque teno virus (TTV) in the exacerbation cohort with no viruses detected in the stable-

IPF group [87].
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Table 1.2 Summary of studies linking the respiratory microbiome with the pathogenesis, progression and acute
exacerbation of idiopathic pulmonary fibrosis.

Virus Main conclusions

EBV detected in serum of 12/13 subjects with IPF but not in patients with other forms
of ILD

MHV-68 triggers an exaggerated fibrotic response in mice

Increased incidence of EBV in BAL and lung biopsies of IPF subjects compared to

controls
HHV
EBV detected in BAL of 2/43 AE-IPF subjects

CMV detected in BAL of 2/43 AE-IPF subjects
A total of 38% of AE-IPF subjects exhibited evidence of CMV infection

HHV detected in nasopharyngeal swabs of 15/30 AE-IPF subjects and 4/30 individuals
with stable-IPF

TTV detected in BAL of 12/43 AE-IPF subjects
TV No evidence of TTV in BAL of stable-IPF subjects

Increased mortality in IPF subjects with presence of TTV-DNA in serum compared to IPF
subjects with no TTV-DNA

Influenza A detected in nasopharyngeal swabs of 12/30 AE-IPF subjects but not in
Influenza A individuals with stable-IPF

A case of AE-IPF was reported following pandemic influenza A vaccination

HHV: human herpes virus; TTV: torque teno virus; EBV: Epstein-Barr virus; ILD: interstitial lung disease; MHV-68:
murine gamma-herpes virus-68; BAL: bronchoalveolar lavage; AE-IPF: acute exacerbation of IPF; CMV:
cytomegalovirus. Copyright © European Respiratory Review [96].

A separate study which evaluated the relationship between TTV and IPF found that there was a
lower survival rate in IPF subjects who were seropositive for TTV-DNA compared to those who were
not [96]. Concordant with Wootton’s findings, Ushiki and colleagues examined BAL from subjects
with an AE-IPF and detected respiratory syncytial virus (RSV) and CMV by polymerase chain reaction
in one and two cases, respectively [97]. In another study which employed immunohistochemical
techniques to detect viral antigens, 38% of IPF subjects experiencing an AE exhibited evidence of
measles or CMV infection [98]. More recently, Weng and colleagues investigated viral sequences in
nasopharyngeal swabs of 30 stable and 30 AE-IPF patients [99]. A total of 57 different viruses were
detected, with virus-positive samples highest in the AE-IPF group (60%) compared to the stable-IPF
group (43.3%). HHV, which has already been shown to be associated with IPF and to cause
exacerbation of pulmonary fibrosis in animal models, was the most prominent virus in the AE-IPF

group [100, 101]. Influenza A was also found to dominate the AE-IPF group. Given that AE-IPF have
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already been reported following influenza A vaccination, its presence suggests that cold-associated
infection may potentially trigger these events [102]. Collectively, these findings highlight that AE
may result from multiple causes, including viral infections. However, most cases do not show such
infections, and overall, the data supporting a mechanistic role for airborne viruses is insufficient to
prove their causal role in AE-IPF. One potential explanation for this is that AE occur as a result of a

previous viral infection that is no longer present at the time of symptom onset.

1.2.8 Therapeutic options
The lack of pathogenic understanding combined with the diagnostic difficulties mean there is a
paucity of therapies for the treatment of IPF. In 2014, two antifibrotic drugs were approved for the
treatment of IPF: pirfenidone, an antifibrotic and anti-inflammatory agent, and nintedanib, a
tyrosine-kinase inhibitor which inhibits several key receptors including those for platelet-derived
growth factor (PDGF), vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF)
[103, 104]. Results from clinical trials have demonstrated that both drugs are effective in slowing
disease progression by reducing the decline in lung function in patients with IPF [105-107]. However,
they are unable to improve or even stabilise the disease, or more importantly, the symptoms
experienced by the patient [9]. Despite these advances, however, there remains no evidence-based

or licenced therapies for the treatment of AE-IPF [108].

1.3 The Composition of the Airway Microbiome

1.3.1 The concept of lung sterility
Until recently, the lungs were considered to be sterile, given the inability to isolate bacteria from
the healthy lungs using conventional culture techniques. The emergence of culture-independent
techniques has been instrumental in identifying bacterial species and shaping our understanding of
the role of bacteria in health and disease. The “lung microbiome” is defined as the commensal,
symbiotic and pathogenic community of microorganisms that inhabit the epithelial surfaces of the
lower respiratory tract. The most commonly used approach to the study of bacterial communities
exploits high-throughput sequencing of amplicons of the 16S ribosomal RNA (16S rRNA) gene, a
highly conserved locus in the bacterial genome [109]. While some regions share the same sequences
across all bacteria, the 16S rRNA locus also contains hypervariable regions which provide species-
specific signatures useful for phylogenetic classification [109]. Groups of bacteria sharing similar
gene sequences are clustered together and identified by comparison to 16S rRNA reference
databases. Bioinformatics analysis of the data produced on platforms such as [llumina MiSeq allows

guantifying the total and relative abundance of these bacterial groups [110, 111]. High-throughput
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sequencing techniques have shown that the epithelial surfaces of the human respiratory tract are
colonised by a complex and dynamic microbial community, including bacteria, fungi, phages and
viruses. Compared to conventional culture techniques which detected bacteria in 39.1% of BAL
samples, high-throughput bacterial 16S rRNA sequencing has been shown to identify bacterial DNA
in 95.7% of BAL samples [112]. These studies have highlighted differences in bacterial communities
in health and disease, which may contribute to explain the pathogenesis of these respiratory

diseases [113-117].

1.3.2 Development of the lung microbiome at birth
Until recently, our understanding of how the airway microbiome forms has been hindered by the
long-held view that the lungs are sterile. The foetus develops within a sealed amniotic fluid sac, and
the current dogma is that the womb is sterile [118]. Although there is no evidence of in utero
colonisation [119], recent studies have reported the presence of bacterial DNA in the placenta and
amniotic fluid [120, 121]. A wide range of microorganisms have been detected in the upper
respiratory tract of healthy neonates following birth [122, 123]. Aagard and colleagues [119]
demonstrate that the lower respiratory tract microbiota forms within the first two years of birth
and that the mode of delivery determines the microbiota constituents in preterm, but not term,
births. Despite contrasting findings between studies, several environmental factors, including mode
of delivery, antibiotic treatment, and infant feeding, have been reported to affect the microbial
composition of the upper airways [124-126]. Only a very limited number of studies have addressed
the timing and colonisation pattern of the lower airways shortly after birth given the ethical and
technical limitations of obtaining samples. Mouse studies have shown that the lung microbiome
develops within the first days of life, following which microbial load and diversity increase. Shortly
after birth, the lower airways of mice are dominated by bacteria of the Firmicutes and
Proteobacteria phyla, followed by an increase in the Bacteroidetes phylum prior to weaning, up to
adulthood [127]. Studies using germ-free (GF) mice have shown that the microbiome is crucial for
the development of the host immune responses, particularly in the context of allergy; the absence
of a microbiome in GF mice results in their exaggerated responsiveness to allergens [128]. Growing
evidence from both animal and human studies supports the concept that the microbiome in very

early life has associations with long-term lung health.
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1.3.3 The lung microbiome in health and its ecological determinants
The respiratory microbiome is a complex and adaptive ecosystem; in health, the composition of the
lung microbiome is determined by three factors: microbial immigration, microbial elimination, and

the relative reproduction rates of its members [129] (Figure 1.7).

Microbial Immigration

Regional Growth Conditions

Activation of inflammatory cells
Host epithelial cell interactions
Mutriant availability
Ouygen tension
Temparatura
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Microbial Elimination

Regional Growth Conditions
Immigratien/Elimination

| Health Severe Lung Dlmn>

Figure 1.7 Ecological determinants of the respiratory microbiome.

The total bacterial burden and the relative community constitution of the lung microbiome is determined by the balance
of three factors: microbial immigration, microbial elimination, and the relative reproduction rates of its members. In
health, the composition of the microbiome is mostly determined by the balance of immigration and elimination; in
severe lung disease, community membership is mainly determined by the regional growth conditions. Adapted from
[126].

The similarities in community composition between the oral and lung microbiota suggest that
micro-aspiration from the digestive tract is likely to be the dominant route of immigration [130]. It
has also been proposed that direct mucosal dispersion of microbes from the nasal and oral cavities
into the lungs, as a result of their anatomical continuity, may represent another route for microbial

immigration to the lower airways [129, 131].

The quantity and composition of the microbiome are influenced by the balance between the rate
of immigration and clearance. Microbial elimination is an active process which is achieved through
mucociliary clearance, coughing and host immune defences which selectively recognise, kill and
clear the microbes [132]. The airway microbiota in healthy lungs is dominated by the Bacteroidetes,
Firmicutes, and Proteobacteria phyla [133]. The dominant genera found in the lower airways are
Prevotella, Veillonella and Streptococcus [134]. Unlike the gastrointestinal tract, the bacterial load
in the lungs is very low, and the bacterial species inhabiting the lungs must adapt to survive in highly
selective conditions. The environmental conditions necessary for microbial growth within the

respiratory tract (e.g. temperature, pH, nutrient availability, oxygen tension and activation of host
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inflammatory cells) differ significantly from the upper respiratory tract to the alveoli [129, 131]. This
implies than in a single healthy lung, considerable regional variation in bacterial community
composition can be observed. Nonetheless, differences in the microbial composition between
individuals is far greater than within an individual, thus rendering the identification of an optimal
healthy respiratory microbiome rather challenging [135]. Several protective mechanisms act
synergistically with the local conditions in the lungs to limit bacterial infection, including; the
epithelial barrier, a highly reactive mucosal immune system, antimicrobial peptide production,

pulmonary surfactant production, and mucous secretion [129, 133, 136].

1.3.4 The lung microbiome in respiratory disease
The discovery of the lung microbiome prompted the exploration of its role in a variety of respiratory

conditions [114, 115, 137-144] (Table 1.3).

Table 1.3 Summary of studies illustrating changes in the respiratory microbiome which occur during chronic lung
disease.

Disease Taxonomic changes at the genus level* Sample type Cohort size
Increased abundance of Haemophilus Bronchoscopy 11
Increased abundance of Haemophilus, Neisseria,
) Bronchoscopy 42
Asthma Fusobacterium, and Porphyromonas
Increased abundance of Streptococcus Nasopharyngeal 234
Increased abundance of Lactobacillus. Lung tissue 24
COPD Increased abundance of Fusobacteria, Leptotrichia, BAL 32
and Fusobacterium
Increased abundance of Burkholderia, Streptococcus Sputum 23
and Staphylococcus
Increased abundance of Pseudomonas, Sputum 17
CF Staphylococcus, Stenotrophomonas, and
Achromobacter
BAL 95
Increased abundance of Staphylococcus,
Streptococcus, and Pseudomonas
Increased abundance of Haemophilus, Streptococcus, BAL 65
Neisseria, and Veillonella
Increased abundance of Staphylococcus and BAL 55
IPF Streptococcus
Increased abundance of Streptococcus, Prevotella, BAL 35

Veillonella, Haemophilus, and Pseudomonas

COPD: chronic obstructive pulmonary disease, CF: cystic fibrosis; IPF: idiopathic pulmonary fibrosis; BAL:
bronchoalveolar lavage. *Changes in the microbiota in cases compared to controls. Copyright © Immunology
[138].
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It is now well recognised that host-microbial communities play a fundamental role in shaping
healthy lung function, and that disturbances in their composition are commonly observed in
respiratory diseases such as asthma, COPD, cystic fibrosis (CF), and IPF [113-115, 117, 141, 144-146].
In these chronic respiratory diseases, the balance between immigration and elimination is lost,
leading to alterations in the lung microbiota, including a decrease in overall richness and the

overgrowth of certain bacteria which have been associated with disease progression.

1.3.5 The lung microbiome in IPF and AE-IPF
The first study to investigate the presence of bacterial growth in the lower airways of subjects with
IPF was conducted in 22 individuals and confirmed the presence of known pathogens including
Haemophilus, Pseudomonas and Streptococcus in 36% of the cases [99, 114, 115, 144, 145, 147-149]
(Table 1.4).

Table 1.4 Summary of studies linking the respiratory microbiome with the pathogenesis, progression and acute
exacerbation of idiopathic pulmonary fibrosis.

Diagnosis Main conclusions [Ref.]

Positive BAL cultures in 8/22 stable IPF subjects: Haemophilus influenzae (2/22); [147]
Haemophilus parainfluenzae (2/22); Moraxella catarrhalis (1/22); Pseudomonas
aeruginosa (1/22); Proteus mirabilis (1/22); Streptococcus pneumonia (1/22)

Increased abundance of Streptococcus OTU1345 and Staphylococcus OTU1348 is [114]
associated with a significant reduction in progression-free survival in IPF

IPF Streptococcus pneumoniae triggers progression of pulmonary fibrosis through [148]
pneumolysin in two different mouse models

Increased bacterial burden in IPF subjects compared with COPD and healthy [115]
controls

Higher bacterial burden at the time of diagnosis predicts disease progression in IPF [149]

GF mice protected from mortality following bleomycin exposure

Four-fold increase in bacterial burden in AE-IPF subjects compared to stable-IPF

Increased abundance of Campylobacter and Stenotrophomonas and decreased [144]

AE-IPF abundance of Veillonella in AE-IPF compared to stable-IPF

Positive sputum cultures in 9/48 AE-IPF subjects: Klebsiella pneumoniae (2/48), [99]
Mycobacterium tuberculosis (4/48), Pseudomonas aeruginosa (1/48), Loffi
Acinetobacter (1/48), Other (1/48)

IPF: idiopathic pulmonary fibrosis; OTU: operational taxonomic unit; AE-IPF: acute exacerbation of idiopathic
pulmonary fibrosis. Copyright © European Respiratory Review [96].
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Over the past five years, advances in high-throughput molecular sequencing techniques have been
used to characterise the microbial composition in the lower airways of IPF patients. These studies
have investigated the role of the lung microbiome in the airways in IPF and suggest that a perturbed

microbial state may be linked to disease outcome.

It has been hypothesised that these bacterial communities, present outside the context of overt
infection, can act as a continued driver of epithelial injury. Specifically, an increased bacterial
burden, loss of microbial diversity due to the outgrowth of certain pathogenic bacteria have now
been implicated with disease progression in IPF [114, 115]. Furthermore, these studies have also
reported that baseline bacterial burden can predict the rate of disease progression and risk of death
[115]. The Correlating Outcomes with Biochemical Markers to Estimate Time-Progression (COMET)
study was the first study to evaluate the lung microbiome in patients with IPF [114]. Following
adjustment for confounding factors, the authors found a significant association between the
abundance of specific microbial community members and disease progression. Having an increased
abundance of Streptococcus or Staphylococcus species was associated with a reduced progression-
free survival time. However, the increased presence of these two bacteria was observed in less than
half of the cohort, making it unlikely that these organisms alone can explain the disease
pathogenesis. In a prospective study, Molyneaux and colleagues evaluated the microbial
composition in BAL in patients with IPF, COPD and age-matched healthy controls [115]. Subjects
with IPF were found to have an increased bacterial burden which was associated with disease
progression, as well as an increased expression of genes related to host defence. Furthermore, they
displayed significantly less diverse bacterial communities and were found to harbour a greater
abundance of potentially pathogenic Haemophilus, Neisseria, and Streptococcus species. In a
separate cohort, the same authors found that the bacterial burden was also increased in AE-IPF
subjects compared to patients with stable disease [144]. Furthermore, despite showing no evidence
of infection in clinical cultures, patients experiencing AE-IPF showed distinct changes in microbial
community composition, such as an increased relative abundance of potentially pathogenic
Stenotrophomonas and Campylobacter species, compared to stable disease. These organisms are
potential respiratory pathogens and the presence of Campylobacter, a bacterium usually confined
to the gastrointestinal tract, led the authors to suggest that micro-aspirations and increased
bacterial immigration to the lungs, may play a role in AE-IPF. Although this study offers an insight
into the potential aetiology of AE-IPF, the patient cohort was relatively small, and there were only
two paired samples from the same individuals when stable and experiencing an exacerbation.

Therefore, future studies comparing samples from the same individual at baseline and during an
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acute exacerbation will allow for a more accurate insight into the biological changes underlying
these events.

Collectively, these studies highlight that alterations in the respiratory microbiome exist in IPF, but
they do not provide any insight into the functional mechanisms underlying the host-microbial
interactions that may drive IPF pathogenesis and progression. O’Dwyer and colleagues have recently
tried to overcome this issue in an attempt to move from correlation to causation [149]. The authors
provided a link between microbial alterations in the lung, disturbed alveolar inflammation and IPF
progression. Specifically, they found that alveolar inflammation was perturbed in patients with IPF
and that a reduction in bacterial diversity promoted proinflammatory and profibrotic signalling

profiles in the airways of these patients.

Using a GF mouse model of fibrosis, the authors set out to explore the role of bacteria in alveolar
inflammation and fibrinogenesis. Interestingly, they found that the absence of microbiota in GF mice
was associated with altered humoral and cellular immunity and reduced mortality compared to
conventional mice, despite exhibiting similar levels of fibrosis. This led the authors to suggest that
IPF subjects not only die from progressive fibrosis but also from distinct inflammatory causes of
acute-on-chronic respiratory failure, including respiratory infections and AE-IPF [145]. Overall, this
study provides the first causal evidence that the microbiome is involved in the pathogenesis and
mortality of fibrotic lung disease and that preclinical GF models are a useful tool to investigate
potential mechanisms of host-microbiota interactions. However, the potential mechanism of the
respiratory microbiome in the pathogenesis of IPF remains unclear, and there is a pressing need for
functional and longitudinal which will allow to determine more targeted treatments for lung
diseases including IPF. Additionally, the microbiome has not been fully characterised, and future

studies should also characterise organisms other than bacteria and viruses, including fungi.

1.3.6 Effects of antibiotic therapy on the airway microbiome
Increasing evidence has emphasised the use of oral antibiotics and their effect on lung immunity.
Antibiotic treatment could affect the lung microbiome either directly or indirectly through its impact
on the gut microbiome, which subsequently affects lung immunity. Indeed, murine studies provide
evidence that depletion of certain species within the gut microbiota due to antibiotic intake
influences lung diseases and allergic inflammation [150]. In Finnish pre-school children, microbial
disturbances due to the use of macrolides in early life correlated with an increased risk of asthma
[151]. It is evident that to better understand the impact of antibiotics on lung health, we need to

study the interactions between the gut and airway microbiota in greater detail. Management of
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subjects with IPF is arduous given that treatment options are aimed at reducing disease progression
but not mortality. The use of antibiotics in IPF was first reported in 1996 when a patient with
advanced fibrotic lung disease received oral co-trimoxazole and showed clinical improvement. In a
later double-blind, randomised, placebo-controlled pilot study in 20 patients with progressive
fibrotic lung disease, Varney and colleagues validated this finding by showing that treatment with

co-trimoxazole improved exercise capacity, breathlessness, and symptom scores [152].

Similarly, in a double-blind follow-up study of 181 patients with fibrotic idiopathic interstitial
pneumonia, co-trimoxazole treatment resulted in an overall improvement of health-related quality
of life, and a reduction in the percentage of patients requiring an increase in oxygen therapy [83].
However, the treatment was not well tolerated and resulted in high drop-out rates, and there was
no detectable difference in the primary outcome of change in forced vital capacity. Nonetheless, a
reduction of infection and mortality was noted in patients who tolerated the treatment. However,
it is difficult to conclude whether this observation may be a result of co-trimoxazole’s antimicrobial
effects, given its simultaneous anti-inflammatory actions. Ultimately, a more targeted antibiotic

approach may be a promising avenue for the treatment of IPF.

1.4 Microbial Metabolites

1.4.1 The short-chain fatty acids
The airways consist of diverse habitats that shape the composition of the lung microbiota. The
microbial communities that reside in the lungs differ in metabolite production. Strikingly, even
bacteria of the same species, but belonging to distinct communities, produce different metabolites
[153]. The relationship between microbiome and host is regulated by a complex immune-metabolic-
neuroendocrine crosstalk, which appears to be mostly mediated by microbial metabolites [154].
The short-chain fatty acids (SCFAs), including acetate (CH3COO™), propionate (C;HsCOO~), and
butyrate (C3H7COO™) are produced from the bacterial fermentation of non-digestible carbohydrates
by intestinal bacteria in the gut lumen [153]. In the large intestine, SCFAs can be found at
concentrations ranging from 30 to 150 mM [155]. These metabolites have widespread effects on
the gut but have also been shown to exert their effects in peripheral tissues such as lung [156].
SCFAs act as a link between the microbiota and the immune system by interacting with immune
cells and modulating their recruitment, differentiation, activation and survival at different tissues
[157]. They have been implicated in a plethora of biochemical processes including digestion,
nutrient absorption, hormonal secretion, cell proliferation and differentiation, neurological

functionality, host metabolism and energy production [158, 159]. Furthermore, there is evidence of
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SCFA being implicated in several chronic inflammatory diseases, including type 2 diabetes,
gastrointestinal and neurological disorders, obesity, heart disease and respiratory disorders [160].
However, there is contrasting evidence on whether these SCFAs have protective or causative effects

in the context of inflammation [161, 162].

1.4.2 The gut-lung axis
Cumulating studies have provided evidence of the crosstalk which occurs between the intestinal
microbiota and the lung, termed the ‘gut-lung axis’. It is now well recognised that the intestinal
microbiota influences the microbial composition within the lung either by direct seeding of bacteria

into the airways or by the distribution of SCFAs [163] (Figure 1.8).
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Figure 1.8 Model of intestinal-pulmonary cross-talk during respiratory health and disease.

In health, the intestinal and airway microbiota is dominated by bacteria belonging to the Bacteroidetes and Firmicutes
phyla. During respiratory disease, a shift in community composition of both the intestinal and airway microbiota has
been reported, with an outgrowth of Proteobacteria and Firmicutes. A cross-talk between these two mucosal sites has
been proposed. The intestinal microbiota influences pulmonary microbial composition and immune responses in two
ways: by the direct seeding of the respiratory tract with bacteria and by the distribution of bacterial metabolites, such
as the short-chain fatty acids (SCFAs), which promote the growth of certain SCFA-producing bacteria (e.g. Bacteroidetes)
and may act directly as immunomodulatory molecules. Copyright © Annals American Thoracic Society [163].

These SCFAs have been shown to exert their downstream effects via two main mechanisms: by i)
activating G-protein coupled receptors (GPCR41, GPCR43 and GPCR109a), which are expressed on

several cell types (e.g. epithelial cells, endothelial cells, adipocytes, neurones, hepatocytes, and
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immunocytes) and by ii) inhibiting histone deacetylases [161, 164]. While the majority of SCFAs are
produced and utilised within the gut, the widespread expression of SCFA receptors implies that the

SCFAs may also influence host physiology by acting at peripheral sites, including the lungs [165, 166].

Disturbances in the intestinal microbiota has been implicated in several lung diseases and
respiratory infections [156, 167]. The predominance of Bacteroidetes fragilis and total anaerobes in
early life, along with decreases in the total abundances of Escherichia coli, Faecalibacterium,
Lachnospira, Rothia, and Veillonella bacterial genera have been implicated in an increased risk of
asthma [168, 169]. Furthermore, murine studies suggest that mice devoid of their intestinal
microbiota during early life are at an increased risk of developing allergic airway disease [169, 170].
Mice fed a peptide-based enteral diet led to an increased production of SCFAs, which attenuated
elastase-induced inflammation and emphysema in the lung [171]. Similarly, the relationship
between fibre intake and increased production of SCFAs has also been studied in humans. A study
by Thornburn and colleagues [172] found that high dietary fibre intake during late pregnancy was
associated with higher acetate levels in humans and protected the infants against the development

of airway disease.

Additionally, in a mouse model of allergic airway disease, administration of a high-fibre diet caused
alterations in the gut microbiota by increasing proportions of bacteria belonging to the
Bacteroidetes phylum, which are known as potent fermenters of fibre into SCFAs [173]. These
changes were accompanied by increases in circulating SCFAs [167]. Mice fed a fibre-rich diet showed
reduced levels of IL-4, IL-5, IL-13 and IL-17A expression in lung tissue, reduced eosinophil infiltration
into the lung, and improved airway hyperresponsiveness. These effects on allergic inflammation
were found to be dependent on GPCR41 but not GPCR43. Collectively, these results illustrate that
dietary fermentable fibre and SCFAs can shape the immunological environment in the lung and

influence the severity of allergic inflammation.

This axis is bidirectional and respiratory infection can drive perturbations in the gut microbiome
[169, 170]. A study reported that intratracheal administration of lipopolysaccharide disrupted the
airway microbiota and led to the translocation of airway bacteria belonging to the Clostridium and
Lachnospiraceae genera into the bloodstream which altered the gut microbiota within 24 hours and
led to an increase in total bacterial load [174]. Furthermore, intranasal delivery of a nonabsorbable
tracer into the nasal cavity of mice was found in the gastrointestinal tract shortly after [170].
Collectively, these studies illustrate the existence of a bidirectional communication occurring

between these two mucosal sites. However, what still remains unclear is whether these changes
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observed in the microbiota are the cause or the effect of disease and further studies are urgently

needed to validate these findings.

1.4.3 Short-chain fatty acids promote inflammation in the lungs
In the lungs, the pro-inflammatory roles of the SCFAs have also been reported. In 2015, it was
discovered that anaerobic bacteria identified in the lungs of CF patients produced millimolar
concentrations of SCFAs, which induced a dose-dependent release of IL-8 from bronchial epithelial
cells (BECs) of CF patients [175]. Mirkovi¢ and colleagues observed that this effect was reduced in
BECs from control subjects compared to CF and that GPCR41, but not GPCR43, was upregulated on
the surface of CF BECs compared to BECs from control subjects. This observation was further
validated by showing that suppression of the GPR41 gene, resulted in a significant reduction in SCFA-
mediated IL-8 release by CF BECs [175]. Similarly, Ghorbani and colleagues studied the effects of the
SCFAs acetate, propionate and butyrate on airway inflammatory responses using epithelial cell lines
and primary cultures. In this study, they provide evidence that SCFAs stimulate the release of
proinflammatory cytokines, including IL-8, granulocyte colony-stimulating factor and, IL-6. The
secretion of SCFAs was associated with increased neutrophil recruitment, suggesting that SCFAs
may drive innate immunity in CF airways. Recently, treatment of primary human lung fibroblasts
and airway smooth muscle (ASM) cells with supraphysiological concentrations of propionate or
butyrate in combination with TNF-a resulted in significantly greater IL-6 and IL-8 release from
human lung fibroblasts and ASM cells than challenge with TNF-a alone [176]. In ASM cells, treatment
with acetate in combination with TNF-a induced IL-6 release only. In agreement with previous CF
studies, the authors found that upregulation of IL-6 and IL-8 was mediated through the activation
of GPCR41, but not GPCR43 [176]. These findings suggest that SCFAs may be acting synergistically
with other endogenous molecules such as TNF-a, to promote airway inflammation. Therefore,
SCFAs appear to play a key role in the regulation of inflammation through the activation of GPCRs.
Nonetheless, their effects are context-dependent, and may either result in the stimulation or
dampening of inflammatory processes. However, the relevance of SCFAs in chronic lung diseases

such as IPF is still unknown.

1.5The Respiratory Epithelium

1.5.1 The epithelial barrier
The human respiratory tract acts as the first line of defence against the continuous immigration of
a vast array of airborne microorganisms, including microbes and allergens. The surface of the lungs

is composed of a continuous layer of epithelial cells, which represent a physical and biological
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barrier for potentially harmful environmental stimuli and pathogens [137] (Figure 1.9). The
respiratory system is divided into the upper respiratory tract including the nasal cavity, pharynx,
larynx and the lower respiratory tract which encompasses the conducting airways (trachea and
bronchi), the small airways (bronchioles) and the respiratory zone (the alveoli). All of these
compartments within the respiratory system contain distinct cell types which are required for
maintenance and immune homeostasis. Defects in the respiratory epithelium can lead to the
development of several inflammatory disorders of the airways and lungs [177]. The core function of
the lungs is gas exchange between the lungs and the blood, and the total surface area of the lungs

which is of approximately 70 m? allows for this gas exchange to occur [178].
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Figure 1.9 Composition of the respiratory epithelium in health.

The human respiratory tract is divided into the upper respiratory tract including the nasal cavity, pharynx, larynx and
the lower respiratory tract which comprises the conducting airways (trachea and bronchi), the small airways
(bronchioles) and the respiratory zone (the alveoli). The trachea and large airways are composed of ciliated cells, mucus-
secreting goblet cells, neuroendocrine cells and undifferentiated basal cells. Stromal cells such as fibroblasts provide
ligands and extracellular matrix which modulate airway epithelial cell turnover. The alveoli are comprised of alveolar
macrophages and alveolar type | and type Il cells. Copyright © Immunology [138].
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The respiratory tract harbours several bacterial communities which vary in density and diversity;
with the highest bacterial load observed in the upper respiratory tract. It comprises different
anatomical sites, and the types of epithelial cells which constitute these sites are varied both in
composition and in structure, reflecting the distinct functions of the airway epithelial cells lining the
conducting airways and the respiratory zone of the lungs. The lungs are constantly exposed to
diverse communities of microbes, and the respiratory epithelium in the lower respiratory tract acts
as the first line of defence acting as a barrier against potentially harmful environmental stimuli
[177]. The pseudostratified epithelium of the conducting airways is designed to facilitate effective
mucociliary clearance of particles and microbes and is comprised of the following cell types: ciliated
cells, mucus-secreting goblet cells, club cells, neuroendocrine cells and basal cells which secrete
surfactant [179]. The cilia on the apical surface of ciliated cells shuttle the inhaled particulates and
mucus out of the airways. Scattered throughout the cilia are goblet and secretory cells which secrete
mucus and trap inhaled particulates and microorganisms. Basal cells, also known as progenitor cells,
are capable of self-renewal and act as resident stem cells for the trachea and proximal airways.
These cells are responsible for repopulating the differentiated epithelium during homeostasis and
following lung injury [180]. The trachea and bronchi are underlined with smooth muscle and
interstitial fibroblasts which act as niche-supporting cells aiding in the regulation of the regenerative
response of the airway epithelium after injury [180]. In the alveoli, the epithelial lining consists of
flat alveolar epithelial type I cells (AEC1) which form a continuous layer allowing gas exchange, and
cuboidal alveolar epithelial type 2 cells (AEC2) which act as progenitor cells and secrete pulmonary
surfactant [181, 182]. The presence of intracellular tight junctions and adherens junctions is a
common feature shared by airway epithelial cells and alveolar epithelial cells. Tight junctions are
specialised sites of adhesion between cells and are localised at the apical surface; they are essential
for epithelial adhesion and barrier function, ensuring that the cells adhere together to create

semipermeable barriers between tissue compartments [183].

This intracellular adhesion complex is composed of a branching network of sealing strands, each
strand acting independently from the others. The three major transmembrane proteins are
occludin, claudins and transmembrane junctional adhesion molecules. These associate with
different proteins, including zonular occluden (Z0)-1, -2, and -3 located on the intracellular side of
the plasma membrane. The adherens junctions are positioned immediately below the tight
junctions and are composed of [-catenin and E-cadherin, which mechanically connect the adjacent

cells and initiate proliferation and differentiation [183, 184]. The complexes can be influenced by a
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variety of factors including cellular differentiation, exposure to a range of stimuli including allergens

and pollutants and may vary in disease conditions, contributing to immunopathology [185-188].

1.5.2 The relationship between the lung and its microbiota
Airway epithelial cells contribute significantly to the barrier function of the airway epithelium by
acting as a physical barrier between the external environment and internal milieu. The three main
contributors of this barrier function of the airway epithelium are: mucociliary escalators which trap
and remove inhaled microbes and foreign particles from the airways, intracellular tight and
adherens junctions which regulate epithelial paracellular permeability, and secreted antimicrobial
products which kill inhaled pathogens [177]. The key players that contribute to the mucociliary
function of the airway epithelium are mucus and cilia. Specifically, the submucosal gland in the large
airways harbours the mucus and serous cells which contribute to the production of most airway
mucus [189]. Towards the small airways (bronchioles), goblet and club cells produce mucus whereas
in the respiratory zone (alveoli) AEC1 and AEC2 secrete pulmonary surfactant [190-192]. Mucus is a
gel composed of approximately 95% water and the remaining 5% composed of mucins, salts, lipids,
proteins and immunological factors [193]. The major gel-forming mucins secreted in the airways are
MUCS5AC from goblet cells and MUC5B from submucosal glands [194, 195]. Mucus plays an
important role in lubricating, hydrating and protecting epithelial surfaces. It also houses the majority
of the human microbiome and facilitates interactions between human cells and commensal
microorganisms through the formation of a thin mobile layer which is supported by the periciliary
layer covering the cilia [196, 197]. A functioning mucous barrier is essential for providing an effective
defence against epithelial injury. In contrast, mucus dysregulation is associated with increased
susceptibility to viral infections and respiratory allergies as well as contributing to obstruction in
several respiratory diseases such as asthma, COPD, CF and pneumonia [198, 199]. For example,
mucus overproduction can hamper the ability of the cilia to transport mucus out of the lungs and

may result in the establishment of certain pathogenic bacteria in this obstructed niche [200].

The intracellular tight and adherens junctions are located at the apicolateral border of airway
epithelial cells and provide adhesive contacts between neighbouring epithelial cells [201]. Tight
junctions regulate the transport of solutes and ions across epithelia, whilst the adherens junctions
mediate cell to cell adhesion and initiate the formation and promotion of tight junctions [183, 184].
During disease, disruptions in these junctional complexes can lead to increased epithelial

permeability and pathogen entry [185-188].
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In addition to acting as a physical barrier, the airway epithelium also acts as a biochemical barrier
against invading pathogens. Airway epithelial cells release a wide variety of humoral factors such as
antimicrobial peptides, which exert broad-spectrum antimicrobial activity and kill inhaled
pathogens [202]. Amongst these, human B-defensins are the most abundant antimicrobial peptides
expressed on the surface of the airway epithelium and target a wide range of respiratory pathogens.
It has been shown that their expression in airway epithelia may be either constitutive or inducible

by bacterial products or pro-inflammatory cytokines [203].

Another factor which shapes the maintenance and selection of the lung microbiota is nutrient
availability in a specific niche. Mucins, cytokines, defensins and lactoferrins are all host compounds
which act as a nutrient source for bacteria in the lungs [177, 204]. Along with temperature and
nutrient availability, changes in oxygen tension can also influence microbial growth rates. Significant
regional variation in oxygen tension can be observed within the lungs and can alter population
dynamics by affecting bacterial proliferation [111]. For example, chronic pulmonary diseases are
characterised by an increased mucus production which promotes bacterial growth and leads to the
formation of zones with low oxygen concentration and high temperature favouring the selection
and maintenance of particular bacteria [129]. Taken together, these differences in the biotic (e.g.
cell layers) and abiotic (e.g. temperature, mucus, surfactant, and oxygen tension) characteristics of

the lungs have a major impact on the installation and persistence of the bacterial communities.

1.5.3 Recognition of pathogens by airway epithelial cells
The airway epithelium plays a key role in the host defence system not only simply providing a
structural barrier. Airway epithelial cells also express several pattern recognition receptors (PRRs)
and secrete antimicrobial molecules and mucins, which aid in the defence against invading
pathogens [179]. PRRs are evolutionarily conserved receptors which sense pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) [205-207]. These
transmembrane receptors are classified into four families: the toll-like receptors (TLRs), the
cytoplasmic proteins retinoic acid-inducible gene-I-like receptors (RLRs), the NOD-like receptors
(NLRs) and the C-type lectin receptors (CLRs) [208]. Activation of these PRRs results in the initiation
of numerous extracellular activating cascades, as well as various intracellular signalling pathways

that culminate in inflammatory responses [209].

To date, ten (TLR1-TLR10) have been identified in humans and are characterised by an NH2-terminal
extracellular leucine-rich repeat (LRR) domain, which mediates the recognition of their respective

PAMPs, and a COOH-terminal intracellular trail containing a conserved region called the Toll/IL-1
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receptor homology domain [210]. Two major pathways are initiated following activation of TLRs:
the MyD88-dependent pathway, which is used by all TLRs except TLR3 and results in the activation
of nuclear factor (NF)-kB and activator protein-1; and the TRIF-dependent pathway, which is

initiated by TLRs and TLR4 and results in the activation of type | interferons [211, 212].

TLRs are critical for airway epithelial cell recognition of inhaled pathogens and for innate immunity.
In mammals, the main function of TLRs is to recognise distinct PAMPs including components of
microbial cell walls (TLR1, TLR2, TLR4, and TLR6), flagellin (TLR5), single-stranded or double-
stranded viral RNA (TLR3, TLR7, and TLR8) or CpG-containing DNA (TLR9) [213-216]. TLR3, TLR7,
TLR8, and TLR9 are localised in the endosome for ligand recognition in the lumen of the endosome
[216-220]. In contrast, TLR10 is the only PRR in humans without known ligand specificity and
biological function [221]. TLRs are expressed on immune cells including macrophages, dendritic cells
and B cells as well as nonimmune cells such as endothelial cells and epithelial cells. Signalling
through these TLRs is pivotal in early inflammatory responses to bacteria through the activation and
expression of host cytokines, chemokines and antimicrobial peptides. In humans, bronchial
epithelial cells express most TLRs, including TLR2, TLR3, TLR5, and TLR6 [222]. Allergens and viruses
can also trigger the activation of the PRR system [223-225]. The PRRs embedded in the epithelium
can recognise allergen-associated danger signals via two pathways: protease dependent pathways
which either require direct cleavage of cell-surface molecules or the activation of G-protein coupled

protease-activated receptors and protease independent pathways [226-229].

RLRs are expressed in the cytoplasm in a variety of cells and recognise the presence of genomic RNA
or double-stranded RNA intermediates from single-stranded RNA viruses. For example, melanoma
differentiation-associated gene-5 is expressed in human bronchial epithelial cells and is involved in

the detection of rhinovirus and other viruses [230].

NRLs are a group of cytoplasmic PRRs that are characterised by a central nucleotide-binding and
oligomerisation domain (NOD) and C-terminal leucine-rich repeats [231]. The major role of NRLs is
to recognise cytoplasmic microbial PAMPs and endogenous danger signals, however, the role of
NOD function in airway epithelial cells still remains to be fully elucidated. The role of airway
epithelial cells in immunity to fungi is less well studied. CLRs are PRRs which belong to the dectin
family and recognise fungal cell wall components. For example, dectin-1 is a type |l transmembrane
natural killer (NK)-cell-receptor-like C-type lectin with a single extracellular C-type lectin-like domain
which is expressed in airway epithelial cells and can mediate various cellular responses, including

cytokine and chemokine production [232-234]. Dectin-1 recognises [-glucans; these are
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carbohydrate polymers that are found in the cell walls of fungi, but also in plants and some bacteria
[167, 235-237]. Fungal spores have been shown to be potent allergens which are associated with
allergic and chronic diseases of the respiratory tract such as asthma; therefore, their involvement

should not be overlooked [238].

1.5.4 Infections and the initiation of the epithelial immune response
Infections play an important role in the induction and exacerbation of a multitude of chronic
respiratory diseases, including asthma and COPD [239]. These infections may involve bacteria (e.g.
Streptococcus pneumoniae, Haemophilus influenzae, Chlamydia pneumoniae) or viruses (e.g. RSV,
influenza) and represent a major cause of morbidity, mortality and exacerbations in these diseases
[240, 241]. The initiation of infection usually occurs through the exposure of the respiratory tract to
bacterial or viral particles (Figure 1.10). Bacteria and viruses bind to specific cellular receptors,
including intracellular adhesion molecule 1, sialic acid residues, platelet-activating factor and
mannose-6 phosphate receptors [242]. The internalisation of these infectious agents by airway
epithelial cells induces the stimulation of the PRRs and the secretion of antimicrobial peptides,
reactive oxygen species and reactive nitrogen species. In addition, production of cytokines,
chemokines and other mediators facilitate the recruitment of cells of the adaptive and innate

immune system that are crucial for host defence [177].

In healthy conditions, this combined response results in pathogen clearance. In contrast, in patients
with chronic respiratory diseases, these defences can be impaired, leading to increased
susceptibility to infection that drives inflammatory responses that in turn exacerbate the underlying
disease [243]. During chronic lung disease, barrier function has been shown to be impaired, leading
to increased epithelial permeability. This loss of barrier function results in the influx of pathogens
and other particles and has been linked to triggering of abnormal repair and remodelling [244]. Air
pollutants, allergens and respiratory viruses can all inflict damage to the airway epithelium, either
directly via the proteolytic degradation of airway epithelial intracellular adhesions or indirectly by

binding to PAR-2 expressed on the apical surface of bronchial epithelial cells.
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Figure 1.10 Response of the airway epithelium to infection.

Bacteria and viruses bind to cellular receptors, including intercellular adhesion molecule 1 (ICAM-1), sialic acid residues,
platelet-activating factor (PAF) and mannose-6-phosphate (Man-6-P). The pathogens are internalised in airway
epithelial cells which induce the production of innate immune defensins and the stimulation of intracellular and
extracellular immune receptors such as the toll-like receptors (TLR), retinoic acid-inducible gene-I-like receptor (RLRs),
and NOD-like receptors (NLRs). In healthy individuals, pathogen clearance is achieved following the generation of pro-
inflammatory innate and adaptive immune responses. Copyright © Immunology [138].
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In vitro studies have shown that infection of cells with rhinovirus results in the loss of ZO-1 from the
junctional complex leading to a decrease in transepithelial electrical resistance (TEER), which is a
measure of barrier leakiness. Rhinovirus, along with coxsackie virus, have been shown to affect
occludins, whilst RSV can cause barrier dysfunction by inducing the disassembly of epithelial
junctional complexes [245-247]. Bronchial epithelial barrier function has been shown to be
compromised in asthmatic subjects, with decreases in ZO-1 and TEER correlating with asthma
severity [248]. Furthermore, decreases in E-cadherin and [3-catenin have been observed in bronchial
epithelial cells from patients with asthma, and reduced expression of occludin and claudins has been
reported in COPD [249, 250]. In vivo, leakage of proteins, including albumin into the alveolar space
has been reported following influenza infection [251]. Viruses, pollutants and allergens have all
been reported to associate with junction dysfunction and exacerbated clinical symptoms across the

spectrum of these diseases [245-247, 252, 253].

Similarly, defects in barrier structure and function have also been reported in primary epithelial cell
cultures from asthmatics differentiated at air-liquid interface for several weeks, indicating that
reduced barrier function is a stable property of these cells [254]. Barrier dysfunction is also induced
by the type 2 cytokines IL-4 and IL-13 which inhibit the expression of ZO-1, occludin, E-cadherin and
B-catenin [255]. Furthermore, it has been hypothesised that junctional disruption could be a T
helper 2 (Th2) promoting signal in the airway to restore mucosal integrity [256]. This concept is
corroborated by the fact that siRNA knockdown of E-cadherin results in epidermal growth factor
receptor (EGFR) dependent production of Th2 promoting cytokines thymus- and activation-
regulated chemokine and thymic stromal lymphopoietin by airway epithelial cells which justifies the
association between barrier dysfunction and Th2 driven pulmonary disease [257]. Furthermore, E-
cadherin is also a ligand for CD103, which is expressed on innate and adaptive immune cells and a
subset of dendritic cells. It binds to KLRG1, which is expressed by NK cells, regulatory T cells and

group 2 innate lymphoid cells.

In asthmatics, E-cadherin and occludin are downregulated [248, 258, 259], and the genes for E-
cadherin and protocadherin-1 are known to be associated with airway hyperresponsiveness [260,
261]. E-cadherin prevents the activation of the EGFR receptor by anchoring it within the adherens
junctions [262-264]. As a result of reduced expression of E-cadherin, EGFR can redistribute to the
luminal surface of the cell leading to its activation [265]. However, excessive EGFR activation can
lead to cell proliferation and goblet cell hyperplasia/metaplasia [266]. Indeed, increased expression

of EGFR has been observed in asthma and correlated with impaired mucosal barrier function [248].
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Following dissociation from E-cadherin, B-catenin can translocate to the nucleus, activating Wnt
signalling which results in cell proliferation [267]. It has been shown that dikkopf (DKK) proteins
regulate Wnt signalling via interaction with Kreme (KRM) receptors [268] and the Wnt/B-catenin
pathway has been implicated in IPF [36, 269]. For example, DKK1 expression is increased in lung and
bronchoalveolar lavage fluid of IPF patients. Specifically, the highest level of expression has been
observed in basal bronchial epithelial cells. Moreover, KRM1 expression is also elevated in the lung
tissue of IPF patients, particularly in areas of bronchiolisation [269]. Interestingly, the
phosphorylation signatures of B-catenin in IPF are the same as in normal lung development, again
indicating that repair of lung injury involves reactivation of developmental programmes [270].
Wnt/B-catenin signalling is also implicated in the pathogenesis of COPD. In contrast to what has
been observed in IPF, signalling in the mesenchymal compartment is inactivated rather than
activated [271]. It has been hypothesised that a shift from canonical Wnt signalling (B-catenin

dependent) to non-canonical pathways may drive IPF pathology [272].

Basal cells are an important population of self-renewing, progenitor cells which differentiate into
ciliated and secretory cells to repair the injured airway epithelium and are found in highest
concentration in the trachea, with numbers diminishing further down the bronchial tree to the
bronchioles. When damage occurs, these cells upregulated p63; a basal cell restricted transcription
factors, which has been implicated in epithelial-mesenchymal transition [273]. To further support
the involvement of bronchial derived cells in the pathogenesis of IPF, a study by Jonsdottir and
colleagues has shown that basal epithelial cells overlying fibroblastic foci in IPF acquire increased

reactivity, determined by p63 expression, and gain a partial mesenchymal phenotype [274].

1.6 Summary of findings and unanswered questions

Systematic changes in bacterial community composition, such as increased bacterial burden and
abundance of potentially pathogenic bacteria may drive disease progression, acute exacerbations,
and mortality in IPF. It is likely that the dialogue between specific bacterial communities and the
host is a dynamic phenomenon. The cellular components within the lungs, as well as the abiotic
environment (e.g. temperature, pH, mucus, pulmonary surfactant, nutrient availability, and oxygen
tension), may affect the installation and location of the bacterial communities within the lungs.
Indeed, in several chronic lung diseases, loss of barrier has been shown to influence the composition
of the respiratory microbiota by allowing the entry of pathogens and other particles. Yet, in IPF, the
functional role of these bacterial communities in the airway compartment remains unclear with the

functional interactions between the host and its respiratory microbiome unstudied. In particular,
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the precise mechanisms underlying how the lung microbiome interacts with lung resident
inflammatory cells and the airway epithelium, are yet to be elucidated. The focus of research in IPF
has been on type 2 cells and alveolar epithelial cells, however, the microbiome and the anti-
pathogen defences described in sections 1.5.2-1.5.4 are generally active higher up in the proximal
and distal airways where bronchial epithelial cells reside. Currently, the bleomycin-induced lung
injury model remains the most widely used model to study IPF. However, this model fails to fully
recapitulate the human IPF disease state, and no drugs have been successfully developed using this
model [275]. Therefore, for the purpose of this thesis, the human in vitro model was used to study
the impact of the respiratory microbiome and metabolome on primary bronchial epithelial cells

(PBECs) and human lung fibroblasts (HLFs) from healthy controls and subjects with IPF.

It is clear that more information is needed to better understand the nature of the dialogues
occurring between the respiratory microbiota and epithelial cells in the lungs to further elucidate
the function and mechanisms through which the microbiota shapes the development of fibrosis in
IPF. Further studies are urgently needed to validate these findings, address the crucial question of

causality and potentially shape future interventional trials.

1.7 Hypothesis
The overarching hypothesis is that increased bacterial burden and shifts in bacterial communities
within the lungs of IPF subjects results in aberrant production of metabolites which drive

inflammation, lung structural remodelling and ultimately result in fibrosis.

1.8 Aims

1. To phenotype the airway microbiome in patients with IPF and healthy controls.

2. To phenotype the airway metabolic profile in patients with IPF and healthy controls by
untargeted 'H Nuclear Magnetic Resonance (NMR) spectroscopy and by targeted gas-
chromatography-mass spectrometry (GC-MS).

3. Toinvestigate the effect of microbial metabolites, specifically the SCFAs acetate, propionate

and butyrate on airway epithelial cells and fibroblasts.
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2 Chapter 2: Materials and Methods

2.1Study Design

2.1.1 Subject recruitment

Subjects with a clinical diagnosis of IPF according to the current ATS/ERS/JRS/ALAT guideline

definitions were recruited from the Interstitial Lung Disease Unit at the Royal Brompton Hospital

(London, United Kingdom), between May 2014 and May 2018 [276]. Age-matched healthy control

subjects were also recruited at this time and included smokers and non-smokers. No a priori power

calculation was performed given the exploratory nature of the study and based on feasibility of

sampling. Inclusion and exclusion criteria for these subjects are detailed in Table 2.1.

Table 2.1 Inclusion and exclusion criteria for study participants.

Diagnosis Inclusion Criteria Exclusion criteria
IPF Aged > 18 years Co-existent conditions known to be associated with
o ) . development of fibrotic lung disease (i.e. connective tissue
Clinical diagnosis of IPF . . S . .
) disease, asbestosis, sarcoidosis, drug induced lung disease).
according to the latest
ATS/ERS/JRS/ALAT Subjects with auto-immune profile considered diagnostic for
guidelines [276]. a specific connective tissue disease even in the absence of
systemic symptoms.
Subjects with a history of self-reported upper or lower
respiratory tract infection, an AE-IPF or antibiotic use in the
three months prior to bronchoscopy.
Subjects involved in clinical trials for therapeutic agents for
IPF.
Controls Age > 18 years Subjects with a history of self-reported upper or lower

No history or clinical
diagnosis of COPD, asthma
or allergic rhinitis.

Post-bronchodilator FEV; >
80% predicted for age and
height.

Post-bronchodilator
FEV1/FVC ratio > 70%.

respiratory tract infection or antibiotic use in the three
months prior to bronchoscopy.

Subjects with any clinically relevant or significant systemic
disease.

IPF: idiopathic pulmonary fibrosis; AE-IPF: acute exacerbation of idiopathic pulmonary fibrosis; HRCT: high-
resolution computed tomography; BAL: bronchoalveolar lavage; COPD: chronic obstructive pulmonary disease;
FEV:: forced expiratory volume in 1 second; FVC: forced vital capacity.
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2.1.2 Ethics statement
Ethical approval for the study was given by the Research Ethics Committee (10/HO720/12 and

15/5SC/0101), and all patients provided informed written consent.

2.1.3 Subject assessment and pulmonary function testing
As part of the routine clinical workup, a full history and clinical examination was performed on all
subjects. Lung function testing was performed at baseline and every six months. Testing was
conducted according to established protocols by NHS staff at the Royal Brompton Hospital (London,

United Kingdom).

2.1.4 Fibre-optic bronchoscopy with bronchoalveolar lavage
Fibreoptic bronchoscopy with bronchoalveolar lavage (BAL) was performed via the oropharyngeal
route as per international guidelines [277]. Sixty ml aliquots of buffered warm saline were
separately instilled into a segment of the right middle lobe to a total volume of 240 ml and then
aspirated by manual suction. Negative bronchoscopy controls were also collected at the time of
sampling to control for any potential contamination at the time of bronchoscopy. These samples
were collected by aspirating the same buffered saline through the bronchoscope suction channel
prior to bronchoscopy and processed in parallel with the samples. Two bronchial brushes (Olympus;
Cat #: BC-202D-3010) for cell culture were obtained for each patient in the same location as the
bronchoscopy and placed directly in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Cat #:
41966029) transport media. The BAL samples and bronchial brushes were immediately placed on

ice in a sealed container and transported to Imperial College London for further processing.

2.1.5 BAL differential cell counts
Post-collection, unfiltered, and unprocessed BAL samples were immediately placed on ice and cells
were counted (300 cells counted). BAL cell differentials were performed to assess counts of

macrophages, lymphocytes, and neutrophils. The remaining BAL fluid aliquots were frozen at -80°C.

2.1.6 MUC5B genotyping
Genotypes of the MUC5B SNP rs35705950 were determined using the Tagman SNP genotyping
assay (ThermoFisher, UK). Reactions were carried out in 96-well plates and acquired using the Viia

7 Real-Time PCR System (ThermoFisher, UK).
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2.2Bacterial 16S rRNA Gene Analysis

2.2.1 Reagents for bacterial DNA isolation
Sodium chloride (NaCl), monosodium phosphate (NaH;POa), disodium phosphate (Na;HPO.),
hexadecyltrimethylammonium bromide (CTAB), polyethylene glycol 6000/NaCl (PEG6000/NaCl),
Tris-ethylenediaminetetracetic acid (Tris-EDTA), linear polyacrylamide (LPA, GenElute™),
chloroform:isoamyl alcohol (24:1, v/v), phenol:chloroform:isoamyl alcohol (25:24:1, v/v), and 70%

ethanol were purchased from Sigma-Aldrich (UK). All solutions were autoclaved prior to use.

2.2.2 Bacterial DNA isolation and precipitation
Two aligquots of BAL (2 ml) were centrifuged at 21,000 x g for 30 minutes to pellet cell debris and
bacteria. Pellets were resuspended in 100 pl of supernatant and transferred to a lysing matrix E
(LME) tube (MP Biomedicals, USA). The remaining supernatants were stored in CryoPure tubes
(Sarstedt, UK) at -80 °C for further analysis. An aliquot of 500 pl of CTAB extraction buffer (10% w/v
CTAB in 0.5 M phosphate-buffered NaCl) was added to each LME tube and incubated at room
temperature for 15 minutes. Then, 500 ul of phenol:chloroform:isoamyl alcohol was added, after
which samples were homogenised using a FastPrep®-24 homogeniser (CY: 24 x 2, 5.5 m s, 60
seconds, MP Biomedicals, USA) and centrifuged at 16,000 x g for 5 minutes. Subsequently, the
supernatant was transferred into a 1.5 ml microcentrifuge tube and samples were centrifuged at
2,000 x g for 2 minutes. The aqueous phase was recovered, to which an equal volume of
chloroform:isoamyl alcohol was added. Samples were mixed by inversion and centrifuged again at
2,000 x g for 2 minutes. The aqueous phase was transferred into a fresh microcentrifuge tube
containing 1 pl of LPA to which 2 volumes of precipitation solution (30% w/v PEG6000 in NaCl) were
added. Samples were left overnight at 4°C to precipitate. The following day, DNA was pelleted
(16,000 x g, 4 °C, 20 minutes), and the precipitation solution was aspirated. To remove any salts

pellets were washed three times with ice-cold 70% ethanol and resuspended in 50 pl of Tris-EDTA.

2.2.3 Bacterial DNA quantification
The quality and quantity of the isolated DNA were measured using a NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific, UK). The ratio of absorbance at 260 nm and 280 nm
was used to assess the purity of DNA; a ratio of approximately 1.8 is considered pure for DNA [278].
If this reading is lower it may indicate the presence of contaminants which absorb at that specific
wavelength. It may also indicate the presence of a protein or chemicals such as the phenol used in
the DNA isolation step. The 260/230 nm ratio is used as an additional measure of nucleic acid purity.

A value in the range of 2.0-2.2 is considered pure for DNA. Lower values may indicate the presence
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of contaminants such as the elution buffer Tris-EDTA, which absorbs at 230 nm. Following

guantification, the DNA was stored at -80°C until further use.

2.2.4 Identification of procedural contaminants
Contamination presents a critical problem when evaluating samples with low microbial biomass,
such as the lungs. The low amount of starting material may be swamped by the amplification of
reagent-derived contaminants and result in erroneous representations of the microbial community.
To determine the level of background microbial contamination negative control samples were
collected by aspirating buffered saline through the bronchoscope suction channel before
bronchoscopy. Reagent controls including the buffers used in the DNA extraction protocol were also
included in the study. Mock community standards were analysed as quality controls in each

sequencing run. Samples were randomised prior to processing to avoid batch effect.

2.2.5 16S rRNA sequencing of the V4 region of bacterial 16S rRNA gene
Illumina MiSeq paired-end sequencing of the hypervariable V4 region of the 16S rRNA gene with
515 Forward (5-GTGCCAGCMGCCGCGGTAA-3’) and 806 Reverse (5'-GGACTACHVGGGTWTCTAAT-
3’) primers was performed at the New York University School of Medicine (USA) [279] (Figure 2.1).
The choice of target marker gene region was based on previous studies which have shown that the

V4 region generates the most accurate descriptions in low biomass samples.

P5
515F
V4
806R index
SBSF 46 bp overlap
(515F) 150 bp _
P5 index

V4
150 bp SBSR
L Y ) (806R)

254 bp

Figure 2.1 Schematic representation of amplification strategy of 16S V4 region.

The V4 region was amplified (150bp read length, paired-end protocol) from each sample using primer set
515F/806R tailed with sequences (P5 and P7) to incorporate Illumina adapters with indexing barcodes [279].
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Each unique barcoded amplicon was generated in pairs of 25 ml reactions using the following
reaction conditions: 11 ml PCR-grade H,0, 10 ml Hot MasterMix (Beckman Coulter, Brea, CA), 2 ml
of forward and reversed barcoded primer (5 mM) and 2 ml template DNA. Reactions were run on a
C1000 Touch Thermal Cycles (Bio-Rad, Hercules, CA) with the following reaction conditions: initial
denaturing at 94°C for 3 minutes; 35 cycles of denaturation at 94°C for 45 seconds; annealing at
58°C for 1 minute; extension at 72°C for 90 seconds; and final extension of 10 minutes at 72°C.
Amplicons were quantified using Agilent 2200 TapeStation system and pooled. Purification was
performed using Ampure XT (Beckman Coulter, Brea, CA) as specified in the manufacturer’s
instructions. Sequencing was performed using an lllumina MiSeq instrument (lllumina, San Diego,

CA) to produce 150 base-paired reads [279].

2.2.6 Bioinformatics analysis
Post-sequencing, bioinformatic analysis of bacterial 16S rRNA amplicon data was conducted using

the Quantitative Insights Into Microbial Ecology (QIIME, http://giime.org; version 2) pipeline [280]

running on the Imperial College Codon cluster computer. The code used for each step detailed

below is included in Appendix 1. The following steps (2.3.1.1-2.3.1.7) were performed:

2.2.6.1 Raw sequence reads

The barcodes, forward and reverse raw sequence reads were stored in the format of paired .fastq
files. The standard storage format for raw nucleotide sequences is the .fastq text-based file format
which also holds identifying information along with the corresponding Phred quality score [281] for
each base. A FASTQ file is divided into 4 lines per sequence; Line 1: begins with ‘@’ followed by the
sequence identifier and associated description. Line 2: contains the raw sequence letters. Line 3:
starts with ‘+’ and may optionally contain the sequence identifier. Line 4: contains the quality values
for the sequence listed in Line 2 and must be of the same length as the sequence. The quality score
reflects the probability of sequencing error at that nucleotide position (Figure 2.2). Sequences are
available via the National Centre for Biotechnology Information Sequence Read Archive (accession

number PRINA609242).

@SEQ_ID
GATTTGGGGTTCAAAGCAGTATATCGATCCAAATAGTAAATCCATTTCCATTTGTTCAA

+

P7*(((**))%%%++) (%%%%).1%**-+*""))**55CCF>>>>>>>CCCCCCC65

Figure 2.2 Data output in the FASTQ file format.

Illustrating an example of a FASTQ file containing a single sequence.
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2.2.6.2 Metadata
Prior to analysis, a mapping file containing the names and barcode sequences used for each sample,
the linker and primer sequence used for amplification and the metadata associated with each

sample was generated in excel.

2.2.6.3 Importing paired-end sequence data
The paired-end sequences were imported using the --giime tools import command for importing

paired-end sequence data.

2.2.6.4 Demultiplexing and quality control of paired-end sequence data

A unique barcode sequence is appended to the end of each sequence; this allows to determine
which barcode sequence is associated with each sample and to subsequently demultiplex the
sequences. Paired-end reads from the lllumina MiSeq were demultiplexed using the --giime demux
emp-paired command. The barcode reads were the reverse complement of those included in the
sample metadata file, so the --p-rev-comp-mapping-barcodes parameter was included as an
additional command to account for this. Following demultiplexing of the reads, the sequence quality
based on ten-thousand randomly selected reads were observed and used to determine what

trimming parameters were used for denoising the reads (step v).

2.2.6.5 Denoising, dereplicating and clustering of reads

Denoising of reads was conducted using the Divisive Amplicon Denoising Algorithm 2 (DADA?2)
method. The --giime dada2 denoise-paired method filters out noisy sequences, corrects errors in
marginal sequences and filters the sequences by removing chimeras and singletons [282]. Joining of
the denoised paired-end reads happens at this stage following which the sequences are
dereplicated. Dereplication of the sequences reduces the repetition and file size requirement in
downstream steps. The main outputs are the feature table and the corresponding feature
sequences. The features produced are termed amplicon sequence variants (ASVs). The set of query
sequences were then aligned against the Greengenes database set of reference sequences using
the vsearch algorithm [283]. This method aligns feature sequences to a set of reference sequences
to identify sequences that hit or miss the reference within a specified per cent identity (97%
identity). Open-reference clustering of the feature table was performed at 97% identity against the

Greengenes reference database [284].
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2.2.6.6 Taxonomic classification and phylogenetic tree construction

Taxonomy was assigned using the --giime feature-classifier classify-sklearn command using the
Greengenes reference database [285]. A Newick formatted tree was constructed using FastTree
[286], and the --giime phylogeny midpoint root command was utilised to construct a rooted tree for

downstream diversity analyses.

2.2.6.7 Exporting feature table, phylogenetic tree, taxonomy and metadata

The feature table constructed for downstream analysis along with the representative sequences,
rooted phylogenetic tree and mapping file (containing the metadata for each sample) were
imported into R (version 3.6.1) and combined using the phyloseq package [287]. Details on further

analyses carried out are detailed in section 2.2.7.

2.2.7 Diversity and statistical analyses
All analyses were performed in the R software environment (version 3.6.1) [288]. The number of
different taxa present (richness) and the proportions of taxa (evenness) are used to describe a
microbial community [289] (Figure 2.3). These factors determine the diversity of a specific

community. The diversity within a single sample is referred to as alpha diversity (o.-diversity).

Evenness

Figure 2.3 Community diversity is measured according to species richness and evenness.

Species Richness

The communities are represented by the four circles and within them are the different taxa illustrated by the shapes
and their distinct colours. Adapted from Cox [289]. Copyright © Human Molecular Genetics.

68



Community structure can be characterised using a variety of metrics. For the purpose of Chapter 3

and Chapter 6, the following a-diversity metrics were calculated using the phyloseq package [287]:

e Shannon’s index: a measure of entropy which accounts for both the abundance and
evenness of the taxa present in a sample [290].
e Chaol index: estimates diversity from abundant taxa as well as the number of rare taxa

missed from undersampling [291].

Beta diversity (B-diversity) refers to the level of dissimilarity between communities within a given
group [292]. In order to visualise how different dissimilar communities were to one another,
principal component analysis (PCA) was used. PCA was performed using the phyloseq package using
the Euclidean distance as the measure of the distance between communities. Statistical differences
in community between groups were determined by permutational multivariate analysis of variance
(PERMANOVA) on a Euclidean distance matrix using the adonis function in the vegan package. This
test compares the variance within-groups and between-groups and uses permutation to test for

significance rather than assuming a normal distribution.

2.2.8 Differential abundance analysis
Differences in taxonomic abundance between groups were tested using the Mann-Whitney U test
for comparisons between two groups, the Kruskal-Wallis test for comparisons between more than
two groups. Spearman’s rank correlation was used for the measurement of correlation with
continuous variables. Differences in taxa abundance were restricted to ASV that were present at
greater than 1% of the sampled population. A P-value of 0.05 was considered statistically significant.
Differentially abundant bacteria within each group were identified using linear discriminant analysis
coupled with effect size (LEfSE) [293]. Only taxa meeting a linear discriminant analysis threshold >

2.0 were plotted.

2.2.9 Summary of microbiome workflow
An outline of the 16S workflow is illustrated in Figure 2.4 and can be divided into upstream and

downstream stages.
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Figure 2.4 Microbiome workflow analysis.

The upstream analysis includes the processing of the sequencing output and generating the feature table and
phylogenetic tree for microbial analysis. The downstream analysis uses the feature table and phylogenetic tree to
perform diversity analyses, statistics and interactive visualisations of the data.

2.2.10 Statistical analysis

Continuous variables are presented as means (+ standard deviation) and categorical variables as
proportions. Data analysis was performed using R (version 3.4.3) [294]. Differences in BAL
differential cell counts, bacterial burden and taxonomic composition between healthy controls and
subjects with IPF were statistically tested by Mann-Whitney U test. Differences in bacterial burden
according to MUC5B genotype were tested using Kruskal-Wallis test with Dunn’s multiple
comparison test. Spearman’s rho was used to calculate correlations between continuous variables.
Assessment for co-linearity of predictor variables was made using correlation coefficients.

Differentially abundant bacteria between the two groups were assessed using LEfSe. Features
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significantly discriminating among the groups with a linear discriminant analysis (LDA) score > 2.0
were represented as a cladogram, as produced by LEfSe with default parameters. Changes in
microbial biodiversity and richness between healthy controls and IPF subjects were evaluated using
the Shannon and Chaol a-diversity indexes and tested by Mann-Whitney U test. B-diversity of
healthy controls and IPF subjects was restricted to ASVs that were present at greater than 1% of the
sampled population, calculated using the Euclidean distance, visualised by PCA and significance of
differences in community composition determined by PERMANOVA adjusted for age, sex, smoking
status, FVC (% predicted) and DLco (% predicted). To assess survival probability in IPF subjects
Kaplan-Meier curves were constructed and assessed using a multivariate Cox proportional hazard
model, adjusted for age, sex, smoking status and FVC (% predicted). Data were log-transformed
where appropriate. Transformed bacterial burden data was examined using univariate and stepwise
multivariate linear regression models against computed tomography (CT) features and cell

differentials. In all analyses, a P value < 0.05 was considered statistically significant.

2.316S Gene Quantitative Polymerase Chain Reaction (qPCR)
2.3.1 Amplification of Vibrio natriegens DSM 759

Vibrio natriegens DSM 759 strain DNA was amplified using 16S 27 Forward and 1492 Reverse
primers [295]. Triplicate PCR reaction were set up containing 1 ul of Forward primer, 1 ul Reverse
primer (both 10 uM stock concentration), 1 ul of template, 0.5 pul dNTP mix (50 mM), 1 ul BSA (Sigma
B8667 20 mg/ml), 6.5 ul Glycine betaine (1.3 M), 2.5 ul FastStart 10X Buffer, 0.25 ul FastStart
HiFidelity Polymerase (5 U/ul), and 11.25 pul PCR-grade water to a final reaction volume of 25 pl per
reaction. A negative control containing 1 ul of PCR-grade water rather than template was also
included. Cycling conditions were: one cycle at 95°C for 2 minutes, 30 cycles at 94°C for 20 seconds

and 72°C for 5 minutes.

2.3.2 Gel extraction of Vibrio natriegens DSM 759 amplicons
The products were visualised by electrophoresis on a 1% agarose gel (1g agarose gel per 100 ml 1X
Tris/Borate/EDTA stained with 1 ul of GelRed stain to confirm amplification and verify the negative
PCR control. Amplicons were excised and purified using the QlAquick® Gel Extraction Kit according
to manufacturer’s instructions. All centrifugation steps were performed at 17,900 x g (Prism™

Microcentrifuge, UK). The column purified PCR product was eluted in 50 ul of final elution buffer.

71



2.3.3 Amplicon cloning
Amplicons were cloned using the TOPO® TA Cloning® kit (Invitrogen) as follows: a cloning reaction
containing 4 ul of PCR product, 1 pl of salt solution (1.2 M NaCl, 0.06 M MgCl), and 1 ul of the
TOPO® Vector were combined to a final reaction volume of 6 pl and incubated at room temperature
for 5 minutes. One vial of One Shot® Escherichia coli (E.coli) cells was thawed on ice after which 2
ul of the cloning reaction was added, mixed and incubated on ice for 30 minutes. Subsequently, the
cells were heat-shocked for 30 seconds in a water bath at 42°C and immediately transferred on ice.
An aliquot of 250 pl of SOC medium was added to the tube and incubated in a shaking incubator
(New Brunswick™ 126/126R Incubator, Eppendorf, UK) at 2000 x g at 37°C for 1 hour. Volumes of 5
ul, 5 pl and 20 ul were plated onto three pre-warmed Luria-Bertani (LB) agar plates containing X-
Gal and 100 pg/ml ampicillin and incubated overnight at 37°C. Following overnight culture, ten
white colonies were picked and cultured overnight at 37°C in LB culture medium containing 100

ug/ml of ampicillin.

2.3.4 Plasmid DNA purification

Plasmid DNA was isolated from the transformed and cultured cells using the QlAprep® Spin
Miniprep Kit (QIAGEN) as per manufacturer’s instructions. An aliquot of 2 ml of the bacterial
overnight culture was pelleted by centrifugation at 6800 x g for 3 minutes at room temperature.
The pelleted bacterial cells were resuspended in 250 ul Buffer P1 and transferred to a
microcentrifuge tube. An aliquot of 250 pl Buffer P2 was added, and the contents were mixed
thoroughly by inverting the tube 5 times. A volume of 350 pul Buffer N3 was added and contents
mixed by inverting the tube a further 5 times. The contents were centrifuged for 10 minutes at
17,900 x g. An aliquot of 800 pl supernatant was added to the spin column (QlAprep 2.0) by gently
pipetting and centrifuged for 60 seconds, following which the flow-through was discarded. The spin
column was washed by adding 0.5 ml Buffer PB and the flow-through discarded after centrifuging
for 60 seconds. The spin column was washed an additional time by adding 0.75 ml Buffer PE and the
flow-through discarded after centrifuging for 60 seconds. Following this, the spin column was
centrifuged for 1 minute to remove residual wash buffer and placed in a clean 1.5 ml
microcentrifuge tube. To elute DNA, 50 ul Buffer EB (10 mM Tris Cl, pH 8.5) was pipetted to the
centre of the spin column, left to stand for 1 minute and centrifuged for an additional minute. The
qguantity and quality of plasmid DNA were measured using the NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific, UK). The ten plasmids yielded high yields of pure DNA
(Table 2.2).
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Table 2.2 Nanodrop results of the purified plasmids.

Plasmid ng/ul A260/280 A260/230
1 342 1.87 2.01
2 311 1.86 1.89
3 302 1.88 2.06
4 315 1.86 1.90
5 215 1.86 1.80
6 326 1.87 2.03
7 342 1.89 2.29
8 280 1.85 1.91
9 273 1.87 2.10
10 293 1.86 1.98

Purified amplicons were sent externally for Sanger sequencing (Eurofins Scientific, UK). Using the
recommended external Sp6 Promoter (F) and T7 promoter (R) for sequencing produces a large
product of at least 1542 bp (Figure 2.5). The aligned sequences had a length of 1492 bp and the

consensus sequence aligned exactly to Vibrio natriegens DSM 759.
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lacZo ATG
M13 Reverse Primer | .‘-Mn‘dlll Kpn | SecEIB‘mHI Sjlael

|
CAG GAA ACA GCT ATG AC|C ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GIC CTT TGT CGA TAC TGG TAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

Bstl Ec?RI E:leHI
GTA ACG GCC GCC AGT GTG CTG GAA TTC GGC TT PCR Product [JA GCC GAA TTC TGC
CAT TGC CGG CGG TCA CAC GAC CTT AAG CCG AL) TT CGG CTT AAG ACG
Ava |
PaeR7 |
EcoRV BstX | Not | Xho | Nsi| Xba | Apal

| | \ | [l |
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG|CCC TAT
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA

T7 Promoter M13 Forward (-20) Primer
AGT GAG TCG TAT TAICAAT TCA |CTG GCC GTC GTT TTA C|AA CGT CGT GAC GAA AAC
\ TCA CTC AGC ATA AT|GTTA AGT |[GAC CGG CAG CAA AAT GTT GCA GCA CTG ACC CTT TTG

Comments for pCR™2.1
3929 nucleotides

LacZa gene: bases 1-545

M13 Reverse priming site: bases 205-221

T7 promoter: bases 362-381

M13 (-20) Forward priming site: bases 389-404
1 origin: bases 546-983

Kanamycin resistance ORF: bases 1317-2111
Ampicillin resistance ORF: bases 2129-2989
pUC origin: bases 3134-3807

Figure 2.5 Map of the linearized vector, pCR™2.1-TOPO.

Illustrating the start of transcription for the T7 RNA polymerase (1), restriction- and primer sites and the insertion site
of the PCR product. Obtained from the TA Cloning® Kit (Invitrogen) user guide.
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The purified PCR product was diluted down to a working concentration based on the NanoDrop

readings (Table 2.3). To calculate the number of molecules/ul the following calculation was used:

273.1x6.022 x 10?3
656.6 x 109 x 5396

Molecules/pl = = 4.64 x 101° mol/ul

e Concentration of plasmid DNA (Table 2.2; Plasmid #9): 273.1 ng/ul.

e Avogadro constant: 6.022 x 10%3.

e Average weight of a single DNA base pair: 656.6 Da. Multiplied by 10° to convert to ng.
e Length of plasmid and insert in base pair: 3931 + (1492-27) = 5396 base pairs.

A 500 pl 10° stock of plasmid DNA was calculated as follows:

4.64 x 101° mol/pl

1x10° mol/pl = 46.4df
00U _ 677
s64df T H

500 pl — 10.77 pl = 489.23 pl

A new 10° stock containing 489.23 ul PCR-grade water and 10.77 ul plasmid DNA was prepared and
stored at -80°C until further analysis. From here, two serial dilutions (1:10) were performed to
produce a stock solution for the standard curve (Table 2.3). Serial dilutions of the standard curve

were prepared fresh for each gPCR run.
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Table 2.3 Dilutions of working stock used to construct the qPCR standard curve.

Standard DNA (pl) Dilution in H0* (ul) Molecules/pl
1 10 (10° stock DNA) 90 1x108
2 10 (dilution) 90 1x107
3 10 (dilution) 90 1x10°
4 10 (dilution) 90 1x10°
5 10 (dilution) 90 1x10*
6 10 (dilution) 90 1x10°
7 10 (dilution) 90 1x 102

*PCR-grade H,0 (Qiagen, Cat #: 17000).

2.3.5 Quantitative 16S rRNA gene PCR
To assess the quantity of 16S bacteria present in each sample qPCR was performed and acquired
using the Viia 7 Real-Time PCR System (ThermoFisher, UK). Reactions were performed in triplicate
on a 96-well plate. These were set up to obtain a final reaction volume of 10 pl. Each reaction
contained 1 pl of bacterial DNA and 9 ul of Femto™ bacterial gPCR premix (Cambridge bioscience,
UK). Each run contained a 10-fold dilution series run in duplicate of the Vibrio natriegens DSM 759
16S rRNA gene cloned into a plasmid of known size and a non-template control (PCR-grade water,
H,0). For data acquisition, the following cycling parameters were used: 1 cycle of 95°C for 10
minutes; 40 cycles of 95°C for 30 seconds, 50°C for 30 seconds, 72°C for 1 minute; and 1 cycle of
72°C for 7 minutes. Following the final extension step, a melting curve was acquired at 95°C for 15
seconds, 60°C for 1 minute and 95°C for 15 seconds. The standard curve samples were used to

extrapolate the total 16S rRNA copy number from cycle threshold values for the BAL samples.
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2.4 H Nuclear Magnetic Resonance Spectroscopy

2.4.1 Reagents for 'H NMR
Potassium dihydrogen phosphate (KH2POa, Cat #: P3786), potassium hydroxide (KOH, Cat #: P5958),
sodium azide (NaNs Cat #: 08591), 3-(trimethyl -silyl)-[2,2,3,3,-2H4]-propionic acid (TSP, Cat #:
269913) and NMR-grade deuterium oxide (D;0, Cat #: 151882) were purchased from Sigma-Aldrich
(UK).

2.4.2 D0 buffer preparation
A total of 10.2 g KH,PO4 were dissolved in 40 ml D,0. Separately, 50 mg of the internal standard,
TSP, and 6.5 mg NaNs3; were dissolved in 3 ml D;0. The solutions were combined, mixed with a
magnetic spinner and topped up with 7 ml D0 to obtain a final volume of 50 ml. The pH was

adjusted to 7.4 with KOH tablets and checked with a pH meter (Mettler Toledo, UK).

2.4.3 Sample collection and preparation
BAL was obtained from patients undergoing bronchoscopy, as previously described in section 2.1.4.
Samples stored at —80°C were thawed on ice, vortexed and centrifuged at 15,000 x g for 30 minutes
at 4°C to pellet debris. A total of 540 pl of BAL supernatant was transferred into an Eppendorf to
which 60 ul D20 buffer was added. For each sample, an aliquot of 550 ul of BAL supernatant was
transferred to a 5 mm outer diameter NMR tube (Bruker, UK, Cat #: Z112273) for analysis.

2.4.4 One-dimensional *H NMR spectroscopy
One-dimensional (1D) *H NMR spectroscopy experiments with water pre-saturation enable the
acquisition of the resonance of all *H-containing molecules in a given sample including signals from
small molecules and broader signals from large molecules [296]. 1D NMR spectroscopy has been
utilised throughout this work and involves two steps: pulse and acquire. A single pulse sequence
employed in 1D NMR experiments generates a free induction decay response which can be
acquired. In order to maximise the signal to noise ratio, the pulse sequence can be repeated several
times. Subsequently, the background signal to noise ratio is reduced. Lack of sufficient relaxation
will prevent the signal intensity to fully recover prior to the subsequent pulse and can result in a less
accurate quantitation of the analytes. Therefore, to minimise this, a delay time is applied between

consecutive pulses to ensure that complete relaxation occurs.
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2.4.5 Nuclear Overhauser Effect Spectroscopy (NOESY) *H Nuclear Magnetic Resonance
(NMR) spectral acquisition of bronchoalveolar lavage (BAL) supernatant samples

'H NMR spectroscopy was performed at 300 K (26.85 °C) using a TXI probe on a Bruker 600 MHz
spectrometer (Bruker Biospin, Karlsruhe, Germany). All samples were acquired using the 1D NOESY-
pulse sequence, and BAL spectra were referenced to TSP (6 0.0). The ‘NOESY presat’ pulse sequence
is used for the acquisition of spectra from samples which are characterised by a poor
macromolecular content [296]. Samples were measured in 5 mm outer diameter NMR tubes. Typical
acquisition parameters were: spectral width: 20 ppm; time-domain points: 65536; acquisition time:

2.7 s; number of scans: 32; number of dummy scans: 4 and line broadening: 0.3 Hz.

2.4.6 Spectral pre-processing
Pre-treatment of raw spectral data is pivotal to generate reliable, interpretable models and to draw
accurate comparisons between datasets. Following the spectral acquisition, the frequency has to
be adjusted to the internal reference standard, TSP (6 0.0). This ensures that the chemical shifts of
the metabolites are identical across all acquired spectra. TSP absorbs energy at a low frequency and
therefore its resonance does not overlap with the resonances of other metabolites in the sample of
interest. Molecules are characterised by their chemical shift relative to the reference compound in
an experiment. Additional spectral corrections include phasing of the spectra to provide adequate
guality peak shape and accurate peak integration as well as baseline corrections which impede the
false identification and quantification of NMR resonances [297]. Spectral regions that have no real
diagnostic information, such as the 4.7-4.9 ppm region, which includes the water resonance are
removed. Therefore, all 'H NMR spectra were manually phased, baseline-corrected and referenced
to the TSP singlet (& 0.0) using Topspin software (version 3.5; Bruker BioSpin GmbH, USA). The
spectral resonance of each metabolite was assigned on the basis of the 600-MHz library in Chenomx
NMR Suite software (Chenomx Inc., Canada) and using in-house assignment databases. Spectra
were imported using an in-house MATLAB (version R2014a, The MathWorks, Inc.; USA) script. Peaks
arising from incomplete water suppression were removed (4.7-4.9 ppm) as well as those resonances

arising from TSP (& 0.0).

2.4.7 Statistical pre-processing
Statistical pre-processing is a key step in obtaining a robust and accurate statistical model.
Projection-based methods such as PCA are sensitive to the scaling of the variables, implying that
variables with the highest value range will dominate and potentially skew the model [298]. In order

to adjust for this, prior to conducting the multivariate data analysis, the following methods were
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utilised: normalisation, mean centring and scaling to unit variance. These methods accentuate the
biological information in the dataset and subsequently improve its interpretability [299].
Normalisation is a mathematical correction which is applied to the dataset in order to minimise the
variation induced by biological or technical sources which are unrelated to the effect of interest and
may therefore influence the data. This includes factors such as variation in BAL return volume
following bronchoscopy. Normalisation scales spectra to the same virtual overall concentration in
order to account for the different dilutions of the samples [300]. For the purpose of Chapter 4, all
BAL spectra were normalised using the probabilistic quotient normalisation method which
calculates the most probable dilution by looking at the distribution of the quotients of the
amplitudes of a test spectrum with those of a reference spectrum [300]. Following normalisation,
mean centring was applied to improve the interpretability of the model. The principle of mean
centring is to calculate the mean of each variable and then to subtract this value from the dataset,
therefore removing the mean trajectory from the dataset [298]. The resulting data points will have
a common reference point based on the spread around the mean [301] (Figure 2.6).

Variable 3 Variable 3
r 3 r

Variable 2

Variable 1 Variable 1

Figure 2.6 lllustrating the effect of mean centring on the dataset.

Adapted from [301].
As such, the first principal component will not be dominated by the mean ot each variable but will
represent the covariance of all of the data points. In order to develop a robust model, the BAL NMR
spectra were scaled to assign equal weight to both low and high concentration metabolites. Unit
variance scaling is the most common method used to achieve this, and it consists of dividing the
value of each variable by its standard deviation. This ensures that all variables have equal variances

and no variable dominates over any other [302].

79



2.4.8 Multivariate data analysis
Multivariate statistical analysis facilitates data identification and analysis by converting the peaks of
the NMR spectra into more easily interpretable coordinates in multidimensional plots of metabolic
activity in order to differentiate between groups within the data. For the purpose of Chapter 4, data
were subjected to multivariate analyses using unsupervised PCA. All multivariate statistical
modelling was performed in R (version 3.4.3). PCA is a multivariate statistical technique which
requires no a priori information to construct a model [303]. The work originates from a data matrix
which consists of rows and columns that represent the observations (samples) and the variables

(metabolites), respectively (Figure 2.7).

X1 Xz X3

A o ©
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X
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Figure 2.7 Schematic breakdown of principal component analysis (PCA).

The data matrix consists of three variables (X1, X2, X3) and 12 samples which are placed in a lower-dimensional plane.
The scores (observations) plot facilitates the visualisation of the relation amongst the different sample groups in the
model plane. The loadings (variables) plot illustrates the influence of each of the variables in the model and the relation
between them. Adapted from [303].

PCA is an unsupervised pattern recognition method, which reduces the number of observed
variables to a smaller number of principal components (PCs), which account for most of the variance
of the observed variables [303]. Principal component 1 (PC1), accounts for most of the variance in
the data, followed by principal component 2 (PC2), which is uncorrelated to PC1 and accounts for
the second-largest amount of variance in the data. The scores plots facilitate the visualisation of the
different sample groups whilst the loadings plots explain the contribution of each of the variables
in the model. Furthermore, outliers can be detected using the Hotelling’s T? test, which is a statistical

approach to identify outliers outside a 95% confidence interval (Figure 2.8) [304].
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Figure 2.8 Detection of outliers using Hotelling’s T2 test.

Illustrating a PCA scores plot with outliers demarcated by the Hotelling’s T2 test. The
ellipse on the scores plot delineates the 95% confidence interval.

Associations between the top microbial genera in each group, identified in Chapter 3, and the
metabolites was performed using the Data Integration Analysis for Biomarker discovery using Latent
variable approaches for Omics studies (DIABLO) bioinformatics pipeline in the mixOmics R package
[305, 306]. The mixOmics block.splsda function, with full weighted design and 10 components, was
used to identify the optimal number of components, which was defined in 3 methods using the
centroid distance technique. To decide which variables to keep in each component models with
10,5,5 and 5 randomly selected variables were tested for the microbiome and metabolomics
datasets, respectively. Different model features were obtained and the results were plotted using

mixOmics predefined and ad-hoc functions.
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2.4.9 Summary of 'H NMR spectroscopy workflow
The overall strategy employed for metabonomic analysis of the BAL samples is displayed in Figure

2.9.
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Figure 2.9 Overall strategy for metabonomic analysis.

Patients were recruited, and BAL samples were collected and analysed by conducting *H NMR. The datasets were pre-
processed prior to multivariate statistical analysis. (A) PCA elucidated the biochemical variation in the dataset, the (B)
loading plots were used to reveal the underlying metabolic differences driving the separation between the groups, and
(C) the microbiome and metabolome datasets were integrated to elucidate potential associations.
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2.5Triple Quadrupole Gas Chromatography-Mass (GC-MS) Spectrometry

2.5.1 Chemicals and reagents
Methyl tert-butyl ether (MTBE, Cat #: 306975), N-tert-Butyldimethylsilyl-N-methylfluoroacetamide
with 1% tert-Butyldimethylchlorosilane (MTBSTFA + 1% t-BDMSCI, Cat #: 00942), water for HPLC
(H20, Cat #:34877), hydrochloric acid (HCI, Cat #: 435570) and the internal standard methyl stearate
(Cat #: 85769) were purchased from Sigma-Aldrich (UK). Methanol (CH3OH) CHROMASOLV™ LC-MS
Ultra (Cat #: 34966) was obtained from Honeywell (Germany). The following short-chain fatty acids
(SCFAs) were all purchased from Sigma-Aldrich (UK): acetic acid (Cat #: A6283), propionic acid (Cat
#: 94425), butyric acid (Cat #: BI03500), valeric acid (Cat #: 240370), isovaleric acid (Cat #: 129542),
hexanoic acid (Cat #: 153745), isobutyric acid (Cat #: 1745), lactic acid (Cat #: L1750), 2-methyl-
butyric acid (Cat #: 193070), and 2-hydroxybutyric acid (Cat #: 220116). All experiments were

conducted in a fume hood.

2.5.2 Methyl tert-butyl ether preparation
A total of 0.070 g of internal standard (methyl stearate) was weighed on an electronic analytical

balance (Sartorius, UK) and dissolved in 70 ml of MTBE.

2.5.3 Calibration curve preparation

A calibration curve was set up for the following SCFAs: acetic acid, propionic acid, butyric acid,
valeric acid, isovaleric acid, hexanoic acid, isobutyric acid, lactic acid, 2-methyl-butyric acid, and 2-
hydroxybutyric acid. Each compound was prepared in a total volume of 1 ml. The quantity added
for each compound is listed in Table 2.4. Once each compound was carefully diluted to the specified
volume a mother stock containing all of the compounds was prepared in one Eppendorf tube as
described in Table 2.5. From the mother stock, the following dilutions were prepared in fresh
Eppendorf tubes (Table 2.6). From each series, 12 new Eppendorf tubes were labelled (1-12) and 5
ul of each stock and 95 pl of H,O were aliquoted. A water sample was included as a blank. An aliquot
of 1000 pl MTBE containing the internal standard (methyl stearate) prepared in section 2.6.2 and 2
ul HCl were added into each Eppendorf then vortexed and incubated for 1 h at 4°C. Following
incubation, the samples were centrifuged at 1000 x g for 15 min at 4°C. The polar phase (90 pl) of
each sample (1-12) was transferred into silanised vials into which 120 pl of MTBSTFA + 1% t-BDMSCI
was also added. The samples were vortexed and incubated for 45 min at 60°C. Samples were
allowed to cool in the fume hood for 20 min, following which 70 ul were transferred into non-
silanised vials containing glass inserts ready for acquisition on the triple quadrupole mass
spectrometer. The silanised vials were stored overnight in the fridge at 4°C.
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Table 2.4 lllustrating the quantity added for each compound to set up the calibration curve.

Compound mM Volume MwW mmol/  Density Compound H;0

(L ml (8/ml)  (mg) (u) (ul)
Acetic acid 320 0.001 60.05 0.32 1.049 NA 18.3 981.7
Propionic acid 80 0.001 74.08 0.08 0.993 NA 6.0 994.0
Butyric acid 20 0.001 88.11 0.02 0.964 NA 1.8 998.2
Valeric acid 16 0.001 102.13 0.016 0.939 NA 1.7 998.3
Isovaleric acid 16 0.001 102.13 0.016 0.925 NA 1.8 998.2
Hexanoic acid 10 0.001 116.16 0.01 0.927 NA 1.3 998.7
Isobutyric acid 20 0.001 88.11 0.02 0.95 NA 1.9 998.1

Lactic acid 8000  0.00025 90.08 8 NA 180.2 NA 69.8
2-methyl-butyric acid 20 0.001 102.13 0.02 0.936 NA 2.2 997.8
2-hydroxybutyric acid 800 0.00025 104.1 0.8 NA 20.8 NA 229.2

Table 2.5 lllustrating the mother stock containing specific volumes of the respective compounds.

Stock Mother stock volume pipetted
Compound Dilution
(uM) (ul)
Acetic acid 16000 20 50
Propionic acid 1600 50 20
Butyric acid 400 50 20
Valeric acid 80 200 5
Isovaleric acid 800 20 50
Hexanoic acid 200 50 20
Isobutyric acid 400 50 20
Lactic acid 800000 10 100
2-methyl-butyric acid 400 50 20
2-hydroxybutyric acid 40000 20 50
Total volume from each compound dilution 355
()
Total volume H,0 (ul) 645
Total volume of mother stock (pul) 1000
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Table 2.6 lllustrating the dilution series performed to obtain the calibration curve.

Dilution series Mother stock (pl) H20 (ul)

Series 1 Used mother stock as series 1

Series 2 1.6 1.6 100 60
Series 3 1.25 2 100 100
Series 4 1.6 3.2 From Series 1 100 220
Series 5 1.5625 5 100 400
Series 6 2 10 100 900
Series 7 2 2 100 100
Series 8 2 4 From Series 6 100 300
Series 9 25 10 100 900
Series 10 2 25 100 150
Series 11 2 5 From Series 9 100 400
Series 12 2 10 100 900

2.5.4 Triple quadrupole mass spectrometer setup
GC-MS analysis was performed using the 7000C Agilent Triple Quadrupole GC/MS system (Agilent
Technologies, Santa Clara, CA, USA) with a HB-5 ms capillary column (30 m x 0.25 mm x 0.25 um).
The injector, ion source, quadrupole, and the GC-MS interface temperature were 280°C, 150°C,
150°C, and 280°C, respectively. Each chromatogram from the calibration curve points were checked

according to its retention time (Table 2.7), transitions and qualifiers ions (Table 2.8).

Table 2.7 Retention time for the respective short-chain fatty acids (SCFAs).

SCFA RT (min)
Acetic acid 2.5
Isobutyric acid 3.2
2-methyl-butyric acid 3.7
Valeric acid 4.2
Lactic acid 6.14

Methyl stearate 7.88 (1S)
Propionic acid 3.07
Butyric acid 34
Isovaleric acid 3.8
Hexanoic acid 4.9
2-hydroxybutyric acid 6.4

RT: retention time; IS: internal standard
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Table 2.8 lllustrating the quantifiers and qualifier ions for each compound.

Quantifier Qualifier
Compound
Precursor lon Product lon Precursor lon Product lon

Acetic acid 117 75 117 47
Propionic acid 131 75 131 47
Isobutyric acid 145 75 145 43
Butyric acid 145 75 145 43
2-methyl-butyric acid 159 75 159 57
Isovaleric acid 159 75 159 57
Valeric acid 159 75 159 57
Hexanoic acid 173 75 173 81
Lactic acid 147 73 147 45
2-hydroxybutyric acid 147 73 147 45
Methyl stearate (IS) 87 59 87 55

IS: internal standard.

2.5.5 BAL supernatant sample preparation

The BAL supernatant samples were thawed at 4°C and vortexed. A total of 100 ul of each sample

was aliquoted into 2 ml Eppendorf tubes. Quality controls (QCs) were prepared by pooling all of the

BAL supernatant samples into a single Eppendorf. Blanks containing 100 ul H.O were prepared. The

BAL supernatant samples, QCs and blanks were processed and run following the steps detailed in

sections 2.6.3-2.6.4 starting with the addition of 1000 ul MTBE containing the internal standard

(methyl stearate) and 2 ul HCI.

2.5.6 Statistical analysis

Data analysis was performed using the Agilent MassHunter Quantitative Analysis software version

B.08. All data were expressed as mean * SD (standard deviation). Differences with P-values < 0.05

between groups was considered statistically significant.
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2.6 Enzyme-linked immunosorbent assay

2.6.1 General ELISA protocol

The concentrations of several cytokines and mediators were assessed by commercially available

enzyme-linked immunosorbent assay (ELISA) kits. The concentrations of the capture, standard and

detection antibodies used are detailed in Table 2.9.

Table 2.9 lllustrating commercially available enzyme-linked immunosorbent assay (ELISA) kits utilised.

ELISA

Kit

Antibody type

Standard curve range

(pg/ml)

Manufacturer
(Catalogue #)

IL-6

Human IL-6

Capture (1:120)
Standard (1:300)

Detection (1:60)

9.38-600

R & D Systems
(DY206-05)

TNF-ou

Human TNF-a

Capture (1:120)
Standard (1:130)

Detection (1:60)

15.6-1000

R & D Systems

(DY210-05)

IL-8

Human IL-8

Capture (1:120)
Standard (1:100)

Detection (1:60)

31.2-2000

R & D Systems

(DY208-05)

Collagen

Human pro-

collagen | al

Capture (1:120)
Standard (1:100)

Detection (1:60)

31.2-2000

R & D Systems

(DY6220-05)

Fibronectin

Human

Fibronectin

Capture (1:120)
Standard (1:100)

Detection (1:60)

31.2-2000

R & D Systems

(DY1918-05)

TGF-B

Human TGF-

Capture (1:120)
Standard (1:100)

Detection (1:60)

31.2-2000

R & D Systems

(DY240-05)

ELISA: enzyme-linked immunosorbent assay; IL-6: interleukin 6; TNF-o.: tumour necrosis factor-alpha; IL-8:
interleukin 8; TGF-B: transforming growth factor-beta.
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High binding affinity 96-well half area plates were coated with respective purified capture
antibodies in 1X PBS (VWR International, UK) and left overnight at 4°C. The following day, the plates
were washed 3 times with 0.05% Tween-20 (Sigma-Aldrich, UK) in PBS wash buffer, after which they
were blocked with 1% Bovine serum albumin (Sigma-Aldrich, UK) in PBS for 1 hour at room
temperature. The plates were washed 3 times, and the standards and samples were loaded into the
respective wells of the plate and incubated overnight at 4°C. The standards consisted of 8 serially
diluted standard curve points which were loaded in duplicates. The plates were washed 3 times,
and the respective biotinylated detection antibodies added into each well and incubated at room
temperature for 2 hours. The plates were washed a further 3 times prior to the addition of
streptavidin-horseradish peroxidase diluted 1:40 in 1% BSA in PBS and incubated at room
temperature for 20 minutes. The plates were subsequently washed 3 a further three times before
the addition of 3,3’,5,5'-Tetramethybenzidine (Sigma-Aldrich, Cat #: T4444) to each well. The
reaction was allowed to develop for 20 minutes at room temperature and was subsequently
stopped by the addition of 20 pul of H,SO4. The absorbance values were recorded on a SpectraMax®
i3x plate reader (UK) at a wavelength of 450 nm (reference wavelength: 540 nm), and cytokine

concentrations were determined using SoftmaxPro software (version 6.5).

2.7 Human Cell Culture

2.7.1 Primary human bronchial epithelial cell (PBEC) culture
The bronchial brushes were obtained from patients undergoing bronchoscopy at the Royal
Brompton Hospital, as described in section 2.1.4. These were agitated in media to detach the cells
and centrifuged at 315 x g for 5 minutes to pellet the cells. The cell pellet was resuspended in Airway
Epithelial Growth Medium (PromoCell, Cat #: 505-B) containing all components of the PromocCell
SupplementPack (PromoCell, Cat #: C-39160): Bovine Pituitary Extract (BPE 0.004 ml/ml, human
recombinant Epidermal Growth Factor (hrEGF 10 ng/ml), human recombinant insulin (hrinsulin 5
ug/ml), hydrocortisone (0.5 pg/ml), epinephrine (0.5 pg/ml), triiodo-L-thyronine (6.7 ng/ml),
transferrin 10 (ug/ml), retinoic acid (ng/ml). Primocin 100 pug/ml (InvivoGen, Cat #: ant-pm-1) was
added to the PromoCell media as an antimicrobial agent. Cells were cultured for expansion in a 25
cm? flask (Corning®, Cat #: 3055) and kept in an incubator (37°C, 5% C0O,). Media was refreshed
every 48 hours, and cells were passaged at 80% confluence (passage 1) using TrypLE™ Express
Enzyme (ThermoFisher Scientific, Cat #: 12604013) into two 75 cm? flasks (Corning®, Cat #: 3276).
Cells were cryopreserved in liquid nitrogen at passage 2 in a solution containing 80% PromocCell

media, 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Cat #: D2650) and 10% fetal bovine serum
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(FBS) (Sigma-Aldrich, Cat #: 12103C). Cells were used later for experimentation at passage 3. Cell
counting was performed with trypan blue (Sigma-Aldrich, Cat #: T8154).

2.7.2 Submerged culture of PBECs
PBECs obtained from IPF patients, and healthy controls (passage 2) were cultured for expansion in
a 75 cm? flask (Corning, Cat #: 3276) using PromoCell media (supplemented as previously described
in section 2.7.1). Once 80% confluent, the cells were passaged using TrypLE™ Express Enzyme
(ThermoFisher Scientific, Cat #: 12604013) and seeded in a collagen-coated 96-well G (Corning®
Costar®, Cat #: CLS3595) at a density of 10,000 cells per well. The cells were either treated with
media or treated with the following doses (1 mM, 5 mM, 10 mM, or 20 mM) of the SCFAs acetate
(Sigma-Aldrich, Cat #: S2889), propionate (Sigma-Aldrich, Cat #: P1880) and butyrate (Sigma-Aldrich,
Cat #: 303410) and left in an incubator (37°C, 5% CO>) until the respective time points (4h, 8h, 24h,
48h). At each time-point, the cell supernatant was collected, and IL-6 and TNF-o. were quantified
by ELISA as described in section 2.6.1. Following the collection of the cell supernatant, the cells were
stained with crystal violet (Sigma-Aldrich, Cat #: CO775) to assess cell viability (section 2.7.2.1) and
proliferation was assessed over 72 hours using the JulLl Stage Real-Time Cell History Recorder

(NanoEnTek Inc.) (section 2.7.2.2).

2.7.2.1 Crystal violet assay

Cytotoxic effects were investigated using the crystal violet assay (Sigma-Aldrich, Cat #: C0775) and
expressed as % release of the positive controls treated with 0.01% (v/v) TRITON-X100 (Sigma-
Aldrich, Cat #: 2315025).

2.7.2.2 Proliferation assay

PBECs from IPF and healthy control subjects were cultured for expansion in a 75-cm?3 flask (Corning),
coated with type 1 collagen (30 ug/ml; Sigma-Aldrich), in PromoCell Airway Epithelial Growth
Medium containing all components of the PromoCell SupplementPack. Once more than 80%
confluence was achieved, the cells were removed with trypsin (TrypLE Express Enzyme, Gibco) and
plated onto 96-well plates at a density of 5000 cells per well. The cells were supplemented with 200
pl PromoCell or PromoCell containing the SCFAs of interest (acetate, propionate or butyrate) at the
respective doses (1 mM and 5 mM). The cells were placed in an incubator for 3 hours for
acclimatisation and to avoid potential condensation from forming on the lid. Snapshots of each well
were recorded at 30-min intervals over 72 hours using the JuLl Stage Real-Time Cell History Recorder
(NanoEnTek Inc.). Percentage cell confluence was automatically recorded for every snapshot of each

respective well. At the end of the experiment, the cells were fixed in 10% neutral buffered formalin
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(Sigma-Aldrich) for subsequent analysis. Ki-67 staining was performed using a rat anti-mouse Ki-67
primary antibody diluted 1:500 (eBioscience). A Cy3-conjugated goat anti-rat antibody (Jackson
ImmunoResearch) diluted 1:500 was subsequently added to enumerate Ki-67 positively stained
cells. The cells were then counterstained with a DAPI dye (Sigma-Aldrich) diluted 1:1000. The
number of DAPI-positive cells and the number of DAPI and Ki-67 double-positive cells were counted

to determine the percentage of Ki-67 cells per well.

2.7.2.3 Wound healing assay

PBECs from IPF and healthy control subjects were cultured for expansion in a 75-cm?3 flask (Corning),
coated with type 1 collagen (30 pg/ml; Sigma-Aldrich), in PromoCell Airway Epithelial Growth
Medium containing all components of the PromoCell SupplementPack. Once more than 80%
confluence was achieved, the cells were removed with trypsin (TrypLE Express Enzyme, Gibco) and
plated onto collagen-coated 24-well plates at a density of 10,000 cells per well. The cells were
grown to confluence and were supplemented with 500 pul PromoCell or PromoCell containing the
SCFAs of interest (acetate, propionate or butyrate) at the respective doses (1 mM and 5 mM). A
plastic pipette tip (P1000) was used to deliver a single, uniform, linear wound in each well and the
cells were placed in an incubator for 3 hours for acclimatisation and to avoid potential condensation
from forming on the lid. A JuLl Stage Real-Time Cell History Recorder (NanoEnTek Inc.) was used to
capture time-lapse brightfield images of the wound every 30 minutes for 48-hours. Wound closure

data was generated by the JuLi Stage software from these images.

2.7.3 Air-liquid interface culture
PBECs were cultured for expansion in a 75 cm? flask (Corning, Cat #: 3276) using PromoCell Airway
Epithelial Cell Growth Medium (StemCell, Cat #: 505-B). Once 80% confluent, the cells were
passaged using TrypLE™ Express Enzyme (ThermoFisher Scientific, Cat #: 12604013) and seeded
into inserts (12 inserts/plate) into a 24-well plate at a density of 30,000 cells per insert. The cells
were fed apically (50 ul) and basolaterally (500 ul) for 2 weeks, every two days with Pneumacult-
air-liquid interface (ALlI) Medium (StemCell, Cat #: 05021). After two weeks, the cells were air
exposed by removing the apical media, and the cells were continued to be fed basolaterally as
specified above. Experiments were performed 2 weeks after cilia were first observed. A total of 50
ul of the SCFAs (acetate, propionate and butyrate) were added apically at a concentration of 1 mM,
5 mM, 10 mM, 20 mM or media control. Apical supernatant was collected at each time-point (0 h,
24 h, 48 h, 96 h, and 144 h) by washing the apical side of the transwell with 100 pl PBS and stored

at -80°C until subsequent analysis. Following the collection of the apical supernatant at each

90



respective time-point; the SCFAs were added again as specified above. Brightfield images of the cells
were taken at each time-point with a LeicaDM2500 microscope (Leica Microsystems, UK). A
summary of the steps involved in the culturing of the PBECs to differentiate at ALl is illustrated in

Figure 2.10.

(A) Induction (B) Expansion (C) Maintenance

| Pseudostratified

Primary HBECs Epithelium

Primary HBECs

0.4 um-pore membrane

Figure 2.10 Air-liquid interface (ALI) cell culture schematic.

lllustrating the (A) induction, (B) expansion, and (C) maintenance steps involved in the culture of primary human
bronchial epithelial cells (PBECs).

2.7.3.1 Lactate dehydrogenase assay
Cytotoxic effects were investigated using the lactate dehydrogenase (LDH) detection kit (LDH
detection kit, Roche, ver. 10) by assessment of LDH in basal media and expressed as % release of

the positive controls treated with 0.01% (v/v) TRITON-X100 (Sigma-Aldrich, Cat #: 2315025.

2.7.3.2 Trans-epithelial electrical resistance
TEER was measured using an electrometer EVOM2 (World Precision Instruments, Sarasota, FL). Ohm
values were subsequently multiplied by the surface of the Transwell inserts (0.33 cm?) to obtain the

unit area resistance which was expressed as Ohm*cm?2.

2.7.4 Isolation and culture of primary human lung fibroblasts
Lung tissue specimens were obtained from the Royal Brompton Hospital (REC 15/SC/0101) during
cancer resections or lung-volume resection surgery for COPD. HLF were extracted from the tissue
using an established protocol [307]. In a 6 well-plate four linear, parallel scratches were made with
a scalpel on the surface of each well to encourage fibroblast outgrowth. Lung tissue was cut into
1mm?3 pieces and evenly distributed into each well (5 pieces/well). Explant cultures were maintained
in DMEM (supplemented with 20% FBS and Primocin) in an incubator (37°C, 5% CO3). Media was
refreshed every 48 hours. Primary HLFs were passaged at 80% confluence and cryopreserved in

DMEM with 10% DMSO and 10% FBS (passage 2).
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2.7.5 Submerged culture of primary HLFs
HLF (passage 2) from IPF patients were cultured for expansion in a 75 cm? flask (Corning, Cat #:
3276) using DMEM media (supplemented with 20% FBS and Primocin). Once 80% confluent, the
cells were passaged using TrypLE Express Enzyme (Gibco, Cat #: 12604013) and seeded in a 96-well
plate (Corning, Cat #: CLS3595) at a density of 5,000 cells per well. The cells were either treated with
200 pul DMEM media or DMEM containing the SCFAs of interest (acetate, propionate or butyrate) at
the respective doses (1 mM, 5 mM, 10 mM, 20 mM) and left in an incubator (37°C, 5% CO3) until
the respective timepoints (4h, 8h, 24h, 48h). At each time-point, the cell supernatant was collected
and collagen | al, fibronectin and TGF-B were quantified by ELISA as described in section 2.6.1.
Following the collection of the cell supernatant the cells were stained with crystal violet (Sigma-
Aldrich, Cat #: C0775) to assess cell viability (section 2.7.5.1) and proliferation was assessed over 72

hours using the JulLl Stage Real-Time Cell History Recorder (NanoEnTek Inc.) (section 2.7.5.2).

2.7.5.1 Crystal violet assay

Cytotoxic effects were investigated using the crystal violet assay (Sigma-Aldrich, Cat #: C0775) and
expressed as % release of the positive controls treated with 0.01% (v/v) TRITON-X100 (Sigma-
Aldrich, Cat #: 2315025).

2.7.5.2 Proliferation assay

HLF from IPF subjects were cultured for expansion in a 75-cm? flask (Corning) in DMEM media
(supplemented with Primocin). Once more than 80% confluence was achieved, the cells were
removed with TrypLE Express Enzyme and plated onto 96-well plate at a density of 5000 cells per
well. The cells were supplemented with 200 ul DMEM or DMEM containing the SCFAs of interest
(acetate, propionate or butyrate) at the respective doses (1 mM, 5 mM, 10 mM, 20 mM). The cells
were placed in an incubator for 3 hours for acclimatisation and to avoid potential condensation from
forming on the lid. Snapshots of each well were recorded at 30-min intervals over 72 hours using
the JulLl Stage Real-Time Cell History Recorder (NanoEnTek Inc.). Percentage cell confluence was
automatically recorded for every snapshot of each respective well. At the end of the experiment,
the cells were fixed in 10% neutral buffered formalin (Sigma-Aldrich) for subsequent analysis. Ki-67
staining was performed using a rat anti-mouse Ki-67 primary antibody diluted 1:500 (eBioscience).
A Cy3-conjugated goat anti-rat antibody (ImmunoResearch) diluted 1:500 was subsequently added
to enumerate Ki-67 positively stained cells. The cells were then counterstained with a DAPI dye
(Sigma-Aldrich) diluted 1:1000. The number of DAPI-positive cells and the number of DAPI and Ki-

67 double-positive cells were counted to determine the percentage of Ki-67 cells per well.
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3 Chapter 3: The Respiratory Microbiome in Idiopathic Pulmonary Fibrosis

3.1Introduction

As discussed previously in Chapter 1, IPF is a complex, multifactorial disease. Although the factors
which initiate the fibrotic process remain elusive, susceptibility to infection may be contributing to
disease progression [85]. Studies have identified a number of genetic variants, common and rare,
which may increase the risk of both sporadic and familial forms of IPF, influence phenotype and
predict disease outcome. These include SNPs in genes involved in host defence (e.g. MUC5B),
telomere maintenance (e.g. TERT), and epithelial cell integrity (e.g. DSP) [41, 42]. These findings
suggest that loss of normal pulmonary physiology and aberrant innate immunity due to genetic
alterations may play an aetiological role in IPF, and support the hypothesis that infectious agents

may act a source of injury to the alveolar epithelium, driving disease initiation and progression.

Occult viral infections, in particular, have long been suspected of playing a role in IPF pathogenesis
by acting as persistent antigenic stimuli or co-factors, triggering aberrant activation of fibrotic
processes in physiologically predisposed hosts. While a number of studies have highlighted a link
between viruses and IPF initiation and progression as well as acute exacerbations, studies exploring
the role of bacteria in this context are much scarcer [87, 88]. Indeed, there is growing evidence,
albeit associative, to suggest that the respiratory microbiome may be linked to the development
and progression of IPF [114, 115, 144]. Although the lungs have conventionally been considered
sterile, the recent revolution in culture-independent technologies has prompted a reconsideration
of IPF pathogenesis [110, 308]. Studies of the respiratory microbiome in IPF have reported
associations between disturbances in the microbial communities, disease progression and mortality
[114, 115, 309, 310]. Specifically, a higher bacterial burden has been consistently associated with an
increased risk of mortality and differences in bacterial composition and diversity have also been
correlated with disease outcomes [114, 115, 149]. Recently, animal models have been utilised to
better understand the mechanisms by which perturbations in the microbial communities in the
lower airways can drive fibrosis [149]. It has been shown that even at diagnosis and in the absence
of infection there is a dramatic increase in bacterial load with an altered composition of the
respiratory microbiome in the lower airways of patients with IPF [144]. However, whether bacterial
burden directly influences the progression of fibrosis or if bacterial numbers instead reflect other
underlying disease processes, remains poorly understood. Previous studies have accounted for
disease severity using physiological parameters such FVC and DLco. To date, no study has yet

assessed the relationship between bacterial burden and radiological markers of fibrotic distortion
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of the lung or disease extent or severity. The overarching aim of this Chapter was to characterise

the microbiome and quantify the bacterial load in the BAL of subjects diagnosed with IPF and

healthy controls. The hypotheses examined were the following: (i) the bacterial burden and

respiratory microbiome of IPF subjects are distinct compared to healthy controls; (ii) in IPF, bacterial

burden and specific bacterial genera correlate with disease progression; (iii) in IPF, if the bacterial

burden is elevated secondary to the underlying architectural destruction of the lung parenchyma,

then there might be a clear association between radiographic findings such as honeycombing or

traction bronchiectasis and bacterial burden in the lower airways of individuals with IPF.

3.2Aims

To quantify bacterial burden in the BAL of healthy controls and IPF subjects.

To investigate how bacterial burden relates to baseline disease severity/progression, BAL
differential cell counts, MUC5B genotype, and radiological disease extent.

To characterise the taxonomic changes, differentially abundant bacteria, alpha- and beta-
diversity differences in the BAL of healthy controls and IPF subjects.

To investigate whether specific changes in bacterial genera in IPF correlate with disease
progression.

To assess whether there are changes in the respiratory microbiome in IPF according to baseline

lung function, smoking history and MUC5B genotype.
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3.3 Materials and Methods

3.3.1 Study design and sampling
Patients with IPF undergoing bronchoscopy with BAL were recruited at the Royal Brompton Hospital
(London, UK). Healthy controls were also recruited at this time and included smokers and non-
smokers with normal lung function. Further details on subject recruitment, exclusion and sample

collection are detailed in Chapter 2 (sections 2.1.1-2.1.4).

3.3.2 Measurement of BAL cells
Post collection, unfiltered and unprocessed BAL samples were immediately placed on ice and cells
were counted. BAL differentials were performed as described in Chapter 2 (section 2.1.5) to assess

counts of macrophages, lymphocytes, and neutrophils.

3.3.3 MUC5B genotyping
Genotypes of the MUC5B SNP rs35705950 were determined using the Tagman SNP genotyping

assay (ThermoFisher, UK) as described in Chapter 2 (section 2.1.6).

3.3.4 Radiology
The CT variable definitions were based on the Fleischner Glossary of terms and current
ATS/ERA/JRS/ALAT guideline definitions [13, 311]. CT data were scored by two independent
radiologists using the following scales: to the nearest 5% per lobe (fibrosis, honeycombing), on a
binary basis [UIP], on a lobar extent with the lingua defined as the 6% lobe [PPFE] and on an 18-

point scale [traction bronchiectasis] [312, 313].

3.3.5 Bacterial DNA isolation, quantification and 16S rRNA gene sequencing
BAL samples (2 ml) were centrifuged at 21,000 x g for 30 minutes to pellet cell debris and bacteria,
and genomic DNA was then isolated. High-throughput sequencing of bacterial 16S rRNA gene
amplicons encoding the V4 region (150 bp read length, paired-end protocol) was performed using
an lllumina MiSeq Sequencer (lllumina, San Diego, CA). Further details are provided in Chapter 2

(sections 2.2.1-2.2.5).

3.3.6 Bioinformatics analysis
The 16S rRNA gene sequences were analysed using the QIIME2 pipeline for analysis of microbiome

data. Details on bioinformatics analysis are provided in Chapter 2 (section 2.2.6).
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3.3.7 16S rRNA gene qPCR
Bacterial burden was measured by 16S rRNA gene gPCR as previously described in Chapter 2

(section 2.3).

3.3.8 Statistical analysis
Continuous variables are presented as means (+ standard deviation) and categorical variables as
proportions. Data analysis was performed using R (version 3.4.3) [294]. Details of statistical analysis

performed are described in Chapter 2 (section 2.2.10).
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3.4Results

3.4.1 Study subjects and sampling
Two hundred and one subjects with IPF and 40 healthy control subjects were enrolled in the study

and underwent bronchoscopy (Table 3.1).

Table 3.1 Clinical characteristics and demographics of the study subjects.

Parameter Controls (N = 40) IPF (N = 201) P-value*
Age, years (+ SD) 60 (14) 74 (9) 0.0001
Male, n (%) 27 (67) 142 (71) NS
Baseline PFT
FVC, % predicted (£ SD) 92 (30) 78 (18) 0.0001
FEV1 % predicted (+ SD) 81 (23) 82 (18) NS
DLco % predicted (£ SD) 78 (35) 42 (20) 0.0001

Smoking status

Non-smoker, n (%) 17 (42) 74 (37) -
Ex-smoker, n (%) 21 (52) 117 (58) NS
Current-smoker, n (%) 2(5) 10 (5) -

BAL cell differentials

Macrophages % (£ SD) 74 (16) 71(12) NS
Neutrophils % (+ SD) 7(7) 12 (8) <0.05
Lymphocytes % (+ SD) 8(7) 11 (6) <0.01
Radiology
UIP probable/definite (%) - 58 -
Honeycombing (%) - 30 -
PPFE (%) - 21 -

Data are presented as percentage value or mean * standard deviation (SD) as appropriate. IPF: idiopathic
pulmonary fibrosis; PFT: pulmonary function test; FEV;: forced expiratory volume in 1 second; FVC: forced vital
capacity; DLco: diffusing capacity of the lung for carbon monoxide; BAL: bronchoalveolar lavage; UIP: usual
interstitial pneumonia; honeycombing (presence/absence); PPFE: pleuroparenchymal fibroelastosis
(presence/absence); NS: not significant. Smoking status: statistical testing by non-smoker versus ex/current-
smoker. UIP defined as ‘definite’ or ‘probable’ UIP. *P-values are calculated by Mann-Whitney U test or Fisher’s
exact test between controls and IPF subjects.
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Individuals with IPF were predominantly male (71%), with a mean age of 74 years + 9, and had
moderately severe disease at enrolment (FVC, 78% predicted; DLco, 42% predicted). The 40 control
subjects were also predominantly men (67%), had better lung function compared to the IPF cohort
(DLco, 78% predicted; FVC, 92% predicted) and had a mean age of 60 years * 14. Subjects were
matched for sex and smoking status. Differential cell counts were performed in the control and IPF
groups with identification of alveolar macrophages, lymphocytes and neutrophils. Alveolar
macrophages predominated the BAL of both groups (controls 74% + 16; IPF 71% + 12). Mixed
alveolitis with predominant neutrophils count was observed in IPF (neutrophils 12% * 8,
lymphocytes 11% + 6). Out of the 201 individuals receiving a diagnosis of IPF, a total of 141 subjects
had CT imaging performed within 4 months of bronchoscopy. Over half of the cohort had probable
or definite UIP (57.7%) according to the current ATS/ERA/JRS/ALAT guidelines [13]. Twenty-one per
cent (30/141) of subjects had radiological evidence of PPFE, and 30% had honeycombing (43/141)
(Table 3.1).

3.4.2 Survival analysis

3.4.2.1 Disease progression

Lung function parameters are used to define disease progression, assessing change in the FVC or
DLco at 6 or 12 months [17]. The decrease in FVC% has been consistently shown to be the
parameter of lung function that best predicts mortality [17]. A decline greater than or equal to
10% of FVC or greater than or equal to 15% of DLco at 12 months has been extensively used as
cut-off points to define disease progression and used as established clinical trial endpoints [8].
Lung function data were available for 165 subjects out of the 201 IPF subjects recruited. Thirty
subjects with IPF had a decrease in FVC of more than 10% in 12 months and were at a higher risk
of mortality compared with subjects with no decline in lung function (hazard ratio: 2.47,
confidence interval: 1.29-4.7, P = 0.006) (Figure 3.1A). Sixty-three subjects with IPF had a
decrease in DLco of more than 15% in 12 months and were at an increased risk of mortality
compared with subjects with no decline in lung function (hazard ratio: 2.08, confidence interval:

1.11-3.9, P = 0.02) (Figure 3.1B).
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Figure 3.1 Kaplan-Meier curve demonstrating survival probability in idiopathic pulmonary fibrosis (IPF) subjects with
stable or progressive disease.

Kaplan-Meier curve generated by Cox proportional-hazards model displaying the survival probability (%) of IPF subjects
with (A) stable disease or a 10 % decline in forced vital capacity (FVC) or with (B) stable disease or a 15% decline in
carbon monoxide diffusing capacity (DLco). Log-rank P test value reported.

3.4.2.2 MUC5B genotype

A common polymorphism in the promoter of the MUC5B gene has been consistently found to be
associated with an increased risk of developing both familial and sporadic IPF in an allele dose-
dependent manner [41, 84]. Specifically, the minor allele of this gene, rs35705950, confers an
increased risk for IPF. Out of the 201 subjects with IPF, genotyping of the MUC5B gene was possible
for 175 patients. The number of IPF patients in the GG, GT, and TT genotype groups were 90 (51.4%),
67 (38.2%), and 18 (10.2%), respectively. The median follow-up period was 907 (+ 902 days) days.
During follow-up, there were 36 deaths (12 GG, 22 GT, and 2 TT). In a multivariable Cox proportional
hazards model adjusted for age, sex, smoking status and baseline % predicted FVC the TT and GT
genotypes (risk for IPF) were associated with improved survival compared with GG (TT: hazard ratio:
2.23, confidence interval: 0.008-0.594, P = 0.02; GT: hazard ratio: 1.05, confidence interval: 0.010-
0.481, P = 0.04) (Figure 3.2). No differences in MUC5B genotype were observed when looking at
age, FVC, sex or smoking history (Figure 3.3).
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Figure 3.2 Survival probability of subjects with idiopathic pulmonary fibrosis (IPF) stratified according to MUC5B

genotype.

Kaplan Meier curve generated by Cox proportional-hazards model adjusted for age, sex, smoking status and baseline %
predicted forced vital capacity for IPF subjects stratified according to MUC5B genotype (GG, GT and TT). Log-rank P test

value reported.
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Figure 3.3 Clinical characteristics stratified according to MUC5B genotype.
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MUC5B genotype distribution according to (A) age, (B) FVC, (C) sex, and (D) smoking history.
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3.4.3 Sampling

3.4.3.1 DNA yield and sequencing quality

All 241 samples yielded genomic DNA and underwent amplification of the V4 region of the 16S rRNA
gene using the barcoded universal primer pair 515F/806R on an lllumina MiSeq sequencer (New
York, USA). The quantity (ng/ul) and quality (absorbance ratios: A260/280, A260/230) of the isolated
DNA was assessed. Pure nucleic acids typically yield absorbance ratios of ~1.8 (A260/280) and ~2.00
(A260/230) [278]. The average yield from the control samples was 50.12 ng/ul + 16 and from the
IPF patients 53.12 ng/ul + 18 (P = 0.34), with an A260/A280 ratio of 1.81 + 0.23 and an A260/230 of
1.98 + 0.21 indicating good quality DNA. Following paired-end Illumina sequencing, a total of 15
million sequences were obtained from the 258 samples. The lowest number of reads per sample

was observed in the negative controls (kit controls and bronchoscopy controls) (Figure 3.4).
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Figure 3.4 Distribution of samples sequence depth.

Illustrating the total number of reads present in each sample. The red dashed line represents the mean number of
reads.

Following demultiplexing and denoising with DADA?2 a total of 13,674,508 high-quality 16S rRNA
reads remained, with on average 53,836 ASVs per sample (Table 3.2). After singleton removal and
filtering at 0.005% of total reads to remove low abundance ASVs likely representing sequencing
artefacts, 12,523,345 sequences were retained, representing 553 unique ASVs across 241 samples.

This final dataset was used in all subsequent analyses.
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Table 3.2 Pre-processing of 16S rRNA sequence reads from bronchoalveolar lavage samples.

16S rRNA amplicon reads

Post-Dada2 and

Post-filtering at 0.005%

Metric generated* clustering into ASVs of total reads
Number of samples 258 258 241
Number of ASVs 6,799 4,791 553
Total number of
15,001,358 13,674,508 12,523,345

sequence reads

Mean reads per

sample = SD

Minimum reads per

sample

Maximum reads per

sample

47,356 *+ 66,868

248

1,899,469

53,836 £11,841

248

1,899,469

39,652 +£10,114

1297

1,899,469

ASVs: amplicon sequence variants; DADA2: divisive amplicon denoising algorithm. *Including negative control

samples which were included in sequencing run but filtered out from the final dataset.

3.4.3.2 Mock community

A mock community was included as a positive control in each run to enable accurate comparison

across sequencing runs (Figure 3.5). The number of sequencing reads and the composition of the

mock community was similar across the three runs, confirming that all genera were represented in

similar proportions.

Relative abundance (%)

100~
75
50+

Run 1 Run2 Run 3
Sequencing Run

Genus

Bl Prevotella
Streptococcus
mm  Veillonella

B Moraxella

Figure 3.5 Mock community composition at the genus level from the three sequencing runs.
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3.4.3.3 Contamination

To identify potential sources of contamination negative bronchoscopy controls and reagent controls
were included in the sequencing run. By adding these controls, reads originating from
contamination were identified and distinguished from those derived from actual constituent taxa.
Despite no sample template being added at the DNA extraction step, several contaminant genera,
which had been independently reported as contaminants in previous studies, were detected in the

reagents and negative bronchoscopy controls [314-317] (Table 3.3).

Table 3.3 Contaminant genera detected in the sequenced reagent and bronchoscopy negative controls.

Phylum Constituent contaminant genera
Proteobacteria
Alpha-Proteobacteria Bradyrhizobium?, Caulobacter, Mesorhizobium®, Novosphingobium,
Sphingomonas®*
Beta-Proteobacteria Janthinobacterium, Pelomonas, Ralstonia®™*¢
Gamma-Proteobacteria Acinetobacter“®, Enhydrobacter, Escherichia®“%, Pseudomonas®®
Firmicutes Streptococcus
Bacteroidetes Flavobacterium?®
Actinobacteria Aeromicrobium, Corynebacterium, Micrococcus
Acidobacteria Unclassified Acidobacteria Gp2 organisms
Spirochaetes Turneriella

The listed genera were all detected in sequenced negative controls that were processed alongside human-derived
samples (BAL samples). Genus names followed by a superscript letter indicate those that have previously been
independently reported as contaminants. References: 2[314]; *[315]; ¢[316]; 9[317].

A PCA plot was constructed to compare the microbial profile of the BAL samples and the pooled

negative bronchoscopy controls and reagent controls (Figure 3.6A).
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Figure 3.6 Comparison between all bronchoalveolar lavage (BAL) samples and negative controls.

(A) Principal component analysis (PCA) comparing the microbial composition of all of the BAL samples to that of the
negative controls. (B) Taxonomic differences at the phylum level comparing all of the BAL samples (n = 241) to the
negative control samples (n = 16) regardless of diagnosis. The number refers to the relative abundance (%) obtained
prior to conducting any filtering step. (C) Bacterial burden calculated by qPCR comparing the bronchoalveolar lavage
samples (controls = 40, IPF = 201) to the negative controls (n = 8 negative bronchoscopy controls, n = 8 reagent controls).
Sample groups were compared by Kruskal-Wallis test with Dunn’s multiple comparisons test adjusted with the
Bonferroni method (P < 2.2x1016).

The representative points of the samples are mapped in space spanned by the first two principal
components, PC1 and PC2. The PCA plot illustrates a clustering amongst the microbial profile
according to sample type (58.7% of the variance was captured by PC1; 41.3% of the variance was
captured by PC2). The PCA analysis revealed that the negative control samples had distinct microbial
communities from the rest of the BAL samples. Furthermore, the negative control samples had a
distinct taxonomic profile compared to the BAL samples analysed in the study and yielded a bacterial
burden close to or below the lower limit of qPCR quantification (100 copies/ml of BAL) (Figure 3.6B-
C). The decontam package in R was used to additionally identify 30 ASV as contaminants by
evaluating the prevalence (presence/absence across samples) of each ASV in the BAL samples
compared to the prevalence in the negative controls. These ASV, together with the negative control

samples, were removed from the dataset prior to conducting subsequent analyses.

3.4.4 Bacterial burden
3.4.4.1 Bacterial burden in health and disease
An increased bacterial burden has been consistently associated with fibrotic lung disease [114, 115,
149]. To confirm this finding, the differences in BAL bacterial burden between controls and subjects
with IPF were tested. On average, IPF subjects had 5.11 x 10° copies of the 16S rRNA gene/ml of
BAL, which was higher than the average copy humber in control subjects (8.02 x 103, P < 2.2 x 10°%6)
(Figure 3.7).
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Figure 3.7 Bronchoalveolar lavage bacterial burden in healthy controls and idiopathic pulmonary fibrosis (IPF)
samples.

BAL bacterial burden quantified using quantitative polymerase chain reaction and is expressed as log10 (16S rRNA gene
copies/ml of BAL). Data are presented as median and interquartile range. Statistical significance tested by Mann-
Whitney U test.

3.4.4.2 Bacterial burden and composite physiologic index

Disease progression was defined as a composite physiologic index (CPI) of either a relative decline
in FVC of greater than 10% or death before 12 months. Individuals whose disease had progressed
at 12 months (n = 53) demonstrated a significantly higher BAL bacterial burden when compared to

subjects with stable disease (stable: 2.10 x 10° + 3.63 x 10° 16S rRNA copies/ml of BAL, decline: 8.46

x 10°+ 2.74 x 10%16S rRNA copies/ml of BAL, P = 0.02) (Figure 3.8).

P=0.02

BAL bacterial burden
Log10 (16S rRNA gene copies/ml of BAL)

Stable Decline
CPI

Figure 3.8 Bronchoalveolar lavage bacterial burden in idiopathic pulmonary fibrosis (IPF) subjects with either stable
or progressive disease.

BAL bacterial burden of IPF subjects dichotomised into stable or progressive according to their composite physiologic
index (CPI) at 12 months. BAL bacterial burden quantified using quantitative polymerase chain reaction and is expressed
as log10 (16S rRNA gene copies/ml of BAL). Data are presented as median and interquartile range. Statistical significance
tested by Mann-Whitney U test.
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3.4.4.3 Bacterial burden and disease progression

An increased bacterial load in IPF has been consistently linked to an increased risk of mortality [114,
115, 149]. In an unadjusted Cox proportional hazards model, IPF patients with the highest bacterial
burden had a significantly increased hazard compared to those with a lower bacterial burden
(hazard ratio: 1.92, 95% confidence interval: 1.32-2.79, P < 0.001). To confirm these findings, the
subjects with IPF were stratified into tertiles based on bacterial load and examined progression-free
survival (Figure 3.9). This association remained significant even following adjustment for age, sex,
smoking status and baseline % predicted FVC in a multivariable Cox proportional hazards model
(hazard ratio: 11.76, 95% confidence interval: 1.45-95.5, P = 0.02). Results of the multivariate Cox

proportional hazards model are reported in Table 3.4.

Tertile < Low -~ Middle =+ High

100
S
= 751
E
3
o 501
o
©
=
g 251
7]
P =0.0039
0-
0 1 2 3 4
Time (years)
Number at risk
67 64 46 21 8
SN 67 60 43 26 11
High{ 67 61 38 25 16
0 1 2 3 4

Time (years)

Figure 3.9 Survival probability of subjects with idiopathic pulmonary fibrosis (IPF) stratified into tertiles by bacterial
burden.

Kaplan Meier curve generated by Cox proportional-hazards model for IPF subjects stratified into tertiles by bacterial

burden (low: 4.15 x 10— 3.76 x 10* 16S rRNA gene copies/ml of BAL; middle: 3.78 x 10* — 2.11 x 10° 16S rRNA gene
copies/ml of BAL; high: 2.12 x 10° — 2.42 x 107 16S rRNA gene copies/ml of BAL). Log-rank P test value reported.
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Table 3.4 Cox proportional hazards model of disease progression in idiopathic pulmonary fibrosis (IPF).

95% CI 95% CI

Variable Group N HR Lower Upper P-value*
Burden tertiles low 67 reference - - -
middle 67 5.39 0.617 47.1 0.128
high 67 11.76 1.449 95.5 0.021
Age - 201 1.01 0.943 1.1 0.81
Sex Females 59 reference - - -
Males 142 1.44 0.455 4.5 0.535
Smoking status Current/Ex-smoker 10 reference - - -
Non-smoker 74 0.39 0.037 4.0 0.424
FVC (% predicted) - 201 1.02 0.994 1.0 0.152

Multivariate model adjusted for age, sex, smoking status and baseline % predicted forced vital capacity (FVC).
*Log P-rank test value reported.
# Events: 18; Global P-value (Log-rank): 0.047695. AIC: 139.87; Concordance Index: 0.78.

3.4.4.4 Bacterial burden and BAL differential cell counts in IPF
The relationship between BAL differential cell count and bacterial burden was assessed in the IPF
cohort. No correlation was found between BAL bacterial load and the percentage of either alveolar

macrophages, lymphocytes or neutrophils (Figure 3.10).
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Figure 3.10 Correlations between bronchoalveolar lavage (BAL) differential cell counts and bacterial burden of
subjects with idiopathic pulmonary fibrosis (IPF).

Percentage of total (A) macrophages (B) lymphocytes and (C) neutrophils. BAL bacterial burden in subjects diagnosed
with IPF was calculated by qPCR and expressed as log10 16S rRNA gene copies/ml of BAL. Data was log-transformed to
approximate normal distribution.
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3.4.4.5 Bacterial burden and MUC5B genotype

Within the IPF cohort, the bacterial burden was found to associate independently with the
rs35705950 polymorphism in the promoter region of the mucin MUC5B genotype. IPF patients with
the GG and GT MUC5B genotypes had on average, 3.99 x 10°> and 2.31 x 10° 16S rRNA gene copies/ml
of BAL, respectively. Patients with IPF possessing the minor allele (TT) were found to have a lower
bacterial burden (3.68 x 10* 16S rRNA gene copies/ml of BAL) compared to patients possessing the
GG (P <0.005) and GT (P < 0.012) alleles (Figure 3.11).
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Figure 3.11 Bronchoalveolar lavage (BAL) bacterial burden in idiopathic pulmonary fibrosis (IPF) subjects stratified
according to MUC5B genotype.

BAL bacterial burden quantified using quantitative polymerase chain reaction and is expressed as log10 (16S rRNA gene
copies/ml of BAL). Data are presented as median and interquartile range. Statistical significance tested by Kruskal-Wallis
test with Dunn’s Multiple Comparison test.

3.4.4.6 Bacterial burden and radiological disease extent

Multivariate stepwise regression was used to explore the relationship between radiological markers
of disease severity and bacterial burden. Strong collinearity was observed between CT fibrosis
extent and CT traction bronchiectasis (Spearman’s rho = 0.57) and were therefore included in
separate models. No associations were found between bacterial burden and radiological extent of
disease or extent of either traction bronchiectasis or honeycombing (Table 3.5). No difference in
bacterial burden was observed when specifically considering patients with definite or probable UIP,
the presence or extent of PPFE, and the presence or absence of honeycombing (Figure 3.12A-C). To
assess whether bacterial burden predicted survival independent of radiographic features,
radiographic features of disease severity were incorporated into the survival model. Bacterial

burden remained an independent predictor of survival even when incorporating radiographic
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features into the survival models and following adjustment for age, sex, baseline % predicted FVC;
baseline % predicted DLco and smoking status. Furthermore, given that CT fibrosis extent and CT
traction bronchiectasis score were strongly co-linear (Spearman’s rho = 0.57), they were included in
separate models. In both models, bacterial burden remained predictive of disease progression

(hazard ratio: 1.16, 95% confidence interval: 1.01-1.35, P = 0.04).

Table 3.5 Radiological features and their univariate prediction of the bacterial burden in bronchoalveolar lavage.

. . Adjusted
Radiological feature Mean (+SD) B Estimate SE

P-value
Traction bronchiectasis extent score 6.7 (3.0) 0.691 1.750 0.492
Fibrosis extent (%) 22.0(10.7) 1.050 0.921 0.297
Honeycombing extent (%) 2.6 (6.8) -0.028 1.830 0.978
Definite or probable UIP pattern (n (%)) 88.0(62.4) -0.597 0.278 0.552
PPFE lobar extent (lobes) 0.4 (0.9) 0.414 1.140 0.680

Binary CT variables expressed as absolute number and percentage. Variables expressed as mean and standard
deviations (SD) of per cent of the whole lung proportion, with the exception of UIP pattern, which is expressed as
an absolute number and percentage. Traction bronchiectasis scored on an 18-point scale. PPFE scored by number
of lobes involved. Univariate regression performed against log-transformed 16S rRNA gene copy number. SE:
standard error; UIP: usual interstitial pneumonia; PPFE: pleuroparenchymal fibroelastosis.

A ns B ns c

BAL bacterial burden
Log10 (16S rRNA gene copies/ml of BAL)
:
BAL bacterial burden
Log10 (16S rRNA gene copies/ml of BAL)

BAL bacterial burden
Log10 (16S rRNA gene copies/ml of BAL)

T T T T T
Probable UIP Definite UIP PPFE No Honeycombing Honeycombing

Figure 3.12 Relationship between radiological features and bronchoalveolar lavage (BAL) bacterial burden.

No difference in bacterial burden log10 (16S rRNA gene copies/ml of BAL) based on (A) a definite or probable pattern
of usual interstitial pneumonia (UIP), (B) the presence or absence of radiological pleuroparenchymal fibroelastosis
(PPFE) or (C) the presence or absence of honeycombing. Statistical significance tested by Mann-Whitney U test. Data
are presented as median and interquartile range.
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3.4.5 Microbiota composition in health and disease

3.4.5.1 Relative abundance

The composition of the microbial communities in the two groups was dominated by the following
five phyla: Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and Fusobacteria (Figure
3.13). At the phylum level, the microbiota of control subjects was dominated by Firmicutes (46%),
Bacteroidetes (31%), Proteobacteria (15%), Actinobacteria (5%) and Fusobacteria (3%) (Figure
3.13A). Although the same phyla predominated the BAL of IPF subjects, the Firmicutes and the
Proteobacteria phyla accounted for 50% and 16% of the total reads (Figure 3.13B). Comparison at
the genus level identified that the microbial profile of the controls and IPF subjects was dominated
by Prevotella (controls 29%; IPF 24%), Streptococcus (controls 22%; IPF 27%) and Veillonella
(controls 16%; IPF 21%). Of these genera, Streptococcus (P = 0.01) and Veillonella (P = 0.04) were
found to be more abundant in the BAL of IPF subjects compared to controls. Furthermore,
Staphylococcus (controls 0.47%; IPF 2%) was also elevated in the BAL of IPF subjects compared to
controls (P = 0.04), whereas Actinobacillus (controls 3%; IPF 2%) was found to be significantly lower

in the BAL of IPF subjects (P = 0.007).
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Figure 3.13 The respiratory microbiome in idiopathic pulmonary fibrosis (IPF) is altered compared to healthy controls.

Taxonomic changes at the phylum and genus levels in the bronchoalveolar lavage (BAL) of (A) healthy controls and (B)
IPF subjects. Statistical significance tested by Mann-Whitney U test. Statistical differences marked as follows: * (increase
in IPF), and * (decrease in IPF). Data are presented as mean + standard deviation.
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No correlation was found between bacterial genera and BAL differential cell counts (Table 3.6).

Table 3.6 Spearman’s rank correlations (rho) between respiratory microbiota (genus level) of idiopathic pulmonary
fibrosis (IPF) subjects and bronchoalveolar lavage cell differentials.

Comparison Spearman’s rho P value
Macrophages vs Prevotella 0.045 0.52
Macrophages vs Streptococcus 0.075 0.28
Macrophages vs Veillonella -0.025 0.72
Macrophages vs Neisseria 0.100 0.13
Macrophages vs Haemophilus 0.030 0.67
Macrophages vs Staphylococcus 0.059 0.40
Lymphocytes vs Prevotella -0.110 0.11
Lymphocytes vs Streptococcus -0.085 0.22
Lymphocytes vs Veillonella -0.069 0.32
Lymphocytes vs Neisseria -0.083 0.23
Lymphocytes vs Haemophilus -0.084 0.23
Lymphocytes vs Staphylococcus 0.026 0.27
Neutrophils vs Prevotella 0.010 0.89
Neutrophils vs Streptococcus 0.002 0.98
Neutrophils vs Veillonella 0.018 0.80
Neutrophils vs Neisseria -0.032 0.65
Neutrophils vs Haemophilus 0.110 0.12
Neutrophils vs Staphylococcus -0.021 0.77
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3.4.5.2 Differential abundance

To further explore the community composition changes between healthy controls and IPF,
differentially abundant bacteria were identified using LEfSe. Features significantly discriminating
among groups with an LDA score > 2.0 were represented as a cladogram, as produced by LEfSe with
default parameters. Multiple taxonomic differences were found: the BAL of healthy controls was
enriched with bacteria belonging to the Bacteroidetes and Actinobacteria phyla, and the IPF group

was enriched with bacteria belonging to the Firmicutes and Proteobacteria phyla (Figure 3.14).
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Figure 3.14 Differentially abundant bacteria within the healthy control and idiopathic pulmonary fibrosis (IPF) groups.

Cladogram representing results from calculated linear discriminant analysis (LDA) effect size (LEfSe) comparing the
taxonomic composition of BAL samples from the two groups, P < 0.05. Multiple significant taxonomic differences were
observed at different phylogenetic levels, with labels in the cladogram written for differences at the phylum level and
indicated by letters for differences at the genus level. Only taxa meeting an LDA threshold > 2.0 are shown.
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3.4.5.3 Diversity analyses

Alpha-diversity metrics were used to characterise the bacterial diversity within each sample (Figure
3.15). Alpha-diversity was assessed using the Shannon and Chaol indexes, which estimate the
evenness and richness, respectively, of the microbiome in each sample. Compared to the controls,
subjects diagnosed with IPF were found to have a decreased evenness (P = 0.0039) (Figure 3.15A).

However, no significant difference (P = 0.074) was found when comparing microbial richness (Figure

3.15B).
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Figure 3.15 Alpha-diversity of microbial communities by diagnosis.

Alpha-diversity assessed using the (A) Shannon index and (B) Chaol index. Data are presented as median and
interquartile range. Statistical significance was tested by Mann-Whitney U test.

Changes in the community composition (B-diversity) between the two groups were investigated
using PCA and tested by PERMANOVA which confirmed differences in the microbial profiles of the
subjects based on diagnosis (P < 0.01) (Figure 3.16). The PCA revealed that the variation amongst
the groups was mostly driven by changes in the Proteobacteria and Firmicutes phyla, with a

tendency toward an enrichment of Firmicutes and Proteobacteria in the BAL from IPF patients.
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Figure 3.16 Beta-diversity of microbial communities by diagnosis.

Principal Component Analysis based on Euclidean distances statistically tested using Permutational Multivariate
Analysis of Variance (PERMANOVA) adjusted for age, sex, smoking status, FVC (% predicted) and DLco (% predicted)
(PERMANOVA: P < 0.01).
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3.4.6 Microbiota composition and disease progression
It has previously been reported that an increased abundance of either Streptococcus or
Staphylococcus in subjects with IPF is associated with a significant reduction in progression-free
survival time [114]. Using a univariate analysis, both Streptococcus (hazard ratio: 2.05, confidence
interval: 0.80-5.14, P < 0.03) and Staphylococcus (hazard ratio: 1.81, confidence interval: 0.78-4.07,
P < 0.03) significantly associated with increased mortality in IPF. However, using a multivariable Cox
proportional hazards model adjusted for age, sex, baseline % predicted FVC and smoking status,
only an increased abundance of Staphylococcus (hazard ratio: 2.09, 95% confidence interval: 0.90-
1.0, P = 0.03) but not of Streptococcus (hazard ratio: 1.54, 95% confidence interval: 0.84-4.19, P =
0.05) in the BAL of IPF subjects conferred an increased risk of mortality (Figure 3.17). The
enrichment of these bacteria was observed in less than half of the cohort; therefore, it remains

unlikely that these bacterial genera alone can explain the disease pathogenesis.
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Figure 3.17 Increased relative abundance of Staphylococcus in the bronchoalveolar lavage (BAL) of idiopathic
pulmonary fibrosis (IPF) subjects is associated with increased mortality.

Kaplan Meier curve generated by Cox proportional-hazards model stratified by relative abundance of (A) Streptococcus
and (B) Staphylococcus in BAL of subjects diagnosed with IPF. Subjects were dichotomised using a threshold identified
with the cox.main function from the R AIM package. Log-rank P test value reported.

Despite the significant differences in overall bacterial burden (section 3.4.4.2) when comparing IPF
subjects with either stable or progressive disease, as determined by the CPI, no obvious changes

were observed in microbial composition at the phylum or genus levels (Figure 3.18).
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Figure 3.18 The respiratory microbiome in idiopathic pulmonary fibrosis (IPF) subjects with stable or progressive
disease.

Taxonomic composition (phylum and genus levels) of IPF subjects with stable disease or progressive disease. Statistical
significance tested by Mann-Whitney U test.

Compared to subjects with stable disease, an increased abundance of Firmicutes and Streptococcus
was observed in the BAL of patients with a decline in the CPIl. However, individuals with progressive

disease were not found to have a decreased microbial evenness or richness (Figure 3.19AB).
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Figure 3.19 Alpha-diversity of idiopathic pulmonary fibrosis (IPF) subjects with stable or progressive disease.

Alpha-diversity assessed using the (A) Shannon index and (B) Chaol index. Statistical significance tested by Mann-
Whitney U test.

Similarly, when stratifying individuals diagnosed with IPF into tertiles based on their levels of
bacterial burden (low, middle, high), no significant differences in the respiratory microbiota were

observed at either the phylum or genus levels (Figure 3.20).
115



Firmicutes 00 Proteobacteria 0 Bacteroidetes 100 Actinobacteria

1004 100+ 100+
[2] [2] n [2]
3 3 ® ®
e O 75 O 75 - © 757 o 75
=4 2 s s
= .
£ %50 & 50 & 50- & 50
ol g 2 2 2
%5 25+ %5 25+ %5 25+ %5 25+
X X X X e ;
0- 0- . 0- 0-
Low Middle High Low Middle High Low Middle High Low Middle High
(n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67)
Prevotella Streptococcus Veillonella Haemophilus
100+ 100 . AR 100 100+
[2] [2] (2] (2]
el el © el
3 75- 3 75- 3 75- 3 75-
S| 2 > s z
S| Esoq ! 5 = & 50- & 50-
(D o0 w o0 [72] [92]
e e e e
G 257 kS] k] 5 25-
R R R R
0_ -:.l .. . 0_
Low Middle High Low Middle High Low Middle High Low Middle High
(n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67) (n=67)

Figure 3.20 The respiratory microbiome in idiopathic pulmonary fibrosis (IPF) subjects stratified according to
bronchoalveolar lavage (BAL) bacterial burden.

Taxonomic composition (phylum and genus levels) for IPF subjects stratified into tertiles by bacterial burden (low: 4.15
x 103-3.76 x 10% middle: 3.78 x 10*—2.11 x 10°; high: 2.12 x 10° — 2.42 x 107 16S rRNA gene copies/ml of BAL). Statistical
significance tested by Kruskal-Wallis test with Dunn’s Multiple Comparison test.

No differences in microbial evenness or richness were observed according to bacterial burden tertile

(Figure 3.21AB).
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Figure 3.21 Alpha-diversity of idiopathic pulmonary fibrosis (IPF) subjects stratified according to the bacterial burden.

Alpha-diversity assessed using the (A) Shannon index and (B) Chaol index. Statistical significance tested by Kruskal-
Wallis test with Dunn’s Multiple Comparison test.
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3.4.7 Microbiota composition and smoking history
Of the 201 subjects diagnosed with IPF, 74 were classified as non-smokers, 117 as ex-smokers and
10 as current smokers. No demonstrable changes were observed at the phylum or genus levels
according to smoking history except for an increased abundance of Bacteroidetes, particularly
Prevotella, in the BAL of ex-smokers compared to non-smokers (Figure 3.22). No differences in

microbial evenness or richness were observed according to smoking history (Figure 3.23AB).
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Figure 3.22 The respiratory microbiome in idiopathic pulmonary fibrosis (IPF) subjects stratified according to smoking
history.

Taxonomic composition (phylum and genus levels) for IPF subjects stratified according to smoking history (non-smoker,
ex-smoker and current smoker). Statistical significance tested by Kruskal-Wallis test with Dunn’s Multiple Comparison
test.

A B
4 [ ]
o, 3004 .
x }
2 i ;
c = %
g 5 1004 T r
] 2
e
& (&) :
L]
[ ]
[
34 . 304 .
® [ ]
Non Ex Current Non Ex Current
(n=74)(n=117)n=10) (n=74)(n=117)n=10)
Smoking History Smoking History

Figure 3.23 Alpha-diversity of idiopathic pulmonary fibrosis (IPF) individuals stratified according to smoking history.

Alpha-diversity assessed using the (A) Shannon index and (B) Chaol index. Statistical significance tested by Kruskal-
Wallis test with Dunn’s Multiple Comparison test.
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3.4.8 Microbiota composition and MUC5B genotype
Changes in the microbiota composition of BAL from IPF patients were evaluated according to
MUC5B genotype. Although patients with IPF possessing the minor allele (TT) were found to have a
lower bacterial load compared to patients possessing the GG and GT alleles (section 3.4.4.5), no
significant differences were observed between the microbiota, either at the phylum or genus levels,
based on genotype (Figure 3.24). No differences in microbial evenness or richness were observed

according to genotype (Figure 3.25AB).
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Figure 3.24 The respiratory microbiome in idiopathic pulmonary fibrosis (IPF) subjects based on MUC5B genotype.

Taxonomy at the phylum and genus levels based on MUC5B genotype (TT, GT, and GG). Statistical significance tested
by Kruskal-Wallis test with Dunn’s Multiple Comparison test.
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Figure 3.25 Alpha-diversity of idiopathic pulmonary fibrosis (IPF) individuals stratified according to MUC5B genotype.

Alpha-diversity assessed using the (A) Shannon index and (B) Chaol index. Statistical significance was tested by Kruskal-
Wallis test with Dunn’s Multiple Comparison test.
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3.5Discussion

IPF is a progressive, irreversible and inevitably fatal scarring condition of the parenchyma [9]. The
triggers that initiate the fibrotic response remain unknown. In order to investigate the role of
bacteria in the pathogenesis and progression of IPF, the airway microbiome of patients with IPF was

characterised using 16S rRNA sequencing and compared to that of healthy controls.

This Chapter validates previous findings showing there are significant differences in the composition
and diversity of the respiratory microbiome in subjects with IPF compared to healthy controls.
Furthermore, it confirms the finding that patients with IPF have an increased bacterial burden at
the time of diagnosis, which confers a worse survival. For the first time, it was demonstrated that
this increased bacterial burden is independent of radiological markers of disease morphology and
severity. This study is the largest prospective study of bacteria in the lower airways of individuals
with IPF performed to date, and confirms the importance of the respiratory microbiota and airway
bacterial burden in IPF pathology. While previous studies have investigated bacterial burden and
disease severity using physiological factors, such as FVC, none have looked at the relationship
between bacterial burden and radiological markers of lung deterioration or disease severity. In the
present Chapter, bacterial burden was found to be an independent predictor of survival, even when
CT scan results were incorporated into the survival model, and adjustments for demographics and
physiological parameters were made. The lack of association seen with measures of disease severity
and fibrotic destruction of the lung suggests that changes in the bacterial burden are disease-

relevant and unlikely simply secondary to the architectural distortion of the lungs [277].

The existence of a microbiome in the healthy lung is now generally accepted; at the phylum level,
the healthy lung is characterised by the presence of a ‘core’ pulmonary microbiome, typified by the
presence of Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria and Actinobacteria [318]. At the
genus level Prevotella, Veillonella and Streptococcus genera have been shown to dominate [132,
318, 319]. In this work, there were marked differences in the distribution of phyla between the
healthy controls and subjects with IPF. Specifically, an increased abundance of Firmicutes and
Proteobacteria, which harbour potentially pathogenic microbial species, was noted in the fibrotic
group. In contrast, Bacteroidetes and Actinobacteria were found to be less abundant in disease than
in control subjects. These findings are consistent with the literature which shows that during
respiratory disease there is an increased prevalence of Firmicutes and Proteobacteria and a

reduction in non-pathogenic commensals, such as Bacteroidetes, when compared to healthy
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controls [320]. This observation suggests that a dysbiotic state of the lung microbiome could be

directly associated with the pathophysiology of IPF.

Despite infection being a potential cause of alveolar epithelial injury, the role of microbial
colonisation in the initiation and progression of fibrosis in patients with IPF has only been recently
addressed [321]. Using BAL from the lower airways, Molyneaux and colleagues have reported that,
compared to age-matched healthy controls, patients with IPF displayed significantly less bacterial
communities and were found to harbour a greater abundance of Haemophilus, Neisseria, and
Streptococcus bacterial genera. Furthermore, individuals with IPF were found to have an increased
bacterial burden which was associated with increased mortality [115]. In a separate study, Han and
colleagues prospectively recruited patients in the COMET study to evaluate the lung microbiome in
patients with IPF. An increased abundance of Streptococcus or Staphylococcus genera was
associated with reduced progression-free survival time [114]. Concordant with these findings, in this
Chapter, differentially abundant bacterial genera were identified with LEfSe and, compared to
healthy controls, the BAL of IPF subjects was found to be enriched with Streptococcus, Haemophilus,
and Neisseria. In further agreement with the literature, the baseline bacterial communities of the
healthy control subjects were enriched with Prevotella, which is known to dominate the airways of
healthy subjects [156]. Moreover, in IPF, an increased abundance of Staphylococcus in the BAL of
IPF subjects was found to confer an increased mortality risk. Collectively, these findings suggest that
alterations in the microbiome characterised by an increased abundance of potentially pathogenic

bacteria may play a potential role in the pathogenesis of IPF.

Usually, microbial disturbances are associated with the outgrowth of dominant and typically
pathogenic bacterial genera over community diversity [156]. This pattern of decreased diversity has
been reported in patients with CF and COPD, where a shift towards a microbial community
predominated by pathogenic species has been shown [322, 323]. Indeed, previous studies have
demonstrated that a loss of diversity of the lung microbiome correlated with the progression of IPF.
Specifically, research by Takahashi and colleagues found an increase in Firmicutes and Bacteroidetes
and a decrease in Proteobacteria; this reduction in microbial diversity was associated with disease
activities in IPF [320]. These findings may indicate that a shift in the respiratory microbiome toward
more densely populated and less diverse bacterial communities of the lower airways in IPF may
provide persistent stimuli for repetitive alveolar injury [252]. In the present study, alpha diversity
metrics were used to characterise the number (richness) and distribution (evenness) of taxa

expected within each BAL sample. Compared to the controls, subjects diagnosed with IPF were
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found to have a decreased evenness. A signal toward a lower bacterial richness was also observed,
but this was not statistically significant. In contrast, beta diversity analyses revealed significant
differences in whole community composition between the two groups. These results validate the
finding that the airway microbiota in IPF is different from that of healthy controls. Nevertheless,
causal conclusions cannot be drawn about this altered respiratory microbiome in IPF ahead of
functional and longitudinal studies which are urgently needed to better understand pathogenic

host-microbial interactions.

Several factors have been proposed as potential sources of injury to the airway epithelium, including
occupational dust exposure and cigarette smoke. Specifically, smoking may influence the
microbiome via changes to immune homeostasis, biofilm formation and oxygen tension which may
be involved in a range of diseases [324]. Indeed, smoking has been previously reported to contribute
to modifications of the oral, lung and gut microbiome in health and disease [324]. For example,
Charlson and colleagues examined the microbial composition and effects of cigarette smoke by
using culture-independent high-density sequencing to analyse the microbiota from the right and
left nasopharynx and oropharynx of 29 smoking and 33 healthy non-smoking adults. They found
that the microbiota from smokers was significantly more diverse than non-smokers as well as
reported enrichment of anaerobic bacterial genera associated with periodontal disease in the
oropharynx [325]. Similarly, in a study of patients with asthma, ex-smokers were found to have a
higher prevalence of the Bacteroidetes and Fusobacteria phyla in sputum compared with non-
smokers [326]. In this Chapter, the BAL-associated microbial communities in IPF patients was
compared between non-smokers, ex-smokers and current smokers. In agreement with other
studies, the BAL of non-smokers had an increased abundance of Bacteroidetes compared to ex-
smokers. At the genus level, Prevotella and Haemophilus were found to be increased in the BAL of
non-smokers compared to ex-smokers. However, no differences were reported when comparing
the changes in the microbial communities between non-smokers and current smokers. This lack of
difference may be explained by the small sample size in the current smokers’ group. However, in
IPF, the exact relationship between smoking and microbiome alterations remains to be further
explored. More studies examining the effect of smoking on airway microbiome in individuals with

IPF are warranted.

It is of vital importance to identify patients with increased risk of mortality in order to allow prompt
and timely referral for lung transplant assessment. Whilst there have been conflicting reports

regarding age and smoking history and their association with mortality, lung function parameters
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have been consistently used to define the progression, stability or improvement of the disease [17].
Specifically, the percentage value on the predicted FVC and DLco are used in the monitoring and
evaluation of the disease. The worsening, stability or improvement of the disease is defined by
changes between 6 or 12 months in the percentage of FVC or DLco [8]. A decline greater than or
equal to 10% of FVC or greater than or equal to 15% of DLco have been extensively used as cut-off
points to define disease progression. In this Chapter, a twelve-month decline of greater than 10% in
FVC or a decrease in DLco of more than 15% were both found to associate with an increased risk of
mortality in IPF [17]. Furthermore, it has consistently been shown that the bacterial burden in the
BAL of subjects with IPF is increased compared to healthy controls and that the bacterial load at the
time of diagnosis predicts rapidly progressive IPF and an increased risk of mortality [114, 115, 149].
Similar to previous studies, bacterial load was increased in the BAL of subjects with IPF and was
found to predict subsequent progression of IPF. However, when stratifying individuals diagnosed
with IPF into tertiles based on their levels of bacterial burden (low, middle, high), no significant
differences in alpha-diversity or the respiratory microbiota were observed at either the phylum or

genus levels.

Although there was an overall increase in bacterial burden in IPF subjects, when examining BAL
differential cell counts, there was no correlation with a specific cellular response. Conflicting
evidence exists regarding the prognostic implications of BAL neutrophilia in IPF. In a study by Kinder
and colleagues, an increased BAL neutrophil count led to an increased risk of mortality at 12 months.
The authors hypothesised that they might be identifying a subgroup of individuals with more active
disease [327]. In the present study, an increased proportion of neutrophils was observed in the
airways of patients with IPF, however, there was no association with their counts and overall
bacterial burden. Interestingly, there was no association between BAL cellular profiles and the
bacterial burden in the airways, emphasising the difference between the stable microbiome and
infection, where a cellular response is seen. Future studies should consider integrating methods of

detecting response, such as the characterisation of the epithelial and airway transcriptome [277].

The single most reliable genetic risk factor for the development of IPF is the MUC5B promoter
variant rs35705950 [41]. Paradoxically, the presence of the minor allele of the MUC5B promoter
polymorphism has been associated with a lower bacterial burden and better prognosis in patients
with IPF [54, 115]. In the present study, the bacterial burden associated independently with
rs35705950 genotype; patients with IPF possessing the minor allele (TT) were found to have a lower

bacterial burden compared to patients possessing the GG and GT alleles and were at a significantly
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lower risk of mortality. This protective effect may result from improved bacterial clearance due to
enhanced mucin production, suggesting that increased bacterial colonisation of the airways may
play a role in IPF progression. This is further supported by the fact that conditions such as gastro-
oesophageal reflux disease, which may lead to increased immigration of potentially pathogenic
gastric bacteria to the lungs, is a common comorbidity in patients with IPF [328]. However, based
on genotype, no significant differences were observed in alpha-diversity or taxonomic composition

at the phylum or genus levels.

While the minor (T) allele is the risk allele for development of IPF, it also confers a survival advantage
among patients with IPF. Taken together, these results suggest that the IPF phenotype is
heterogeneous and consists of at least two clinical subtypes which are partly distinguishable by the
MUC5B genotype [41]. However, the mechanism by which variants in MUC5B confer an increased
risk of lung fibrosis is yet to be elucidated. Immune dysregulation has been proposed as a potential
mechanism by which increased mucin expression contributes to the pathophysiology of IPF.
Alternatively, IPF may be a disease of mucociliary clearance, whereby overexpression of MUC5B
leads to impaired ciliary function, thus allowing the retention of particles and consequently

recurrent lung injury [56].

Although traction bronchiectasis and honeycombing are defined as distinct entities, they
radiologically reflect two aspects of the pathological remodelling which occurs in IPF. In addition to
the extent of overall fibrosis, both bronchiectasis and honeycombing have been associated with
disease behaviour and clinical outcome [329]. However, no correlation was found between
honeycombing extent or traction bronchiectasis and bacterial burden, which remained a predictor
of progression even after accounting for both of these entities. The relative proportions of CT UIP
morphologies (definite, probable, indeterminate, inconsistent) in this cohort of IPF subjects are
consistent to proportions which have been previously reported [330]. No associations were found
with an extent of fibrosis or traction bronchiectasis, neither were there any differences between
the radiological diagnostic cohorts of probable versus definite UIP. Despite the clinical association
between PPFE and infection, there was no relationship between either the presence or extent of
PPFE and bacterial burden [331]. Although this is an interesting finding, only one-third of the
subjectsin the cohort had evidence of PPFE. Thus, this lack of association will have to be investigated
in larger cohorts where it would also be interesting to characterise the microbiome in subjects with

isolated PPFE.
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Dickson and colleagues recently set out to investigate the relationship between the microbiome and
the presence or absence of honeycombing in a subgroup of 68 subjects with IPF [332]. The authors
found no association with the lower airways bacterial burden when dichotomising the cohort based
on the presence or absence of honeycombing. The prospective nature and quantitative radiological
analysis undertaken in this Chapter expands upon their work. Furthermore, the study design
employed here enabled me to answer questions regarding the graded relationships between
radiological change and bacterial burden, strengthening the conclusion that increased bacterial

burden is not simply related to the extent of radiological disease.

However, this work raises several issues regarding the potential for antimicrobial therapies in IPF,
some of which are being currently trialled (NCT02759120 and 17464641) [83, 333]. Although it is
clear that the lower airways of patients with IPF harbour a distinct microbiome compared to healthy
controls, the only consistent finding has been that of an increased bacterial burden. Currently, none
of the therapies which are being trialled have demonstrated an effective reduction of bacterial
burden. In a post hoc analysis of multiple trials of inhaled antibiotics, it was recently revealed that
patients with the higher bacterial burden demonstrated a clinical response and improved quality of
life [334]. Therefore, rather than treating indiscriminately, a more targeted approach may be

required for patients with IPF.

The advent of next-generation sequencing technologies has allowed direct and culture-independent
sequence-based interrogation of microbial communities, both in homeostatic and perturbed states
[335]. The most commonly used approach to the study of bacterial communities exploits high-
throughput sequencing of amplicons of the 16S rRNA gene, a highly conserved prokaryotic gene.
16S rRNA gene sequencing is a highly accurate and versatile technology for bacterial classification
and identification in complex biological mixtures [318]. Although 16S rRNA gene sequencing is a
powerful tool for understanding the role of the microbial community in health and disease, there
are limitations. 16S rRNA sequencing results only permit interrogation of the relative, rather than
the actual, quantity of a particular bacterium [335]. Chimeras are hybrid reads between multiple
parent sequences that can be incorrectly classified or falsely identified as novel organisms, thus
confounding the real biological diversity [336]. However, in the present study, these were removed
following demultiplexing and denoising of reads with DADA2. Another significant concern when
using 16S rRNA sequencing to characterise microbial communities is the potential of contamination
during sample acquisition. Contamination presents a critical problem when evaluating samples with

low microbial biomass, such as the lungs [337]. The low amount of starting material may be
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swamped by the amplification of reagent-derived contaminants and results in erroneous
representations of the microbial communities [337, 338]. In this study, to minimise the risk of
contamination, negative bronchoscopy controls and reagent controls were included in the
sequencing run. The negative control samples yielded a bacterial burden close to or below the lower
limit of qPCR quantification (100 copies/ml of BAL) and had a taxonomic composition which was
distinct from the actual BAL samples. This was further confirmed by the PCA analysis, which showed
that BAL samples clustered separately from the negative controls, supporting the hypothesis that
the gPCR results are not simply an artefact from a sampling or processing error. Another significant
limitation is that 16S rRNA gene sequencing provides a snapshot of the microbial community at a
particular moment in time, and it is therefore challenging to determine whether the altered
microbial community is a cause or a consequence of the disease [335]. Thus, functional and
longitudinal studies examining host-microbial interactions are necessary. Evidence also indicates
the involvement of viruses and fungi, which play an important role in health and disease. Another
caveat of 16S rRNA sequencing is that it does not assess other potential nonbacterial lung pathogens
present in the lower airways, which may play a role in the disease. The lung virome and mycobiome
have been shown to have a significant impact on clinical outcome of chronic respiratory diseases
such as asthma, COPD, CF and IPF [145, 339, 340]. Furthermore, respiratory viruses are a major
cause of acute exacerbations of chronic pulmonary diseases, and it has been demonstrated that the
host response to viral infection is dysregulated in these diseases. Studies have also supported a
mechanistic role for viruses in the initiation and progression of IPF. In particular, cytomegalovirus,
Epstein-Barr virus, HHV-7 and HHV-8 of the HHV family have been considerably studied in the
context of acute exacerbations of IPF [88]. Moreover, infection by respiratory viruses is a major
trigger of wheezing in infants as well as exacerbations of asthma in older children. Respiratory
syncytial virus, human rhinovirus, coronavirus, parainfluenza, as well as other viruses have been
associated with these wheezing events [341]. Although very little is known about the lung
mycobiome compared to the bacterial microbiome, fungi have recently been identified in
respiratory diseases [342, 343]. Commensal fungi affect the immune system and modulate bacterial
communities and as a result are involved in the restoration of the bacterial microbiota following
antibiotic treatment [344, 345]. Although the importance of lung viral and fungal communities is
increasingly recognised, mechanistic research is urgently needed to further explore their role in the

pathogenesis of chronic lung diseases.
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3.6 Conclusions

The microbial profile of subjects with IPF is distinct from that of healthy controls. Compared to
controls, these individuals have an increased bacterial burden at the time of diagnosis, which
confers a worse survival. This is the first study to show that this increased bacterial burden is
independent of radiological markers of disease morphology and severity. The lack of association
seen with measures of disease severity and fibrotic destruction of the lung suggests that changes in
bacterial burden are disease-relevant and unlikely simply secondary to the architectural distortion.
Future work should aim to understand whether the total bacterial load and/or the relative
abundances of the altered bacterial genera may be acting synergistically to advance the fibrotic
process. Collectively, these findings provide a strong rationale for trials of targeted antimicrobial
therapy which will help elucidate the aetiological role of these microbial organisms and at the same

time aid in the search for a novel potential treatment.
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4 Chapter 4: The Respiratory Metabolome in Idiopathic Pulmonary Fibrosis

4.1 Introduction

The work in Chapter 3 has demonstrated that the lungs of subjects with IPF are characterised by an
increased bacterial load, by changes in bacterial community composition, and decreased bacterial
diversity compared to those of healthy individuals. Additionally, increased numbers of bacterial
communities in the airways were found to have detrimental effects on survival in patients with IPF.
Although these observational and association studies support the growing hypothesis that host-
environment interaction is crucial in the pathogenesis of IPF, they do not provide any functional or
mechanistic insights.

It is now well recognised that the intestinal microbiota is an important contributor to host health
and immune homeostasis in a range of inflammatory diseases, including type 2 diabetes, asthma,
obesity, and COPD [346]. The respiratory microbiome develops in tandem with that of the gut [347].
Indeed, a bidirectional dialogue occurs between these two compartments, which has been termed
the ‘gut-lung axis’. This cross-talk is driven by the metabolic state of the microbiota and is pivotal
for maintaining health and homeostasis in the individual host. However, dysregulation of this
dynamic has been shown to be a key driver for many diseases [168, 348]. Manipulation of the gut
microbiome, by changes in diet, can alter the respiratory microbiome providing beneficial effects in
asthma and protection against respiratory viruses [167, 349]. The gut microbiota influences the
microbial composition within the lung either by direct seeding of the respiratory tract with bacteria
or by the distribution of bacterial microbial metabolites, including the SCFAs [163]. The prevailing
hypothesis in the literature is that SCFAs, produced from the bacterial fermentation of non-
digestible carbohydrates by intestinal bacteria in the gut lumen, are integral for tight junction
formation and are directly anti-inflammatory [350]. SCFAs are straight-chain saturated fatty acids
with fewer than six carbon atoms, which have widespread effects on the gut but have also been
shown to exert their effects in peripheral tissues such as the lung [351]. The most common SCFAs
produced by the microbiota are acetate, a two-carbon SCFA; propionate, a three-carbon SCFA; and
butyrate, a four-carbon SCFA. SCFAs act as a link between the microbiota and the immune system
by interacting with immune cells and modulating their recruitment, differentiation, activation and
survival within different tissues [157]. The concentrations at which SCFAs occur in the lumen of the
large intestine range from 30 to 150 mM [352]. They are absorbed into the portal circulation and
reach the bloodstream, where they potentially exert their effects [163]. However, SCFAs can also
be detected in sputum at lower concentrations (0.1-5 mM), demonstrating that they reach the lungs

and airways [353]. SCFAs elicit their effects by binding to GPRCs, including GPCR43, GPCR41,
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GPR109A and olfactory receptor 78. These GPCRs are expressed on several cell types such as
immune cells and bronchial epithelial cells where they are upregulated in disease [354, 355]. For
example, once activated, GPCR43 has been shown to mediate the expression of several
antimicrobial peptides and defensins in an mTOR and STAT3-dependent manner [356].

The pro- and anti-inflammatory effects of these dietary fibre fermentation products are now well
documented in a number of chronic inflammatory diseases [161, 353, 355, 357]. However, while
the role of SCFAs and the gut-lung axis in pulmonary inflammation has been investigated, little is
known about the impact of microbial metabolites on the development of fibrosis. In recent years,
there has been a clear increase in the incidence of IPF in developed countries, concurrent with
alterations in diet, including reduced consumption of fibre [358]. Interestingly, in chronic lung
diseases such as IPF, the airway microenvironment has been shown to become increasingly hypoxic,
providing a niche in which these anaerobic bacteria can thrive in [134]. Previous studies in the
respiratory field suggest that SCFAs may play a key role in the regulation of allergic airway
inflammation [163]. Therefore, investigating which metabolites are involved in IPF may aid in the
understanding of the pathomechanisms underlying this disease and ultimately provide an
opportunity for the development of more targeted therapeutic interventions. Currently, there is
limited data available on the lung metabolome of IPF patients. To our knowledge, there has been
no study on the impact of the lung metabolome, and in particular the SCFAs, on disease progression
in IPF. The overarching aim of this Chapter was to characterise the metabolites present in the BAL
supernatant of subjects with IPF and healthy controls. The hypothesis examined was that the
respiratory metabolome of IPF subjects is distinct compared to healthy controls and might be

contributing to disease progression.

4.2 Aims
e To phenotype the airway metabolic profile in patients with IPF and healthy controls by
untargeted 'H NMR spectroscopy and by targeted GC-MS.
e To relate specific changes in the BAL metabolic profile of individuals with IPF to clinical
outcomes and disease features.
e To test for associations between the respiratory microbiome, bacterial burden and

metabolites.
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4.3 Materials and Methods

4.3.1 Study design
Patients with IPF undergoing bronchoscopy with BAL and healthy controls were recruited at the
Royal Brompton Hospital (London, UK). Further details on subject recruitment, exclusion and sample

collection are detailed in Chapter 2 (sections 2.1.1-2.1.4).

4.3.2 Sample collection and preparation
For metabolomics analysis, BAL supernatants (2 ml) were processed for *H NMR spectroscopy and

for Triple Quadrupole GC-MS. See Chapter 2 (sections 2.4-2.5) for further details.

4.3.3 'H NMR spectroscopy
'H NMR spectroscopy was performed at 300 K (26.85 C) on a Bruker 600 MHz spectrometer (Bruker
Biospin, Karlsruhe, Germany). All samples were acquired using the 1D NOESY-presat sequence. BAL
supernatant spectra were referenced to TSP at 6 0 ppm. Typical acquisition parameters were:
spectral width: 20 ppm; time-domain points: 65536; acquisition time: 2.7 s; number of scans: 32;
number of dummy scans: 4 and line broadening: 0.3 Hz. See Chapter 2 (section 2.4) for further

details.

4.3.4 Triple Quadrupole GC-MS spectrometry
GC-MS of the SCFAs was conducted on an Agilent 7890A (Agilent Technologies, CA, USA), equipped
with an automatic liquid sampler (Gerstel, Germany) and coupled to an Agilent 5975C mass selective
detector. The acquisition was made using Chemstation software (Hewlett-Packard, CA, USA). The
GC was fitted with high polarity, polyethylene glycol (PEG), fused silica capillary column DB-WAXetr
(30 m, 0.25 mm id, 0.25 um film thickness) and helium was used as the carrier gas at 1 mL/min. See

Chapter 2 (section 2.5) for further details.

4.3.5 Statistical analysis
Continuous variables are presented as means (+ standard deviation) and categorical variables as
proportions. Data analysis was performed using R (version 3.4.3) [359]. Details of statistical analysis

performed are described in Chapter 2 (section 2.4-2.5).
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4.4 Results

4.4.1 Study subjects
Two hundred and one subjects with IPF and 40 healthy control subjects were enrolled in the study
and underwent bronchoscopy. These subjects were the same ones described in Chapter 3 (refer to

section 3.4.1 for further details).

4.4.2 Metabolome composition in health and disease

4.4.2.1 BAL spectral profiles of healthy controls and IPF subjects

First, an untargeted and hypothesis-driven approach was used to look for changes in the metabolic
profiles of the control and IPF groups. BAL supernatant metabolic profiles were measured using *H
NMR spectroscopy, and differences in the metabolic landscape based on diagnosis were identified
using univariate and multivariate data analysis techniques. Typical *H NMR spectra of BAL collected
from control and subjects diagnosed with IPF areillustrated in Appendix 2. Following pre-processing
of the NMR spectra, a total of 23 metabolites were detected of which only 16 could be identified
(Table 4.1).

Table 4.1 'H NMR chemical shift data for metabolites identified in bronchoalveolar lavage (BAL) supernatant of
controls and idiopathic pulmonary fibrosis (IPF) subjects.

Illustrating compound name, chemical group, chemical shift in part per million (ppm) and multiplicity.

Compound Assignment s1H Multiplicity
Butyrate CH3 0.9 triplet
Propionate BCH3 1.06 triplet
Ethanol CH3 1.18 triplet
Lactate CH3 1.33 doublet
Acetate CH3 1.92 singlet
Acetone CH3 2.23 singlet
Sarcosine CH3 2.74 singlet
Dimethyl sulfone - 3.16 singlet
Glucose - 3.25 doublets of doublets
Scyllo-inositol 6xCH 3.36 singlet
3-ketobutyrate - 3.45 singlet
Glycine CH 3.57 singlet
Alanine aCH 3.79 quartet
Oxidised glutathione aCH2 4.75 multiplet
Formate CH 8.46 singlet
Choline CH20H 4.07 multiplet
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The peaks arising from the 16 identified metabolites were integrated in order to determine the
relative concentration of each metabolite in each sample and to compare these across the two

groups. The compound name, chemical group, chemical shift and multiplicity for each metabolite

are detailed in Table 4.1.

4.4.2.2 Integration of metabolites detected in BAL
To tease out the differences between the groups, the identified metabolites were integrated to

compare the concentration (arbitrary units) between controls and subjects with IPF (Figure 4.1).
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Figure 4.1 Integration of the metabolites detected by H nuclear magnetic resonance (NMR) spectroscopy in the

bronchoalveolar lavage (BAL) supernatant of healthy controls and subjects diagnosed with idiopathic pulmonary
fibrosis (IPF).

Metabolites from healthy controls (n = 40) and subjects with IPF (n = 201) were integrated. Integrated metabolites: (A)
oxidised glutathione; (B) propionate; (C) ethanol; (D) butyrate; (E) lactate; (F) acetone; (G) glucose; (H) alanine; (1)
choline; (J) glycine; (K) scyllo-inositol; (L) 3-ketobutyrate; (M) acetate; (N) sarcosine; (0) dimethyl sulfone; (P) formate.
Data are presented as mean * standard deviation. Statistical significance tested by Mann-Whitney U test.
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The metabolites belonged to the following 7 classes: SCFA, alcohol, acid, ketone, amino acid, amine,
carbohydrate. The following metabolites were found to be significantly increased in IPF compared
to the control group: propionate, butyrate, lactate, acetone, glucose, alanine, glycine, and acetate.
Significantly increased levels of glucose in IPF suggests altered glycolysis in IPF lungs (Figure 4.1G).
Furthermore, an increased presence of lactate in IPF lungs supports this hypothesis and may suggest
that the products of glycolysis are being shuttled towards lactate production (Figure 4.1E). The
carnitine synthesis pathway produces carnitine and glycine [360]. Of these, glycine was found to be
increased in IPF compared to controls (Figure 4.1J). Glycine is a nonessential amino acid that can be
produced via the metabolism of glucose through the de novo serine/glycine biosynthetic pathway
and has been recently shown to be required for transforming growth factor-B-induced (TGF-P)
collagen production in human lung fibroblasts [361]. Given that the respiratory microbiome is
dominated by SCFA-producing bacteria, their increased proportion in IPF compared to controls may

suggest a key physiological role.

Multivariate statistical analysis facilitates data identification and analysis by converting the peaks of
a spectrum into more easily interpretable coordinates in multidimensional plots of metabolic
activity in order to differentiate between classes within the data. Changes in the metabolic profiles

between the two groups were further investigated using a PCA biplot (Figure 4.2).

—e— Controls -o— |PF

PC2 (46.9%)

PC1 (53.1%)

Figure 4.2 Multivariate statistical analysis of the bronchoalveolar lavage (BAL) *H nuclear magnetic resonance (NMR)
spectroscopy spectra.

Principal component analysis (PCA) biplot comparing the BAL metabolic profile of controls (n = 40) and idiopathic
pulmonary fibrosis (IPF) subjects (n = 201). PCA elucidated the biochemical variation in the dataset, and the loadings
were used to reveal the underlying metabolic differences between the two groups.

The scores plot illustrate a clustering amongst pulmonary metabolic profiles according to diagnosis
(53.1% of the variance was explained by PC1; 46.9% of the variance was explained by PC2). The

loadings illustrate that butyrate and propionate were the metabolites that were most influential for
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the separation in the BAL samples between the groups. The arrows illustrate the direction and
indicate with which axis the variable is correlated. Butyrate and propionate were found to be most

strongly correlated with the IPF subjects.

4.4.3 Associations between metabolites and clinical variables in IPF
To address whether the metabolic differences observed in the BAL of subjects diagnosed with IPF
could be attributed to a clinical phenotype characteristic of IPF, the relationship between clinical
parameters and individual metabolites was explored. Firstly, the association of each of the identified
metabolites with the BAL differential cell counts was assessed. No correlation was found between
the metabolites detected in the BAL of IPF subjects and BAL differential cell counts (Figure 4.3).
Unsupervised hierarchical clustering revealed areas of highly correlated metabolites. Interestingly,
several of these areas correspond to the biochemical pathway to which these metabolites belong.
Since some of these metabolites reside in overlapping pathways, a high correlation between them

is expected. The summary of the Spearman rank correlation test is illustrated in Appendix 3.
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Figure 4.3 Correlation heatmap between metabolites identified in the bronchoalveolar lavage (BAL) of idiopathic
pulmonary fibrosis (IPF) subjects and BAL differential cell counts.

Each square represents the Spearman’s correlation coefficient (rho) between the variable in the row with the variable
in the column. Boxes are colour coded according to magnitude and correlation between variables as measured by
Spearman’s correlation coefficient (dark red: r? = 1.0; red: r? 2 0.5 £ 0.9; white: r? = 0; blue: r? > -0.1 < -0.4; dark blue: r?
<-0.5). Variable order is determined as in hierarchical clustering using the complete linkage method.
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Next, subjects with IPF were stratified according to those with stable or progressive disease, and

metabolic changes were assessed. No statistically significant metabolic differences were observed

when comparing the BAL metabolic profile of subjects with IPF with either stable or progressive

disease, as determined by a decline in FVC greater than 10% (Figure 4.4).
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Figure 4.4 The respiratory metabolome in idiopathic pulmonary fibrosis (IPF) subjects with stable or progressive

disease.

Comparison of the bronchoalveolar lavage metabolic profile of IPF subjects with stable disease (n = 135) or a 10%
decline (n = 30) in forced vital capacity (FVC). Metabolites compared: (A) oxidised glutathione; (B) propionate; (C)
ethanol; (D) butyrate; (E) lactate; (F) acetone; (G) glucose; (H) alanine; (1) choline; (J) glycine; (K) scyllo-inositol; (L) 3-
ketobutyrate; (M) acetate; (N) sarcosine; (O) dimethyl sulfone; (P) formate. Data are presented as mean + standard
deviation. Statistical significance tested by Mann-Whitney U test.



Similarly, of the 201 subjects diagnosed with IPF, 74 were classified as non-smokers, 117 as ex-

smokers and 10 as current smokers. No statistically significant metabolic differences were found

when comparing the BAL metabolic profile of subjects with IPF based on smoking history (Figure

4.5).
A 1107 Oxidised gluathione
%107
EA
12}
m =
€5
Q>
52
g8
&
=3
Non Ex Current
(n=74)(n=117)(n=10)
E
Lactate
2.0x108+
L 5 15100
@ E
£S5
L 6
.-_8 g 1.0x10
fois]
éi‘l 5.0%105
0.0+

Ex Current

Non
(n=74) (n=117) (n = 10)

Choline

8x105+

6105

4105

[Metabolite in BAL]
(arbitrary units)

2x105

Non Ex Current
(n=74)(n=117)(n=10)

. Acetate
3x10%

2x105

1x10%+

[Metabolite in BAL]
(arbitrary units)

Ex Current

Non
(n=74)(n=117)(n=10)

o

1x107-
. 8x10°8+
6x105

4x10°

[Metabolite in BAL]
arbitrary units

T 2x108

2.0x108+

» 1.5%x10°

1.0x10°%

[Metabolite in BAL]
(arbitrary units

5.0x105+

(3.

8x105+

6x105+

4105

[Metabolite in BAL]
(arbitrary units)

2x105+

-4

3x105

2x105

1x10%+

[Metabolite in BAL]
(arbitrary units)

Propionate

Ex Current
(n=74)(n=117)(n=10)

Non

Acetone

Ex Current
(n=74) (n=117)(n=10)

Non

Glycine

Ex Current

Non
(n=74) (n=117) (n = 10)

Sarcosine

Ex Current
(n=74) (n=117)(n=10)

Non

Cc Ethanol
1x107+
—.  8x1054
=4~
& 2 ex106-
£5 1
o> 6 .
=g 2x10 .
£% ;
gi", 1x108+
0;
Non Ex Current
(n=74)(n=117)(n=10)
Glucose
2.0x10%+

1.5%106]

1.0x10°

[Metabolite in BAL]
(arbitrary units)

5.0%105+

0.0-

Ex Current
(n=74)(n=117) (n=10)

Non

K -
Scyllo-inositol
8x10%
2 g 6x10°
£5
o> 5_|
g 4x10
w8
2 = 2x10°%
od ;
Non Ex Current
(n=74) (n=117) (n=10)
o

s Dimethyl sulfone
3%10°

2x105

1x105-

[Metabolite in BAL]
(arbitrary units)

Ex Current

Non
(n=74)(n=117) (n=10)

D Butyrate
1%x107
T 8x10%
3z
c 5 6x10%
L -
S 8 2x108¢
g8
° ©
== 1x105
0*
Non Ex Current
(n="74)(n=117)(n=10)
H .
Alanine
2.0x10%+
3 g 15%10%
c5
Q> 6_|
=8 1.0x10
82
g\“’/ 5.0%105
=
0.0~
Non Ex Current
(n=74) (n=117)(n=10)
L
3-ketobutyrate
8x105+
g 6x10%
c5
L 5|
=5 4%x10
g8e
2= 2x10%

Ex Current

Non
(n=74) (n=117) (n=10)

o

. Formate
3x10°

2x105

1x1054

[Metabolite in BAL]
(arbitrary units)

3:2

Non Ex Current
(n=74)(n=117) (n=10)

Figure 4.5 The respiratory microbiome in idiopathic pulmonary fibrosis (IPF) subjects stratified according to smoking

history.

Comparison of the bronchoalveolar lavage metabolic profile of IPF subjects stratified according to smoking history: non-
smoker (n = 74), ex-smoker (n = 117), and current smoker (n = 10). Metabolites compared: (A) oxidised glutathione; (B)
propionate; (C) ethanol; (D) butyrate; (E) lactate; (F) acetone; (G) glucose; (H) alanine; (1) choline; (J) glycine; (K) scyllo-
inositol; (L) 3-ketobutyrate; (M) acetate; (N) sarcosine; (O) dimethyl sulfone; (P) formate. Data are presented as mean
+ standard deviation. Statistical significance tested by Kruskal-Wallis test with Dunn’s Multiple Comparison test.
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To further confirm this, a PCA was constructed to compare the BAL metabolic profile of IPF subjects
stratified according to stable or progressive disease (Figure 4.6A) or smoking history (Figure 4.6B).

No separation was found in the metabolic profile according to FVC or smoking history (Figure 4.6).
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Figure 4.6 Principal component analysis (PCA) of the respiratory metabolome in idiopathic pulmonary fibrosis (IPF)
subjects stratified according to forced vital capacity (FVC) and smoking history.

(A) FVC defined as stable or 10% decline. (B) Smoking history defined as either non-smoker, ex-smoker or current
smoker. PCA on Euclidean distance with statistical significance tested by permutational multivariate analysis of variance
(PERMANOVA). PERMANOVA adjusted for age and sex.

4.4.4 Associations between the respiratory microbiome and metabolites in IPF
To study the potential associations between the microbiome and metabolome, a correlation
analysis between the two datasets were performed. Firstly, Spearman’s correlation coefficients
were computed for the full set of normalised individual metabolic features identified by *H NMR
and the relative abundances of microbial genera in the BAL of healthy controls and subjects with
IPF (Figure 4.7). In the BAL of controls, pairwise correlations between the bacterial genera and
metabolites revealed weak associations (Figure 4.7A). In contrast, in the BAL of IPF subjects, acetate
was found to positively correlate with Prevotella (rho = 0.60, P = 0.04) and propionate with

Veillonella (rho = 0.72, P = 0.03) (Figure 4.7B).
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Figure 4.7 Associations between microbial genera and metabolites.
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Spearman rank correlation coefficients were computed between the microbiome (at the genus level) and the
metabolites in the bronchoalveolar lavage of (A) healthy controls and (B) subjects with idiopathic pulmonary fibrosis
(IPF). Hierarchical clustering dendrogram of bacterial genera and metabolites in BAL was constructed for healthy

controls and subjects with IPF.
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To further explore the associations between the relative abundance of dominant bacterial genera

in BAL samples and the intensity of derived BAL metabolites, sparse partial least-squares-
discriminant analysis (sPLS-DA) in canonical mode was performed using MixOmics [362, 363].
Significant correlations were found between the bacterial genera and the metabolites. The circos
plot illustrates a significant correlation between the bacterial genera and metabolites regardless of
diagnosis (Figure 4.8). The SCFAs acetate, propionate and lactate were found to positively correlate
with several bacterial genera including Prevotella, Streptococcus, and Veillonella. The scores plot
illustrate a separation in both datasets according to diagnosis (Figure 4.9A), and the loadings plot

of each metabolic feature and bacterial genera explain the features which are driving the separation
between the two groups (Figure 4.9B).
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Figure 4.8 Circos plot of horizontal sparse partial least-squares-discriminant analysis displaying correlations between
the respiratory microbiome and metabolome datasets.

Depicting correlations between bacterial genera (n = 10) and metabolites (n = 16). Positive correlations (r > 0.7) are
displayed in red. Relative abundance of bacterial genera > 0.01%.
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Figure 4.9 Sparse partial least-squares-discriminant analysis depicting the contribution of the selected features in
driving the separation between healthy controls and individuals with idiopathic pulmonary fibrosis (IPF).

Illustrating the (A) Scores plot for the metabolome and microbiome datasets. (B) Loading plot of each feature selected
on the first component in each dataset. The respective colours indicate the class with the maximal expression value for
each metabolite and bacterial genera.

4.4.5 Associations between bacterial burden and metabolites in IPF
Subjects diagnosed with IPF were stratified into tertiles based on their levels of bacterial burden
(low, middle, high). The following metabolites were found to be significantly increased in subjects
with a higher bacterial load compared to patients with the lowest bacterial burden: oxidised
glutathione, propionate, butyrate, lactate, and acetone. Conversely, scyllo-inositol was increased in
those patients possessing a lower bacterial load compared to those with the highest bacterial

burden (Figure 4.10).
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Figure 4.10 The respiratory microbiome in idiopathic pulmonary fibrosis (IPF) subjects stratified according to
bronchoalveolar lavage (BAL) bacterial burden tertiles.

Comparison of the BAL metabolic profile of IPF subjects stratified according to bacterial burden tertiles (low: 4.15 x 103
—3.76 x 10% middle: 3.78 x 10* — 2.11 x 10°; high: 2.12 x 10° — 2.42 x 107 16S rRNA gene copies/ml of BAL): low (n = 67),
middle (n = 67), and high (n = 67). BAL bacterial burden quantified using quantitative polymerase chain reaction and is
expressed as log10 (16S rRNA gene copies/ml of BAL). Data are presented as mean * standard deviation. The following
metabolites were investigated: (A) oxidised glutathione, (B) propionate, (C) ethanol, (D) butyrate, (E) lactate, (F)
acetone, (G) glucose, (H) alanine, (1) choline, (J) glycine, (K) scyllo-inositol, (L) 3-ketobutyrate, (M) acetate, (N) sarcosine,
(O) dimethyl sulfone, and (P) formate. Statistical significance tested by Kruskal-Wallis test with Dunn’s Multiple
Comparison test adjusted with the Bonferroni method.

Based upon the previously confirmed a relationship between bacterial burden and disease
progression in IPF (Chapter 3, section 3.4.4.3), a nonparametric Spearman rank correlation was

used to look for associations between the BAL bacterial load and the metabolites (Table 4.2). Weak
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correlations were observed between oxidised glutathione, lactate, acetone, scyllo-inositol, 3-
ketobutyrate, formate and bacterial burden. The only two metabolites showing a strong positive

correlation with bacterial burden were the SCFAs propionate and butyrate.

Table 4.2 Spearman’s rank correlations (rho) between the metabolites detected in the bronchoalveolar lavage (BAL)
of idiopathic pulmonary fibrosis (IPF) subjects and BAL bacterial burden.

Comparison Spearman’s rho P-value
Bacterial burden vs oxidised glutathione 0.17 <0.05
Bacterial burden vs propionate 0.47 <0.0001
Bacterial burden vs ethanol -0.04 NS
Bacterial burden vs butyrate 0.38 <0.01
Bacterial burden vs lactate 0.24 <0.05
Bacterial burden vs acetone 0.28 <0.05
Bacterial burden vs glucose 0.06 NS
Bacterial burden vs alanine 0.03 NS
Bacterial burden vs choline 0.13 NS
Bacterial burden vs glycine 0.02 NS
Bacterial burden vs scyllo-inositol -0.30 <0.05
Bacterial burden vs 3-ketobutyrate 0.16 <0.05
Bacterial burden vs acetate 0.42 NS
Bacterial burden vs sarcosine 0.13 NS
Bacterial burden vs dimethyl sulfone 0.03 NS
Bacterial burden vs formate 0.15 <0.05

BAL bacterial burden quantified using quantitative polymerase chain reaction and log-transformed to approximate
normal distribution (log10 16S rRNA gene copies/ml of BAL). NS: not significant.

Given the known association between increased bacterial load and increased risk of mortality in IPF,
the next question which was addressed was whether having an increased abundance of the SCFAs
in the BAL, particularly propionate and butyrate associated with survival independent of burden.
Subjects with IPF were stratified into two groups based on their levels of propionate and butyrate,
and a multivariable Cox proportional hazards model adjusted for age, sex, burden, smoking status
and baseline % predicted FVC was used to examine progression-free survival. No associations with
survival were found for either propionate (hazard ratio: 1.28, 95% confidence interval: 0.49-3.30, P

= 0.609) or butyrate (hazard ratio: 1.28, 95% confidence interval: 0.49-3.30, P = 0.613).
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4.4.6 Triple Quadrupole GC-MS targeted analysis of the SCFAs in BAL samples
While the effects of the SCFAs, such as acetate, propionate and butyrate, are now well documented
in the gut and in a number of chronic inflammatory diseases [161, 357], little is known about their
impact on the development of fibrosis. To address this, a targeted GC-MS approach was used to
guantify the SCFAs in the BAL supernatant of a subset of controls and subjects diagnosed with IPF.
These subjects were the same ones included in the *H NMR study (section 4.4.2) for which matched
BAL supernatant had been collected. GC-MS was utilised because of its greater sensitivity compared
to *H NMR. The clinical characteristics and demographics are outlined in Table 4.3. Healthy controls
and IPF subjects were matched for age, sex and smoking history. Individuals with IPF were
predominantly men (80%), with a mean age of 72 years * 8, and had moderately severe disease at
enrolment (DLco, 41% predicted; FVC, 72% predicted). The control subjects were also predominantly
male (90%), had better lung function compared to the IPF cohort (DLco, 94% predicted; FVC, 98%

predicted) and had a mean age of 66 years * 6.

Table 4.3 Clinical characteristics and demographics of the study subjects.

Parameter Controls (N = 10) IPF (N = 10) P-value*
Age, yrs (£ SD) 66 (6) 72 (8) NS
Male, n (%) 9 (90) 8 (80) NS
Baseline PFT
FVC, % predicted (£ SD) 98 (5) 72 (15) 0.0001
FEV1 % predicted (£ SD) 83 (26) 78 (17) NS
DLco % predicted (£ SD) 94 (10) 41 (17) 0.0001

Smoking status
Ex-/current-smoker, n (%) 6 (60) 6 (60) NS
BAL cell differentials

Macrophages % (+ SD) 73 (9) 69 (9) NS
Neutrophils % (+ SD) 6(3) 10 (4) <0.05
Lymphocytes % (+ SD) 8 (6) 13 (5) <0.05

Data are presented as percentage value or mean + standard deviation (SD) as appropriate. PFT: pulmonary
function test; FEV;: forced expiratory volume in 1 second; FVC: forced vital capacity; DLco: diffusing capacity of the
lung for carbon monoxide; BAL: bronchoalveolar lavage. *P-values are calculated by Mann-Whitney U test or
Fisher’s exact test between controls and idiopathic pulmonary fibrosis (IPF) subjects.
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Differential cell counts were performed in the control and IPF groups with identification of alveolar
macrophages, lymphocytes and neutrophils. Alveolar macrophages predominated the BAL of both
groups (controls 73% * 9; IPF 69% + 9). Mixed alveolitis with predominant neutrophils count was
observed in IPF (neutrophils 10% + 4, lymphocytes 13% + 5).

The following SCFA were quantified: acetate, propionate, isobutyrate, butyrate, isovalerate, 2-
methylbutyrate, valerate, caproate, lactate and a-hydroxybutyrate. Amongst these, isobutyrate,
isovalerate, 2-methylbutyrate, caproate, and a-hydroxybutyrate were undetectable in the BAL of
healthy controls and subjects with IPF. In contrast, the SCFAs acetate, propionate, lactate and
butyrate were found to be increased in the BAL of IPF subjects compared to controls (Figure 4.11).
To validate these findings, the SCFAs detected in the BAL supernatant of the controls (n = 10) and
subjects diagnosed with IPF (n = 10) were correlated with the 'H NMR data of the same individuals,
which confirmed strong correlations between the metabolites (Appendix 4).
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Figure 4.11 Gas chromatography-mass spectrometry (GC-MS) of the short-chain fatty acids (SCFAs) in the
bronchoalveolar lavage (BAL) supernatant of healthy controls and subjects with idiopathic pulmonary fibrosis (IPF).

Metabolites that were quantified with GC-MS: (A) acetate, (B) propionate, (C) valerate, (D) lactate, and (E) butyrate.
Data are presented as mean * standard deviation. Statistical significance tested by Mann Whitney U test.
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The inter-individual variability in the BAL metabolic profile of the healthy controls and subjects with
IPF was further explored by comparing the SCFA composition in the BAL of the subjects (Figure
4.12). Significant interindividual variability in the BAL metabolic profile of both groups was
observed, which reflects the fact that, although as a whole there are differences between the
groups, the metabolic signature of each individual is unique. For example, in the control group, the
BAL supernatant of subject 1 was dominated by acetate (61%) and valerate (20%), whilst in the BAL
supernatant of subject 2 there was a higher proportion of valerate (39%), and lactate (25%). In
comparison, in the IPF group, subject 1 and subject 2 had an overall higher proportion of acetate

(76% and 62%) and propionate (16% and 30%).
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Figure 4.12 Interindividual variability in the short-chain fatty acid (SCFA) landscape of the bronchoalveolar lavage
(BAL) from healthy controls and subjects with idiopathic pulmonary fibrosis (IPF).

Comparing ten (A) healthy controls and ten (B) IPF patients. Relative proportions of each metabolite are represented
as a function of the total metabolite concentration (uM)/patient.

Hierarchical clustering of the BAL microbiome in the ten healthy controls and ten IPF subjects was
conducted in order to address whether some of these differences in SCFA-production could be due
to distinct changes in the BAL microbiome. To elucidate this, heatmaps representing the relative
abundance of the top bacterial phyla and bacterial genera in the BAL of these subjects were
constructed (Figure 4.13). At the phylum level, the microbiota of control subjects was dominated
by Bacteroidetes and Actinobacteria (Figure 4.13A). In contrast, there was an increased proportion
of Firmicutes in the BAL of IPF subjects. This was also reflected at the genus level, where Prevotella
was found to be increased in the BAL of controls and Streptococcus and Veillonella, known
producers of lactate and propionate, respectively, in the BAL of subjects with IPF (Figure 4.13B). In
IPF, a positive correlation was observed between Streptococcus and propionate (rho = 0.62, P =

0.02), as well as Veillonella and propionate (rho = 0.60, P = 0.03).
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Figure 4.13 Hierarchical clustering of the bronchoalveolar lavage (BAL) microbiome in healthy controls and subjects
with idiopathic pulmonary fibrosis (IPF).

Heatmaps representing the relative abundance of (A) bacterial phyla and (B) bacterial genera across the matched BAL
samples from the controls (n = 10) and IPF (n = 10) subjects included in the gas chromatography-mass spectrometry
targeted analysis. Rows (microbial taxa at each level) and columns (samples) were ordered by hierarchical clustering.
Heatmap colour (dark blue to dark red) displays the row scaled relative abundance of each taxon across all samples.
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4.5 Discussion

As of yet, no study has investigated the global BAL metabolic profile from IPF patients using both
untargeted and targeted approaches. The overarching goal of this Chapter was to characterise the
metabolites present in the BAL supernatant of healthy controls and subjects with IPF using
untargeted *H NMR spectroscopy as well as to quantify the SCFAs using targeted GC-MS. Specifically,
it was hypothesised that there would be differences in the metabolic profiles of healthy controls
and subjects with IPF and that certain metabolites increased in IPF may be contributing to disease
progression. Using 'H NMR spectroscopy, it was demonstrated that the overall metabolic profile in
BAL supernatant was different between healthy controls and subjects with IPF. Specifically, in IPF,
acetate, butyrate, propionate, lactate, acetone, glucose, glycine, and alanine were found to be
increased. In IPF, no differences in metabolites were observed based on BAL differential cell counts,
smoking history and FVC (stable or progressive). However, specific associations between the
respiratory microbiome and bacterial metabolites were observed in IPF; the BAL supernatant was
characterised by a unique SCFA signature which was associated with the bacterial burden. The
results of this Chapter support a greater understanding of the metabolic basis of pathogenesis of

IPF formation.

The current paradigm for IPF pathogenesis suggests that prolonged exposure to environmental
stimuli causes recurrent AEC injury or AEC death. These abnormally activated AECs, in turn, secrete
pro-inflammatory mediators, which stimulate fibroblast activation and proliferation, ultimately
resulting in the excessive deposition of extracellular matrix within the lungs [15]. Although a
diagnosis of IPF typically requires the exclusion of infectious causes, the idea that alterations in the
airway microbiota may play a role in the pathogenesis and progression of the disease has recently
gained significant attention. In agreement with the literature, results from Chapter 3 revealed that
the lungs of patients with IPF are characterised by increased bacterial loads, changes in bacterial
community composition, and decreased bacterial diversity, compared to those of healthy
individuals [114, 115, 149]. Furthermore, previous work has demonstrated that the expression of
genes involved in host defence against microbes, positively correlate with BAL bacterial burden,
suggesting that perturbations in the airway microenvironment may be acting as a persistent
antigenic stimulus for repetitive injury to AEC in IPF [309]. However, there is limited data looking at
the products of the airway microbiota, specifically the metabolites, and their involvement in the

development and progression of IPF.
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It is now well recognised that the airways consist of diverse habitats which shape the composition
of the lung microbiota. The microbial communities that reside in the lung differ in metabolite
production. Strikingly, even bacteria of the same species, but belonging to distinct communities,
produce different metabolites [153]. Metabolic profiling is increasingly being used in the
investigation of molecular processes underlying several diseases. Metabolomics is defined as a
comprehensive and quantitative analysis of all metabolites in a system [299]. It provides a
multifactorial phenotypic signature of the physiology of an organism and can give an insight into the
mechanisms of disease. Differences in the metabolic profiles of individuals may be used to
discriminate amongst clinical phenotypes and provide an insight into the biological processes
underlying the pathophysiology of the disease. Following exclusion of drug metabolites (e.g.
lidocaine), 16 metabolic features were isolated in the BAL from IPF patients by non-targeted *H NMR
spectroscopy-based metabolomics. The metabolites belonged to the following 7 classes: SCFA,
alcohol, acid, ketone, amino acid, amine, carbohydrate. Out of the 16 identified metabolites, the
following were found to be increased in IPF: glucose, lactate, glycine, alanine, acetone, acetate,

propionate and butyrate.

The catabolism of major nutrient substrates, including sugars, amino acids and fatty acids, provides
acetyl-CoA for the tricarboxylic acid (TCA) cycle to generate energy and metabolites for the
biosynthesis of nucleotides, proteins and lipids [364]. Cells require adenosine triphosphate (ATP) in
order to drive various cellular processes and maintain homeostasis [365]. Metabolic homeostasis is
crucial for regulating cell proliferation, and differentiation and dysregulation has been shown to
contribute to several inflammatory responses [366]. These cellular processes have been implicated
in the pathogenesis of chronic lung disorders, including IPF. However, the role of these metabolic
dysregulations in IPF are not fully understood. Glucose is one of the main sources of ATP production
for most tissues [367]. Upon transport into the cell, glucose can be converted to energy as follows:
by the activation of glycolysis under anaerobic conditions, by complete oxidation under anaerobic
conditions, and by the pentose phosphate pathway [365]. Several fibrotic diseases have described
a perturbation in the glycolytic pathway. In the skin, upregulation and downregulation of
extracellular matrix deposition have been shown to be regulated by changes in glycolysis and fatty
acid oxidation [368]. In the lungs of IPF patients, a study conducted by Yin’s group found that the
glycolytic enzyme hexokinase 2 was highly abundant in lung fibroblasts from patients with IPF and
that TGF-B induced the accumulation of hexokinase 2 and stimulated glycolysis in human lung
fibroblasts [369]. Zhao and colleagues found altered metabolite production in IPF lung samples and

disrupted glycolysis compared with healthy controls [360]. In agreement with these findings,
147



glucose was found to be significantly increased in the BAL of IPF subjects compared to healthy

controls.

During oxygen deprivation, pyruvate is metabolised to lactate in the cytosol [370]. Lactate is a
microbiota-derived SCFA, and several studies have supported its role in health and disease [371].
Kottomann and colleagues investigated the role of lactic acid in IPF [372]. The authors found that
lactic acid is elevated in the lung tissue of patients with IPF and suggested that it induced
myofibroblast differentiation via the activation of TGF-B and subsequently increased the expression
of hypoxia-inducible factor-1-a and LDH-5 [372]. Lactate is produced by LDH5 and is then exported
by monocarboxylate transporter (MCT)-4 and taken up by adjacent cells expressing MCT-1. It can
then be oxidised to pyruvate to provide additional energy through the TCA cycle. In this Chapter,
lactate was found to be increased in the BAL supernatant of subjects with IPF compared to healthy
controls. Detection of lactate was not unexpected, given that the lungs are known to produce
lactate, and this metabolite has been formerly detected in airway secretions [373, 374]. Such finding
may suggest that lactate is elevated in the presence of inflammation, which supports previous
studies that have shown that lung inflammation results in an increased production of this metabolite
[375]. To further confirm this, future research should aim to quantify inflammatory cytokines in the
BAL of subjects with IPF and determine whether there are any associations with lactate. Elevated
levels of lactate in the BAL supernatant may also reflect the low levels of oxygen concentrations
present in the lower airways of patients with IPF. As the cells of the lower airways reside in this
increasingly hypoxic environment, they may have to rely on anaerobic metabolism for energy, which
could culminate in the elevated production of the lactate observed in our samples. Collectively,
significantly increased levels of glucose and an increased presence of lactate in IPF, may suggest
altered glycolysis in IPF lungs and supports the hypothesis that the products of glycolysis are being

shuttled towards lactate production.

Although the glycolytic pathway can lead to lactate or pyruvate production, glycolysis can be
diverted for the de novo synthesis of serine and glycine. This process is mediated by the
phosphoglycerate dehydrogenase (PHGDH) and serine hydroxymethyltransferase 2 (SHMT2)
enzymes, which have been shown to be transcriptional targets of TGF-B1 in lung fibroblasts [361,
376]. Of these, glycine was found to be increased in the BAL supernatant of subjects with IPF
compared to healthy controls. Glycine is a nonessential amino acid and is the most abundant amino
acid residue in collagen, accounting for approximately 33% of its content. Fibroblasts rely on the de

novo serine/glycine synthesis pathway for collagen production [377]. This was recently shown in a
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study by Nigdelioglu and colleagues, which demonstrated that the de novo serine/glycine synthesis
is required for TGF-B-induced collagen production in human lung fibroblasts [361]. Furthermore,
the authors observed an increased expression of PHGDH and SHMT2 in the lungs of patients with
IPF, further validating the involvement of this pathway in the pathogenesis of this chronic lung

disease [361].

Remodelling of the extracellular matrix is a key feature of IPF. Elastin is the main component of
elastic fibres in matrix tissue which provides tissue resilience and elasticity, and has been shown to
be dysregulated in IPF lung tissue [378]. Elastin fibres are degraded through a process called
elastinolysis, which has been reported to occur in the lungs of patients with IPF [378]. The amino
acid alanine was also found to be increased in the BAL supernatant of subjects with IPF. Given the
high abundance of alanine in elastin, an increased presence of alanine in the BAL could reflect an
altered turnover of elastin occurring in the lungs of subjects with IPF. This finding is further
supported by a recent study of Gaugg and colleagues where they found significantly elevated levels
of alanine in the breath of patients with IPF. This further coincided with the increased abundance

of the amino acid in the pulmonary tissue, which could reflect progressive fibrosis [379].

Acetone is the simplest and smallest ketone compound found naturally in the human body [380].
Although there is contrasting evidence as to whether acetone is metabolically inert or not, some
studies have shown this metabolite can be metabolised either by cytochrome P450 2E1 via
methylglyoxal to D-lactate and pyruvate and ultimately to glucose, or by another pathway via
propylene glycol to pyruvate, lactate and acetate [381-383]. Using *H NMR spectroscopy metabolic
profiling of exhaled breath condensate in patients with CF, acetone was found to be increased in CF
compared to healthy controls and was amongst the most discriminant metabolites between the
groups [384]. Furthermore, acetone has been previously detected by *H NMR spectroscopy in the
BAL of children with CF with varying degrees of inflammation [385]. The presence of acetone in the
BAL supernatant is expected given that this compound is known to be present at relatively high and
stable concentrations within the human airways [386]. The two pathways that contribute to the
conversion of acetone to glucose are the methylglyoxal and the propanediol pathways [387]. In
fasting humans, Reichard and colleagues have shown that up to 11% of plasma glucose production
may be derived from acetone [388]. Nonetheless, the presence of this ketone body within the BAL
supernatant of IPF patients is still poorly understood. Airway acetone levels can be affected by

diabetic ketoacidosis [386]; however, none of the subjects included in this study had diabetes.
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The SCFAs are straight-chain saturated fatty acids with fewer than six carbon atoms, which have
widespread effects on the gut but have also been shown to exert their effects in peripheral tissues
such as the lung [351]. Using untargeted 'H NMR, the SCFAs acetate, butyrate, propionate and
lactate were found to be elevated in the BAL supernatant of subjects with IPF compared to healthy
controls. This was further confirmed by conducting targeted GC-MS on the same samples, which
facilitated quantification of the levels of these SCFAs in health and disease. In health, the pulmonary
microenvironment does not generally permit excessive bacterial growth. However, alterations that
occur in the context of inflammation, such as increased pH, vascular permeability, temperature
changes, mucus production, cytokines, free ATP, and growth factors may create selectively
favourable local growth conditions for bacterial colonisation of the lower airways [129]. Given that
the respiratory microbiome is dominated by SCFA-producing bacteria, their increased proportion in
IPF compared to controls may suggest a key physiological role. In the BAL of controls, pairwise
correlations between the bacterial genera and metabolites revealed weak associations. In contrast,
in the BAL of IPF subjects, acetate was found to positively correlate with Prevotella and propionate
with Veillonella. This is of interest because studies in the gut have shown that acetate is produced
by most of the enteric bacteria, including Prevotella species via the Wood-Ljungdhal and acetyl-CoA
pathways [389, 390]. Propionate is produced by Veillonella via the succinate, acrylate and
propanediol pathways [153]. In contrast, distinct families within the Firmicutes are capable of
producing butyrate from two molecules of acetyl-CoA [391]. Therefore, elevated BAL SCFA
concentrations in subjects with IPF could reflect the metabolism of lung resident bacteria such as
Streptococcus and Veillonella, which degrades pyruvate into end products of metabolism, including
lactate and propionate [392]. However, significant inter-individual variability in the BAL metabolic
profile of both groups was observed, which reflects the fact that, although on a whole there are
differences between the groups, the metabolic signature of each individual is unique. Overall,
compared to healthy controls, the BAL supernatant of IPF subjects was characterised by a unique
SCFA signature. Furthermore, the SCFAs propionate and butyrate positively correlated with
increased bacterial burden although there were no associations with survival. Instead, in IPF, no
differences were found in the metabolites when stratified according to clinical features including
BAL differential cell counts, smoking history and FVC. However, the strong correlation between all

significantly altered compounds further suggests a shared metabolic process.

A clear link between the gut and lungs termed the ‘gut-lung axis’ has been recently established,
adding complexity in that besides disturbances in the airway microbiome, imbalances in the

intestinal microbiota may also play a role in the development of chronic lung diseases, including
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asthma, COPD, and CF [393-395]. Several extrinsic and intrinsic factors, such as drugs, diet, age,
genetics, sex and body mass index, can alter the composition of the gut microbiota and promote
intestinal inflammation [163]. Subsequently, this may lead to disruptions in intestinal barrier
integrity, culminating in the translocation of bacterial antigens from the intestine, into the
bloodstream, which may promote the initiation of a systemic inflammatory response [396]. For
example, dietary fibre intake can alter gut and lung microbial composition by shifting the bacterial
ratio [167, 172]. Recent evidence indicates an association between imbalances in the intestinal
microbiome and the development of lung disorders and respiratory infections in mice [167].
Consumption of a high fibre diet leads to increased production of SCFAs in the circulation and the
gut, which is protective against allergic asthma [167]. Chronic helminth infection has been shown
to alter the intestinal habitat, increasing SCFA production, leading to an attenuation of house dust
mite-induced allergic airway inflammation [397]. However, our current understanding of the gut-
lung axis rests on mouse work, and this cross-talk has not yet been studied in the context of IPF

[398].

Indeed, the pro- and anti-inflammatory effects of these dietary fibre fermentation products are now
well documented in a number of chronic inflammatory diseases [161, 357]. However, studies on the
pro-inflammatory roles of these SCFAs in the lungs are just emerging. Indeed, in addition to anti-
inflammatory effects, pro-inflammatory roles of SCFAs have also been reported. Mirkovi¢ and
colleagues found that anaerobic bacteria identified in the lungs of CF patients secrete a distinct set
of SCFAs, which trigger the release of IL-8 from CF bronchial epithelial cells. This effect was reduced
in normal bronchial epithelium compared to CF [355]. Similarly, Ghorbani and colleagues provided
evidence that SCFAs stimulate the release of proinflammatory cytokines, including IL-8 and IL-6 from
CF bronchial epithelial cells. The secretion of SCFAs was associated with increased neutrophil
recruitment, suggesting that SCFAs may drive innate immunity in CF airways [353]. Recently, it was
found that treatment of primary HLFs and ASM cells with supraphysiological concentrations of
butyrate or propionate in combination with TNF-a, resulted in a significantly greater release of IL-6
and IL-8 from HLFs and ASM cells, compared to treatment with TNF-a alone [399]. However, while
the role of SCFAs in CF has been investigated, very few studies have addressed the impact of SCFAs
and other microbial metabolites on the development of fibrosis. Specifically, SCFA receptors are
expressed on bronchial epithelial cells, upregulated in disease and could be driving pulmonary
fibrosis via the activation of a number of mechanistic downstream pathways implicated in
fibrinogenesis. The in vitro work conducted in Chapter 5 will address the functional impact that

these metabolites have on the development of fibrosis.
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4.6 Conclusions

Metabolic changes are increasingly being recognised as a hallmark of pulmonary fibrosis, and
studies suggest that metabolic dysregulation may contribute to the pathogenesis of the disease. In
this Chapter, it was demonstrated that there are clear differences in the metabolic profile of
subjects with IPF compared to healthy controls. Specific metabolic pathways, such as the glycolytic
pathway, which may contribute to disease pathogenesis, are altered in IPF patients compared to
healthy controls. The BAL supernatant of IPF subjects was characterised by a unique SCFA signature.
Specifically, the SCFAs propionate and butyrate were found to associate with the bacterial burden.
Measurement of these metabolic changes may serve as potential biomarkers for the diagnosis of
the disease and to better understand how specific metabolic changes may affect immune response
and inflammation. However, the nature of this study was purely descriptive, and future work needs
to move from correlative studies to mechanistic studies, which will be key to better understand the
role of the microbiota and its metabolites in the development of pulmonary fibrosis. Clarifying the
mechanistic role of SCFAs in the context of this disease will be necessary to gain a better

understanding of the host-microbe interactions that underpin IPF.
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5 Chapter 5: Investigating the Influence of the Short-Chain Fatty Acids on Primary
Human Bronchial Epithelial Cells and Primary Human Lung Fibroblasts from
Healthy Individuals and Subjects with Idiopathic Pulmonary Fibrosis

5.1Introduction

IPF is characterised by progressive and irreversible scarring within the pulmonary interstitium and
is associated with architectural destruction, impaired gas exchange and a median survival of 3 years
post-diagnosis [16, 400]. This loss of epithelial cells and abnormal tissue repair results in the
accumulation of fibroblasts and myofibroblasts, and excessive deposition of extracellular matrix
components which over time leads to interstitial remodelling and respiratory failure. Current
evidence suggests that IPF is caused by an abnormal wound healing driven by persistent or repeated
micro injuries to the alveolar epithelium in individuals rendered susceptible by ageing or genetic
predisposition [15]. Exposure to cigarette smoke, viruses and bacteria have all been implicated in
IPF pathogenesis, but a definitive causal link with the disease is yet to be established [9, 75, 115,
401, 402].

Lending support to the theory that host-environment interactions drive fibrosis, the microbiome of
the lower airways is altered in IPF with changes in microbial composition, diversity and a greater
bacterial burden associated with disease progression [115]. The host peripheral blood
transcriptome in IPF also provides evidence for a response to the presence of these bacterial
communities [309]. Bacteria such as Streptococcus and Staphylococcus have been recognised as key
pathogens in the IPF airways; an increased abundance of either bacteria is associated with a
significant reduction in progression-free survival time [114]. Through the fermentation of
carbohydrates and amino acids, these facultative anaerobic bacteria produce vast amounts of SCFAs
in the gut, including acetate, propionate and butyrate [357]. These SCFAs can also be detected in
sputum at concentrations ranging from 0.1 to 5 mM, demonstrating that they reach the lungs and
the airways [353]. By binding to G protein-coupled receptors (GPCRs), including GPCR41 and
GPCR43, these metabolites regulate a multitude of functions including cell proliferation, cell

differentiation, and immune and inflammatory responses [403-405].

In Chapter 4, these SCFAs were found to be elevated in the BAL of subjects with IPF compared to
healthy controls. As of yet, no study has investigated the impact of these microbial metabolites in
the context of fibrosis. The overarching aim of this Chapter was to investigate the effect of microbial
metabolites, specifically the SCFAs acetate, propionate and butyrate on PBECs and HLF. Given that

the airways of subjects with IPF are dominated by SCFA-producing bacteria and that these microbial
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metabolites are increased in the BAL compared to healthy controls, the hypothesis examined here
was that these SCFAs might be stimulating the secretion of epithelial-cell derived cytokines and
contribute to the induction of the inflammatory and fibrotic response characteristic of this chronic
lung disease. To address this, submerged PBEC cultures from healthy controls and subjects with IPF
were either left untreated or exposed to increasing concentrations of the SCFAs and cell viability,
cell proliferation, wound healing and pro-inflammatory response assessed. To recapitulate the in
vivo phenotypic and functional characteristics of the human airway, these experiments were also
conducted in PBECs from IPF patients and healthy controls differentiated at ALI. Given the crucial
role of fibroblasts in mediating fibrosis, the effects of these SCFAs were also assessed on primary

cultures of HLF isolated from subjects with IPF.

5.2Aims

e To establish the target pharmacological range of the SCFAs on HLF and PBECs (submerged
and at ALI).

e Toinvestigate the pro-inflammatory response in IPF PBECs (submerged and at ALI) post-SCFA
treatment.

e Toassess the production of collagen | a1, fibronectin and TGF-B in HLF post-SCFA treatment.

e To quantify the TEER in cultures of healthy and IPF PBECs differentiated at ALI.

e To compare the proliferation in PBECs (submerged) from healthy controls and subjects with
IPF.

e To compare the proliferation in IPF HLF and PBECs (submerged) post-SCFA treatment.

e To compare the wound healing capacity in PBECs (submerged) from healthy controls and
subjects with IPF.

e To compare the wound healing capacity in IPF PBECs (submerged) post-SCFA treatment.
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5.3 Materials and Methods
5.3.1 PBECs culture
PBECs were obtained from bronchial brushes from healthy controls and IPF patients undergoing

bronchoscopy and cultured as described in Chapter 2 section 2.7.1.

5.3.2 Submerged culture of PBECs
PBECs (passage 2) from healthy controls and subjects with IPF were cultured in PromoCell or
PromoCell containing the SCFAs (acetate, propionate or butyrate) at the respective doses (1 mM, 5
mM, 10 mM, or 20 mM) as described in Chapter 2 section 2.7.2. Experiments were performed as

described in Chapter 2 sections 2.7.2.1-2.7.2.3.

5.3.3 ALl culture of PBECs
PBECs (passage 2) from IPF and healthy control subjects were cultured in PromoCell Airway
Epithelial Cell Growth Medium or PromoCell containing the SCFAs (acetate, propionate or butyrate)
at the respective doses (1 mM and 5 mM) as described in Chapter 2 section 2.7.3. Experiments were

performed as described in Chapter 2 sections 2.7.3.1-2.7.3.2.

5.3.4 Isolation of primary HLF
Lung tissue specimens were obtained from the Royal Brompton Hospital (REC 15/SC/0101) during
cancer resections or lung-volume resection surgery for COPD. Human lung fibroblasts were
extracted from the tissue using an established protocol [307] as described in Chapter 2 section

2.7.4.

5.3.5 Submerged culture of primary HLF
HLF (passage 2) from IPF patients were cultured in DMEM media or DMEM containing the SCFAs
(acetate, propionate or butyrate) at the respective doses (1 mM, 5 mM, 10 mM, or 20 mM) as
described in Chapter 2 section 2.7.5. Experiments were performed as detailed in Chapter 2 sections

2.7.5.1-2.7.5.2.

5.3.6 Statistical analysis
Data were analysed with GraphPad Prism 8.2 software (GraphPad Software, San Diego, CA). Unless
stated otherwise, all data are presented as mean + SEM and are representative of at least three
independent experiments. Data were compared using a Kruskal-Wallis test with Dunn’s multiple

comparisons test. Differences were considered statistically significant at P < 0.05.
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5.4 Results

5.4.1 Patient characteristics
A summary of the characteristics of the subjects recruited is illustrated in Table 5.1. PBECs were
cultured from 6 subjects with IPF and 6 healthy controls. Individuals with IPF were predominantly
men (83%), with a mean age of 73 years + 8, and had moderately severe disease at enrolment (FVC,
76% predicted; DLco, 44% predicted). The 6 control subjects were also predominantly men (67%)

and had a mean age of 56 years * 15. Subjects were matched for sex and smoking status.

Table 5.1 Donor characterisation.

Parameter Controls (N =6) IPF (N =6) P-value*
Age, years (+ SD) 56 (15) 73 (8) 0.0001
Male, n (%) 4(67) 5(83) NS
Baseline PFT
FVC, % predicted (£ SD) 90 (25) 76 (16) 0.0001
FEV1 % predicted (+ SD) 82 (22) 81 (18) NS
DLco % predicted (£ SD) 77 (32) 44 (22) 0.0001

Smoking status

Non-smoker, n (%) 2 (33) 0(0) -
Ex-smoker, n (%) 3(50) 4 (67) NS
Current-smoker, n (%) 1(17) 2 (33) -

Data are presented as percentage value or mean * standard deviation (SD) as appropriate. IPF: idiopathic
pulmonary fibrosis; PFT: pulmonary function test; FEV;: forced expiratory volume in 1 second; FVC: forced vital
capacity; DLco: diffusing capacity of the lung for carbon monoxide; BAL: bronchoalveolar lavage; NS: not
significant. Smoking status: statistical testing by non-smoker versus ex/current-smoker. *P-values are calculated
by Mann-Whitney U test or Fisher’s exact test between controls and IPF subjects.

5.4.2 Submerged culture of PBECs

5.4.2.1 Assessing the cytotoxicity post-SCFA treatment

Firstly, the effects of the SCFAs acetate, propionate and butyrate on cell viability of healthy and IPF
PBECs was investigated to exclude any SCFA-induced cytotoxicity (Figure 5.1). The cells were either
left untreated (0 mM) or treated with increasing doses of the SCFAs (1mM, 5mM, 10 mM and 20
mM) over a time-course of 48 hours. In both healthy and IPF PBECs the lower doses (1 mM and 5
mM) of the SCFAs were found to be non-toxic to the cells at all time-points. In contrast, treatment
of healthy and IPF PBECs with the higher doses (10 mM and 20 mM) of the SCFAs was found to
significantly reduce cell viability at 48 hours. Butyrate was the only SCFA which was found to be non-

toxic to the healthy PBECs even at the higher doses over the 48-hour time-course.
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Figure 5.1 Cytotoxic effects of the short-chain fatty acids (SCFAs) on submerged cultures of human primary bronchial
epithelial cells (PBEC) from healthy controls and subjects with idiopathic pulmonary fibrosis (IPF).

Cell viability of healthy (n = 4) and IPF (n = 4) PBECs post (A) acetate, (B) propionate, and (C) butyrate treatment (0 mM,
1 mM, 5 mM, 10 mM and 20 mM). All data are presented as mean + SEM of four independent experiments. *P < 0.05.
All comparisons are made with the untreated control (0 mM).

5.4.2.2 Assessing the pro-inflammatory response post-SCFA treatment
SCFAs have been shown to exert pro-inflammatory effects on bronchial epithelial cells from cystic
fibrosis patients [175]. The effects of SCFAs on inflammatory responses of IPF PBECs were

investigated (Figure 5.2).
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Figure 5.2 Short-chain fatty acids induce a dose-dependent IL-6 and TNF-a secretion in submerged cultures of human
primary bronchial epithelial cells (PBECs) from idiopathic pulmonary fibrosis (IPF) subjects.

Secretion of IL-6 and TNF-a in cell culture supernatant of IPF (n = 4) PBECs post (A, D) acetate, (B, E) propionate, and (C,
F) butyrate treatment at the following doses: 0 mM (untreated), 1 mM, 5 mM, 10 mM and 20 mM. All data are presented
as mean + SEM of four independent experiments. *P < 0.05, **P < 0.01. All comparisons are made with the untreated
control.
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PBECs from four IPF patients were cultured and either left untreated (0 mM) or exposed to
increasing doses (1 mM, 5 mM, 10 mM and 20 mM) of the SCFAs acetate, propionate and butyrate
for 4-, 8-, 24- and 48 hours. Both IL-6 and TNF-a were found to be undetectable at 4 hours. At 8
hours, treatment of the cells with the SCFAs induced no response. All SCFAs induced a dose-

dependent release of IL-6 and TNF-a at 24- and 48-hours post-treatment (Figure 5.2).

5.4.2.3 Assessing the proliferation: pre-SCFA treatment

To assess the proliferative capacity of IPF PBECs in submerged culture the confluence was assessed
over 72 hours using a real-time cell-history recorder. Although cell seeding density was constant,
differences were noted in the starting confluence given the distribution of the seeded cells. The
data were normalised to a starting confluence of 15% to control for this difference. No differences
were found in cell proliferation when comparing PBECs from healthy controls and from subjects

with IPF (Figure 5.3).
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Figure 5.3 Proliferation assay of untreated primary bronchial epithelial cells (PBECs).

PBECs from healthy controls (n = 4) and idiopathic pulmonary fibrosis (n = 4) subjects were seeded (passage 3) into a
96-well plate pre-coated with type 1 bovine collagen. To correct for initial differences in % confluence at the start of the
assay, data is presented as confluence normalised to a starting confluence of 30%. Snapshots of each well were recorded
at 30-min intervals over 72 hours using the JuLl Stage Real-Time Cell History Recorder. Data plotted represents the mean
confluence at 3 separate positions. All data are presented as mean = SEM.
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5.4.2.4 Assessing the proliferation: post-SCFA treatment

The effects of the SCFAs on PBEC proliferation were assessed in PBECs from three patients with IPF
over a time-course of 72 hours (Figure 5.4). PBECs were either left untreated or exposed to 1 mM
or 5mM of acetate, propionate and butyrate. Following exposure of the PBECs to the SCFAs, a trend
towards a reduction in proliferation was observed over time, although not statistically significant.
Ki67 staining was performed at 72 hours, and the number of DAPI-positive cells and the number of
DAPI and Ki-67 double-positive cells were counted to determine the percentage of Ki-67 cells per
well. No significant differences were observed in PBEC proliferation when comparing cells cultured

in media (untreated) or treated with 1 mM or 5 mM of the respective SCFAs (Figure 5.4AB).
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Figure 5.4 Proliferation of human primary bronchial epithelial cells (PBECs) from idiopathic pulmonary fibrosis (IPF)
subjects following exposure to the short-chain fatty acids (SCFAs).

IPF PBECs were cultured in media (untreated), or media supplemented with different concentrations of the SCFAs,
propionate and butyrate and visualised over a period of 72 hours using a JuLl Stage automated cell imaging system. (A-
C) lllustrating % cell confluence over time and (D-F) intra-group gold change in % cell confluence of cells cultured in
media (untreated) or 1 mM or 5 mM of the SCFAs at 72 hours relative to 0 hours. Snapshots of each well were recorded
at 30-min intervals over 72 hours using the JuLl Stage Real-Time Cell History Recorder. Data plotted represents the mean
confluence at 3 separate positions. All data are presented as mean = SEM.
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Figure 5.5 Ki67 staining of human primary bronchial epithelial cells (PBECs) from idiopathic pulmonary fibrosis (IPF)
subjects following exposure to the short-chain fatty acids (SCFAs).

PBECs were cultured in media (untreated), or media supplemented with different concentrations of the SCFAs acetate,
propionate and butyrate and visualized over a period of 72 hours using a JuLl Stage automated cell imaging system. (A)
After 72 hours, the cells were fixed and stained for Ki67 and Ki67 positive cells expressed as a percentage of DAPI positive
cells. (B) Representative Bright Field images and images of cells stained for DAPI and Ki67 after 72 hours of culture in
media (untreated) or 1 mM or 5 mM of acetate, propionate or butyrate. Scale bar = 100 um. Results depicted as mean
+ SEM. *P < 0.05 using ANOVA with Bonferroni correction.
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5.4.2.5 Assessing the wound healing capacity: pre-SCFA treatment

Given that epithelial injury is a key driver of pulmonary fibrosis, the wound healing capacity of IPF
PBECs was assessed. A linear wound was created in the confluent cell monolayer, and the % wound
closure was calculated by the Jull Stage software. No significant difference in wound healing
capacity was observed when comparing PBECs from healthy controls to IPF PBECs (Figure 5.6).

e Controls (N=4) ¢ IPF(N=4)
100 i

25

% Wound closure
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0 12 24 36 48
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Figure 5.6 Wound healing assay of untreated primary bronchial epithelial cells (PBECs).

PBECs from healthy controls (n = 4) and idiopathic pulmonary fibrosis (n = 4) subjects were seeded (passage 3) into a
24-well plate pre-coated with type 1 bovine collagen. Cells were grown to a 100% confluent monolayer, and a single
linear wound was generated with a P1000 pipette tip in the wells. Snapshots of each well were recorded at 30-min
intervals over 48 hours using the Jull Stage Real-Time Cell History Recorder. Data plotted represents the mean
confluence at 3 separate positions. All data are presented as mean * standard deviation.

5.4.2.6 Assessing the wound healing capacity: post-SCFA treatment

The effects of the SCFAs on PBEC wound healing were assessed in PBECs from three patients with
IPF over a time-course of 48 hours (Figure 5.7). PBECs were either left untreated or exposed to 1
mM or 5mM of acetate, propionate and butyrate. Compared to cells treated with media, exposure

to either 1 mM of 5 mM of the respective SCFAs led to a decrease in wound closure at 48 hours.
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Figure 5.7 Wound healing assay of human primary bronchial epithelial cells (PBECs) from idiopathic pulmonary
fibrosis (IPF) subjects following exposure to the short-chain fatty acids (SCFAs).

IPF PBECs were cultured in media (untreated), or media supplemented with different concentrations of the SCFAs,
propionate and butyrate and visualised over a period of 48 hours using a JuLl Stage automated cell imaging system.
PBECs were seeded (passage 3) into a 24-well plate pre-coated with type 1 bovine collagen. Cells were grown to a 100%
confluent monolayer, and a single linear wound was generated with a P1000 pipette tip in the wells. Snapshots of each
well were recorded at 30-min intervals over 48 hours using the JuLl Stage Real-Time Cell History Recorder. Data plotted
represents the mean confluence at 3 separate positions. All data are presented as mean * standard deviation.
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5.4.3 ALl culture of PBECs
PBECs from six healthy controls and six subjects with IPF were differentiated at ALl to recapitulate
the in vivo phenotypic and functional characteristics of the human airway. Experiments were
performed 2 weeks after cilia were first observed. The SCFAs acetate, propionate and butyrate were
added apicolaterally at a concentration of 1 mM and 5 mM or media control at the following time
points: 24h, 48h, 72h, 96h and 144h. As illustrated in sections 5.4.3.1-5.4.3.4, at each time-point,
cell death, TEER, and pro-inflammatory cytokine release were measured. Furthermore, brightfield

images were captured to observe the changes in cell phenotype over time.

5.4.3.1 Assessing the cytotoxicity: post-SCFA treatment

The effects of the SCFAs acetate, propionate and butyrate on cell viability of healthy and IPF PBECs
differentiated at ALI were investigated (Figure 5.8). The cells were either left untreated (0 mM) or
treated with 1 mM or 5 mM of the SCFAs at 24h, 48h, 72h, 96h, and 144h; cell death was measured
using the LDH assay. In the healthy PBECs, compared to the untreated cells, there were no
differences observed in healthy PBEC survival after exposure to either dose of acetate, propionate,
or butyrate. Similarly, IPF PBECs treated with 1 mM of either acetate, propionate or butyrate had
no effect on cell viability. In contrast, IPF PBECs exposed to 5 mM of the SCFAs was found to

significantly reduce cell viability at 48, 96 and 144h hours.
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Figure 5.8 Cytotoxic effects of the short-chain fatty acids (SCFAs) on air-liquid interface (ALI) cultures of human
primary bronchial epithelial cells (PBEC) from healthy controls and subjects with idiopathic pulmonary fibrosis (IPF).

Cell viability of healthy (n = 6) and IPF (n = 6) PBECs post (A) acetate, (B) propionate, and (C) butyrate treatment at the
following doses: 0 mM (untreated), 1 mM and 5 mM. All data are presented as mean + SEM of four independent
experiments. *P < 0.05. All comparisons are made with untreated control.
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5.4.3.2 Assessing the trans-epithelial electrical resistance: post-SCFA treatment

TEER is a validated, non-invasive technique for quantifying the integrity of tight junctions in cell
culture models [406]. TEER, was measured pre- (0 h) and post-SCFA treatment (24 h, 48 h, 96, and
144 h) in cells differentiated at ALI from six healthy controls and six subjects with IPF (Figure 5.9).
Interestingly, compared to the cells cultured in media alone (untreated), the TEER of the PBECs from
the healthy controls remained consistent over time following exposure to 1 mM and 5 mM of the
SCFAs. In contrast, compared to the untreated cells, IPF PBECs treated with 1 mM and 5 mM of
acetate, propionate and butyrate showed a significant decrease in TEER at 48, 96 and 144 hours

(Figure 5.9 A-C).
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Figure 5.9 Effects of the short-chain fatty acids (SCFAs) on the trans-epithelial electrical resistance (TEER) of human
primary bronchial epithelial cells (PBECs) from healthy controls and subjects with idiopathic pulmonary fibrosis (IPF)
differentiated at air-liquid interface (ALI).

TEER of healthy (n = 6) and IPF (n = 6) PBECs post (A) acetate, (B) propionate, and (C) butyrate treatment at the following
doses: 0 mM (untreated), 1 mM and 5 mM. All data are presented as mean + SEM of four independent experiments. *P
< 0.05. All comparisons are made with untreated control.

5.4.3.3 Assessing the changes in morphology: post-SCFA treatment

The morphological changes in the PBECs from healthy controls and subjects with IPF were assessed
at each time-point following the addition of the SCFAs. As illustrated in Figure 5.10, at 24 hours, 48
hours, 96 hours and 144 hours the PBECs from the healthy controls exposed to acetate, propionate
and butyrate at either 1 mM or 5 mM showed no significant alterations in morphology compared
to the PBECs cultured in media (untreated). In contrast, exposure of the IPF PBECs to 5 mM but not
1 mM of the SCFAs appeared to induce substantial cell death over the time-course compared to the
untreated control (Figure 5.11). At the 144h time-point, PBECs from IPF subjects treated with 1 mM
of either acetate, propionate or butyrate appeared to be morphologically similar compared to the
untreated cells. In contrast, PBECs from IPF subjects treated with 5 mM of the respective SCFAs

appeared to be mostly dead.

163



Untreated Acetate 1 mM Propionate 1 mM

Propionate 5 mM

Butyrate 1 mM

Triton X Acetate 5 mM Butyrate 5 mM

Healthy control - 24 hours

Untreated Acetate 1 mM Propionate 1 mM

Triton X Acetate 5 mM Proionate 5mM

Untreated Acetate 1 mM

Butyrate 1 mM

Butyrate 5 mM

Healthy control - 48 hours

Propionate 1 mM Butyrate 1 mM

Triton X Acetate 5 mM Propionate 5 mM Butyrate 5 mM

2
o
>
o
=
O
(o))
1
©
pud
fras)
[t
[®]
(8]
>
<
=
@
Q|
I

Untreated Acetate 1 mM Propionate 1 mM

Propionate 5 mM

Butyrate 1 mM

Acetate 5 mM Butyrate 5 mM

Triton X

Healthy control - 144 hours

Figure 5.10 Morphology of primary bronchial epithelial cells from a healthy control differentiated at air-liquid
interface in different culture conditions.

Brightfield images of the cells were taken at each time-point with a LeicaDM2500 microscope (Leica Microsystems, UK).
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Figure 5.11 Morphology of primary bronchial epithelial cells from a subject with idiopathic pulmonary fibrosis
differentiated at air-liquid interface in different culture conditions.

Brightfield images of the cells were taken at each time-point with a LeicaDM2500 microscope (Leica Microsystems, UK).
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5.4.3.4 Assessing the pro-inflammatory response: post-SCFA treatment

The pro-inflammatory effects of the SCFAs were assessed by quantifying IL-6 in the apical cell
supernatant from the PBECs of healthy controls and subjects with IPF differentiated at ALI (Figure
5.12). Acetate, propionate and butyrate induced a dose-dependent release of IL-6 in both healthy
and IPF cultures over the time-course. The secretion of IL-6 was found to be significantly increased
in IPF compared to healthy controls at 24-, 48-, 96-, and 144 hours post-exposure to all
concentrations of the SCFAs (P < 0.05, Mann-Whitney U test). However, compared to PBECs treated
with media alone, a significant difference was only observed at the 24-hour time-point in the PBECs
from IPF patients following treatment with either 1 mM or 5 mM of propionate or with 5 mM of

acetate or butyrate (Figure 5.12 D-F).
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Figure 5.12 Secretion of IL-6 in the apical supernatant of human primary bronchial epithelial cells (PBECs) from
healthy controls and idiopathic pulmonary fibrosis (IPF) subjects differentiated at air-liquid interface (ALI).

Secretion of IL-6 in apical cell culture supernatant of healthy control (n = 6) and IPF (n = 6) PBECs post (A, D) acetate, (B,
E) propionate, and (C, F) butyrate treatment at the following doses: 0 mM (untreated), 1 mM and 5 mM. All data are
presented as mean * standard deviation of six independent experiments. *P < 0.05. All comparisons are made with
untreated control.
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5.4.4 Submerged culture of primary HLFs
5.4.4.1 Assessing the cytotoxicity: post-SCFA treatment
The effects of the SCFAs acetate, propionate and butyrate on cell viability of IPF HLF was then
investigated to exclude any SCFA-induced cytotoxicity (Figure 5.13). The fibroblasts were either left
untreated (0 mM) or treated with increasing doses of the SCFAs (1 mM, 5 mM, 10 mM and 20 mM)
over a time-course of 48 hours. Exposure of the HLF to the higher doses of the SCFAs (10 mM and
20 mM) induced a significant decrease in cell viability over time. In contrast, HLF treated with the

lower doses (1 mM and 5 mM) of the respective SCFAs had no effects on cell viability (Figure 5.13).
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Figure 5.13 Cytotoxic effects of the short-chain fatty acids (SCFAs) on submerged cultures of human lung fibroblasts
(HLF) from subjects with idiopathic pulmonary fibrosis (IPF).

Cell viability of IPF (n = 4) HLF post (A) acetate, (B) propionate, and (C) butyrate treatment at the following doses: 0 mM
(untreated), 1 mM, 5 mM, 10 mM and 20 mM. All data are presented as mean * SEM of four independent experiments.
*P < 0.05. All comparisons are made with untreated control.

5.4.4.2 Assessing the production of collagen | a1, fibronectin and TGF-8: post-SCFA treatment

To assess whether the SCFAs acetate, propionate and butyrate had an effect on HLF from IPF
subjects, the secretion of TGF-B, collagen | al and fibronectin were quantified in the cell
supernatants of untreated HLF and in HLF treated with increasing doses of the SCFAs (Figure 5.14).
At 24 hours, compared to the untreated control (0 mM), HLF treated with acetate at 10 mM and 20
mM were found to have a greater concentration of collagen | al in the cell culture supernatant
(Figure 5.14A). Similarly, fibronectin was increased in the cell culture supernatant following
treatment with 20 mM acetate (Figure 5.14D). No changes were observed in collagen | al and
fibronectin when treating the cells with the lower doses of acetate. Compared to the untreated
control TGF-B was found to be unchanged following the addition of acetate even at the highest
concentration (Figure 5.14G). No changes were observed in collagen | al (Figure 5.14BC),
fibronectin (Figure 5.14EF) and TGF-f (Figure 5.13HI) in the cell culture supernatants of the IPF HLF

following treatment with propionate and butyrate at 1 mM, 5 mM, 10 mM or 20 mM.
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Figure 5.14 Collagen | a1, fibronectin and TGF-f production post-short-chain fatty acid (SCFA) treatment in submerged
cultures of human lung fibroblasts (HLF) from idiopathic pulmonary fibrosis (IPF) subjects.

Secretion of collagen | al, fibronectin and TGF-B at 24 hours in the cell culture supernatant of IPF (n = 4) HLF post (A, D,
G) acetate, (B, E, H) propionate, and (C, F, I) butyrate treatment at the following doses: 0 mM (untreated), 1 mM, 5 mM,
10 mM and 20 mM. All data are presented as mean + SEM of four independent experiments. *P < 0.05. All comparisons
are made with untreated control.

5.4.4.3 Assessing the proliferation: post-SCFA treatment

The effects of the SCFAs on HLF proliferation were assessed in HLF from three patients with IPF over
a time-course of 72 hours (Figure 5.15). HLF were either left untreated or exposed to 1 mM or 5mM
of either acetate, propionate or butyrate. Addition of acetate was found to have no effect on HLF
proliferation compared to the untreated control (0 mM) (Figure 5.15A). In contrast, following
exposure of the HLF to propionate and butyrate, a trend towards a dose-dependent increase in
proliferation was observed compared to cells treated with media alone (Figure 5.15BC). Ki67
staining was performed at 72 hours, and the number of DAPI-positive cells and the number of DAPI
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and Ki-67 double-positive cells were counted to determine the percentage of Ki-67 cells per well
(Figure 5.16AB). No significant differences were observed in HLF proliferation when comparing cells
cultured in media (untreated) or treated with 1 mM or 5 mM of acetate. In contrast, compared to
the untreated cells, HLF treated with 5 mM of either propionate or butyrate were found to have

proliferated more at 72 hours.
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Figure 5.15 Proliferation of human lung fibroblasts (HLF) from idiopathic pulmonary fibrosis (IPF) subjects following
exposure to the short-chain fatty acids (SCFAs).

IPF HLF (n = 4) were cultured in media (untreated), or media supplemented with different concentrations of the SCFAs
(1 mM, 5 mM, 10 mM, and 20 mM), propionate and butyrate and visualised over a period of 72 hours using a JuLl Stage
automated cell imaging system. (A-C) Illustrating % cell confluence over time and (D-F) intra-group gold change in % cell
confluence of cells cultured in media (untreated) or 1 mM or 5 mM of the SCFAs at 72 hours relative to 0 hours.
Snapshots of each well were recorded at 30-min intervals over 72 hours using the JuLl Stage Real-Time Cell History
Recorder. Data plotted represents the mean confluence at 3 separate positions. All data are presented as mean *
standard deviation.
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Figure 5.16 Ki67 staining of human lung fibroblasts (HLF) from idiopathic pulmonary fibrosis (IPF) subjects following
exposure to the short-chain fatty acids (SCFAs).

IPF HLF (n = 4) were cultured in media (untreated) or media supplemented with different concentrations of the SCFAs
acetate, propionate and butyrate and visualized over a period of 72 hours using a JuLl Stage automated cell imaging
system. (A) After 72 hours the cells were fixed and stained for Ki67 and Ki67 positive cells expressed as a percentage of
DAPI positive cells. (B) Representative Bright Field images and images of cells stained for DAPI and Ki67 after 72 hours
of culture in media (untreated) or 1 mM or 5 mM of acetate, propionate or butyrate. Scale bar = 100 um. Results
depicted as mean = SEM. *P < 0.05 using ANOVA with Bonferroni correction.
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5.5 Discussion

IPF is characterised by a recurrent injury to the alveolar epithelium, loss of lung epithelial cells, and
uncontrolled proliferation of fibroblasts and myofibroblasts. Over time, this process results in an
exaggerated deposition of extracellular matrix components and abnormal tissue repair, which leads
to respiratory failure [407]. The hypoxic environment of IPF airways allows the persistence of
facultative anaerobic bacteria, which are responsible for the production of SCFAs. However, the role
that SCFAs play in IPF is yet to be elucidated. For the first time, the effects of the SCFAs, specifically
acetate, propionate and butyrate were characterised on submerged and ALl cultures of healthy and
IPF PBECs, as well as on HLF isolated from subjects with IPF. In this Chapter it was demonstrated
that supplementation of IPF PBECs with increasing concentrations of acetate, propionate or
butyrate have effects on cell viability, tight junctions, cell proliferation, wound healing and

inflammation.

Previous studies have only been observational and functional studies in IPF are currently lacking.
The use of primary cells allows the direct comparison of cells from different donors in controlled in
vitro conditions. Bronchial epithelial cells are the first anatomical barrier to external environmental
stimuli and are thought to contribute to the initiation of airway remodelling through the production
of proinflammatory mediators, ECM, growth factors and matrix metalloproteinases [408]. To
explore the potential effects of the SCFAs on the airway epithelium and how it may promote IPF
initiation and progression, submerged cultures of PBECs from healthy individuals and patients with
IPF were either left untreated or exposed to increasing concentrations of acetate, propionate and
butyrate over a time-course of 48 hours. Firstly, the effects of the SCFAs on cell viability of healthy
and IPF PBECs was investigated to exclude any SCFA-induced cytotoxicity. In both healthy and IPF
PBECs the lower doses (1 mM and 5 mM) of the SCFAs were found to be non-toxic to the cells at all
time-points. In contrast, treatment of healthy and IPF PBECs with the higher doses (10 mM and 20
mM) of the SCFAs was found to significantly reduce cell viability at 48 hours. Butyrate was the only
SCFA which was found to be non-toxic to the healthy PBECs even at the higher doses over the 48-

hour time-course.

The airway epithelium participates in the inflammatory response by producing both pro- and anti-
inflammatory factors [409]. Cytokines are small secreted proteins produced by nearly every cell,
which regulate and influence the immune response [208]. The release of pro-inflammatory
cytokines leads to the activation of immune cells and a release of further cytokines which contribute

to the inflammatory process [410]. In intestinal epithelial cells, SCFAs can either exert pro- or anti-
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inflammatory effects depending on the concentration [411-413]. Therefore, it was hypothesised
that the SCFAs might be playing a role in inflammatory responses in the IPF airways. To test this, the
inflammatory cytokines IL-6 and TNF-a were quantified in IPF PBECs which were either left
untreated or treated with increasing doses of the SCFAs acetate, propionate and butyrate. Both
cytokines were undetectable in the cell culture supernatant at 4 hours. Similarly, at 8 hours,
treatment of IPF PBECs with the SCFAs induced no response. At 24 hours and 48 hours, all SCFAs
induced a dose-dependent release of IL-6 and TNF-a. This provides evidence that SCFAs at
concentrations measured in IPF BAL affect the inflammatory responses of airway epithelial cells.
Since the cell viability experiment confirmed that the higher doses of the SCFAs (10 mM and 20 mM)
were toxic to the cells, exposure of the cells to these concentrations might indicate that the
cytokines are being released due to increased cell death. Therefore, in the following experiments,
the cells were treated with nontoxic concentrations of the SCFAs (1 mM and 5 mM). It could be
speculated that intrinsic abnormalities, including genetic and epigenetic changes, which
characterise IPF airway epithelial cells, may be an underlying cause for the continuous secretion of
these proinflammatory mediators, which may, in turn, be involved in the fibrotic process resulting
in the excessive deposition of fibrotic tissue. It may also be that PBECs from patients with IPF were
exposed to high concentrations of stimulating factors such as acetate, propionate and butyrate in
vivo, resulting in the continued production of these mediators in vitro. Alternatively, cytokines
released by the PBECs themselves, such as IL-6 and TNF-a, may act synergistically with the SCFAs in

an autocrine manner to further stimulate their production.

To assess the proliferative capacity of IPF airway epithelial cells in submerged culture, the
confluence of the cells over a 72-hour time-course was examined using a real-time cell-history
recorder. No differences in cell proliferation were found when comparing PBECs from healthy
controls and subjects with IPF. Airway epithelial cell proliferation represents a key event in IPF
pathogenesis and progression. Cell proliferation was further assessed in IPF PBECs post-exposure to
1 mM or 5 mM of either acetate, propionate or butyrate. Compared to the untreated cells, there
was a trend towards a reduction in PBEC proliferation following exposure to the SCFAs at both
concentrations. Although not statistically significant, this reduction in proliferation is likely due to
the fact that the SCFAs, including acetate, and propionate have been previously shown to induce
cell death by acting on mitochondria [414]. Nevertheless, it is challenging to conclude whether the
results observed were due to increased cell death or whether the SCFAs were inhibiting cell
proliferation. Similar to studies investigating the role of SCFAs in inflammatory and immune

responses, studies examining the impact of SCFA on epithelial cell proliferation have vyielded
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contradictory results, suggesting that the effects observed on cell growth may be context-

dependent.

Persistent epithelial injury is considered a key driver of pulmonary fibrosis; therefore, the wound
healing capacity of IPF PBECs was assessed after creating a linear wound in the confluent cell
monolayer. No significant difference in wound healing capacity was observed when comparing
PBECs from healthy controls to IPF PBECs. Wound healing was further assessed in IPF PBECs
following exposure to 1 mM or 5 mM of either acetate, propionate or butyrate. Compared to the
untreated cells, cells exposed to either 1 mM or 5 mM of the respective SCFAs led to a decrease in
wound closure at 48 hours. This might indicate that the SCFAs are inhibiting wound closure,
although the mechanism behind this is unclear. It is also important to note that the molecular events

by which PBECs proliferate and migrate for lung wound healing are yet to be elucidated.

In contrast to the use of submerged cultures of epithelial cells, ALI cultures provide a differentiated
airway epithelium more representative of the in vivo pseudostratified epithelium with ciliated,
secretory and basal cells [415]. These systems have been developed to mimic the native conditions
of the airway epithelium ex vivo. Several mechanistic studies have been conducted with these
systems to study the function of epithelial cells as drug permeation barriers as well as to investigate
host-pathogen interactions [416, 417]. Compared to submerged cultures, ALl cultures offer several
advantages including the in vitro reconstitution of a pseudostratified epithelium, containing visible
cilia and mucus, which are comparable to the features observed in vivo [416, 418-420]. Indeed, the
transcriptome of the ALl epithelium correlates with the airway epithelium in vivo [421, 422].

Importantly, cells at passage 2-3 retain the ability to differentiate at ALI [423].

The effects of the SCFAs acetate, propionate and butyrate on cell viability of healthy and IPF PBECs
differentiated at ALl were investigated by measuring cell death using the LDH assay. Cells were
either cultured with media alone or treated with 1 mM or 5 mM of the SCFAs at 24h, 48h, 72h, 96h,
and 144h. In the healthy PBECs, compared to the untreated cells, there were no differences
observed in cell death after exposure to either dose of acetate, propionate, or butyrate. Similarly,
IPF PBECs treated with 1 mM of either acetate, propionate or butyrate had no effect on cell viability.
In contrast, exposure of IPF PBECs to 5 mM of the SCFAs was found to significantly increase cell
death at 48, 96 and 144h hours. One potential explanation for the heightened response of the IPF
PBECs to the SCFAs may be due to their cell-intrinsic defects, particularly mitochondrial dysfunction,
which may increase the risk of mitochondria-mediated cell death following exposure to the SCFAs.

Several studies have shown that SCFAs retain the ability to induce apoptosis and cell cycle arrest. In
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a study by Jan and colleagues, propionate and acetate were found to induce apoptosis in two human
colorectal carcinoma cell lines and were further shown to promote mitochondrial swelling when
added to purified mitochondria in vitro, indicating that SCFAs may be inducing cell death by acting
on mitochondria [414]. In a separate study, treatment with propionate was found to inhibit lung

cancer cell proliferation and induce cell cycle arrest [424].

At each time-point, epithelial integrity was confirmed by measurement of TEER. TEER is a validated,
non-invasive technique used for the evaluation of the cell permeability in transwell inserts [406].
Cell layers in insert systems under different culture conditions have been previously shown to differ
in TEER measurements [419, 425, 426]. Furthermore, TEER can vary between cells from different
donors and may decrease with the continued passaging of cells [419, 426, 427]. TEER, was measured
pre- (0 h) and post-SCFA treatment (24 h, 48 h, 96, and 144 h) in PBECs differentiated at ALl from
six healthy controls and six subjects with IPF. TEER analysis of ALI-cultured healthy PBECs showed
values of approximately 342 Qcm? at baseline. In contrast, IPF PBECs showed a reduction in TEER at
baseline with a TEER of approximately 279 Qcm?. This finding might imply that the health status of
donors can affect the development of TEER. Interestingly, compared to the cells cultured in media
alone, the TEER of the PBECs from the healthy controls remained consistent over time following
exposure to 1 mM and 5 mM of the SCFAs. In contrast, compared to the untreated cells, IPF PBECs
treated with 1 mM and 5 mM of acetate, propionate and butyrate showed a significant decrease in
TEER at 48, 96 and 144 hours. These findings provide evidence that the SCFAs acetate, propionate
and butyrate can all alter tight junction permeability in PBECs from subjects with IPF but not from
healthy controls. Immunofluorescence for expression of molecules that form tight junctions (ZO-1,
cadherin) pre- and post-SCFA exposure could be conducted as a future experiment to validate this

finding.

An increase in the number of epithelial cells characterised by a large, elongated and flattened
phenotype is a distinctive feature of the epithelial cells observed in the lungs of subjects with IPF
[428]. In accordance with what has been observed in the literature, the PBECs from the subjects
with IPF differed morphologically to the PBECs from the healthy controls. Morphologically, the
PBECs from the IPF subjects differentiated at ALl became larger and more flattened in appearance
following exposure to acetate (1mM), propionate (1mM) and butyrate (1ImM) following 24 hours.
Elevation of the exposure concentration to 5 mM induced more prominent changes in the
morphology of the IPF PBECs over time. In contrast, no morphological changes were observed when

exposing the healthy PBECs differentiated at ALl at either dose of the respective SCFAs.
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In addition to the morphological changes observed, the pro-inflammatory effects of the SCFAs were
assessed by quantifying IL-6 in the apical cell supernatant from the PBECs of healthy controls and
subjects with IPF differentiated at ALI. Compared to healthy PBECs, in the absence of treatment, IPF
PBECs released significantly greater amounts of IL-6, suggesting that the cells in the lungs of patients
with IPF may be in a state of persistent activation and are spontaneously producing
proinflammatory mediators regardless of the presence of any stimulating factors. Acetate,
propionate and butyrate induced a dose-dependent release of IL-6 in both healthy and IPF cultures
over the time-course. The secretion of IL-6 was found to be significantly increased in IPF compared
to healthy controls at 24-, 48-, 96-, and 144 hours post-exposure to all concentrations of the SCFAs.
Compared to IPF PBECs treated with media alone, a significant difference was only observed at the
24-hour time-point in the PBECs from IPF patients following treatment with either 1 mM or 5 mM
of propionate or with 5 mM of acetate or butyrate.

Fibroblasts are pivotal in the maintenance of normal tissue function as well as in the wound healing
response. They are mainly located in the subepithelial layer of the conducting airways and the
interstitium of the lung parenchyma, where they interact with epithelial and endothelial cells [180].
Through the generation of ECM fibroblasts provide a scaffold for cells and several mediators which
allow the lungs to respond and adapt to varying degrees of stress. The ECM is composed of
extracellular macromolecules such as collagen, enzymes and glycoproteins, which provide structural
and biochemical support to surrounding cells [429]. Collagen is the most abundant ECM component
in most tissues; collagen | and Il are the principal collagens elevated in the parenchyma of patients
with IPF [430]. The exaggerated deposition of ECM contributes to the development of the clinical

symptoms associated with IPF.

Given the crucial role of fibroblasts in mediating fibrosis, the effects of the SCFAs were also assessed
on primary cultures of HLF isolated from subjects with IPF. The effects of the SCFAs acetate,
propionate and butyrate on cell viability of IPF HLF was investigated to exclude any SCFA-induced
cytotoxicity. HLF were either left untreated or exposed to increasing doses of the SCFAs (1 mM, 5
mM, 10 mM and 20 mM) over a time-course of 48 hours. Exposure of the HLF to the higher doses
of the SCFAs (10 mM and 20 mM) induced a significant decrease in cell viability over time. In
contrast, HLF treated with the lower doses (1 mM and 5 mM) of the respective SCFAs had no effects

on cell viability.

The role of exogenous TGF-B in fibroblast proliferation and collagen production is well known. TGF-

B is a key cytokine for the transdifferentiation of fibroblasts to myofibroblasts which exhibit a
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contractile phenotype with increased expression of alpha-smooth muscle actin [431]. Lung
fibroblasts secrete collagen during normal tissue repair as well as in the development of fibrosis
[432]. Fibronectin is a glycoprotein which mediates cell-matrix adhesion by binding proteins,
including collagen and facilitates cell migration and differentiation during wound healing [433]. To
assess whether the SCFAs acetate, propionate and butyrate had an effect on HLF from IPF subjects,
the secretion of TGF-B, collagen | al and fibronectin were quantified in the cell supernatants of
either untreated or treated HLF with increasing doses of the SCFAs. At 24 hours, compared to cells
treated with media alone, HLF exposed to 10 mM, and 20 mM of acetate were found to have a
greater concentration of collagen | al in the cell culture supernatant. Similarly, fibronectin was
increased in the cell culture supernatant following treatment with 20 mM acetate. No changes were
observed in collagen | al and fibronectin when treating the cells with the lower doses of acetate.
Compared to the untreated control TGF-B was found to be unchanged following the addition of
acetate even at the highest concentration. No changes were observed in collagen | al, fibronectin
and TGF-B in the cell culture supernatants of the IPF HLF following treatment with propionate and
butyrate at 1 mM, 5 mM, 10 mM or 20 mM. It should be noted, however, that only supraphysiologic
concentrations of acetate, which have been shown to decrease cell viability, were found to induce

a response and therefore might not be biologically relevant.

The effects of the SCFAs on HLF proliferation were assessed in HLF from three patients with IPF over
a time-course of 72 hours. HLF were either left untreated or exposed to increasing doses of acetate,
propionate or butyrate. Addition of acetate was found to have no effect on HLF proliferation
compared to the cells treated with media alone. In contrast, following exposure of the HLF to 5 mM
of propionate and butyrate, an increase in proliferation was observed compared to the untreated
control. This finding may suggest that acetate may be acting through a different receptor compared
to propionate and butyrate. The molecular mechanisms responsible for the effects of SCFA on PBECs
and HLF in IPF are still lacking. Future research should characterise the expression of the GPCRs on

these cell types to gain a better understanding of the host-microbe interactions that underpin IPF.

There are several limitations that must be considered. Although primary cells are more
physiologically relevant to in vivo organs, contamination with microorganisms can occur during the
isolation process. Several factors, including sample type, sample handling, cell isolation protocol,
type of media and culturing techniques may affect the primary airway epithelial cultures [434]. The
number of passages also needs to be considered, as cells will dedifferentiate and lose their

phenotype at later stages. For this reason, experiments using PBECs and HLF were all performed at
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earlier stages (passage 3). Another limitation which must be considered is the high degree of
variability between donors [435]. Although SCFAs have been studied in the context of allergic airway
inflammation [436] and cystic fibrosis [175, 353], the present study is the first to investigate the
effects of the SCFAs in the lower airways of subjects with IPF. It is therefore challenging to compare
the results observed to the literature as SCFA have been shown to elicit pro and anti-inflammatory

effects in other lung diseases such as asthma and cystic fibrosis.

Having established the direct effects of acetate, propionate and butyrate on both epithelial cells
and fibroblasts future research should aim at using co-culture systems to examine the influence of
these microbial metabolites on the interactions between PBECs and HLF that drive fibrosis (via direct
cell-cell contact or soluble mediators) [400]. A co-culture model would facilitate a better
understanding of the effects of the SCFAs on these cell types and would be critical to recapitulate
the epithelial-fibroblast cross-talk, which is thought to be key in the development of IPF. Fibroblast
response in co-culture could be assessed by proliferation, collagen synthesis and secretion of
growth factors while cellular permeability, mucous production, wound healing, and key cytokine
secretion could be used to assess the epithelial response. Epithelial repair responses were
interrogated using standard wound healing assays in real-time using the JuLl Stage Real-Time Cell
History Recorder. Future experiments should assess the impact of SCFAs on key features of epithelial
repair/remodelling, including cell spreading, actin cytoskeletal re-organisation, adherens/tight
junctions and focal adhesion formation. The impact of SCFA on pro-fibrotic genes and the secretion
of specific growth factors including epidermal growth factor and platelet-derived growth factor

should also be investigated.

5.6 Conclusions

In summary, these findings show that SCFAs in concentrations found in the BAL from IPF patients
can influence the inflammatory response of airway epithelium and may contribute to differences
between normal and IPF airway inflammation. In submerged cultures of PBECs, the SCFAs acetate,
propionate and butyrate were shown to have an effect cell viability. Supplementation of the IPF
PBECs with non-toxic concentrations of these SCFAs was found to induce an increased release of IL-
6 and TNF-a in the cell culture supernatant at 24 and 48 hours. In IPF, no differences in cell
proliferation were observed pre- and post-exposure to the SCFAs. However, supplementation of the
IPF PBECs with 5 mM of either acetate, propionate or butyrate led to a significant decrease in wound
closure over time. These results were also validated in PBECs differentiated at ALI, where non-toxic

doses of the SCFAs were shown to have no effects on the healthy PBECs but were found to decrease
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the TEER of the IPF PBECs and impact their morphology. Exposure of the IPF HLF to propionate and
butyrate was found to increase cell proliferation at 72 hours. Future work is needed to better
understand the nature of the dialogue occurring between the metabolites and epithelial cells and
fibroblasts in the lungs to further elucidate the function and mechanisms through which the

respiratory microbiota shapes the development of fibrosis in IPF.
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6 Chapter 6: Changes in the Respiratory Microbiome and Metabolome during Acute
Exacerbations of Idiopathic Pulmonary Fibrosis

6.1Introduction

A diagnosis of IPF can be made based on the exclusion of other known causes of ILD and the
presence of characteristic histopathological and radiological patterns referred to as UIP [437].
Despite recent guideline revisions, correctly diagnosing IPF remains a key issue for health
professionals as the clinical manifestations and the pathological patterns of UIP that characterise
the disease may also be found in others forms of ILD [9]. Further adding to this diagnostic complexity
is the significant heterogeneity among individual patients, as the clinical course of the disease is
both variable and unpredictable [16]. While some patients with IPF experience a steady decline in
lung function, others suffer sudden acute respiratory deterioration, following a period of relative
stability. These episodes termed AE-IPF are an important clinical feature of IPF disease progression
and have been defined as clinically significant respiratory deteriorations of unidentifiable cause
characterised by new, widespread alveolar abnormalities [25]. The exact incidence of AEs is unclear
but is known to confer substantial morbidity and mortality (often > 50%) and it is estimated that
each year between 4-20% of individuals experience an AE [27, 28]. Prior to the latest revised
diagnostic criteria [25], the exclusion of any infective trigger was required for the diagnosis of an
AE-IPF [438]. Nonetheless, our current understanding of the pathophysiology of AE-IPF is limited
and it remains unclear whether AE-IPF represent an accelerated phase of the underlying fibrotic
condition or a response to occult infection. Although there is a paucity of information regarding the
aetiology, pathophysiology and treatment of AE, recent observational studies in IPF patients
indicate that infection, both viral and bacterial, might play a role in some cases of AE-IPF [145, 321].
While past studies have mainly focused on the role of viruses in AE-IPF [90, 439, 440], the long-held,
but incorrect, theory of sterility outside of clinical infection, means historically little work has
evaluated the role of bacteria in IPF pathogenesis [145]. More recently, thanks to advances in high-
throughput molecular sequencing technologies, the role of the respiratory microbiome in chronic
lung diseases, including IPF, is beginning to be elucidated [114, 149, 277, 321]. The changes
occurring in the respiratory microbiome of patients experiencing an AE-IPF were recently
characterised [144]. However, this study had a number of limitations, including lack of paired
sampling prior to and during an exacerbation in addition to limited cohort size. In this, the largest
prospective study of the respiratory microbiome in AE-IPF, the potential changes which occur in the

respiratory microbiome and metabolites during AE were examined in a cohort of IPF subjects (n =
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40) who underwent bronchoscopy at baseline and during an AE. The hypothesis examined was that,
compared to baseline, subjects with AE-IPF have an altered bacterial burden, respiratory
microbiome, and respiratory metabolome, which contributes to the increased morbidity and

mortality.

6.2Aims
e To quantify the bacterial burden in paired samples of BAL supernatants of patients with IPF
at baseline and during AE.
e To characterise the taxonomic changes, differentially abundant bacteria, alpha- and beta-
diversity differences at baseline and during AE-IPF
e To evaluate the metabolomic and cytokine profiles in the BAL supernatants of patients with

IPF at baseline and during AE.
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6.3 Materials and Methods

6.3.1 Study design and sampling
Subjects were prospectively recruited at the Tosei General Hospital (Seto, Japan), between January
2008 and July 2015. Forty subjects with IPF were included in this study. All cases were subjected to
MDD to establish a diagnosis, using the patients’ clinical history, physical examination, laboratory
results, chest HRCT scans, BAL fluid and histopathological findings. Following MDD, the final
diagnoses were assigned as IPF using established criteria [2, 13, 441-443]. Diagnoses of AE-IPF were
made according to the latest diagnostic criteria [25]. Pulmonary function testing was performed at
baseline, and clinical measurements were recorded. Matched samples were obtained for all
patients at baseline and during an AE. Total cell count was done manually using a haemocytometer,
and BAL differentials were performed following cytospin centrifugation and Wright-Giemsa stain to
assess cell counts. All patients underwent fibreoptic bronchoscopy with BAL as part of their routine
clinical evaluation. In subjects experiencing an AE, this procedure was undertaken within 48 h of
hospital admission. BAL was performed in the most affected lobe, and three 50 ml aliquots of saline
were instilled. BAL was centrifuged to remove mucous and cells and supernatant stored at -80°C

until further analysis.

6.3.2 Measurement of clinical parameters
Lung function parameters, including FVC and DLco were measured according to the American
Thoracic Society (ATS)/European Respiratory Society (ERS) recommendations [444, 445]. Serum
measurements of C-reactive protein (CRP), Krebs von den Lungen-6 (KL-6), and surfactant protein D

(SP-D) were performed at the clinic at baseline and during an AE-IPF.

6.3.3 ELISA
BAL supernatants were assessed for concentrations of IL-6, TNF-a, TGF-3, IL-8 and IL-17 by ELISA as

per manufacturer’s instructions (R & D Systems).

6.3.4 Bacterial DNA isolation, quantification and 16S rRNA gene sequencing
BAL samples (2 ml) were centrifuged at 21,000 x g for 30 minutes to pellet cell debris and bacteria,
and genomic DNA was then isolated. High-throughput sequencing of bacterial 16S rRNA gene
amplicons encoding the V4 region (150 bp read length, paired-end protocol) was performed using
an lllumina MiSeq Sequencer (lllumina, San Diego, CA). Further details are provided in Chapter 2

(sections 2.2.1-2.2.5).
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6.3.5 Bioinformatics analysis
The 16S rRNA gene sequences were analysed using the QIIME2 pipeline for analysis of microbiome

data. Details on bioinformatics analysis are provided in Chapter 2 (section 2.2.6).

6.3.6 16S rRNA gene qPCR
Bacterial burden was measured by 16S rRNA gene gPCR as previously described in Chapter 2

(section 2.3).

6.3.7 Triple Quadrupole Gas Chromatography-Mass spectrometry
Targeted GC-MS of the SCFA was conducted on an Agilent 7890A (Agilent Technologies, CA, USA).
See Chapter 2 (section 2.5) for further details.

6.3.8 Statistical analysis
Continuous variables are presented as means (+ standard deviation) and categorical variables as
proportions. Data analysis was performed using R (version 3.4.3) [294]. Details of statistical analysis

performed are described in Chapter 2 (section 2.2.10).
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6.4 Results
6.4.1 Study subjects and sampling

Forty patients with IPF enrolled at the Tosei General Hospital (Seto, Japan) and underwent
bronchoscopy (Table 6.1). The subjects were predominantly male (87%), with a mean age of 68
years £ 9, and had moderately severe restrictive lung disease at enrolment (FVC, 78% predicted;
DLco, 58% predicted). Over half of the patients were ex-smokers (53%), whilst 37% were classified
as non-smokers and only 10% as current-smokers. Seventeen out of the forty patients received
antibiotics prior to the second bronchoscopy (i.e. at the time of an acute exacerbation). Seven of

these patients also received corticosteroids.

Table 6.1 Baseline clinical characteristics of study subjects.

Parameter IPF (N = 40)
Age, years (+ SD) 68 (9)
Male, n (%) 35(87)
BMI (£ SD) 23 (3)

Baseline PFT

FVC % predicted (£ SD) 78 (18)
DLco % predicted (+ SD) 58 (19)
Pa0,, torr (= SD) 77 (12)

Smoking status

Non-smoker, n (%) 15 (37)
Ex-smoker, n (%) 21 (53)
Current-smoker, n (%) 4 (10)

Data are presented as percentage value or mean * standard deviation (SD) as appropriate. IPF: idiopathic
pulmonary fibrosis; BMI: body mass index; PFT: pulmonary function test; FVC: forced vital capacity; DLco: diffusing
capacity of the lung for carbon monoxide; PaO;: partial pressure of oxygen.

Differential cell counts demonstrated differences in the airway populations and serum markers at
baseline and during an acute exacerbation (Table 6.2). Neutrophils (P < 0.0001), lymphocytes (P <
0.05) and eosinophils (P < 0.01) were higher during an AE compared to baseline. Concentrations of
CRP, KL-6 and SP-D were measured in the serum at baseline and during an AE-IPF. CRP (P < 0.0001)
and KL-6 (P < 0.0001) were elevated during an AE compared to baseline whilst SP-D was unchanged

(Table 6.2). All AE-IPF events were deemed to be non-infective using clinical diagnostic tools.
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Table 6.2 Changes in bronchoalveolar lavage (BAL) cell differentials and serum marker concentrations.

Parameter Baseline-IPF (N = 40) AE-IPF (N = 40) P-value*

BAL cell differentials

Neutrophils % (+ SD) 5(11) 24 (24) <0.0001
Lymphocytes % (+ SD) 8(10) 13 (12) <0.05
Eosinophils % (+ SD) 1(2) 4 (9) <0.01

Serum markers

CRP, mg/I (+ SD) 0(1) 8 (6) <0.0001
KL-6, U/ml (+ SD) 1478 (1094) 1699 (1133) <0.0001
SP-D, ng/ml (+ SD) 364 (307) 429 (353) NS

Data are presented as percentage value or mean * standard deviation (SD) as appropriate. IPF: idiopathic
pulmonary fibrosis; AE-IPF: acute exacerbation of idiopathic pulmonary fibrosis; BAL: bronchoalveolar lavage; CRP:
C-reactive protein; KL-6: Krebs von den Lungen-6; SP-D: surfactant protein D. *P-values are calculated by Wilcoxon
matched-pairs signed-rank test between baseline-IPF and AE-IPF subjects.

6.4.2 Sampling

6.4.2.1 DNA yield and sequencing quality

All 86 samples yielded genomic DNA and underwent amplification of the V4 region of the 16S rRNA
gene using the barcoded universal primer pair 515F/806R on an lllumina MiSeq sequencer (New
York, USA). The quantity (ng/ul) and quality (absorbance ratios: A260/280, A260/230) of the isolated
DNA was assessed. Pure nucleic acids typically yield absorbance ratios of ~1.8 (A260/280) and ~2.00
(A260/230) [278]. The average yield from the baseline-IPF samples was 19.61 ng/ul + 9.8 and from
the AE-IPF samples 19.28 ng/ul + 7.34 (P = 0.29), with an A260/A280 ratio of 1.77 + 0.08 and an
A260/230 of 1.86 + 0.17 indicating good quality DNA. Following paired-end lllumina sequencing, a
total of 7 million sequences were obtained from the 86 samples. The lowest number of reads per
sample was observed in the negative controls (kit controls and bronchoscopy controls) (Figure 6.1).
Following demultiplexing and denoising with DADA2 a total of 1,014 high-quality 16S rRNA reads
remained, with on average 50,336 ASVs per sample (Table 6.3). After singleton removal and filtering
at 0.005% of total reads to remove low abundance ASVs likely representing sequencing artefacts,
3,962,856 sequences were retained, representing 135 unique ASVs across 80 samples. This final

dataset was used in all subsequent analyses.
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Table 6.3 Pre-processing of 16S rRNA sequence reads from bronchoalveolar lavage samples.

16S rRNA amplicon Post-Dada2 and Post-filtering at 0.005%

Metric

reads generated

clustering into ASVs

of total reads

Number of samples
Number of ASVs

Total number of

86
3,199

7,099,795

86
1,014

6,896,156

80
135

3,962,856

sequence reads

Mean reads per

51,823+ 19,749 50,336 + 19,885 30,483 +19,870

sample + SD
Minimum reads per
246 246 3,504
sample
Maximum reads per
138,051 136,518 109,523

sample

ASVs: amplicon sequence variants; DADA2: divisive amplicon denoising algorithm. *Including negative control
samples which were included in sequencing run but filtered out from the final dataset.

6.4.2.2 Contamination

To identify potential sources of contamination several negative bronchoscopy controls and reagent
controls were included in the sequencing run. By adding these controls, reads originating from
contamination were identified and distinguished from those derived from actual constituent taxa.
Negative control samples had a distinct taxonomic profile compared to the BAL samples and yielded
a bacterial burden close to or below the lower limit of gPCR quantification (100 copies/ml of BAL)

(Figure 6.2).
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Figure 6.2 Comparison between all bronchoalveolar lavage (BAL) samples and negative controls.

(A) Taxonomic differences at the phylum level comparing all of the BAL samples (n = 80) to the negative control samples
(n = 6) regardless of diagnosis. The number refers to the relative abundance (%) obtained prior to conducting any
filtering step. (B) Bacterial burden calculated by qPCR comparing the bronchoalveolar lavage samples (Baseline-IPF =
40, AE-IPF = 40) to the negative controls (n = 3 negative bronchoscopy controls, n = 3 reagent controls). Sample groups
were compared by Wilcoxon matched-pairs signed-rank test between Baseline-IPF and AE-IPF subjects. Overall P-value:
P<1.8x107%.

6.4.2.3 Mock Community

A mock community was included as a positive control in each run to enable accurate comparison
across sequencing runs (Figure 6.3). The number of sequencing reads and the composition of the
mock community was similar in both runs, confirming that all genera were represented in similar

proportions.
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Figure 6.3 Mock community composition at the genus level from the two sequencing runs.

6.4.3 Bacterial burden
6.4.3.1 Bacterial burden at baseline and during an AE-IPF
It has previously been reported that AE-IPF subjects have a higher bacterial load compared to
subjects with IPF at baseline [144]. This finding was validated in this cohort of patients. On average,
AE-IPF subjects had 1.17 x 108 copies of the 16S rRNA gene/ml of BAL, which was significantly higher
(P < 1.4x107%) than the average copy number at baseline (5.56 x 10* copies of the 16S rRNA gene/ml

of BAL) (Figure 6.4).
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Figure 6.4 Bacterial burden in bronchoalveolar lavage (BAL) of stable and acute exacerbation subjects.

Comparison of bacterial load of idiopathic pulmonary fibrosis subjects (IPF) at baseline and during an acute exacerbation
(AE). Bacterial burden calculated by gPCR and expressed as log10 16S rRNA gene copies/ml of BAL. Data are presented
as median and interquartile range. Statistical significance tested by Wilcoxon matched-pairs signed-rank test.

6.4.3.2 Bacterial burden and time to exacerbation

To test for a relationship between the bacterial burden at the time of diagnosis and the time taken
to develop an AE-IPF, patients were stratified into tertiles according to bacterial load. In an adjusted
multivariable Cox proportional hazards model (adjusted for age, sex, smoking status and baseline %
predicted FVC) bacterial burden at baseline did not predict the rate of disease progression (i.e. the

time to an AE-IPF) (hazard ratio: 0.90, 95% confidence interval: 0.37-2.20, P < 0.824) (Figure 6.5).
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Figure 6.5 Kaplan-Meier curve comparing the time from diagnosis to an acute exacerbation of IPF (AE-IPF).

Kaplan-Meier curve generated by Cox proportional-hazards model for IPF subjects stratified into tertiles by bacterial
burden (low: 2.08 x 10*— 3.52 x 10* 16S rRNA gene copies/ml of BAL; middle: 3.53 x 10* — 5.86 x 10* 16S rRNA gene
copies/ml of BAL; high: 5.87 x 10* — 1.31 x 10° 16S rRNA gene copies/ml of BAL). Log-rank P test value reported.
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6.4.3.3 Bacterial burden and BAL differential cell counts

Differential cell counts were performed in the baseline and AE-IPF groups with identification of
neutrophils, lymphocytes and eosinophils. The relationship between BAL differential cell count and
bacterial burden was examined. No correlation was found between BAL bacterial load and the BAL
differential cell counts at baseline or during an AE (Figure 6.6).
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Figure 6.6 No correlation between bronchoalveolar lavage (BAL) differential cell counts and bacterial burden of
subjects with idiopathic pulmonary fibrosis (IPF).

No correlation between BAL bacterial burden and percentage of neutrophils, lymphocytes, and eosinophils at (A-C)
baseline and during an (D-F) AE-IPF. BAL bacterial burden was calculated by qPCR and expressed as log10 16S rRNA gene
copies/ml of BAL. Correlations between cytokines and propionate were determined by Spearman’s rank test.

6.4.3.4 Bacterial burden and antibiotic treatment

Out of the 40 patients included in the study, a total of 17 patients were administered antibiotics
prior to the second bronchoscopy. In order to determine the potential impact of antibiotic intake
on BAL bacterial burden, subjects were dichotomised into two groups based on whether they had
received antibiotics or not. On average, subjects who had received antibiotics had 1.17 x 10° copies
of the 16S rRNA gene/ml of BAL, which was not significantly lower (P = 0.83) than the average copy
number of those who had not received antibiotics (7.50 x 10° copies of the 16S rRNA gene/ml of

BAL) (Figure 6.7).
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Figure 6.7 Bacterial burden in bronchoalveolar lavage (BAL) of subjects with idiopathic pulmonary fibrosis (IPF)
stratified according to exposure to antibiotics.

BAL bacterial burden quantified using quantitative polymerase chain reaction and is expressed as log10 (16S rRNA gene
copies/ml of BAL). Data are presented as median and interquartile range. Statistical significance tested by Mann-
Whitney U test.

6.4.4 Microbiota composition at baseline and during an AE-IPF

6.4.4.1 Relative abundance

The composition of the microbial communities at baseline was dominated by the following phyla:
Proteobacteria (45%), Firmicutes (30%), Bacteroidetes (17%), Actinobacteria (5%), and Fusobacteria
(2%). The same phyla predominated the BAL during an AE-IPF, and the differences in the overall
relative abundance at the phylum level between baseline and AE were not statistically significant
(Figure 6.8). Comparison at the genus level identified that the microbial landscape of the subjects
with IPF was dominated by Streptococcus, Prevotella and Veillonella. Compared to baseline-IPF,
Streptococcus (P < 0.05) and Campylobacter (P < 0.05) were found to be increased in the AE-IPF
samples. In contrast, Porphyromonas (P < 0.01) was found to be decreased in the AE-IPF samples

compared to baseline (Figure 6.9).
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Figure 6.8 Mean taxonomic distribution at the phylum level.

Percentage of total 16S rRNA reads of (A) Proteobacteria, (B) Firmicutes, (C) Bacteroidetes, (D) Actinobacteria, and (E)
Fusobacteria at baseline and during an AE-IPF. Statistical significance tested by Wilcoxon matched-pairs signed-rank

test.
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Figure 6.9 Heatmap of bacterial genera in the bronchoalveolar lavage (BAL) of subjects with idiopathic pulmonary
fibrosis (IPF).

Hierarchical clustering of the top 14 bacterial genera comparing baseline-IPF and AE-IPF. The variation in colour from
blue (decrease) to red (increase) illustrates the changes in the BAL of each bacterial genera.

6.4.4.2 Differential abundance

To further investigate the community composition changes at baseline and during an AE-IPF,
differentially abundant bacteria were identified using LEfSe. Features significantly discriminating
among groups with an LDA score > 2.0 were represented as a cladogram, as produced by LEfSe with
default parameters. Multiple taxonomic differences were found: the BAL supernatant of subjects at
baseline was enriched with Prevotella and Porphyromonas, with the BAL supernatant of IPF subjects
experiencing an acute exacerbation enriched with bacteria belonging to the Campylobacteraceae

and Pseudomonadaceae families (Figure 6.10).
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Figure 6.10 Differentially abundant bacteria within the baseline- idiopathic pulmonary fibrosis (IPF) and acute
exacerbation of IPF (AE-IPF) groups.

Cladogram representing results from calculated linear discriminant analysis (LDA) effect size (LEfSe) comparing the
taxonomic composition of BAL samples from the two groups, P < 0.05. Multiple significant taxonomic differences were
observed at different phylogenetic levels. Letters in the cladogram indicate differences at the class, order and family
levels. Only taxa meeting an LDA threshold > 2.0 are shown.
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6.4.4.3 Diversity analyses

Next, the Shannon index and Chao1l diversity index alpha-diversity metrics were used to determine
whether the subjects with IPF at baseline and during an AE differed in the distribution (evenness)

and number (richness) of taxa. Compared to baseline-IPF, during an exacerbation, there were no

changes in microbial richness or evenness (Figure 6.11).
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Figure 6.11 Alpha-diversity of microbial communities at baseline and during an acute exacerbation.

Alpha-diversity assessed using the (A) Shannon index and (B) Chaol index. Data are presented as median and
interquartile range. Statistical significance was tested by Wilcoxon matched-pairs signed-rank test.

Changes in the community composition (B-diversity) at baseline and during an acute exacerbation
were investigated using PCA and tested by PERMANOVA which confirmed that there were no

significant changes in the microbial profiles between the groups (P = 0.82) (Figure 6.12).
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Figure 6.12 Beta-diversity of microbial communities at baseline and during an acute exacerbation.

Principal Component Analysis based on Euclidean distances statistically tested using Permutational Multivariate
Analysis of Variance (PERMANOVA) adjusted for age, sex, smoking status, FVC (% predicted) and DLco (% predicted)

(PERMANOVA: P < 0.82).
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6.4.4.4 Paired samples

The variability in the microbial profile of the subjects with IPF at baseline and experiencing an AE
was investigated. The taxonomic profile at the phylum level was characterised for each individual
at baseline and during an AE. Comparing the relative abundance of the bacterial phyla of the two
patients at baseline revealed significant differences in terms of the proportions of the phyla in each
group. Clear changes were observed during an AE in all patients with a tendency towards an
increased relative abundance of Proteobacteria and Firmicutes compared to baseline. For example,
patient 1 had a 36% rise in the abundance of Proteobacteria during an exacerbation with an
associated drop of Firmicutes (12%), Bacteroidetes (13%), Actinobacteria (4%) and Fusobacteria
(7%). In contrast, in the case of the second patient, the microbiome at baseline was dominated by
Bacteroidetes (56%) and Firmicutes (28%), and during an AE there was an evident drop in
Bacteroidetes (44%) with an associated increase in Firmicutes (14%) and Proteobacteria (29%)

(Figure 6.13).
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Figure 6.13 Taxonomic distribution at the phylum level in paired samples from two subjects diagnosed with idiopathic
pulmonary fibrosis (IPF).

Illustrating the changes occurring at baseline and during an acute-exacerbation.

6.4.5 Cytokine profiles at baseline and during an AE-IPF

BAL supernatant concentrations of IL-6, IL-8, IL-17, TGF-f3, TNF-a and IL-1p at baseline and during
an AE-IPF were quantified by ELISA. IL-8, IL-6, and TNF-a were found to be significantly increased
during AE-IPF compared to baseline (P < 0.0001) (Figure 6.14). In contrast, IL-17, TGF-3 and IL-13
were undetectable in the BAL supernatant. At baseline, there were no significant correlations
between BAL bacterial burden and levels of IL-6, IL-8 and TNF-a (Figure 6.15A-C). During an AE-IPF,
there was a significant weak, positive correlation between levels of IL-6 and bacterial burden (R =
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0.33, P = 0.04) and a significant, weak, negative correlation between levels of TNF-a and bacterial

burden (R = -0.35, P = 0.03) (Figure 6.15D,F). No correlation was found between BAL bacterial

burden and IL-8 during an AE-IPF (Figure 6.15E).
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Figure 6.14 Bronchoalveolar lavage (BAL) supernatant levels of inflammatory cytokines at baseline and during an
acute exacerbation of idiopathic pulmonary fibrosis (AE-IPF).

Concentrations (pg/ml) in BAL supernatant of (A) IL-8, (B) IL-6, and (C) TNF-a at baseline and during an AE-IPF. Statistical
significance tested by Wilcoxon matched-pairs signed-rank test.
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Figure 6.15 Correlation between cytokines detected in bronchoalveolar lavage (BAL) and BAL bacterial burden of
subjects with idiopathic pulmonary fibrosis (IPF) at baseline and during an acute exacerbation (AE).

Correlation between BAL bacterial burden and concentrations of IL-6, IL-8, and TNF-a in BAL at (A-C) baseline and during
an (D-F) AE-IPF. BAL bacterial burden was calculated by qPCR and expressed as log10 16S rRNA gene copies/ml of BAL.
Correlations between cytokines and propionate were determined by Spearman’s rank test.
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The percentage of neutrophils in BAL were significantly increased during an AE-IPF compared to
baseline (baseline 5% + 11; AE-IPF 24% + 24; P < 0.0001) (Table 6.2). Since IL-8 is known to mediate
the recruitment of neutrophils to the site of injury, the relationship between levels of IL-8 in the BAL
and the percentage of neutrophils was assessed [446]. No correlation was found between BAL
bacterial load and the BAL differential cell counts at baseline or during an AE (Figure 6.6). However,
a weak but significant positive correlation was found between IL-8 and BAL neutrophil percentage
(R = 0.34, P < 0.05) in the BAL of subjects with AE-IPF, suggesting that IL-8 may promote the
recruitment of neutrophils during these events (Figure 6.16). In contrast, no correlations were
found between IL-6 and TNF-a and neutrophils or between IL-6, IL-8, TNF-a and percentage of

lymphocytes and eosinophils in BAL.

AE-IPF

R=0.34, P<0.05

751

Neutrophils (%)

1 10 100
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Figure 6.16 Correlation between IL-8 detected in bronchoalveolar lavage (BAL) and percentage of neutrophils in BAL
of subjects with an acute exacerbation of idiopathic pulmonary fibrosis (AE-IPF).

Correlations between percentage of neutrophils and IL-8 were determined by Spearman’s rank test.
6.4.6 Metabolic changes at baseline and during an AE-IPF

Targeted GC-MS was conducted in order to determine the concentrations of the SCFAs at baseline
and during an AE-IPF. The following SCFAs were quantified: acetate, propionate, isobutyrate,
butyrate, isovalerate, 2-methylbutyrate, valerate, caproate, lactate and a-hydroxybutyrate (Figure
6.17). Amongst these, 2-methylbutyrate, caproate, butyrate, and valerate were undetectable in the
BAL supernatant of subjects with IPF at baseline and during an AE. Compared to baseline, the SCFAs
o-hydroxybutyrate (P < 0.001), acetate (P < 0.0001), and propionate (P < 0.001) were found to be

increased in the subjects experiencing an AE (Figure 6.17B-D).

195



Diagnosis mm Baseline-IPF (n = 40) mm AE-IPF (n = 40)

1074
= 106
E 10 3
2
—. 1053
2
m 1044
£
2 10%4
K]
< 102
2
= 1011
100-
@ @ @ @ @ @
& F F FF
& \36 ¢ xS S P\
e A v K S s
8‘0+ Q o2 &
Q)
0‘9
A Lactate a-hydroxybutyrate Acetate
6%106+ B 8x103 YEroXyBLY c 1x10°%-
— P<0.05 . P<0.001 s P <0.0001
= = 2]
> 2 6x10% - 8x10
I 4x106 3
= & S 6x10%]
£ £ 4x10% £
g § g 4x10%+
S 20 % .
© S | 3
g g 2x10 8 210
t 0 f t 0 T Y
Baseline-IPF AE-IPF Baseline-IPF AE-IPF Baseline-IPF AE-IPF
(n=40) (n=40) (n=40) (n=40) (n=40) (n=40)
D i E Isobutyrate F Isovalerate
4x10% Propionate 1x10% 4x10°—
P<0.001 _
s = 1 s
= 3x10 2810 = 3x10°
- — -
3 & 6x101 =
g 2x102- g g 2x100—
§ E 4x10"+ §
£ 1x10% £ ox10'd £ 1x10%
= = =
0 T T 0 T T 0 T T
Baseline-IPF AE-IPF Baseline-IPF AE-IPF Baseline-IPF AE-IPF
(n=40) (n=40) (n=40) (n=40) (n=40) (n=40)

Figure 6.17 Gas chromatography-mass spectrometry (GC-MS) of the short-chain fatty acids (SCFAs) in the
bronchoalveolar lavage (BAL) supernatant of subjects with idiopathic pulmonary fibrosis (IPF) at baseline and during
an acute exacerbation (AE).

Metabolites that were quantified with GC-MS: (A) lactate, (B) a-hydroxybutyrate, (C) acetate, (D) propionate, (E)
isobutyrate, and (F) isovalerate. Data are presented as mean * standard deviation. Statistical significance tested by
Wilcoxon matched-pairs signed-rank test.

In contrast, lactate was found to be increased (P < 0.05) at baseline compared to subjects
experiencing an AE (Figure 6.17A). No significant differences in the metabolic profiles of these
subjects were found when stratified according to smoking status or between patients who had
received antibiotics before the second BAL and those who did not. Furthermore, propionate was
the only SCFA to be positively correlated with BAL bacterial burden both at baseline (Spearman’s
rho=0.47, P<0.01) and particularly during an AE (Spearman’s rho = 0.84, P < 0.0001) (Figure 6.18).
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Figure 6.18 Correlation between propionate detected in bronchoalveolar lavage (BAL) and BAL bacterial burden of
subjects with idiopathic pulmonary fibrosis (IPF) at baseline and during an acute exacerbation.

Correlation between BAL bacterial burden and propionate in BAL at (A) baseline and during an (B) AE-IPF. BAL bacterial
burden was calculated by qPCR and expressed as log10 16S rRNA gene copies/ml of BAL. Correlations between cytokines
and propionate were determined by Spearman’s rank test.

Furthermore, a positive, albeit weak, correlation was found between levels of IL-6 and propionate
at baseline (R = 0.36, P < 0.05) and during an AE-IPF (R = 0.32, P < 0.05) (Figure 6.19AD). During an
AE-IPF, a weak negative correlation was also found between levels of TNF-a and propionate in the
BAL supernatant (R = -0.42, P < 0.01) (Figure 6.19F). No correlations were found between BAL

cytokine levels and the other SCFAs.
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Figure 6.19 Correlations between cytokines detected in bronchoalveolar lavage (BAL) and propionate detected in BAL
of subjects with idiopathic pulmonary fibrosis (IPF) at baseline and during an acute exacerbation (AE).

Correlation between BAL propionate concentration and concentrations of IL-6, IL-8, and TNF-a in BAL at (A-C) baseline
and during an (D-F) AE-IPF. Correlations between cytokines and propionate were determined by Spearman’s rank test.
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To test for the relationship between BAL propionate levels at baseline and the time taken to
experience an AE-IPF, subjects with IPF were dichotomised into two groups based on their BAL
concentration of propionate at baseline (Figure 6.20). Subjects in the group with higher levels of
propionate were found to experience significantly faster rates of disease progression compared to
patients in the lower group (P < 0.05), with a mean timeframe from diagnosis to an AE-IPF being
10.8 (+ 10.2) versus 18 (+ 21.6) months in the high and low propionate groups, respectively. No
relationship was found between BAL concentrations of either a-hydroxybutyrate or acetate at
baseline and time to an AE-IPF. Furthermore, higher levels of propionate during an AE-IPF were
associated with an increased risk of death within a 90-day period following an AE-IPF. Fifteen out of
twenty patients (75%) were alive after 90 days following a diagnosis of AE-IPF in the low propionate
group compared to nine out of twenty (55%) in the high propionate group. In addition, there was a
significant weak correlation between levels of propionate and the relative abundance of

Streptococcus during AE-IPF (Spearman’s rho = 0.4; P < 0.05).
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Figure 6.20 Kaplan-Meier curve comparing the time from diagnosis to an acute exacerbation of IPF (AE-IPF) according
to the concentration of propionate in the bronchoalveolar lavage (BAL) supernatant at baseline.

IPF subjects at baseline were stratified into two groups (low and high) based on their concentration of propionate in the
BAL supernatant. Log-rank P test value reported.
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6.5 Discussion

The objective of this Chapter was to examine the potential changes which occur in the bacterial
burden, respiratory microbiome and cytokines during an AE-IPF. This Chapter also aimed to dissect
for the first time the changes which occur in the microbial metabolites, particularly the SCFAs, at
baseline and during an AE-IPF. Using paired baseline and AE-IPF BAL supernatant samples from the
same individual, it was demonstrated that, compared to baseline, the bacterial burden was
consistently and significantly increased during an AE-IPF. Furthermore, compared to baseline,
changes in microbial community composition, SCFAs and the pro-inflammatory mediators IL-6, IL-8

and TNF-a were also observed during an AE-IPF.

The first aim of this study was to quantify the bacterial burden in paired samples of BAL
supernatants of patients with IPF at baseline and during an AE. In a smaller cohort of IPF subjects, it
has previously been shown that bacterial load is significantly increased in the BAL supernatant of
subjects experiencing an AE-IPF compared to baseline [144]. This finding was validated in this
Chapterin a larger cohort of paired IPF subjects. Furthermore, the increased bacterial load has been
consistently shown to predict the rate of functional decline and risk of death in subjects with IPF
[115, 149]. It was, therefore, speculated that higher bacterial loads at baseline might be associated
with a shorter time taken for patients to experience an AE-IPF from the time of IPF diagnosis.
However, the bacterial burden at baseline did not predict the rate of disease progression, suggesting
that increased bacterial burden alone may not fully account for these events. In addition,
dichotomising the subjects with IPF based on whether they had received antibiotics or not did not
alter the BAL bacterial burden, suggesting that the overuse and misuse of antibiotics could be a

significant driver in the emergence of antibiotic resistance.

An increasing number of studies have also highlighted changes in the pulmonary microbiota
composition in subjects with progressive IPF compared to subjects with stable disease. For example,
Han and colleagues demonstrated that the presence of specific operational taxonomic units (OTUs)
within the Streptococcus and Staphylococcus genera, above a certain relative abundance threshold,
significantly associated with reduced progression-free survival in patients with IPF [114]. Compared
to individuals with stable disease, subjects experiencing an AE-IPF have also been shown to have
higher levels of potentially pathogenic bacteria, including Campylobacter and Stenotrophomonas
and reduced levels of Veillonella [144]. In this study, compared to baseline, the BAL supernatant of
subjects with an AE-IPF was characterised by an increase in Streptococcus and Campylobacter and

a reduction in the relative abundance of Porphyromonas. This was further confirmed by exploring

199



the differentially abundant bacteria between the two groups using LEfSe, which revealed that the
BAL supernatant of subjects at baseline was enriched with bacteria in the Bacteroidetes phylum,
whilst the BAL supernatant of subjects experiencing an AE-IPF was enriched with bacteria belonging
to the Proteobacteria phylum. An increased abundance of Campylobacter, a known gastrointestinal
pathogen, reinforces the concept that gastrointestinal reflux and aspirations may drive acute
exacerbations in some individuals. Overall, the increased relative abundance of these bacteria in
the BAL supernatants of subjects experiencing an AE-IPF may suggest that bacterial infections may
potentially be involved in a proportion of AE-IPF cases. Furthermore, these microbes may be acting
synergistically together with increased BAL bacterial burden to promote the initiation and
development of an AE-IPF. Despite differences in bacterial loads and changes in bacterial
community composition, studies have also highlighted that the respiratory microbiome of subjects
with IPF is characterised by a reduced bacterial diversity compared to healthy controls [115, 447].
Furthermore, impaired diversity, including lower community diversity, has been shown to be
associated with disease activities of IPF [320]. However, it has previously been shown that this
difference does not appear to exist when comparing the microbiota diversity of patients at baseline
compared to those experiencing an AE-IPF [144]. In this study, compared to baseline-IPF, no changes
in microbial richness or evenness were observed during an acute exacerbation. Moreover, there
were no significant differences in the microbial community structure, marked by the lack of
clustering between the two groups. Comparison of the taxonomic composition between samples of
paired individuals may partially explain this. Although clear changes were observed during an AE in
the BAL supernatant of both individuals, significant differences in terms of the proportions of
bacterial phyla in each individual were noted. This may indicate that if an exacerbation is a result of
changes in the microbiome, the bacteria involved may be specific to the individual, which might
explain why some types of community-acquired pneumonias in healthy individuals are not always
caused by the same bacteria [448]. Collectively, these findings suggest that the development of an
AE-IPF may not rely entirely on an acceleration of the underlying fibroproliferative processes
occurring in IPF, but rather necessitates a combination of factors, including an occult infectious

trigger, to promote its initiation.

The last aim of this study was to investigate whether shifts in microbiota composition may be
accompanied by changes in BAL microbial metabolites and distinct pro-inflammatory and pro-
fibrotic cytokine profiles. Compared to baseline, the BAL supernatant of patients experiencing an
AE-IPF showed significantly increased levels of the SCFAs acetate, propionate and a-

hydroxybutyrate. Furthermore, these subjects revealed higher levels of the pro-inflammatory
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cytokines IL-6, IL-8 and TNF-a. In contrast, TGF-B and IL-1B, two fundamental profibrogenic
cytokines, were undetectable in most BAL samples both at baseline and during an AE-IPF.
Specifically, the choice of cytokines was based on previous studies regarding their role in
exacerbations of various pulmonary disorders, where an upregulation of pro-inflammatory
cytokines is often observed, including cystic fibrosis, chronic obstructive pulmonary disease, asthma
and IPF [149, 175, 449, 450]. Furthermore, compared to baseline, patients experiencing an AE-IPF
had a significantly increased percentage of neutrophils in their BAL, suggesting that infectious
agents including bacterial pathogens, may be involved in the development of AE-IPF in a subset of
patients. Given that recruitment of neutrophils to the site of injury is an important hallmark of the
acute phase response, and that IL-8 is known to mediate the recruitment of neutrophils to the site
of injury [446], the positive correlation observed during an AE-IPF between the percentage of
neutrophils in BAL, and IL-8 concentration strengthens the concept that AE-IPF initiation may have
occurred in response to an occult external trigger. In addition, the correlation observed between
BAL levels of propionate, but not acetate or a-hydroxybutyrate, at baseline and during an AE-IPF,
indicates that bacteria present in the lungs, rather than at distal sites, may have been involved in
the production of the majority of propionate detected in the BAL supernatant. Nonetheless, it is
challenging to assess whether a proportion of these SCFAs may have originated in the
gastrointestinal tract, given that the microbiota residing there is responsible for the production of
large amounts of SCFAs [352]. Furthermore, given the presence of Campylobacter, a bacterium
normally confined to the gastrointestinal tract, in the BAL supernatant of these patients, may call
into question the origin of these metabolites. However, given the correlation between propionate
and the relative abundance of Streptococcus during an AE-IPF, may suggest that Streptococcus is a
potential source of propionate production in the airways during these events. This finding reflects
the observations made in Chapter 4; propionate was elevated in the BAL of subjects with IPF
compared to healthy controls. Increased BAL propionate concentrations in individuals with IPF could
indeed reflect the metabolism of lung resident bacteria such as Streptococcus, which degrades
pyruvate into end products of metabolism, including lactate and propionate. Interestingly,
propionate positively correlated with BAL bacterial burden and an increased concentration of
propionate in the BAL supernatant at baseline was also predictive of a shorter time taken to
experience an AE-IPF. Patients with higher levels of propionate in the BAL supernatant at the time
of AE-IPF diagnosis were at an increased risk of death within a 90-day period. Collectively, these

findings may suggest that propionate may be a precipitating factor in IPF initiation and progression.
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This work has a number of limitations. Firstly, undertaking bronchoscopy in subjects with IPF and
particularly in those individuals experiencing an AE-IPF is not recommended, as an AE after BAL is
increasingly recognised as a complication for patients with IPF [451]. These sampling difficulties
have, therefore hindered research in the field and may explain the limited understanding of the
nature of these events. Additionally, given the insidious nature of these events, which may develop
over a period of days or weeks, the BAL samples may not have been collected at the same stage of
disease for each individual. Consequently, this may have influenced the comparisons made in this
study. Although antibiotic intake was not found to significantly alter the BAL bacterial burden, it is
plausible that exposure of the individuals to antibiotics may have affected the accuracy of the results
obtained. Another limitation to take into consideration is that it is challenging to understand the
origin of the SCFAs quantified in the BAL supernatant. A proportion of the SCFAs measured in the
BAL supernatant may have originated at distal sites such as the gut. Given that intestinal
disturbances have been associated with several diseases, including chronic lung diseases, future
work should not only aim to characterise the metabolites present in the BAL supernatant but also
aim to phenotype the metabolites present in the gut and systemically, in order to better understand
the cross-talk which occurs between these two sites and its role in the development and progression
of IPF and AE-IPF. Furthermore, analysis of the microbiome and metabolites in the BAL does not
consider changes that are occurring over time and may not fully provide an accurate representation
of the regional differences in bacterial burden, microbial and metabolite composition in fibrotic lung
disease. Therefore, future studies should try and assess the changes which are occurring
longitudinally and, in parallel to BAL analyses, should aim to measure the molecular factors within
the lung tissue itself. These factors might be undetectable in the BAL but be locally present at the
site of fibrosis and thus allow a more accurate reflection of the molecular and cellular composition
of the lung tissue itself, where the fibrotic processes are taking place. The subjects recruited in this
study were from Japan. Therefore, compared to the literature, the variability in genetic,
environmental and lifestyle factors may have contributed to the differences observed in the results.
Furthermore, although subjects were excluded if they had a history of self-reported upper or lower
respiratory tract infection, it is impossible to entirely exclude the possibility that occult viral
infections may have been partially responsible for the changes observed and/or may have directly
contributed to the epithelial damage leading to these events. Lastly, it is important to note that this
was an observational study. Future work should assess the role of the SCFAs, particularly

propionate, on epithelial/fibroblast cell cultures and co-cultures. These in vitro studies may offer
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potential mechanistic insights into the pathogenesis of IPF and may provide a better understanding

of the effects of these microbial metabolites on the airway epithelium and their role in AE-IPF.

6.6 Conclusions

Collectively, the observations from this Chapter suggest that alterations in the pulmonary
microbiome may be implicated in a proportion of AE-IPF cases. Specifically, the increased bacterial
load and relative abundances of potentially pathogenic bacteria reinforces the hypothesis that
specific bacteria may play a causative role in these events. The findings of this Chapter also shed
light on a potential link between pulmonary disturbances, microbial metabolites, inflammation and
AE-IPF. Overall, the findings suggest that AE-IPF may represent an acute response to an occult event,
occurring in the context of the underlying fibroproliferative processes driving IPF. These events may
be accelerated by various factors, including the SCFA propionate. Elucidating the mechanistic role
of the SCFAs in the context of IPF will be pivotal to better understand the host-microbe interactions

that underpin AE-IPF pathogenesis.
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7 Chapter 7: Discussion

7.1General discussion

IPF is a progressive and fatal condition characterised by progressive and irreversible scarring within
the pulmonary interstitium associated with architectural destruction, impaired gas exchange and a
median survival of 3 years from diagnosis [321]. Despite several environmental factors having been
shown to confer an increased risk for developing IPF, the exact triggers which initiate the fibrotic
process remain unknown [75]. Multiple exposures including cigarette smoke, environmental
pollutants, viruses and bacteria have been implicated in IPF pathogenesis. There is clear evidence
that individual genetic background plays a role in IPF pathogenesis, with common genetic variants,
including MUC5B involved in host defence, responsible for approximately one-third of the risk of
developing IPF [40]. In addition, there is growing evidence suggesting that subclinical or occult viral
infections may play a role in exacerbating the disease [452]. Although the lungs have conventionally
been considered sterile, the recent revolution in culture-independent technologies has prompted a
reconsideration of IPF pathogenesis [110, 308]. Recent, albeit associative, evidence suggests that
the respiratory microbiome may be linked to the development and progression of IPF [114, 115,
144, 277, 309]. Indeed, bacteria have been hypothesised to act as a continued driver of epithelial
injury. Specifically, a higher bacterial burden has been consistently associated with an increased risk
of mortality and differences in bacterial composition and diversity have also been correlated with

disease outcomes [114, 115, 308].

These observational and association studies support the hypothesis that host-environment
interaction is key in the pathogenesis of IPF, yet they do not provide any functional or mechanistic
insight. At present, no conclusion can be drawn on whether the changes observed in the
microbiome are a cause or a consequence of the disease. Is the perturbed microbial environment
driving the disease, or is it the result of an altered lung environment? It is conceivable that,
regardless of the initiating trigger of fibrosis, a self-amplifying cycle is established whereby the
altered growth conditions result in a disordered microbiome; this, in turn, provokes further
inflammation via several mechanisms, including microbial metabolite signalling to epithelial cells,
thus propagating the lung damage and creating a further selective pressure [110]. With these
considerations in mind, the overarching aim of this thesis was to phenotype the airway microbiome
and metabolome in patients with IPF and healthy controls and to investigate the influence of
microbial metabolites, specifically the SCFAs acetate, propionate and butyrate on airway epithelial

cells and fibroblasts.
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Two hundred and one patients with IPF and 40 healthy controls were recruited and followed up
over a four-year period. Comparable to a typical IPF cohort, the subjects diagnosed with IPF were
predominantly men, had a mean age of 74 years and had moderately severe disease at enrolment
[453]. The clinical course of IPF is both variable and unpredictable, with significant heterogeneity
among individual patients. Two predictors of poor prognosis in IPF, which were confirmed in
Chapter 3 are a baseline DLco of less than 40% predicted or a decline in FVC >10% predicted over 12
months. Furthermore, disease progression was defined as a composite of either a relative decline
in FVC of greater than 10% of death before 12 months. Validating what has been previously
observed in the literature, individuals whose disease had progressed at 12 months demonstrated a

significantly higher BAL bacterial burden when compared to subjects with stable disease.

The epithelial surfaces of the human respiratory tract, previously thought to be sterile, have been
shown using culture-independent techniques to harbour a dynamic community of microbes [137].
More recently, the advent of sequencing techniques has revolutionised the field of metagenomics,
revealing a vast microbial diversity which had been previously missed by cultivation-based methods.
Molecular sequencing of the variable regions of the bacterial 16S rRNA gene is the most commonly
used approach to the study of bacterial communities. Clusters of bacteria sharing similar gene
sequences are classified into OTUs, which can be compared to 16S rRNA gene reference databases
[109]. Bioinformatics analysis of the data produced on platforms such as lllumina MiSeq allows
guantifying the total and relative abundance of the bacterial groups [110, 111]. The application of
these molecular techniques to phenotype the microbial communities of the respiratory tract in
health and disease has allowed to uncover associations which indicate that host-microbiome
interactions may play a key role in the aetiology and progression of lung disease [113, 144, 454,
455]. In Chapter 3, concordant with what has been consistently shown in the literature, clear
differences in the respiratory microbiome of patients with IPF compared to healthy controls were
demonstrated in a larger cohort of patients. Specifically, patients with IPF have a higher bacterial
load and significant differences in the composition and diversity compared to healthy individuals
(Chapter 3, sections 3.4.4-3.4.6). The BAL of healthy controls and subjects with IPF was dominated
by Prevotella, Streptococcus, Veillonella, Neisseria and Haemophilus. These bacterial communities
have been consistently found in the airways of healthy subjects, but also of asthmatics and subjects
with COPD [113, 117, 252, 325]. Specific differences were observed when comparing the
microbiome in healthy subjects to that of IPF. Specifically, Streptococcus, Veillonella, and
Staphylococcus were increased in IPF. These differences together with the finding that there is a

significantly increased bacterial load in the BAL of IPF patients compared to health may support the
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hypothesis that these bacterial communities may be acting synergistically to promote airway
inflammation as well as drive repetitive alveolar injury. These findings may, therefore provide an
opportunity for the development of targeted therapeutic interventions, which do not target the

entire microbiome.

Differential abundance analysis confirmed these findings. Multiple taxonomic differences are
evident when comparing the BAL of healthy controls and subjects with IPF. The BAL of healthy
controls was enriched with bacteria belonging to the Bacteroidetes and Actinobacteria phyla, and
the IPF group was enriched with bacteria belonging to the Firmicutes and Proteobacteria phyla.
These findings are consistent with the literature which shows that during respiratory disease, there
is an increased prevalence of Firmicutes and Proteobacteria and a reduction in non-pathogenic
commensals, such as Bacteroidetes when compared to healthy controls. This observation suggests
that a dysbiotic state of the lung microbiome could be directly associated with the pathophysiology
of IPF [320].

A loss of microbial diversity has been previously associated with disease activities in IPF [320]. In
Chapter 3 (section 3.4.5.3) diversity analyses were used to characterise the bacterial diversity within
each sample. Alpha-diversity was assessed using the Shannon and Chaol indexes, which estimate
the evenness and richness, respectively, of the microbiome in each sample. Compared to the
controls, subjects diagnosed with IPF were found to have a decreased evenness. Additionally, a
signal toward a lower bacterial richness was also observed, but this was not statistically significant.
These findings may indicate that a shift in the respiratory microbiome toward more densely
populated and less diverse bacterial communities of the lower airways in IPF may provide persistent
stimuli for repetitive alveolar injury [320]. Beta-diversity analyses revealed significant differences in
whole community composition between the two groups. These results validate the finding that the
airway microbiota in IPF is different from that of healthy controls. Nevertheless, causal conclusions
cannot be drawn about this altered respiratory microbiome in IPF ahead of functional and
longitudinal studies which are urgently needed to better understand pathogenic host-microbial
interactions. In addition, an increased bacterial load at the time of diagnosis identified patients with
more rapidly progressive IPF and an increased risk of mortality. This research has shown, for the
first time, that bacterial burden is an independent predictor of survival even when incorporating
radiographic features into the survival models and following adjustment for confounding factors

(Chapter 3, section 3.4.4.6). The lack of association observed with measures of disease severity, and
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fibrotic destruction of the lung suggests that changes in bacterial burden are disease-relevant and

unlikely simply secondary to the architectural distortion of the lungs [277].

Within the IPF cohort, the bacterial burden was found to associate independently with the
rs35705950 polymorphism in the promoter region of the mucin MUC5B genotype, which provides
a link between host immunity and the respiratory microbiome (Chapter 3, section 3.4.4.5). It has
been shown that the minor allele predisposes to a milder form of IPF associated with a longer
survival [54]. The results conducted in Chapter 3 are supportive of this finding since IPF subjects
possessing the minor allele were found to have a lower bacterial burden and a longer survival
compared to patients possessing the GG and GT alleles. A plausible explanation is that the bacterial
communities residing in the lower airways are acting as a persistent stimulus for repetitive alveolar
injury and that a higher bacterial load could be accelerating this process. Regional differences in the
respiratory microbiome could also explain the temporal and spatial heterogeneity observed in usual

interstitial pneumonia, which is the histological correlate of IPF [117].

Having characterised the respiratory microbiome in health and disease, the second aim of this thesis
was to phenotype the airway metabolome using untargeted *H NMR and using targeted GC-MS to
specifically look at the SCFAs [159, 354]. Specifically, it was hypothesised that there would be
differences in the metabolic profiles of healthy controls and subjects with IPF and that certain
metabolites upregulated in IPF may be contributing to disease progression. In Chapter 4, it was
demonstrated that there are clear differences in the metabolic profile of subjects with IPF compared
to healthy controls (Chapter 4, section 4.4.2). Specific metabolic pathways, such as the glycolytic
pathway, which may contribute to disease pathogenesis, are altered in IPF patients compared to
healthy controls. Indeed, significantly increased levels of glucose and an increased presence of
lactate in IPF, have been previously reported to be increased in the BAL and lung tissue of subjects
with IPF in the presence of inflammation [373, 375]. This finding is concordant with the increase in
lactate and glucose which was observed in the BAL of IPF subjects compared to healthy controls and
may suggest altered glycolysis in IPF lungs and supports the hypothesis that the products of
glycolysis are being shuttled towards lactate production. Other metabolites, including acetate,
butyrate, propionate, acetone, glycine and alanine were found to be upregulated in IPF.
Furthermore, specific associations between the respiratory microbiome and metabolome were
investigated in IPF (Chapter 4, section 4.4.4). Firstly, Spearman’s correlation coefficients were
computed to assess potential relationships between the two datasets. Weak associations were

observed between the respiratory microbiome and the metabolites in the BAL of healthy controls.
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In contrast, in the BAL of IPF subjects, acetate was found to positively correlate with Prevotella and
propionate with Veillonella. To further explore these associations, sPLS-DA was performed using
MixOmics. In IPF, the SCFAs acetate, propionate and lactate were found to positively correlate with
several bacterial genera including Prevotella, Streptococcus, and Veillonella. This is of interest
because studies in the gut have shown that acetate is produced by most of the enteric bacteria
including Prevotella species via the Wood-Ljungdhal and acetyl-CoA pathways [389, 390], whilst
propionate is produced by Veillonella via the succinate, acrylate and propanediol pathways [153].
In contrast, distinct families within the Firmicutes are capable of producing butyrate from two
molecules of acetyl-CoA [391]. Therefore, elevated BAL SCFA concentrations in subjects with IPF
could reflect the metabolism of lung resident bacteria such as Streptococcus and Veillonella, which

degrades pyruvate into end products of metabolism, including lactate and propionate [392].

Parallels and lessons can be drawn from studies of the gastrointestinal tract microbiome and its
interactions with the host immune system. There, a mutually beneficial partnership between the
microflora and the host has been established over thousands of years of co-evolution. The bacteria
benefit from the stable habitat, which is rich in energy sources from the food we ingest. On the
other hand, commensals assist in the metabolism of dietary constituents such as cellulose, produce
essential cofactors such as vitamin K; and SCFAs which constitute a fundamental source of energy
for enterocytes [163]. SCFAs improve gut health through several local effects, including the
maintenance of intestinal barrier integrity, mucus production, and protection against

inflammation [398].

Similar to the gut, the airway microbiota in healthy lungs is dominated by SCFA-producing bacteria:
Bacteroidetes, Firmicutes and Proteobacteria [153]. These are metabolically active bacteria which
produce SCFAs via the bacterial fermentation of non-digestible carbohydrates by the gut microbiota
[351]. Itis now well documented that the intestinal microbiota influences the microbial composition
within the lung either by direct seeding of bacteria into the airways or by the distribution of SCFAs.
These SCFAs, not only act as a fuel for intestinal epithelial cells but also exert distinct physiological
effects, acting as a link between the microbiota and the immune system and playing a key role in
maintaining mucosal immunity [456]. Nonetheless, very few studies have characterised the
metabolites in the BAL of subjects with IPF, and no studies have yet addressed the impact of the
SCFAs on the development of fibrosis. Interestingly, acetate, propionate, lactate and butyrate were
all found to be increased in the BAL supernatant of IPF subjects compared to healthy controls

(Chapter 4, section 4.4.6). Particularly, the SCFAs acetate and propionate have been previously
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linked to mucosal epithelial interaction in the gut and might, therefore be playing a similar role in
the lungs [398]. A ‘leaky gut’ in humans refers to increased gut permeability, disturbed microbial
balance and impaired mucosal immunity, and plays a role in the initiation of inflammatory diseases
and autoimmunity [163]. Interestingly, subjects with IPF are often diagnosed with inflammatory
bowel disease (IBD), which is an intestinal disease characterised by an impaired gut-blood barrier
[95]. This might provide evidence for the increased gut-to-blood penetration of SCFAs. In order to
validate the increased translocation of SCFAs into the circulation, their presence should be also

guantified in serum samples from patients with IPF that present concomitant IBD [95].

The results of Chapter 4 highlight the importance of metabolomics in exploratory studies. Searching
for differences in the metabolic profiles may ultimately serve to identify novel pathways and
potential biomarkers to aid in the prediction of the development of IPF. In the literature, the
metabolic products from bacteria have been shown to stimulate host metabolism and could provide
an insight into the pathogenic processes occurring during fibrosis. Chronic lung diseases, including
IPF, are complex, progressive disorders with increasing incidence and mortality [457]. Managing
these conditions can be improved using personalised approaches for more targeted treatments. In
the literature, several studies highlight the role of metabolic dysfunction in the development of
chronic lung diseases. Metabolomics is increasingly being used as a technique to aid in the diagnosis
and prognosis of such disorders. The first diagnoses of these diseases were based on the integration
of clinical, radiological and histopathological features. For example, histological assessment is an
invasive technigue which can be impractical for some patients as it typically requires surgical biopsy.
Therefore, incorporating techniques in standard clinical practice which eliminate the need for
invasive diagnostic methods such as bronchoscopy and surgical lung biopsy, may benefit patients
with chronic lung diseases, including IPF. Metabolomics thus holds considerable potential to
elucidate biomarkers which may aid in the diagnosis and treatment with better sensitivity,
specificity and precision. *H NMR and MS are the two main analytical techniques utilised for
metabolomics. Both methods have been extensively used to acquire information on a variety of
metabolites in a single measurement. *H NMR spectroscopy has been shown to be a non-destructive
technique useful for the detection of metabolic changes. On the other hand, GC-MS is efficacious
for the detection of smaller-molecular weight metabolites that cannot be detected by 'H NMR
spectroscopy. The metabolomics data obtained from these two analytical platforms were combined
to fully characterise the metabolites present in the BAL of the subjects with IPF as well as healthy
controls. However, there are a number of limitations that must be taken into consideration. For

example, the metabolic profile was only characterised in BAL supernatant samples. In the future,
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concomitant analysis of faecal and serum profiles could provide information regarding the cross-
talk that occurs between the gut and the lung and further support these findings. Furthermore, it is
important to take into consideration the fact that BAL supernatant does not necessarily reflect the
molecular and cellular composition of the lung tissue itself, where the fibrotic processes are taking
place. Therefore, future studies should aim to characterise the metabolites within the lung tissue
itself, where factors that are undetectable in BAL supernatant, may be locally present at the site of
fibrosis. This may allow for a more accurate overview of the overall molecular changes occurring
during these events. Furthermore, these techniques only provide a snapshot of the metabolome at
a particular moment in time and is therefore challenging to draw conclusions regarding whether the
altered metabolic profile is a cause or a consequence of the disease. Although these findings support
a greater understanding of the metabolic basis of pathogenesis of IPF formation yet, they do not
provide any functional insight. Therefore, to explore the influence of the microbial metabolites
identified in aim 2 on the respiratory epithelium, PBECs and HLF were exposed to increasing
concentrations of the SCFAs acetate, propionate and butyrate. Bronchial epithelial cells are the first
anatomical barrier to external environmental stimuli and are responsible for the initiation of airway
remodelling through the production of proinflammatory mediators, ECM, growth factors and matrix
metalloproteinases [408]. In submerged cultures of PBECs, supplementation of healthy and IPF cells
with 10 mM and 20 mM of the respective SCFAs was found to impact cell viability, whilst the lower
doses (1 mM and 5 mM) were found to be non-toxic to the cells (Chapter 5, section 5.4.2.1). IL-6
and TNF-a were quantified in the cell culture supernatants pre- and post-exposure to the SCFAs; a
dose-dependent secretion of these cytokines was observed in the cell supernatant from the IPF
PBECs, suggesting that the SCFAs at concentrations measured in IPF BAL affect the inflammatory
responses of airway epithelial cells (Chapter 5, section 5.4.2.2). Whilst no differences in IPF PBEC
cell proliferation was observed (Chapter 5, section 5.4.2.4), treatment of these cells with 5 mM
acetate, propionate or butyrate led to a decrease in wound closure at 48 hours (Chapter 5, section
5.4.2.6). This might indicate that the SCFAs are inhibiting wound closure, although the mechanism
behind this is unclear. It is also important to note that the molecular events by which PBECs
proliferate and migrate for lung wound healing are yet to be elucidated. To provide a differentiated
airway epithelium more representative of the normal in vivo pseudostratified epithelium, healthy
and IPF cells were cultured at ALl and exposed to the SCFAs (Chapter 5, section 5.4.3). Non-toxic
doses of the SCFAs were shown to have no effects on the healthy PBECs, whilst they were found to
decrease the TEER of the IPF PBECs, impact their morphology and lead to an increased production
of IL-6 in the apical cell supernatant at 24 hours. Given the crucial role of fibroblasts in mediating
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fibrosis, the effects of the SCFAs were also assessed on primary cultures of HLF isolated from
subjects with IPF. Similar to the PBECs, HLF treated with the lower doses (1 mM and 5 mM) of the
respective SCFAs had no effects on cell viability (Chapter 5, section 5.4.4.1). The effects of the SCFAs
on HLF proliferation were assessed in HLF from three patients with IPF over a time-course of 72
hours (Chapter 5, section 5.4.4.3). Addition of acetate was found to have no effect on HLF
proliferation compared to the cells treated with media alone. In contrast, following exposure of the
HLF to 5 mM of propionate and butyrate, an increase in proliferation was observed compared to
the untreated control. This finding may suggest that acetate may be acting through a different
receptor compared to propionate and butyrate. Additional experiments looking at the expression

of GPCRs on these cells and their expression following treatment with SCFAs are urgently needed.

While some patients with IPF experience a steady decline in lung function, others suffer sudden
acute respiratory worsening, following a period of relative stability. These acute exacerbations are
an important clinical feature of IPF disease progression and have been defined as clinically
significant respiratory deteriorations of unidentifiable cause characterised by new, widespread
alveolar abnormalities. Given that the respiratory microbiome was characterised in individuals with
IPF at baseline, the final aim of this thesis was to establish if and how the microbiome changed
during an AE-IPF [25]. This was achieved this by establishing a collaboration with the Tosei General
Hospital (Japan), where subjects were prospectively recruited between January 2008 and July 2015.
Very few studies have explored the variation in the respiratory microbiome at baseline and during
an AE-IPF. In a smaller cohort of IPF subjects, Molyneaux and colleagues showed that bacterial load
is significantly increased in the BAL supernatant of subjects experiencing an AE-IPF compared to
baseline and that there are specific changes in the respiratory microbiome [144]. This finding was
validated in Chapter 6 (section 6.4.3) in a larger cohort of paired IPF subjects. An increased bacterial
load has been consistently shown to predict the rate of functional decline and risk of death in
subjects with IPF [115, 149]. It was hypothesised that higher bacterial loads at baseline may be
associated with a shorter time taken for patients to experience an AE-IPF from the time of IPF
diagnosis. However, the bacterial burden at baseline did not predict the rate of disease progression,
suggesting that increased bacterial burden alone may not fully account for these events (Chapter 6,
section 6.4.3.2). Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria dominated the BAL
at baseline and during an AE. At the genus level, compared to baseline-IPF, Streptococcus and
Campylobacter were found to be increased in the AE-IPF samples (Chapter 6, section 6.4.4.1). This
was further confirmed by exploring the differentially abundant bacteria between the two groups

using LEfSe, which revealed that the BAL supernatant of subjects at baseline was enriched with
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bacteria in the Bacteroidetes phylum, whilst the BAL supernatant of subjects experiencing an AE-IPF
was enriched with bacteria belonging to the Proteobacteria phylum (Chapter 6, section 6.4.4.2). An
increased abundance of Campylobacter, a known gastrointestinal pathogen, reinforces the concept
that gastrointestinal reflux and aspirations may drive acute exacerbations in some individuals.
However, a limitation when using 16S rRNA sequencing to characterise microbial communities is
the potential of incorrect taxonomic annotation. Therefore, to confirm the presence of
Campylobacter in the BAL of patients with IPF, a BLAST-based method should be used to validate
the assignments made by less precise sequence classification databases. Overall, the increased
relative abundance of these bacteria in the BAL supernatants of subjects experiencing an AE-IPF
suggests that bacterial infections may play a causative role in a proportion of AE-IPF cases.
Furthermore, these microbes may be acting synergistically together with increased BAL bacterial
burden to promote the initiation and development of an AE-IPF. Overall no significant differences
in alpha-diversity and beta-diversity were observed when comparing IPF patients at baseline and
during an AE (Chapter 6, section 6.4.4.3). This may be partially explained by the fact that
heterogeneous changes were observed across the cohort, as highlighted by the taxonomic analysis
of paired samples (Chapter 6, section 6.4.4.4). This may indicate that if an exacerbation is a result
of changes in the microbiome, the bacteria involved may be specific to the individual. Overall, these
findings suggest that the development of an AE-IPF may not rely entirely on an acceleration of the
underlying fibroproliferative processes occurring in IPF, but rather necessitates a combination of
factors, including an occult infectious trigger, to promote its initiation. Further analysis of bacterial
burden and taxonomic composition in individuals with non-IPF acute lung injury as well as
longitudinal sampling during an AE-IPF may be key to gaining a better understanding of these
events. Lastly, for the first time, the SCFAs were quantified at baseline and during an AE-IPF (Chapter
6, section 6.4.6). Compared to AE-IPF, the BAL supernatant of patients at baseline had significantly
lower levels of the SCFAs acetate, propionate and a-hydroxybutyrate. Furthermore, these subjects
revealed lower levels of the pro-inflammatory cytokines IL-6, IL-8 and TNF-a (Chapter 6, section
6.4.5). The correlation between propionate and the relative abundance of Streptococcus during an
AE-IPF, may indicate that Streptococcus is a potential source of propionate production in the airways
during these events. Interestingly, propionate positively correlated with BAL bacterial burden and
an increased concentration of propionate in the BAL supernatant at baseline was also predictive of

a shorter time taken to experience an AE-IPF (Chapter 6, section 6.4.6).

212



7.2 Future work

The findings from this thesis provide a strong rationale for trials of antimicrobial therapy in IPF.
Nevertheless, these findings require further validation in separate cohorts of IPF subjects from
multiple centres. Although prospective trials of broad-spectrum antibiotics in IPF are currently
underway, the findings described herein indicate that a more personalised approach may be
necessary in order to target those patients with a higher BAL bacterial burden or where specific
changes in the microbiome and metabolome are occurring. A significant concern when using 16S
rRNA sequencing to characterise microbial communities is the potential of contamination during
sample acquisition. Contamination presents a critical problem when evaluating samples with low
microbial biomass, such as the lungs [337]. The low amount of starting material may be swamped
by the amplification of reagent-derived contaminants and result in erroneous representations of
the microbial community [337, 338]. In this work, to minimise the risk of contamination, negative
bronchoscopy controls and reagent controls were included in the sequencing run. PCA analysis
showed that BAL samples clustered separately from the negative controls, demonstrating that the
samples were not influenced by contamination. This was further confirmed by comparing the
bacterial burden amongst groups, assessed by using the total number of reads in each sample.
Future research could make use of protected catheter brushes which could help minimise the risk
of potential contamination. Another significant limitation is that 16S rRNA gene sequencing provides
a snapshot of the microbial community at a particular moment in time, and is therefore challenging
to draw conclusions regarding whether the altered microbial community is a cause or a
consequence of the disease [335]. Thus, functional and longitudinal studies examining the host-
microbial interactions are necessary. Regional differences in the microbiome throughout the lung
have also been previously demonstrated [117]. Therefore, assessing the regional variation in the
microbiome across the respiratory tract in IPF could allow to correlate with the extent of fibrosis.
This could help uncover the role of specific bacterial microorganisms or bacterial burden in driving

the fibrotic process.

To build upon the cell culture work which has been conducted in Chapter 5, the next step would be
to determine whether the GPCRs are expressed on the PBECs and whether their expression is
altered following the addition of the SCFAs. These SCFA receptors should be expressed on bronchial
epithelial cells, upregulated in disease and could be driving pulmonary fibrosis via the activation of
a number of mechanistic downstream pathways implicated in fibrinogenesis. Studies addressing the
functional aspects of the microbiota will be critical to determine whether the lung microbiota has a

causal role in driving the development and progression of IPF. Interactions between pulmonary
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epithelial cells and fibroblasts appear to be central to the pathogenesis of IPF. Future work should
also investigate how specific IPF-associated microbes/metabolites, identified in aims 1 and 2, impact
these interactions leading to the activation of pro-fibrotic pathways. Specifically, the effects of the
SCFAs in a co-culture system of PBECs and HLF will be critical in uncovering whether these microbial

metabolites are driving the fibrotic process in IPF.

What still remains unclear is whether these shifts in the microbiome are a cause or a consequence
of fibrosis; is the perturbed microbial environment causing the disease or are these microbial
changes the result of an altered lung environment? Furthermore, is the microbial diversity, or the
abundance of a particular species, responsible for the development and progression of IPF? It is
clear that more information is needed to better understand the nature of the dialogues occurring
between the respiratory microbiota and epithelial cells in the lungs to further elucidate the function
and mechanisms through which the microbiota shapes the development of fibrosis in IPF. Further
studies are urgently needed to validate these findings, address the crucial question of causality and

potentially shape future interventional trials.
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9 Appendix

Appendix 1. Bioinformatics pipeline script

# 16S Bioinformatics Analysis

# Multiple Sequencing runs (180216_MSQ75;180719_2 MSQ081;180719_ MSQ82)
# QIIME2 (version 2018.8)

# Run on HPC cluster

# Rachele Invernizzi - Imperial College London
# Log in to cluster

ssh ri2l6@login.cxl.hpc.ic.ac.uk

# PREPARING DATA

# Activate

module load anaconda3/personal

source activate py35

source activate giime2-2018.8

# Set and change directory to main folder

cd $WORK/16S-Analysis

# Rename the sequences (3 fastq files: R1 forward reads; R2 barcodes; R3 reverse reads)
# GZIP the files (converts in .gz format)

cd $WORK/16S-Analysis/180216 MSQ75/2 fastq

mv lanel NoIndex L001_R1 00l.fastq forward.fastqg
mv lanel NoIndex_ L001_R2 00l.fastq barcodes.fastqg
mv lanel NoIndex L001_R3_00l.fastq reverse.fastqg

gzip barcodes.fastq
gzip forward.fastg
gzip reverse.fastqg

cd $WORK/16S-Analysis/180719 2 MSQ81/2 fastg

mv lanel NoIndex L001_R1 00l1.fastq forward.fastqg
mv lanel NoIndex_ L001_R2 00l.fastq barcodes.fastqg
mv lanel_ NoIndex L001_R3_001l.fastq reverse.fastqg

gzip barcodes.fastq
gzip forward.fastg
gzip reverse.fastqg

cd $WORK/16S-Analysis/180719 MSQ82/2 fastq

mv lanel NoIndex L001_R1 00l.fastq forward.fastqg
mv lanel NoIndex_ L001_R2 00l.fastq barcodes.fastqg
mv lanel NoIndex L001_R3_00l.fastq reverse.fastqg
gzip barcodes.fastq

gzip forward.fastg

gzip reverse.fastqg

# IMPORTING DATA

cd $WORK/16S-Analysis/180216 MSQ75

giime tools import \

--type EMPPairedEndSequences \

--input-path 2 fastqg \
—--output-path 2 fastq/emp-paired-end-sequences.qgza
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cd $WORK/16S-Analysis/180719 2 MSQ81

giime tools import \

--type EMPPairedEndSequences \

--input-path 2 fastqg \

—--output-path 2 fastq/emp-paired-end-sequences.qgza

cd $WORK/16S-Analysis/180719_MSQ82

giime tools import \

--type EMPPairedEndSequences \

--input-path 2 fastqg \

--output-path 2 fastq/emp-paired-end-sequences.qgza

# DEMULTIPLEXING

# Demupltiplex the read files based on sample names
# BarcodeSequence: indicates which barcode sequence is associated with each sample
# Standard quality filtering parameters used

cd $WORK/16S-Analysis/180216 MSQ75/2 fastq

giime demux emp-paired \
--i-seqgs emp-paired-end-sequences.gza \
--m-barcodes-file MSQ.75.Map.tsv \
--m-barcodes-column BarcodeSequence \
--p-rev-comp-mapping-barcodes \
--o-per-sample-sequences demux.dgza

cd $WORK/16S-Analysis/180719 2 MSQ81/2 fastg

giime demux emp-paired \
--i-seqgs emp-paired-end-sequences.gza \
--m-barcodes-file MSQ.81.Map.tsv \
--m-barcodes-column BarcodeSequence \
--p-rev-comp-mapping-barcodes \
--o-per-sample-sequences demux.dgza

cd $WORK16S-Analysis/180719 MSQ82/2 fastg

giime demux emp-paired \
--i-seqgs emp-paired-end-sequences.gza \
--m-barcodes-file MSQ.82.Map.tsv \
--m-barcodes-column BarcodeSequence \
--p-rev-comp-mapping-barcodes \
--o-per-sample-sequences demux.dgza

# Summarise data and visualise

giime demux summarize --i-data demux.gza --o-visualization demux.gzv
giime tools view demux.qzv

# DADA2 and DENOISE

# The dada2 denoise-paired requires four parameters: --p-trim-left-f, --p-trim-left-r, --
p-trunc-len-f, and --p-trunc-len-r. The --p-trim-left m trims off the first m bases of
each sequence, and --p-trunc-len n truncates each sequence at position n. The f and r in
each parameter stand for forward and reverse read, correspondingly.

cd $WORK/16S-Analysis/180216 MSQ75/2 fastq

giime dada2 denoise-paired \
--i-demultiplexed-seqs demux.gza \
--p-trim-left-f 13 \
--p-trim-left-r 13 \
--p-trunc-len-f 140 \
--p-trunc-len-r 140 \
--p-n-threads 32 \
--o-representative-sequences rep-seqgs-dada2.qgza \
--o-table table-dada2.gza \
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--o-denoising-stats stats.gza \
--output-dir Merged Runs
cd $WORK/16S-Analysis/180719 2 MSQ81/2 fastg

giime dada2 denoise-paired \
--i-demultiplexed-seqs demux.gza \
--p-trim-left-f 13 \
--p-trim-left-r 13 \
--p-trunc-len-f 140 \
--p-trunc-len-r 140 \
--p-n-threads 32 \
--o-representative-sequences rep-segs-dada2.qza \
--o-table table-dada2.qgza \
--o-denoising-stats stats.gza \
-—output-dir Merged Runs

cd $WORK/16S-Analysis/180719 MSQ82/2 fastq

giime dada2 denoise-paired \
--i-demultiplexed-seqs demux.gza \
--p-trim-left-f 13 \
--p-trim-left-r 13 \
--p-trunc-len-f 140 \
--p-trunc-len-r 140 \
--p-n-threads 32 \
--o-representative-sequences rep-segs-dada2.qgza \
--o-table table-dada2.qgza \
--o-denoising-stats stats.qgza \
-—output-dir Merged Runs

# Rename files
cd $WORK/16S-Analysis/Merged Runs

mv rep-seqgs-dada2.gza rep-segs-l.gza
mv table-dada2.gza table-1l.gza

mv rep-seqgs-dada2.gza rep-segs-2.dza
mv table-dada2.gza table-2.gza

mv rep-seqgs-dada2.gza rep-segs-3.dza
mv table-dada2.gza table-3.gza

# Output:

FeatureTable [Frequency]: containing counts (frequencies) of each unique sequence in each
sample in the dataset

FeatureData [Sequence]: maps feature identifiers in the FeatureTable to the sequences they
represent

# EXCLUDING SEQUENCES BY ALIGNMENT

# Aligns a set of query sequences contained in a FeatureData[Sequence] file against a set
of reference sequences

# DOWNLOAD reference sequences (greengenes gg 13 8 otus; rep set folder (unaligned);
99 otus.fasta)

# Import 99 otus.fasta (output: 99 otus.dgza)

cd $WORK/16S-Analysis/Merged Runs

giime tools import \

--type 'FeatureData[Sequence]' \
--input-path 99 otus.fasta \
—--output-path 99 otus.gza

# Employs vsearch to decide whether a sequence "hits" the reference sequences, and outputs
separate files of sequences that hit/do not hit the reference sequences

cd $WORK/16S-Analysis/Merged Runs

giime quality-control exclude-seqgs \
--i-query-sequences rep-seqgs-1l.gza \
—--i-reference-sequences 99 otus.gza \
—--p-method vsearch \
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--p-perc-identity 0.99 \
--p-perc-query-aligned 0.99 \

--p-threads 4 \

--o-sequence-hits sequence-hits-1l.gza \
--o-sequence-misses sequence-misses-1.gza

cd $WORK/CHPManuscriptRI/180719 2 MSQ81/2 fastqg

giime quality-control exclude-seqgs \
--i-query-sequences rep-seqs-2.gza \
—--i-reference-sequences 99 otus.gza \
--p-method vsearch \

--p-perc-identity 0.99 \
--p-perc-query-aligned 0.99 \

--p-threads 4 \

--o-sequence-hits sequence-hits-2.gza \
--o-sequence-misses sequence-misses-2.gza

cd $WORK/CHPManuscriptRI/180719 MSQ82/2 fastq

giime quality-control exclude-seqgs \
--i-query-sequences rep-seqgs-3.gza \
—--i-reference-sequences 99 otus.gza \
--p-method vsearch \

--p-perc-identity 0.99 \
--p-perc-query-aligned 0.99 \

--p-threads 4 \

--o-sequence-hits sequence-hits-3.gza \
--o-sequence-misses sequence-misses-3.gza

# FILTERING SEQUENCES POST-ALIGNMENT

# Filter feature table to remove hits or misses
# Filter out contaminants or sequences that align to host DNA

cd $WORK/16S-Analysis/180216 MSQ75/2 fastq

giime feature-table filter-features \

--i-table table-l.gza \

--m-metadata-file sequence-misses-1l.gza \
--o-filtered-table no-hits-filtered-table-1l.gza \
—--p-exclude-ids

cd $WORK/16S-Analysis/180719 2 MSQ81/2 fastg
giime feature-table filter-features \

--i-table table-2.gza \

--m-metadata-file sequence-misses-2.gza \
--o-filtered-table no-hits-filtered-table-2.gza \
—--p-exclude-ids

cd $WORK/16S-Analysis/180719 MSQ82/2 fastq

giime feature-table filter-features \

--i-table table-3.gza \

--m-metadata-file sequence-misses-3.gza \
--o-filtered-table no-hits-filtered-table-3.gza \
—--p-exclude-ids

# SUMMARISING FEATURE TABLE AND FEATURE DATA
cd $WORK/16S-Analysis/Merged Runs

giime feature-table summarize \

--i-table filtered-table-1l.gza \
--o-visualization filtered-table-1l.gzv \
--m-sample-metadata-file mapping.tsv

giime feature-table tabulate-segs \

--i-data rep-segs-1l.gza \
—--o-visualization rep-seqs-1.qzv
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cd $WORK/16S-Analysis/Merged Runs

giime feature-table summarize \
--i-table filtered-table-2.gza \
--o-visualization filtered-table-2.gzv \
—--m-sample-metadata-file mapping.tsv

giime feature-table tabulate-segs \
--i-data rep-segs-2.gza \
—--o-visualization rep-seqs-2.qzv

cd $WORK/16S-Analysis/Merged Runs

giime feature-table summarize \
--i-table filtered-table-3.gza \
--o-visualization filtered-table-3.gzv \
—--m-sample-metadata-file mapping.tsv

giime feature-table tabulate-segs \
--i-data rep-segs-3.gza \
--o-visualization rep-seqs-3.qzv

# Output visualisations

giime tools view table-1l.gzv
giime tools view table-2.gzv
giime tools view table-3.gzv
giime tools view rep-segs-1l.qzv
giime tools view rep-segs-2.qzv
giime tools view rep-segs-3.qzv

# MERGING TABLES AND SEQUENCES
cd $WORK/16S-Analysis/MergedRuns

giime feature-table merge \

--i-tables filtered-table-l.gza \
--i-tables filtered-table-2.gza \
--i-tables filtered-table-3.gza \
--o-merged-table merged table.gza

giime feature-table merge-seqgs \
--i-data sequence-hits-1l.gza \
--i-data sequence-hits-2.gza \
--i-data sequence-hits-3.gza \
--o-merged-data merged sequences.gza

# SUMMARISING MERGED FILES
cd $WORK/16S-Analysis/MergedRuns

giime feature-table summarize \
--i-table merged table.gza \
--o-visualization merged table.gzv \
--m-sample-metadata-file mapping.tsv

giime feature-table tabulate-segs \
--i-data merged sequences.gza \
--o-visualization merged sequences.qgzv

# Output visualisations

giime tools view merged table.qzv
giime tools view merged sequences.qzv

# TAXONOMIC CLASSIFICATION

giime feature-classifier classify-sklearn \

--i-reads merged_sequences.gza \

--i-classifier gg-13-8-99-515-806-nb-classifier.gza \
--o-classification taxonomy-unfiltered-merged-final.qgza
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giime metadata tabulate \
--m-input-file taxonomy-unfiltered-merged-final.gza \
--o-visualization taxonomy-unfiltered-merged-final.qgzv

giime tools view taxonomy-unfiltered-merged-final.qgzv

giime taxa barplot \

--i-table merged table.gza \

--i-taxonomy taxonomy-unfiltered-merged-final.gza \
--m-metadata-file mapping.tsv \

--o-visualization taxa-bar-plots-unfiltered-merged-final.qzv

# Output visualisation:

giime tools view taxa-bar-plots-unfiltered-merged-final.qgzv

# GENERATE A TREE FOR PHYLOGENETIC DIVERSITY

giime alignment mafft \
--i-sequences unfiltered-rep-segs.gza \
—--o-alignment unfiltered-aligned-sedgs.qgza

giime alignment mask \
--i-alignment unfiltered-aligned-segs.gza \
--o-masked-alignment unfiltered-aligned-masked-segs.qgza

giime phylogeny fasttree \
--i-alignment unfiltered-aligned-masked-seqgs.gza \
—--o-tree unfiltered-unrooted-tree.qgza

giime phylogeny midpoint-root \
--i-tree unfiltered-unrooted-tree.gza \
--o-rooted-tree unfiltered-rooted-tree.qgza

# EXPORT

giime tools export \
—-—input-path unfiltered-rooted-tree.qgza \
—-output-path unfiltered-exported-tree

giime tools export \
--input-path unfiltered-table.gza \
—--output-path unfiltered-final-table

giime tools export \
--input-path taxonomy-unfiltered-merged-final.gza \
--output-path unfiltered-exported-taxonomy

# IMPORT FILES ("unfiltered-table.qza","unfiltered-rooted-tree.qza","taxonomy-unfiltered-

merged-final.qza", "mapping.tsv", "CH3_mapping_diagnosis.csv")
DOWNSTREAM PART OF ANALYSIS
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Appendix 2 Representative 600 MHz 'H nuclear magnetic resonance (NMR) spectra of bronchoalveolar lavage (BAL)
samples obtained from healthy controls and subjects with idiopathic pulmonary fibrosis (IPF).

Each identified peak is labelled accordingly. Unidentified metabolites are marked (*).

Appendix 3. Spearman’s rank correlations (rho) between the metabolites detected in the bronchoalveolar lavage
(BAL) of idiopathic pulmonary fibrosis (IPF) subjects and BAL cell differentials.

Comparison Spearman’s rho P-value
Macrophages vs oxidised glutathione 0.028 NS
Macrophages vs propionate 0.041 NS
Macrophages vs ethanol 0.005 NS
Macrophages vs butyrate -0.006 NS
Macrophages vs lactate -0.026 NS
Macrophages vs acetone 0.048 NS
Macrophages vs glucose -0.052 NS
Macrophages vs alanine -0.058 NS
Macrophages vs choline 0.031 NS
Macrophages vs glycine -0.091 NS
Macrophages vs scyllo-inositol 0.087 0.22
Macrophages vs 3-ketobutyrate 0.020 NS
Macrophages vs acetate -0.070 NS
Macrophages vs sarcosine -0.0008 NS
Macrophages vs dimethyl sulfone -0.081 NS
Macrophages vs formate -0.080 NS
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Lymphocytes vs oxidised glutathione -0.130 NS
Lymphocytes vs propionate -0.130 NS
Lymphocytes vs ethanol 0.029 NS
Lymphocytes vs butyrate -0.015 NS
Lymphocytes vs lactate -0.013 NS
Lymphocytes vs acetone -0.011 NS
Lymphocytes vs glucose -0.022 NS
Lymphocytes vs alanine 0.016 NS
Lymphocytes vs choline 0.007 NS
Lymphocytes vs glycine -0.007 NS
Lymphocytes vs scyllo-inositol 0.037 NS
Lymphocytes vs 3-ketobutyrate -0.092 NS
Lymphocytes vs acetate 0.100 NS
Lymphocytes vs sarcosine -0.111 NS
Lymphocytes vs dimethyl sulfone 0.085 NS
Lymphocytes vs formate 0.091 NS
Neutrophils vs oxidised glutathione 0.034 NS
Neutrophils vs propionate 0.025 NS
Neutrophils vs ethanol -0.049 NS
Neutrophils vs butyrate 0.032 NS
Neutrophils vs lactate 0.075 NS
Neutrophils vs acetone -0.053 NS
Neutrophils vs glucose 0.120 NS
Neutrophils vs alanine 0.093 NS
Neutrophils vs choline -0.021 NS
Neutrophils vs glycine 0.140 NS
Neutrophils vs scyllo-inositol -0.048 NS
Neutrophils vs 3-ketobutyrate 0.033 NS
Neutrophils vs acetate 0.093 NS
Neutrophils vs sarcosine 0.097 NS
Neutrophils vs dimethyl sulfone 0.099 NS
Neutrophils vs formate 0.069 NS
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Appendix 4. Spearman’s rank correlations (rho) between the metabolites detected in the bronchoalveolar lavage
(BAL) of idiopathic pulmonary fibrosis (IPF) subjects and healthy controls by *H nuclear magnetic resonance (*H NMR)
spectroscopy and gas-chromatography mass spectrometry (GC-MS).

Diagnosis Comparison Spearman’s rho P-value
Acetate vs Acetate 0.81 P<0.01

Propionate vs Propionate 0.83 P<0.01

Controls Valerate vs Valerate 0.78 P<0.05
Lactate vs Lactate 0.79 P<0.01

Butyrate vs Butyrate 0.85 P<0.001

Acetate vs Acetate 0.83 P<0.01

Propionate vs Propionate 0.89 P<0.001

IPF Valerate vs Valerate 0.77 P<0.05
Lactate vs Lactate 0.81 P<0.01

Butyrate vs Butyrate 0.88 P<0.01
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ABSTRACT  Idiopathic pulmonary fibrosis (IPF) arises in genetically susceptible individuals as a result of
an aberrant wound-healing response following repetitive alveolar injury. The clinical course of the disease
remains both variable and unpredictable with periods of more rapid decline, termed acute exacerbation of
IPF (AE-IPF), often punctuating the disease trajectory. Exacerbations carry a significant morbidity and
mortality, and their exact pathogenesis remains unclear. Given the emerging evidence that disruption and
alteration in the lung microbiome plays a role in the pathogenesis and progression of IPF, this review
discusses the current knowledge of the contribution of infection and the respiratory microbiome to
AE-IPF.

Introduction

Although the pathogenesis of idiopathic pulmonary fibrosis (IPF) remains poorly understood the
condition is thought to arise in genetically susceptible ageing individuals as a consequence of repeated
microinjuries to the alveolar epithelium by environmental triggers [1]. Over time, this process results in an
aberrant wound-healing response, which leads to fibrosis and causes the progressive structural destruction
of the lung [2, 3]. This suggests both environmental and host factors play a role in IPF, likely with
bidirectional interaction between the two. The clinical course of the disease is both variable and
unpredictable with significant heterogeneity among individual patients [4]. Whatever trajectory the disease
adopts it can be punctuated by unpredictable periods of acute deterioration; episodes termed acute
exacerbations of IPF (AE-IPF). These are defined as acute, clinically significant respiratory deterioration
with no identifiable cause, characterised by new, widespread alveolar abnormalities [5]. The exact
incidence of acute exacerbations is unclear but seems to range between 4-20% per year with these episodes
conferring a substantial morbidity and mortality (often >50%) [6, 7]. Known triggers for AE-IPF include
surgical lung biopsy, lung resection and drugs [8-11]. Nonetheless, our current understanding of the
pathophysiology of AE-IPF is limited and it remains unclear whether AE-IPF represent an accelerated
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phase of the underlying fibrotic condition or a response to an occult trigger. Given the growing evidence
for the role of infection in the pathogenesis and progression of IPF [12, 13], in this review we seek to
explore the potential contribution of infection and the microbiome in acute exacerbations.

The lung microbiome: a complex and dynamic community of microbes

The epithelial surfaces of the human respiratory tract have historically been described as sterile. More
recently, novel culture-independent techniques have debunked this notion by demonstrating that the
respiratory tract harbours a complex and dynamic community of microbes which play a role both in
health and disease [14]. High-throughput sequencing of the 16S rRNA gene is the most commonly used
approach to study bacterial communities. Groups of bacteria sharing similar gene sequences are clustered
together and identified by comparison to 16S rRNA reference databases. The commensal, symbiotic and
pathogenic microorganisms which inhabit the lower airways are collectively defined as the “lung
microbiome”. In health, the primary routes of microbial immigration to the lungs include microaspiration,
inhalation of air-borne bacteria and direct dispersion along mucosal surfaces [15]. Of these,
microaspiration is probably the dominant mechanism, as the composition of the oral microbiome most
closely resembles the lung microbiome. It is also expected to be the most relevant to IPF given the strong
association with reflux [16]. Elimination is achieved through mucociliary clearance, coughing, and innate
and adaptive immune defences which selectively recognise, kill and clear the microbes [17]. The quantity
and composition of the microbiome is influenced by the balance between the rate of immigration and
clearance. The discovery of the lung microbiome has prompted the exploration of its role in a variety of
respiratory conditions, including IPF. These molecular techniques have not only enabled researchers to
characterise niche-specific microbial communities in the respiratory tract of patients and healthy
individuals, but have also demonstrated associations which point towards the interaction between the
microbiome and the host as key in the aetiology and progression of lung disease [15, 18-20].

The role of infection and the microbiome in AE-IPF

Historically, research investigating the role of infections in the pathogenesis of IPF and as triggers of
AE-IPF has focused primarily on viruses. When considering the role of infection in AE-IPF, it is
important to remember these are events that, prior to the latest revised diagnostic criteria [5], specifically
required the exclusion of any infective trigger [21]. Therefore, the following findings are all in cohorts of
patients where overt clinical infection has been excluded.

It has been hypothesised that chronic viral infection may act as a persistent antigenic stimulus or co-factor
in susceptible hosts, triggering fibrosis, and there is growing evidence both from human and animal
studies to support this [22, 23]. The human herpes virus (HHV) family has received the most attention as
either an aetiologic or exacerbating agent of IPF [24, 25], but a number of other viral infections have been
consistently associated with IPF and AE-IPF (table 1).

There is growing evidence, albeit associative, suggesting that subclinical or occult viral infections may play
a pathogenic role in the development of AE-IPF [32]. Molecular analysis of viral particles and
bronchoalveolar lavage (BAL) revealed infection in 19 out of 43 cases of AE-IPF, including 12 cases of
torque teno virus (TTV) in the exacerbation cohort with no viruses detected in the stable IPF group [26].
Supporting this observation, IPF subjects who were found to be seropositive for TTV-DNA demonstrated
a worse survival in an independent cohort [30]. More common respiratory viral pathogens have also been
detected using molecular techniques during exacerbations, including respiratory syncytial virus and
cytomegalovirus [27]. Having excluded infection clinically, a cohort of 37 IPF patients experiencing an
exacerbation underwent surgical lung biopsy and over one-third exhibited evidence of viral infection based
on immunohistochemistry or microarray [28]. More recently, viral sequences were profiled in
nasopharyngeal swabs of 30 stable IPF and 30 AE-IPF patients which revealed higher virus-positive rates
in the AE-IPF cohort (60%) compared to stable disease (43%) [29]. HHV was the most prominent virus in
the AE-IPF group as well as influenza A [29]. As AE-IPF have been reported following influenza A
vaccination, its presence suggests that cold-associated infection may potentially trigger these events [31].
Overall these observational studies highlight a potential role for viral infections, although the supporting
mechanistic role for airborne viruses is insufficient to prove their causal role in AE-IPF.

While the role of viruses has been extensively explored, the long-held, but incorrect, theory of sterility of
the lung outside of clinical infection means historically little work has evaluated the role of bacteria in
AE-IPE. Using quantitative methods, the first study to investigate the presence of bacterial growth in the
lower airways of 22 stable IPF patients confirmed the presence of known pathogens including
Haemophilus, Pseudomonas and Streptococcus in 36% of the cases [33]. More recently, molecular
culture-independent techniques have been used to characterise the microbial composition in the lower
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TABLE 1 Summary of studies linking viruses with the pathogenesis, progression and acute
exacerbation of idiopathic pulmonary fibrosis (IPF)

Virus Main conclusions [Ref.]
HHV EBV detected in serum of 12 out of 13 subjects with IPF but not in patients with [22]
other forms of ILD
MHV-68 triggers an exaggerated fibrotic response in mice [23]
Increased incidence of EBV in BAL and lung biopsies of IPF subjects compared to [24, 25]
controls
EBV detected in BAL of two out of 43 AE-IPF subjects [26]
CMV detected in BAL of two out of 43 AE-IPF subjects [27]
A total of 38% of AE-IPF subjects exhibited evidence of CMV infection [28]

HHV detected in nasopharyngeal swabs of 15 out of 30 AE-IPF subjects and four out  [29]
of 30 individuals with stable IPF
TV TTV detected in BAL of 12 out of 43 AE-IPF subjects [26]
No evidence of TTV in BAL of stable IPF subjects [30]
Increased mortality in IPF subjects with presence of TTV-DNA in serum compared
to IPF subjects with no TTV-DNA

Influenza A Influenza A detected in nasopharyngeal swabs of 12 out of 30 AE-IPF subjects but [29]
not in individuals with stable IPF
A case of AE-IPF was reported following pandemic influenza A vaccination [31]

HHV: human herpes virus; TTV: torque teno virus; EBV: Epstein-Barr virus; ILD: interstitial lung disease;
MHV-68: murine yherpes virus-68; BAL: bronchoalveolar lavage; AE-IPF: acute exacerbation of IPF; CMV:
cytomegalovirus.

airways of IPF patients. Recent studies suggest that microbial dysbiosis may be linked to disease outcome
(table 2).

The Correlating Outcomes with Biochemical Markers to Estimate Time-Progression (COMET) study was
the first to truly evaluate the lung microbiome in IPF patients [34]. The authors demonstrated an
increased abundance of either Streptococcus or Staphylococcus was associated with a significant reduction
in progression-free survival time [34]. The enrichment of these two bacteria was observed in less than half
of the cohort; therefore, it remains unlikely that these organisms alone can explain the disease
pathogenesis. Consistent with the COMET study, Moryneaux et al.[36] demonstrated that the lower
airways of patients with IPF were not sterile and indeed were more likely to harbour potentially
pathogenic Haemophilus, Neisseria and Streptococcus species than healthy controls. The authors also

TABLE 2 Summary of studies linking the respiratory microbiome with the pathogenesis,
progression and acute exacerbation of idiopathic pulmonary fibrosis (IPF)

Diagnosis Main conclusions [Ref.]

IPF Positive BAL cultures in eight out of 22 stable IPF subjects: Haemophilus influenzae [33]
(n=2), Haemophilus parainfluenzae (n=2), Moraxella catarrhalis (n=1), Pseudomonas
aeruginosa (n=1), Proteus mirabilis (n=1), Streptococcus pneumonia (n=1)

Increased abundance of Streptococcus 0TU1345 and Staphylococcus OTU1348 is [34]
associated with a significant reduction in progression-free survival in IPF
Streptococcus pneumoniae triggers progression of pulmonary fibrosis through [35]

pneumolysin in two different mouse models
Increased bacterial burden in IPF subjects compared with COPD and healthy controls [36]

Higher bacterial burden at the time of diagnosis predicts disease progression in IPF [371
Germ-free mice protected from mortality following bleomycin exposure
AE-IPF Four-fold increase in bacterial burden in AE-IPF subjects compared to stable IPF [38]

Increased abundance of Campylobacter and Stenotrophomonas and decreased
abundance of Veillonella in AE-IPF compared to stable IPF

Positive sputum cultures in nine out of 48 AE-IPF subjects: Klebsiella pneumoniae [29]
(n=2), Mycobacterium tuberculosis (n=4), Pseudomonas aeruginosa (n=1), Loffi
Acinetobacter (n=1), other (n=1)

AE-IPF: acute exacerbation of IPF; BAL: bronchoalveolar lavage.
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identified the presence of a higher overall bacterial burden in IPF, which was associated with a reduced
progression-free survival time in subjects with IPF. Having characterised the microbiome in stable IPF, the
same authors then set out to examine for potential changes during acute exacerbations. Using a cohort of
matched stable and exacerbation patients who underwent bronchoscopy, the authors were able to
demonstrate a further increase in bacterial burden during an exacerbation, despite the presence of negative
clinical cultures [38]. Subjects experiencing an AE-IPF exhibited a marked change in the respiratory
microbiome with an increase in Campylobacter and Stenotrophomonas species compared to stable disease.
Both of these organisms are potential respiratory pathogens but the presence of Campylobacter also leads the
authors to suggest their findings support the role of reflux and aspiration with AE-IPF. One weakness of the
study was that there were only two paired samples from the same individuals when stable and experiencing
an exacerbation. The stark changes in these two pairs of samples is intriguing, especially as in one individual
there was a marked outgrowth of streptococcal species from the baseline microbiota which then dominated
the exacerbation state. This result is concordant with findings from two distinct mouse models, where
infection with Streptococcus pneumoniae induced exacerbation of established lung fibrosis [35].

More recently, WENG et al. [29] have employed molecular techniques to examine sputum cultures of 170
patients experiencing an exacerbation. They detected 38 different bacterial strains with gram-negative
bacteria accounting for 89% of pathogens: Klebsiella pneumonia (26%), Mycobacterium tuberculosis (21%),
and Acinetobacter baumannii (10%) dominated the sputum samples [29]. Together these studies
demonstrate that alterations in the respiratory microbiome occur during acute exacerbations but they do
not provide any functional or mechanistic insights. In a recent study, O’'Dwyer et al. [37] tried to
overcome this issue in an attempt to move from correlation to causation. A germ-free mouse model of
fibrosis was used to explore the role of bacteria on lung inflammation and fibrinogenesis. Following
bleomycin exposure, germ-free mice were protected from mortality, even though they exhibited similar
severity of pulmonary fibrosis when compared to conventional mice [37]. The authors postulate that this
may reflect the clinical observation that subjects with IPF not only die from progressive fibrosis but also
from distinct inflammatory causes of acute-on-chronic respiratory failure including respiratory infections
and AE-IPF. While there are several limitations of animal models in IPF, collectively, this study shows how
preclinical germ-free models are a useful tool to investigate potential mechanisms of host-microbiota
interactions and provides the first causal evidence that the microbiome participates in the pathogenesis
and mortality of fibrotic lung disease.

Conclusions and future directions

The role of the respiratory microbiome in the pathogenesis and progression of IPF is just beginning to
be elucidated. Clinically, acute exacerbations are important events in the natural course of IPF which
carry a significant morbidity and mortality. While there is a paucity of information regarding the
aetiology, pathophysiology and clinical management of acute exacerbations, an increasing number of
findings indicate that infection, both viral and bacterial might be involved. Recent advances in
sequencing technologies have allowed the use of molecular microbial technologies to characterise the
respiratory microbiota in these patients demonstrating a clear change in the respiratory microbiome, as
well as an increased bacterial burden in BAL compared to stable disease. However, the microbiome has
not been fully characterised and further research should also investigate organisms other than bacteria
and viruses, including fungi. It is unclear whether a higher bacterial load and an altered microbiome
during an acute exacerbation reflect an active infection, increased aspiration or occur as a result of
widespread diffuse alveolar damage. As sequencing DNA from BAL provides a snapshot in time of the
microbial diversity, future research should incorporate longitudinal sampling before, during and after an
AE-IPF. Furthermore, there is a pressing need to move from correlation to causation [39]. In order to do
so, functional studies examining host-microbiome interactions as well as better models of AE-IPF are
needed, given existing models fail to fully recapitulate physiologic findings in IPF. Current consensus is
that all patients experiencing an exacerbation should receive broad spectrum empirical antibiotics even if
no overt infection can be identified [40]. While this is likely driven by the use of immunosuppressive
agents, the molecular microbial data may support this empiric therapy. Indeed, there is already some
evidence that azithromycin may be beneficial in AE-IPF [41]. Ultimately, understanding the role of the
microbiome in AE-IPF will allow its manipulation and may provide an opportunity for targeted
therapeutic intervention.
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array of airborne microorganisms and particles, including
viruses, bacteria and fungi. The lungs are continually
The human respiratory tract is the main portal of entry exposed to a multitude of microorganisms, some of
for the continuous immigration and elimination of a vast which are able to persist and colonize the respiratory
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tract. These microbes that reside in the lower airways
constitute the lung microbiome, which is distinct in com-
position from the microbiota observed in the oral and
nasal cavities. The surface of the lungs presents a continu-
ous layer of epithelial cells that constitute a physical and
biological barrier for inhaled substances and pathogens.
The specialized respiratory epithelium is required for
maintenance of immune homeostasis, and epithelial dys-
function is involved in the development of many inflam-
matory disorders of the airways and lungs.'" The
respiratory tract is a complex organ system, and its pri-
mary function is the exchange of oxygen and carbon
dioxide. It is divided into the upper respiratory tract
including the nasal cavity, pharynx, larynx, and the lower
respiratory tract that comprises the conducting airways
(trachea and bronchi), the small airways (bronchioles)
and the respiratory zone (the alveoli). The adult human
airways have a surface area of approximately 70 m?
which harbours a vast range of bacterial communities,
with the highest bacterial load observed in the upper res-
piratory tract.” The respiratory tract spans different
anatomical sites, and the types of epithelial cells that
comprise these sites are varied both in composition and
in structure, reflecting the distinct functions of the airway
epithelial cells lining the conducting airways and the alve-
olar regions of the lungs (Fig. 1).

In the lower respiratory tract, the respiratory epithe-
lium provides a highly effective barrier acting as the first
line of defence against potentially harmful environmental
stimuli including microbes and allergens." The pseudos-
tratified epithelium of the conducting airways is primarily
comprised of multi-ciliated cells, mucus-secreting goblet
cells, neuroendocrine cells and basal cells, which secrete
surfactant.! Tt constitutes the first site of interaction with
inhaled environmental compounds, and is designed to
facilitate effective mucociliary clearance of particles and
microbes.> Multi-ciliated cells have cilia on the apical sur-
face that beat co-ordinately to shuttle inhaled particulates
and mucus out of the airways whilst goblet and secretory
cells trap inhaled particulates and microorganisms. Basal
cells are progenitor cells that act as resident stem cells for
the trachea and proximal airways. These cells are capable
of self-renewal as well as repopulating the pseudostratified
epithelium during homeostasis and after injury.* The tra-
cheal region and large airways harbour stromal cells such
as interstitial fibroblasts that aid in the regulation of the
regenerative response of the airway epithelium after
injury.” In contrast, the alveolar surfaces in the peripheral
lung are lined by flat alveolar epithelial type 1 cells
(AEC1) that form a continuous cell layer and are special-
ized in gas exchange, while cuboidal alveolar epithelial
type 2 cells (AEC2) act as progenitor cells and secrete
pulmonary surfactant, which reduces surface tension in
order to prevent alveolar collapse during respiration.*” A
common feature shared by these cell types is the presence

R. Invernizzi et al.

of intracellular tight junctions that are localized at the
apical surface, and are pivotal for epithelial adhesion and
barrier function.® These tight junctions ensure the cells
adhere together to form a regulated impermeable barrier.
This intracellular adhesion complex consists of intercon-
nections of proteins and receptors including, zonular
occluden (ZO)-1, -2 and -3, occludins, claudins, and
transmembrane junctional adhesion molecules. Tight
junctions control paracellular permeability, and immedi-
ately below them are the adherens junctions, composed
of B-catenin and E-cadherin, which mechanically connect
the adjacent cells and initiate proliferation and differenti-
ation.*® The presence and function of these complexes
can be influenced by cellular differentiation, exposure to
a range of stimuli, such as allergens and pollutants, and
may be altered in disease conditions, contributing to
immunopathology.'~*?

The lung microbiota in health and disease

The long-held, but incorrect, theory of sterility of the lung
outside of clinical infection means historically little work
has evaluated the role of the lung microbiota in chronic
lung disease. Advances in high-throughput molecular
sequencing technologies have debunked this notion,
demonstrating that the epithelial surfaces of the human
respiratory tract are colonized by a complex and dynamic
microbiota, termed the ‘Tung microbiome’, which plays a
role both in health and disease.'* The most commonly used
approach to the study of bacterial communities exploits
high-throughput sequencing of amplicons of the 16S rRNA
gene, a highly conserved locus in the bacterial genome that
contains specific variable regions that can be used for phy-
logenetic classification.'” Sequencing studies have demon-
strated stark differences in the lung microbiome between
health and disease, and it is becoming increasingly apparent
that the lung microbiome may not only contribute to
explain the pathogenesis of these diseases, but also serve as
a prognostic marker and therapeutic target.'®>°

In health, the lung microbiota has a low density but
harbours a prominent diversity of interacting microbiota.
The airway microbiota in healthy lungs is dominated by
the Bacteroidetes, Firmicutes and Proteobacteria. Prominent
genera in the lower airways include Prevotella, Veillonella
and Streptococcus.”' The composition of the lung micro-
biome is determined by three factors: microbial immigra-
tion; microbial elimination; and the relative reproduction
rates of its members. The main routes of microbial immi-
gration to the lungs are inhalation of air-borne bacteria,
direct dispersion along mucosal surfaces and microaspira-
tion."*** The similarities in community composition
between the oral and lung microbiota suggest that
microaspiration is likely to be the dominant route of
immigration."*** Microbial elimination is an active pro-
cess that is achieved through mucociliary clearance, cough

172 © 2020 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 160, 171-182
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Figure 1. Composition of the respiratory epithelium in health. The human respiratory tract is divided into the upper respiratory tract including
the nasal cavity, pharynx, larynx, and the lower respiratory tract that comprises the conducting airways (trachea and bronchi), the small airways
(bronchioles) and the respiratory zone (the alveoli). The trachea and large airways are composed of ciliated cells, mucus-secreting goblet cells,
neuroendocrine cells and undifferentiated basal cells. Stromal cells including fibroblasts provide extracellular matrix that modulate airway epithe-
lial cell turnover. The alveoli are comprised of alveolar macrophages and alveolar type I and type II cells.

and host immune defences.** The environmental condi-
tions necessary for microbial growth within the respiratory
tract (e.g. pH, temperature, nutrient availability, oxygen
tension and activation of host inflammatory cells) are
heterogenous, and considerable regional variation can be
observed in a single healthy lung. During lung disease, the
balance between immigration and elimination is per-
turbed, leading to alterations in the lung microbiota, with
bacteria exhibiting competitive advantages becoming pre-
dominant' (Table 1). This overgrowth of bacterial species

leads to a decrease in overall richness, and is associated
with the progression of chronic lung diseases such as
asthma, chronic obstructive pulmonary disease (COPD),
cystic fibrosis (CF) and idiopathic pulmonary fibrosis
(IPF).1&1719:2025-28 © pyrthermore, these studies have
linked microbial dysbiosis with an increased morbidity
and mortality in a multitude of chronic respiratory dis-
eases.

In addition to the bacterial component of the micro-
biome, there is evidence that other non-bacterial

© 2020 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 160, 171-182 173
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Table 1. Summary of studies illustrating changes in the respiratory microbiome that occur during chronic lung disease

Disease Taxonomic changes at the genus level' Sample type Cohort size [Ref.]
Asthma Increased abundance of Haemophilus Bronchoscopy 11 16
Increased abundance of Haemophilus, Neisseria, Bronchoscopy 42 29
Fusobacterium and Porphyromonas
Increased abundance of Streptococcus Nasopharyngeal 234 30
COPD Increased abundance of Lactobacillus Lung tissue 24 17
Increased abundance of Fusobacteria, BAL 32 31
Leptotrichia and Fusobacterium
CF Increased abundance of Burkholderia, Sputum 23 25
Streptococcus and Staphylococcus
Increased abundance of Pseudomonas, Sputum 17 32
Staphylococcus, Stenotrophomonas and
Achromobacter
Increased abundance of Staphylococcus, BAL 95 33
Streptococcus and Pseudomonas
IPF Increased abundance of Haemophilus, BAL 65 19
Streptococcus, Neisseria and Veillonella
Increased abundance of Staphylococcus and BAL 55 20
Streptococcus
Increased abundance of Streptococcus, Prevotella, BAL 35 26
V i1, 1], }'_I (1 il and P A,

BAL, bronchoalveolar lavage; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; IPF, idiopathic pulmonary fibrosis.

!Changes in the microbiota in cases compared with controls.

organisms, including viruses and fungi, may play an
important role in health and disease. Emerging evidence
suggests that the lung virome and mycobiome have a sig-
nificant impact on clinical outcome of chronic respiratory
diseases such as asthma, COPD, CF and IPE.*** It is
also increasingly recognized that respiratory viruses are a
major cause of acute exacerbations of chronic pulmonary
diseases, and that the host response to viral infection is
dysregulated in these diseases. For example, studies sup-
port a mechanistic role for viruses in the initiation and
progression of IPF. The human herpes virus (HHV) fam-
ily, which includes cytomegalovirus, Epstein—Barr virus,
HHV-7 and HHV-8, has received considerable attention
as either an aetiological or exacerbating agent of IPE.* In
asthma, infection by respiratory viruses is a major trigger
of wheezing in infants as well as exacerbations of asthma
in older children. The infectious agents associated with
these wheezing events include respiratory syncytial virus
(RSV), human rhinovirus, parainfluenza, coronavirus and
other viruses.”” Despite the fact that very little is known
about the lung mycobiome compared with the bacterial
microbiome, in recent years specific fungi have been
identified in respiratory diseases.”® It has also been
shown that commensal fungi can affect the immune sys-
tem and also modulate bacterial communities, thus con-
tributing to the restoration of the bacterial microbiota
following antibiotic treatment.*>*! Although studies into
the composition and function of lung viral and fungal
communities are gaining momentum, research in this
field is still in its infancy, and future mechanistic work is

needed to yield novel insights into their role in the
pathogenesis of pulmonary diseases.

A homeostatic balance between the lung and its
microbiota

Airway epithelial cells are in continuous contact with the
environment, and this interaction is a crucial factor in
maintaining stable homeostasis."> The three essential
components that contribute to the barrier function of air-
way epithelium are: mucociliary escalators that trap and
remove inhaled microbes and noxious stimuli from the
airways; intracellular tight and adherens junctions that
regulate epithelial paracellular permeability; and secreted
antimicrobial peptides that kill inhaled pathogens.' The
physiological features of the respiratory tract are pivotal
for maintaining a balance between the lung and its
microbiota. The pulmonary epithelium is composed of
distinct cell types and is not continuous from the upper
respiratory tract to the alveoli.*’ In the large airways, the
submucosal gland harbours the mucus and serous cells
that are responsible for the production of most airway
mucus.** Towards the bronchioles, goblet and club cells
produce mucus, whereas in the alveoli AEC1 and AEC2
secrete pulmonary surfactant.*>~* Mucus is a gel com-
posed mainly of water and glycosylated proteins, such as
mucins.* Mucins are the large glycoprotein constituents
of airway mucus.” MUC5SAC from goblet cells and
MUCS5B from submucosal glands are the predominant
gel-forming mucins in the human airways.”>' Mucus is
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a major ecological niche for the microbiota; it promotes
healthy interactions between microorganisms and epithe-
lial cells through the formation of a thin mobile layer that
is supported by the periciliary layer covering the cilia.*>>
In health, the mucus layer provides an effective defence
against epithelial injury; however, excessive mucus pro-
duction is associated with increased susceptibility to viral
infections, respiratory allergies, and contributes to
obstruction in several respiratory diseases such as pneu-
monia, asthma, COPD and CFE.’>** This obstruction hin-
ders the ability of the cilia to transport mucus out of the
lungs, and favours the selection of certain pathogenic bac-
teria that thrive in mucus and establish themselves in this
obstructed niche.”® Furthermore, microaspiration is com-
monly observed in chronic lung disease, and gastro-oe-
sophageal reflux disease (GORD) has emerged as a
frequent co-morbidity in chronic respiratory disorders.
Although GORD is typically confined to the lower
oesophagus, in some individuals it can be associated with
pulmonary microaspiration of gastric contents.®® The
occurrence of aspiration can lead to increased levels of
bile acid in the lungs, which can favour the establishment
of microbial biofilms, composed of microbial cells that
form structured communities embedded in an extracellu-
lar matrix.”” Bacterial and fungal biofilms have emerged
as a mechanism of virulence for opportunistic pathogens
including Pseudomonas aeruginosa and staphylococcal spe-
cies.”® A hallmark of biofilms is their remarkable
antimicrobial tolerance, which allows them to persist in
the host and evade the host immune system.” Therefore,
GORD-derived bile and subsequent biofilm growth on
host tissue may contribute to chronic respiratory infec-
tion. In addition, direct seeding of bacteria from the
intestinal microbiota into the airways may play a role in
influencing the interaction between the epithelium and
the microbiome.*

The intracellular tight and adherens junctions provide
fundamental adhesive contacts between neighbouring
epithelial cells." Tight junctions are the main regulators
of paracellular permeability, whereas the adherens junc-
tions mechanically connect adjacent cells, and initiate the
formation and maturation of cell—cell contacts.*’ During
disease, barrier function is impaired leading to increased
epithelial permeability and pathogen entry.'"> Upon
infection, epithelial cells are able to respond by the release
of humoral factors such as antimicrobial peptides that
exert broad-spectrum antimicrobial activity, and a num-
ber of these are upregulated in response to the microbial
dysbiosis seen in disease.®> Defensins are the most abun-
dant antimicrobial peptides, and comprise o-defensin in
neutrophils and B-defensin in epithelial cells. Human -
defensin 1, 2, 3 and 4 are largely expressed on airway
epithelial cells and function in airway mucosal defence by
targeting a wide range of respiratory pathogens. Their
expression in airway epithelia may be constitutive or

inducible by bacterial products or proinflammatory cyto-
kines.”> Nutrient availability in each specific niche will
also play a role in the maintenance and selection of the
lung microbiota. Host compounds such as mucins,
cytokines, defensins and lactoferrins are the nutrient
source available for bacteria in the lungs."** Microbial
growth rates can also be influenced by changes in oxygen
tension. Within the lungs there is significant regional
variation in oxygen tension that can alter population
dynamics by affecting bacterial proliferation.® In chronic
pulmonary diseases, an increased mucus production pro-
motes bacterial growth and leads to the formation of
zones with low oxygen concentration and high tempera-
ture favouring the selection and maintenance of particular
bacteria."* Collectively, these differences in the cellular
function and the physiological characteristics of the lungs
(e.g. temperature, mucus, pulmonary surfactant and oxy-
gen tension) have a major impact on the establishment
and persistence of the bacterial communities.

The airway epithelium as a sensor of microbial
presence

The airway epithelium not only represents a structural
barrier but is also integral for innate host defence. Airway
epithelial cells express several pattern recognition recep-
tors (PRRs), and secrete antimicrobial molecules and
mucins that aid in the defence against invading patho-
gens.” PRRs are germ-line encoded receptors that recog-
nize conserved pathogen-associated molecular patterns
(PAMPs) or cell damage-associated molecular pat-
terns.°"*® These transmembrane receptors can be acti-
vated independently of the adaptive immune response
and are classified into four families: the toll-like receptors
(TLRs), the cytoplasmic proteins retinoic acid-inducible
gene-I-like receptors (RLRs), the NOD-like receptors
(NLRs) and the C-type lectin receptors (CLRs).*

To date, 10 (TLR1—TLR10) have been identified in the
human genome, and are characterized by N-terminal leu-
cine-rich repeats, a transmembrane region and a cytoplas-
mic Toll/IL-1 receptor (TIR) homology domain that
mediates signalling via MyD88 and TIR-domain-contain-
ing adapter-inducing interferon-B (TRIF).”® Toll-like
receptors play an important role in pathogen recognition
and innate immunity. The main function of TLRs in
mammals is to recognize distinct PAMPs, including com-
ponents of microbial cell walls (TLR1, TLR2, TLR4 and
TLR6), flagellin (TLR5), single-stranded or double-
stranded viral RNA (TLR3, TLR7 and TLR8) or CpG-
containing DNA (TLR9).”"7* The TLR3, 7, 8 and 9 are
specifically localized in endosomes and detect pathogen
nucleic acids following endocytosis.”>~”? Lastly, TLR10 is
expressed in humans, but the specific ligand for it
remains to be elucidated.*® Signalling through TLRs is
key in early inflammatory responses to bacteria through
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Figure 2. Response of the airway epithelium to infection. Bacteria and viruses bind to cellular receptors, including intercellular adhesion mole-

cule 1 (ICAM-1), sialic acid residues, platelet-activating factor (PAF) and mannose-6-phosphate (Man-6-P). The pathogens are internalized in

airway epithelial cells, which induces the production of innate immune defensins and the stimulation of intracellular and extracellular immune

receptors such as the toll-like receptors (TLR), retinoic acid-inducible gene-I-like receptor (RLRs) and NOD-like receptors (NLRs). In healthy

individuals, pathogen clearance is achieved following the generation of pro-inflammatory innate and adaptive immune responses.

the activation and expression of host cytokines, chemoki-
nes and antimicrobial peptides. TLRs are localized on
immune and inflammatory cells; however, given that air-
way epithelial cells come into contact with several poten-
tial pathogens, the expression of TLRs is also relevant to
immunity in the airways. Indeed, human bronchial
epithelial cells express most TLRs; TLR2, TLR3, TLR5
and TLR6 being the most highly expressed.®!

The PRR system can be also activated in response to
allergens and viruses.*””** PRRs within the epithelium are
able to recognize allergen-associated danger signals via
protease-dependent and protease-independent pathways.
Protease-dependent pathways specifically require direct
cleavage of cell-surface molecules or the activation of G-
protein-coupled protease-activated receptors (PARs).*>
RLRs are cytoplasmic receptors that recognize the pres-
ence of genomic RNA or double-stranded RNA viruses or
double-stranded RNA intermediates from single-stranded
RNA viruses. Melanoma differentiation-associated gene-5
is expressed in human bronchial epithelial cells, and is
involved in the detection of rhinovirus and other
viruses.” NLRs are intracellular PRRs characterized by a
central nucleotide-binding and oligomerization domain
(NOD) and C-terminal leucine-rich repeats.”® More work
is needed to define the role of NOD function in airway
epithelial cells. Although the contribution of epithelial
cells to antibacterial and antiviral immunity is well estab-
lished, there is a paucity of information regarding the role
of airway epithelial cells in immunity to fungi. CLRs
belong to the dectin family and recognize fungal cell wall
components. For example, Dectin-1 is expressed in airway
epithelial cells, and is responsible for their activation by
mycobacterium, Aspergillus and allergens such as house
dust mite.” "% Dectin receptors can be activated by B-
glucans via TLR4 signalling, TLR2-dependant signalling,
or induction of oxidative stress by intrinsic NADPH oxi-
dase activity.” "% Because fungal spores are potent aller-
gens and are associated with allergic and chronic diseases
of the respiratory tract such as asthma, the importance of
the lung mycobiome should not be overlooked.”

Respiratory infections and the initiation of
epithelial immune response

Infections play a crucial role in the induction and exacer-
bation of a multitude of chronic respiratory diseases such
as asthma and COPD.”® Such infections represent a major
cause of morbidity and mortality globally, and may

involve bacteria (e.g. Streptococcus pneumoniae, Hae-
mophilus influenzae, Chlamydia pneumoniae) and viruses
(e.g. RSV, influenza).””'* The initiation of infection typi-
cally occurs through the exposure of the respiratory tract
to bacterial cells or viral particles (Fig. 2).

During infection, viruses can bind to specific cellular
receptors such as intracellular adhesion molecule 1
(ICAM-1) and sialic acid residues, whereas bacteria bind
to platelet-activating factor (PAF) and mannose-6 phos-
phate (Man-6-P) receptors.'”’ The interaction between
these infectious agents and the epithelial cells induces the
stimulation of the PRRs, and the secretion of antimicro-
bial effector molecules, peptides, enzymes, reactive oxygen
species together with a range of chemokines and growth
factors. Collectively, these molecules facilitate the recruit-
ment of and communication between immune cells, and
contribute to the initiation of the innate immune
responses that are pivotal for early control of an infec-
tion. In healthy individuals, this response promptly
results in pathogen clearance. In contrast, in patients with
chronic respiratory diseases these defences may be
impaired leading to increased susceptibility to infection
that drives inflammatory responses that in turn exacer-
bate the underlying disease. During chronic disease there
is evidence that this barrier function is impaired, with
disruption of tight junctions and increased epithelial per-
meability. This loss of barrier function leads to the entry
of pathogens and other particles. Compromised barrier
function is intimately linked to triggering of abnormal
repair and remodelling.'®® Respiratory viruses, air pollu-
tants and allergens all have the capacity to inflict such
damage on the epithelium, either directly due to inherent
proteolytic activity or indirectly by binding to PAR-2
expressed on the apical surface of bronchial epithelial
cells. For example, in vitro studies have shown that infec-
tion of the cells with rhinovirus results in the loss of ZO-
1 from the junctional complex resulting in decreased
transepithelial electrical resistance (TEER) indicative of
barrier ‘leakiness’. Both coxsackie and rhinovirus affect
occludins'®!'* whereas RSV causes disassembly of junc-
tional complexes.lo5 In asthma, both decreases in ZO-1
and TEER that correlate with asthma severity'®® or E-cad-
herin and B-catenin have been shown in vitro.""” Further-
more, reduced expression of occludins and claudins has
been shown in COPD.'*® In vivo, leakage of proteins such
as albumin into the alveolar space has been reported fol-
lowing influenza infection.'®®  Viruses, pollutants and
allergens are all associated with junction dysfunction and
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exacerbated clinical symptoms across the spectrum of
these diseases, 103—105:110,111

Defects in barrier structure and function have been
observed in primary epithelial cell cultures from asthmatics
even after being propagated for several weeks at air—liquid
interface, suggesting that reduced barrier function is a
stable property of these cells.'’> The type 2 cytokines TL-4
and 13 induce barrier dysfunction by inhibiting expression
of ZO-1, occludins, E-cadherin and B-catenin.''® It has
been proposed that junctional disruption could be a T
helper 2 (Th2) promoting signal in the airway to restore
mucosal integrity.'"* This idea is supported by the fact that
siRNA knockdown of E-cadherin results in epidermal
growth factor receptor (EGFR)-dependent production of
Th2-promoting cytokines thymus- and activation-regu-
lated chemokine (TARC) and thymic stromal lymphopoi-
etin (TSLP) by airway epithelial cells that explains the
association between barrier dysfunction and Th2-driven
pulmonary disease.'' If the wound healing response is not
curtailed following restoration of mucosal integrity, detri-
mental airway remodelling can ensue. E-cadherin, in addi-
tion to having a structural role at adherens junctions, is
also the ligand for CD103, which is expressed on innate
and adaptive immune cells and a subset of dendritic cells.
Furthermore, it also binds to KLRG1, which is expressed by
natural killer cells and regulatory T-cells and group 2
innate lymphoid cells. E-cadherin and occludin are known
to be downregulated in asthmatics,'*"'®'"” and the genes
for E-cadherin and protocadherin-1 have been associated
with airway hyperresponsiveness.''®"'? E-cadherin anchors
EGFR within adherens junctions,'* preventing activation
of the receptor.'?'** EGFR can redistribute to the luminal
surface of the cell as a result of reduced expression of E-
cadherin culminating in activation.'*® Excessive activation
of EGFR can result in cell proliferation and goblet cell
hyperplasia/metaplasia.'** Increased expression of EGFR
has been observed in asthma and correlated with impaired
mucosal barrier function.'*

When dissociated from E-cadherin, B-catenin can
translocate to the nucleus, activating Wnt signalling,
which results in cell proliferation,125 Dikkopf (DKK) pro-
teins regulate Wnt signalling via interaction with Kreme
(KRM) receptors,'*® and the Wnt/B-catenin pathway has
been implicated in IPE.'*”'*® DKKI1 expression is
increased in lung and bronchoalveolar lavage (BAL) fluid
of IPF patients. In addition to being located in hyperplas-
tic alveolar cells, the strongest expression is observed in
basal bronchial epithelial cells. KRM1 expression is also
elevated in the lung tissue of IPF patients, particularly in
areas of bronchiolization."”” The phosphorylation signa-
tures of B-catenin in IPF are the same as in normal lung
development, again suggesting that repair of lung injury
involves reactivation of developmental programmes.'*
Wnt/B-catenin signalling is also implicated in the patho-
genesis of COPD, but in direct contrast to what is

R. Invernizzi et al.

observed in IPF, signalling in the mesenchymal compart-
ment is inactivated rather than activated.’®® Interestingly
a shift from canonical Wnt signalling (B-catenin-depen-
dent) to non-canonical pathways is suggested to drive
pathology in IPE."!

Basal cells, which are candidate stem cells in the conduct-
ing airways, are found in highest concentration in the tra-
chea, and numbers diminish further down the bronchial
tree to the bronchioles. Upon damage these cells upregulate
p63, a basal cell-restricted transcription factor, which has
been implicated in epithelial mesenchymal transition.'* Tt
has been shown that basal epithelial cells overlying fibrob-
lastic foci in IPF acquire increased reactivity, determined
by p63 expression, and gain a partial mesenchymal pheno-
type,'*? further evidence of the involvement of bronchial-
derived cells in the pathogenesis of IPF.

Collectively, it is likely that the dialogue between speci-
fic bacterial communities and host is a dynamic phe-
nomenon. The installation and location of the bacterial
communities within the lungs is affected by the cellular
components within the lungs as well as the abiotic envi-
ronment (temperature, pH, mucus and pulmonary sur-
factant). Specifically, loss of barrier function can influence
the composition of the respiratory microbiota by allowing
the entry of pathogens and other particles. However, it is
evident that more information is needed to elucidate the
nature of the dialogue occurring between the respiratory
microbiota and epithelial cells in the lungs to further
understand the function and mechanisms through which
the microbiota shapes immunity in the lung.

The gut—lung axis

An increasing number of studies have provided evidence
of the cross-talk that occurs between the intestinal micro-
biota and the lungs, termed the ‘gut—lung axis’. Similar
to the gut, the airway microbiota in healthy lungs is
dominated by the short-chain fatty acid (SCFA)-produc-
ing bacteria: Bacteroidetes, Firmicutes and Proteobacteria.
These are metabolically active bacteria that produce
SCFAs via the bacterial fermentation of non-digestible
carbohydrates by the gut microbiota; acetate, propionate
and butyrate being the most abundant in the human
intestinal tract.”** Tt is now well documented that the
intestinal microbiota influences the microbial composi-
tion within the lung either by direct seeding of bacteria
into the airways or by the distribution of SCFAs. These
SCFAs not only act as a fuel for intestinal epithelial cells
but also exert distinct physiological effects, acting as a
link between the microbiota and the immune system, and
playing a key role in maintaining mucosal immunity.
Although there are limited studies investigating the
impact of these SCFAs in the lungs, in the gut they have
been shown to be integral for tight junction formation
and to promote anti-inflammatory mechanisms to sustain
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intestinal homeostasis.'>> Indeed, SCFAs interact with
immune cells, and modulate their recruitment, differenti-
ation, activation and survival at different tissues.'>® The
proposed pathway of this gut—lung interaction involves
the entry of the microbiota and its products from the air-
ways into the intestinal mucosa. These are phagocytosed
and transferred to the mesenteric lymph nodes by anti-
gen-presenting cells that stimulate the priming of B- and
T-cells. Once activated, these cells can then migrate back
to the original site or to distal locations such as the lung
epithelium where they can exert directly on their target.
Another proposed pathway involves the direct migration
of bacterial products from the intestinal mucosa to the
lungs via the bloodstream where they act to stimulate the
immune system. Similarly, the same route is proposed
beginning in the lung and culminating in the intestinal
mucosa, although the influence of the lung microbiota
and its metabolites on the gut is yet to be elucidated."”
The composition of a stable gut microbiota has been
shown to have an influence on lung immunity. Mice
devoid of their intestinal microbiota during early life are
at an increased risk of developing allergic airway dis-
ease.””®'* An increased risk of asthma has been associ-
ated with a predominance of Bacteroidetes fragilis and
total anaerobes in early life,"* decreases in the total
abundances of Escherichia coli, Faecalibacterium, Lach-
nospira, Rothia and Veillonella bacterial genera.141 In
adults, taxa-specific differences in the gut microbiota were
observed, such as an increased relative abundance of Bifi-
dobacterium adolescentis, which negatively correlated with
the time since asthma diagnosis.'** Furthermore, mice fed
a peptide-based enteral diet that increased the production
of SCFAs attenuated elastase-induced inflammation and
emphysema in the lung.'*® The axis is by no means one-
directional, with respiratory infection driving perturba-
tions in the gut microbiome, but further work is needed
to validate this."**'*> A study reported that the intranasal
delivery of a non-absorbable tracer into the nasal cavity
of mice appeared in the gastrointestinal tract shortly
after."* In addition, work by Sze et al."*® reported that
intratracheal administration of lipopolysaccharide not
only disrupted the airway microbiota but also led to the
translocation of airway bacteria belonging to the Clostrid-
ium and Lachnospiraceae genera into the bloodstream and
affected the gut microbiota within 24 hr, resulting in an
evident increase in total bacterial load. Collectively, these
studies provide evidence of the bidirectional communica-
tion happening between these two sites. However, our
understanding of this cross-talk is still in its infancy, and
there is a pressing need to uncover whether these changes
observed in the microbiota are the cause or the effect of
disease. Furthermore, there is growing evidence highlight-
ing the use of oral antibiotics and their effect on lung
immunity. Antibiotics could affect the lung microbiome
either directly or indirectly through their effects on the

gut microbiome and subsequently on lung immunity. To
support this hypothesis, murine studies have shown that
depletion of certain species within the gut microbiota due
to antibiotic intake influences lung diseases and allergic
inflammation.'®” For example, microbial dysbiosis due to
the use of macrolides in early life correlated with an
increased risk of asthma in Finnish pre-school children.'*®
It is clear that we need to appreciate the interactions
between the gut and airway microbiota in order to
understand the impact of antibiotics on lung health.

Conclusions and future directions

The epithelial surfaces of the lung, including the proximal
and distal airways, are now considered to play a pivotal
role in maintenance of immune homeostasis. The epithe-
lium acts as the first line of defence against inhaled viral,
bacterial and fungal pathogens. Studies have shown that
the epithelial surfaces of the human respiratory tract are
colonized by a complex and dynamic microbiota that
plays a role both in health and disease. It is becoming
increasingly recognized that the cellular and physiological
characteristics of the lungs impact the establishment and
persistence of these bacterial communities. Dysregulation
of the epithelial immune response and barrier function
along with microbial dysbiosis can contribute to chronic
inflammatory lung diseases such as asthma, COPD, CF
and IPF. However, the precise nature of the relationship
between the respiratory microbiome and the epithelium
in the lungs remains an active area of investigation. A
better understanding of this interaction in maintaining
airway homeostasis will provide new insights into the
pathogenesis of several respiratory conditions as well as
novel diagnostic and therapeutic opportunities. Emerging
evidence, particularly involving SCFAs, has highlighted a
link between the gut and the lung and the microbial
communities within. These results highlight the need for
future studies that will characterize the microbiota and
metabolites comprising these two mucosal sites and deter-
mine their interaction with the host in order to develop
more targeted treatments for lung diseases.
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ABSTRACT Increasing bacterial burden in the lower airways of patients with idiopathic pulmonary
fibrosis confers an increased risk of disease progression and mortality. However, it remains unclear
whether this increased bacterial burden directly influences progression of fibrosis or simply reflects the
magnitude of the underlying disease extent or severity.

We prospectively recruited 193 patients who underwent bronchoscopy and received a multidisciplinary
diagnosis of idiopathic pulmonary fibrosis. Quantification of the total bacterial burden in bronchoalveolar
lavage fluid was performed by 16S rRNA gene qPCR. Imaging was independently evaluated by two readers
assigning quantitative scores for extent, severity and topography of radiographic changes and relationship
of these features with bacterial burden was assessed.

Increased bacterial burden significantly associated with disease progression (HR 2.1; 95% CI 1.287-3.474;
p=0.0028). Multivariate stepwise regression demonstrated no relationship between bacterial burden and
radiological features or extent of disease. When specifically considering patients with definite or probable
usual interstitial pneumonia there was no difference in bacterial burden between these two groups. Despite
a postulated association between pleuroparenchymal fibroelastosis and clinical infection, there was no
relationship between either the presence or extent of pleuroparenchymal fibroelastosis and bacterial burden.

We demonstrate that bacterial burden in the lower airways is not simply secondary to the extent of the
underlying architectural destruction of the lung parenchyma seen in idiopathic pulmonary fibrosis. The
independent nature of this association supports a relationship with the underlying pathogenic mechanisms
and highlights the urgent need for functional studies.
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Introduction

The incidence of idiopathic pulmonary fibrosis (IPF) continues to rise as does the burden of related
mortality [1]. Whilst a precise understanding of the pathogenesis remains elusive, there is a growing
appreciation of the importance played by the interaction between the lung and environment in the
development of IPF [2-4]. Over the past decade, our understanding of the dynamic and complex bacterial
communities in the lower airways (the microbiome) and their role both in health and disease has increased
dramatically [5]. Although, historically, infection was not considered a major driver in IPF it is now clear
that infective episodes carry the same devastating mortality as acute exacerbations of the disease [3, 6].
Furthermore, even at diagnosis and in the absence of infection there is a dramatic increase in bacterial load
with altered composition of the respiratory microbiome in the lower airways of patients with IPF [7, 8].

We and others have highlighted differences in microbiome diversity and levels of individual bacteria when
comparing both healthy individuals and those with IPF and when comparing individuals with IPF who
are stable or progressive. A number of associations between components of the microbial communities
and cytokines, peripheral blood-transcriptomic profile and disease behaviour have been identified [9, 10].
More recently, animal models have begun to tease out mechanisms by which dysbiosis in the lower
airways can drive fibrosis [11]. The best validated microbial signal identified in IPF is that of the lower
airway bacterial burden. At the time of diagnosis, individuals with IPF have a higher bacterial burden than
healthy individuals and subjects with chronic obstructive pulmonary disease. Importantly, across IPF
subjects, the level of bacterial burden relates to survival and increases further during culture-negative acute
exacerbations [12].

It remains unclear whether bacterial burden directly influences progression of fibrosis or if bacterial numbers
instead reflect other underlying disease processes. While previous studies have accounted for disease severity
using physiological parameters (including forced vital capacity (FVC) and measures of gas transfer (diffusing
capacity of the lung for CO (Dycp)), there has been no assessment of the relationship between bacterial
burden and radiological markers of fibrotic distortion of the lung or disease extent or severity. We
hypothesised that if the bacterial burden is elevated secondary to the underlying architectural destruction of
the lung parenchyma then there might be a clear association between radiographic findings such as
honeycombing or traction bronchiectasis and bacterial burden in the lower airways of individuals with IPF.

Methods

Patient recruitment

Patients undergoing diagnostic bronchoscopy with bronchoalveolar lavage (BAL) for suspected IPF were
prospectively recruited between November 2015 and January 2017. Only subjects receiving a
multidisciplinary team diagnosis (MDT) of IPF according to current American Thoracic Society (ATS)/
European Respiratory Society (ERS)/Japanese Respiratory Society (JRS)/ Latin American Thoracic
Association (ALAT) guideline definitions were included [13]. Subjects were excluded if they had a history of
self-reported upper or lower respiratory tract infection, antibiotic use in the prior 3 months, acute
exacerbation of IPF, or other respiratory disorders. Written informed consent was obtained from all subjects,
and the study was approved by the local Research Ethics Committee (10/HO720/12 and 15/SC/0101).

Bronchoscopy

Fibreoptic bronchoscopy with BAL was performed via the oropharyngeal route as previously described [7].
Briefly, 60-mL aliquots of warmed saline, to a total volume of 240 mL, were separately instilled into a
segment of the right middle lobe. Post-collection, an aliquot of unfiltered and unprocessed BAL was
immediately placed on ice, snap frozen and stored at —80°C. Negative control samples were collected by
aspirating buffered saline through the bronchoscope suction channel before use. Cell differentials of
macrophages, lymphocytes, neutrophils and eosinophils were performed as previously described [14].

Radiology

The CT variable definitions were based on the Fleischner Glossary of terms [15] and current ATS/ERS/
JRS/ALAT guideline definitions [13]. Computed tomography (CT) data were scored using the following
scales: to the nearest 5% per lobe (fibrosis, honeycombing), on a binary basis (usual interstitial pneumonia
(UIP)), on a lobar extent with the lingua defined as the sixth lobe (pleuroparenchymal fibroelastosis
(PPFE)) [16] and on an 18-point scale (traction bronchiectasis) [17].

Bacterial DNA extraction

BAL samples (2 mL) were centrifuged at 21 000xg for 30 min to pellet cell debris and bacteria. Pellets were
resuspended in 100 puL of supernatant and added to lysing matrix E tubes (MP Biomedicals, Solon, OH,
USA) containing 500 uL cetyl trimethylammonium bromide (CTAB) buffer (10% w/v CTAB in 0.5 M
phosphate buffered NaCl) and 500 uL phenol:chloroform:isoamyl alcohol (25:24:1), and shaken in a
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FastPrep Instrument (MP Biomedicals) at 55ms™"' for 60s. Following bead-beating, samples were
extracted with an equal volume of chloroform:isoamyl alcohol (24:1), DNA was precipitated with 2
volumes of precipitation solution (30% w/v PEG6000 in NaCl) and, following ethanol washing, was
resuspended in 100 uL Tris-EDTA. The quality and quantity of the isolated DNA was measured using a
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Hemel Hempstead, UK) and the DNA was
stored at —80°C until further use.

16S rRNA gene quantitative PCR

Triplicate 10 uL quantitative PCRs (QPCR) were set up, containing 1 pL of bacterial DNA and 9 uL of
Femto bacterial gPCR premix (Cambridge bioscience, Cambridge, UK). Each run contained a 10-fold
dilution series of the Vibrio natriegens DSM 759 gene cloned into a plasmid of known size and a
non-template control. For data acquisition, the following cycling parameters were used: 1 cycle of 95°C for
10 min; 40 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 1 min; and 1 cycle of 72°C for 7 min [18].

Statistical analysis

Continuous variables are presented as meantsp and categorical variables as proportions. The
time-to-event curves were calculated using the Kaplan-Meier method and compared with the use of the
log-rank test. Differences between subject groups were evaluated with the use of the Mann-Whitney test
for continuous variables and Fisher’s exact test for categorical variables. Spearman’s rho was used to
calculate correlations between continuous variables. Assessment for collinearity of predictor variables was
made using correlation coefficients. Bacterial burden data were found to be skewed and were log
transformed. Transformed bacterial burden data were examined using univariate and stepwise multivariate
linear regression models against CT features and cell differentials. All analyses were performed with the
use of R [19]. A two-sided p-value <0.05 was considered to indicate statistical significance.

Results

Subjects and sampling

Between 2014 and 2017, 193 subjects undergoing diagnostic bronchoscopy, resulting in a final MDT of
IPFE, were prospectively recruited. 19 subjects underwent cryo- or surgical lung biopsy and this information
was available to the MDT when assigning a diagnosis. Reflecting the demographics of IPF, the cohort was
predominantly male, with an average age of 70 years and a significant smoking history (table 1). Of the
193 patients included in this study, 107 had concomitant gastro-oesophageal reflux (GORD) (defined as
either self-reported symptoms or asymptomatic use of proton pump inhibitors (PPI)). 97 subjects in total
were on anti-reflux therapy. 36 subjects were receiving inhaled corticosteroids at the time of bronchoscopy
and 21 were on oral corticosteroids (<10 mg-day™') (supplementary table S1).

Bacterial burden predicts mortality in IPF

Bacterial DNA was successfully extracted from all subjects and quantified using gPCR. The mean bacterial
burden was 2.87x10° (+1.63x10°) 16S rRNA gene copies per mL of BAL. This is elevated compared to

TABLE 1 Clinical and radiological characteristics of patients with idiopathic pulmonary fibrosis

Demographics N=193
Sex male 140 (73)
Age years 70+8
Smoking status

Never 70 (36)

Ex 113 (59)

Current 10 (5)
Pulmonary function tests

FVC % predicted 79+18

Dy co % predicted 48114
Radiology

UIP probable/definite 57.7

Honeycombing 30

PPFE 21

Data are presented as n (%), mean+sp or %. Radiological variables are expressed as presence or absence.
FVC: forced vital capacity; D co: diffusing capacity of the lung for CO; UIP: usual interstitial pneumonia;
PPFE: pleuroparenchymal fibroelastosis.

https://doi.org/10.1183/13993003.01519-2019 3

283



INTERSTITIAL LUNG DISEASE | R. INVERNIZZI ET AL.

historical controls and similar to previously published burdens [11]. Technical controls (saline flushed
through the working channel of the bronchoscope), as anticipated, demonstrated counts close to or below
the lower limit of qPCR quantification (100 copiesmL™") (supplementary figure S1). To confirm the
association of bacterial burden with disease progression, a composite end point of all-cause mortality
within the first year or a decline of 10% or more in FVC at 12 months was employed. A total of 102
patients fulfilled the criteria for progressive disease. Using an unadjusted Cox proportional hazards model,
bacterial burden significantly associated with disease progression (HR 1.20; 95% CI 1.06-1.35; p=0.0034).
This association remained significant after adjustment for age, sex, baseline % predicted FVC, baseline %
predicted Dy co and smoking status in a multivariable Cox proportional hazards model (HR 1.16; 95% CI
1.02-1.30; p=0.0022). A survival analysis confirmed that subjects in the tertile with the highest bacterial
burden had a significantly increased hazard compared with those in the lowest tertile (HR 2.1; 95% CI
1.287-3.474; p=0.0028). Moreover, individuals in the middle tertile were also at a substantially increased
risk of mortality compared with subjects in the tertile with the lowest bacterial burden (HR 2.0; 95% CI
1.197-3.307; p=0.008) (figure 1). There were no significant differences in age, sex, smoking history or
disease severity between the patients with IPF within these tertiles of bacterial burden.

Bacterial burden and BAL differential cell counts

Next, the relationship between BAL differential cell count and bacterial burden was examined. As
anticipated, the BAL cell differential for this cohort of individuals with IPF showed a predominance of
alveolar macrophages 71.3+10.86% and neutrophils 9.86+7.78% (supplementary figure S2). A linear model
was used to assess for any association between bacterial burden and BAL inflammatory differential cell
count (supplementary table S2). Interestingly, there was no association (Spearman’s rho: —0.093, p=0.24)
between bacterial burden and total numbers of leukocytes per mL of BAL fluid (supplementary figure S3)
or the proportion of any specific airway-inflammatory cell type (figure 2).

Bacterial burden and physiological disease severity

We then sought to investigate whether there was a relationship between baseline disease severity, measured
by FVC (% predicted) and Dyco (% predicted), and bacterial burden. However, no association (FVC, %
predicted: Spearman’s rho: —0.013, p=0.86; Dy o, % predicted: Spearman’s rho: —0.002 p=0.98) was found
between the two (supplementary figure S4). While we did not set out to address the issues of GORD or
concomitant medication use directly, we saw no effect on the bacterial burden based on the use of
low-dose corticosteroids, inhaled steroids or PPL
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FIGURE 1 Increased bacterial burden in idiopathic pulmonary fibrosis at the time of diagnosis increases
mortality. Kaplan-Meier curve generated by Cox proportional-hazards model stratified by bacterial burden
(low tertile: 4.15x10°-3.17x10* 165 rRNA gene copies-mL™" of bronchoalveolar lavage (BAL) fluid; middle
tertile: 3.33x10°-1.90x10° 165 rRNA gene copies-mL™" of BAL fluid; high tertile: 1.90x10°-5.44x10° 165 rRNA
gene copies-mL~" BAL fluid). Log rank p test value reported.
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Bacterial burden and radiological disease extent

Of the overall cohort, 140 subjects had CT imaging performed within 4 months of bronchoscopy. The
median (range) time from bronchoscopy to imaging was —31 (—117-120) days. CTs were scored by two
independent radiologists [A. Nair, B. Rawal], blinded to all clinical data. In cases of disagreement >20%
between radiologists (incorporating >2 lobe difference in lobar scores, traction bronchiectasis score of >3
or disagreement of a binary variable), data were arbitrated by a third radiologist [A. Devaraj]. For scores
evaluated to the nearest 5%, the whole lung score was defined as the mean lobar score. The mean score
between radiologists, following arbitration, was used as the final score for analysis. In general, there was a
reasonable agreement between radiologists (supplementary table S3) [20, 21]. Over half of the cohort had
probable or definite UIP (57.7%) according to the current ATS/ERS/JRS/ALAT guidelines [13]. 21%
(30 out of 141) of subjects had radiological evidence of PPFE and 30% (43 out of 141) had honeycombing

TABLE 2 Radiological features and their univariate prediction of bronchoalveolar lavage
bacterial burden

Value B estimate SE Adjusted p-value
Traction bronchiectasis extent score 6.7+£3.0 0.691 1.750 0.492
Fibrosis extent % 22.0£10.7 1.050 0.921 0.297
Honeycombing extent % 2.6+6.8 —0.028 1.830 0.978
Definite or probable UIP pattern 88.0 (62.4) —0.597 0.278 0.552
PPFE lobar extent 0.420.9 0.414 1.140 0.680

Data are presented as meantsp or n (%), unless otherwise stated. Traction bronchiectasis scored on an
18-point scale. PPFE scored by number of lobes involved. Univariate regression performed against log
transformed 16S rRNA gene copy number. se: standard error; UIP: usual interstitial pneumonia; PPFE:
pleuroparenchymal fibroelastosis.
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(table 1). The relationship between radiological markers of disease severity and bacterial burden was
explored using multivariate stepwise regression. CT fibrosis extent and CT traction bronchiectasis score
were strongly collinear (Spearman’s rho: 0.57), and so were included in separate models. There was no
association between bacterial burden and radiological extent of disease or extent of either traction
bronchiectasis or honeycombing (table 2). When specifically considering patients with definite or probable
UIP, there was no difference in bacterial burden between these two groups (figure 3a). Furthermore, no
difference in bacterial burden was observed when comparing IPF patients with either indeterminate or
probable/definite UIP (supplementary figure S5). Despite a postulated association between PPFE and
clinical infection [22], there was no relationship between either the presence or extent of PPFE and
bacterial burden (figure 3b). Furthermore, no difference in bacterial burden was found when considering
the presence or absence of honeycombing (figure 3c).

We then incorporated radiographic features of disease severity into the survival model to assess if bacterial
burden predicts survival independent of radiographic features. Bacterial burden remained an independent
predictor of survival even when incorporating radiographic features into the survival models and following
adjustment for age, sex, baseline % predicted FVC, baseline % predicted D;co and smoking status. Again,
given that CT fibrosis extent and CT traction bronchiectasis score were strongly collinear (Spearman’s rho:
0.57), they were included in separate models. In both models, bacterial burden remained predictive of
disease progression (HR 1.16; 95% CI 1.01-1.35; p=0.04).

Discussion

This study validates previous findings that, for individuals with IPE, an increased bacterial burden at the
time of diagnosis confers a worse survival. However, we demonstrate that this increased bacterial burden is
independent of radiological markers of disease morphology and severity. This work, the largest prospective
study of bacteria in the lower airways of individuals with IPF performed to date, confirms the importance
of airway bacterial burden in IPF. Furthermore, the lack of association seen with measures of disease
severity and fibrotic destruction of the lung suggests that changes in bacterial burden are disease relevant
and unlikely simply secondary to the architectural distortion.

One of the many paradoxes in fibrotic lung disease is that, despite the existence of often extensive traction
bronchiectasis, the productive symptoms seen in bronchiectasis rarely develop [23]. While the bacterial
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burden in the lower airways in IPF is magnitudes lower than that seen in cystic fibrosis or bronchiectasis,
it is elevated compared with health. The quantity and composition of the respiratory microbiome is
influenced by the balance between the rate of immigration and clearance. The primary routes of
immigration are microaspiration and inhalation of airborne bacteria while elimination is achieved through
a combination of the cough response, mucociliary clearance and the innate and adaptive immune
response. In disease, the balance between these two opposing factors is lost, resulting in dysbiosis [24].
Given the strong association with GORD and IPF, microaspiration is likely to be a large driver in this
cohort of patients [25]. Indeed, gastric bacteria have been identified in the respiratory microbiome
supporting this [12]. However, it is not only immigration which may be abnormal in IPF, given the
widespread abnormalities in the mucin genetic architecture [26-28]. The mucin glycoproteins are a major
structural component of the mucus barrier, maintaining the hydration of the airway epithelium and
crucially entrapping particles for removal by mucociliary clearance. In mice, MUC5B appears essential for
normal macrophage function and effective mucociliary clearance of bacteria [29]. This leaves the
hypothesis that a loss of balance between bacterial immigration and clearance results in the increased
bacterial burden in the lower airways resulting in prolonged and repetitive exposure, triggering an
exaggerated interstitial injury and eventually leading to the development of fibrosis.

Despite the increased microbial burden, there was no host response at a cellular level seen when examining
BAL differential cell counts. There are conflicting data regarding the prognostic implications of BAL
neutrophilia in IPF. The previous largest study to date demonstrated an increased risk of mortality at
12 months with increased BAL neutrophil counts, but this association was lost after a year, leading the
investigators to hypothesise they may be identifying a subgroup of individuals with more active disease [30].
Here, we demonstrate the presence of increased neutrophils in the airways of patients with IPF but no
association with their counts and overall bacterial burden. We also find no association between BAL cellular
profiles and the bacterial burden in the airways, highlighting the difference between the stable microbiome
and periods of infection, in which a cellular response is seen. This conforms with the theory that repetitive
microinjuries to the epithelium trigger the disease, and you would not expect such a large cellular response.
Therefore, more nuanced methods of detecting response, such as characterisation of the epithelial and
airway transcriptome, may be required and should be included in any future studies.

While traction bronchiectasis and honeycombing are clearly defined and distinct entities, radiologically,
they are likely to represent two aspects of the continuous spectrum of pathological remodelling that occurs
in IPE. Both features have been associated with disease behaviour and clinical outcome, as has the extent
of overall fibrosis [31]. There was, however, no correlation between the extent of honeycombing or traction
bronchiectasis and bacterial burden, which remains a predictor of progression even accounting for these.
A number of the subjects had radiology indeterminant for UIP and the multidisciplinary meeting had
access to clinical data, serology and BAL cell differential counts to support the diagnosis of IPF. The
relative proportions of CT UIP morphologies (definite, probable, indeterminate or inconsistent) in our
cohort of MDT IPF diagnoses are similar to previously published proportions [32]. There were no links
with extent of fibrosis or traction bronchiectasis, nor differences between the radiological diagnostic
cohorts or probable versus definite UIP. We also considered if concomitant disease cofounders could have
been driving this burden and given the clinical association between PPFE and infection, this was
specifically interrogated. Almost one-third of the cohort had radiological evidence of PPFE and there was
no difference in bacterial burden between those with and without disease or when simply considering
disease extent. Although this is an interesting finding, the number of subjects with PPFE were small and
this lack of association will have to be validated in larger cohorts, in which it would also be interesting to
examine the microbiome in subjects with isolated PPFE.

Recently the Correlating Outcomes With Biochemical Markers to Estimate Time-progression in IPF
(COMET) authors sought to examine the relationship between the microbiome and the presence or
absence of honeycombing in a subgroup of 68 subjects with IPF [33]. Simply dichotomising the cohort
based on the presence or absence of honeycombing they found no association with the lower airways
bacterial burden. The prospective nature and quantitative radiological analysis undertaken here enabled us
to build and expand upon their work. Our study design specifically allowed us to answer questions about
the graded relationships between radiological change and bacterial burden. This has enabled us to
undertake a far more detailed and nuanced analysis and strengthens our conclusions that the increased
bacterial burden is not simply related to the extent of radiological disease.

Our work [34], and that of O’DwyYEr et al. [33], also raises a number of issues related to the potential for
antimicrobial therapies in IPF [34, 35], some of which are already being trialled (NCT02759120 and
17464641). While there is clear microbial dysbiosis in the lower airways in patients with IPF, the only
consistent finding has been that of an increased bacterial burden. None of the therapies being trialled at
present has ever demonstrated efficacy at reducing bacterial burden. Cautionary tales from the
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bronchiectasis field must be heeded, as heterogeneous responses to antibiotics have led to multiple
antibiotic trials failing to meet their primary endpoints. Indeed, recently Smma et al [36] have
demonstrated, in a post hoc analysis of multiple trials of inhaled antibiotics, that patients with higher
bacterial burden consistently demonstrated a clinical response and improved quality of life. It is therefore
conceivable that a more targeted approach may also be required for patients with IPF rather than simply
treating indiscriminately. However, this study showed no evidence that bacterial burden can be predicted
from radiology or differential cell counts.

This work has a number of limitations. First, BAL was undertaken in the right middle lobe, while radiographic
extent of disease was assessed globally. This standardised approach was undertaken in line with current
diagnostic and research standards; however, we appreciate an in-depth geographical survey of multiple lobes
may have provided more information and should be considered in any future studies. This would also provide
the perfect opportunity to assess the regional differences in both bacterial burden and microbial composition
in fibrotic lung disease. This study was designed to investigate the relationship between bacterial burden and
radiological disease extent and we did not undertake any characterisation of the bacterial communities. While,
to date, increased bacterial burden is the most consistent microbiome-related finding in IPF this may simply
reflect the ease and reproducibility of this measurement, compared with more complex 16S amplicon analysis.
Larger cohorts and more standardised sequencing/analysis pipelines [37] (allowing meta-analysis) will be
required to reveal more consistent relationships between specific community composition and clinical
outcomes. Given the known association between the single nucleotide polymorphism rs35705950 of the
MUCS5B mucin gene [38], these prospective studies should also factor in the effect of genotype on bacterial
burden. Another limitation is that radiology interpretation of CT forms a key part of the MDT, potentially
confounding any study on CT findings. We attempted to minimise this impact by ensuring that at least one
scoring radiologist was independent from the MDT involved in making the final diagnosis of IPF.

While our hypothesis was that that architectural destruction acts as a reservoir to increase bacterial
burden, an alternate exists where the increased bacterial burden may indeed cause the architectural
destruction. Our data are not supportive of either of these two scenarios but longitudinal and mechanistic
studies will be required to support this. There is a known association between GORD reflux and IPE.
Many patients are on PPI which have been linked to an increased risk of pneumonia [21, 39]. While we
did not set out to address this issue prospectively, we demonstrated no association between GORD or PPI
use and bacterial burden. Though more formal prospective studies with objective measurements of acid
and non-acid reflux will be required to answer this question directly.

We demonstrate that an elevated bacterial burden predicts mortality in IPF but is independent of
radiological features, differential cell counts and extent of disease. We would argue that the independent
nature of this association supports a relationship with the underlying pathogenetic mechanisms. However,
functional studies are urgently needed, especially as interventional studies are already enrolling and the
potential for bacterial load to guide antibiotic therapy for patients with IPF should be prospectively tested.
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Abstract Measurements and Main Results: Distinct differences in the
microbial profiles were evident in the lower airways of subjects with
CHP and IPF. At the phylum level, the prevailing microbiota of both

subjects with IPF and subjects with CHP included Firmicutes,

Rationale: Chronic hypersensitivity pneumonitis (CHP) is a
condition that arises after repeated exposure and sensitization to

inhaled antigens. The lung microbiome is increasingly implicated
in respiratory disease, but, to date, no study has investigated the
composition of microbial communities in the lower airways in

Bacteroidetes, Proteobacteria, and Actinobacteria. However, in IPF,
Firmicutes dominated, whereas the percentage of reads assigned to
Proteobacteria in the same group was significantly lower than the

CHP. percentage found in subjects with CHP. At the genus level, the

Staphylococcus burden was increased in CHP, and Actinomyces and
Veillonella burdens were increased in IPF. The lower airway bacterial
burden in subjects with CHP was higher than that in control subjects
but lower than that of those with IPF. In contrast to IPF, there was no

association between bacterial burden and survival in CHP.

Objectives: To characterize and compare the airway microbiome in
subjects with CHP, subjects with idiopathic pulmonary fibrosis (IPF),
and control subjects.

Methods: We prospectively recruited individuals with a CHP
diagnosis (n=110), individuals with an IPF diagnosis (n =45), and
control subjects (1 = 28). Subjects underwent BAL and bacterial DNA
was isolated, quantified by quantitative PCR and the 168 ribosomal
RNA gene was sequenced to characterize the bacterial communities
in the lower airways.

Conclusions: The microbial profile of the lower airways in subjects
with CHP is distinct from that of IPF, and, notably, the bacterial
burden in individuals with CHP fails to predict survival.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Numerous studies of the
respiratory microbiome in idiopathic
pulmonary fibrosis (IPF) have reported
associations between changes in

the bacterial burden, microbial
communities, disease progression, and
mortality. Chronic hypersensitivity
pneumonitis (CHP) is a pathogenically
and prognostically distinct disorder
compared with IPF but is still
characterized phenotypically by
irreversible fibrotic destruction of

the lung parenchyma. Despite the
phenotypic overlap, no study has
examined whether the respiratory
microbiota differs between individuals
with these conditions.

What This Study Adds to the Field:
Despite the phenotypic overlap
between CHP and IPF, there are clear
differences in the bacterial burden
and microbial composition in the
lower airways of patients with

CHP compared with healthy subjects
and patients with IPF. In CHP

there are increased proportions of
Proteobacteria and lower proportions
of Firmicutes compared with subjects
with IPF. A higher bacterial burden
has been consistently demonstrated
in the lower airways in IPF and is
associated with an increased risk of
mortality. However, the bacterial
burden in subjects with CHP was far
lower than in those with IPF and did
not associate with survival. Our
findings suggest that the observed
alterations in the lung microbiome are
disease specific and do not simply
reflect the presence of fibrosis within
the lung.

Hypersensitivity pneumonitis is an
immune-mediated interstitial lung disease
that develops in genetically susceptible
individuals after repeated inhalation of
organic antigens, including fungal, bacterial,
animal, and insect proteins (1). It can be
classified into acute and chronic forms,
depending on the nature of the inciting
antigen, the intensity and duration of
exposure, host factors, and radiological

findings (2). Chronic hypersensitivity
pneumonitis (CHP) carries the most
significant morbidity and mortality. It
arises from protracted exposure to a
triggering antigen, which initially elicits
inflammation and ultimately evolves into
irreversible and often progressive interstitial
fibrosis (3, 4). As yet, there are no
established international guidelines for the
diagnosis of CHP, and it remains unclear
why only some individuals exposed to
recognized triggers develop the disease (5).
This diagnostic uncertainty is further
confounded in advanced disease because
the clinical features of CHP and idiopathic
pulmonary fibrosis (IPF) are often
indistinguishable (6).

The existence of a microbiome in the
healthy lung is generally accepted, and its
potential role in respiratory pathology is
increasingly appreciated (7-9).The advent
of next-generation sequencing technologies
has allowed direct and culture-independent
sequence-based interrogation of microbial
communities in both homeostatic and
perturbed states (10, 11). Changes in the
respiratory microbiome have been
associated with the clinical, physiological,
and therapeutic aspects of chronic lung
diseases such as asthma, bronchiectasis,
chronic obstructive pulmonary disease
(COPD), and IPF (12-18). Studies of
the respiratory microbiome in IPF have
reported associations between changes
in microbial communities and disease
progression and mortality (16, 17, 19, 20).
A higher bacterial burden has been
reported during acute exacerbations of
IPF (21, 22) and is consistently associated
with an increased risk of mortality
(16-18). Differences in bacterial
community composition and diversity
have also been correlated with disease
outcomes, peripheral blood host-defense
gene expression (19), and indices of
alveolar inflammation (18). These
observational studies support the
hypothesis that the respiratory
microbiome may be implicated in the
pathogenesis of fibrotic lung disease (23,
24).

CHP and IPF are pathogenically and
prognostically distinct disorders that are
both characterized by irreversible fibrotic
destruction of the lung parenchyma; we set
out to test the hypothesis that observed
alterations in the lung microbiome are
disease specific and do not simply reflect the
presence of fibrosis within the lung. In this

study, we prospectively recruited individuals
with CHP and IPF diagnoses as well as
healthy control subjects to characterize

the bacterial communities in the lower
airways by 16S ribosomal (r)RNA gene
sequencing. Despite the phenotypic
overlap between CHP and IPF, we
demonstrate that there are clear differences
in patients with CHP in the microbial
composition and bacterial burden of

the lower airways and in survival,
compared with healthy subjects and
patients with IPF.

Methods

Study Design

Treatment-naive subjects were
prospectively recruited at the Royal
Brompton Hospital (London) between
May 2014 and May 2018. A diagnosis of
IPF was made after multidisciplinary

team discussion, according to the latest
international guidelines (25). A consensus
diagnosis of CHP was made using
multidisciplinary team discussion with
integration of clinical, radiological, BAL,
and pathological data (5, 26). Pulmonary
function testing was performed, clinical
measurements were recorded, and subjects
underwent fiberoptic bronchoscopy with
BAL via the oropharyngeal route as part of
standard care according to a standard
operating procedure (27). BAL cell profiling
was performed by assessing leukocyte
differential counts. Computed tomographic
data were scored as previously described
(28). Approval for the study was obtained
from the local research ethics committee
(15/SC/0101 and 15-L0O-1399), and written
informed consent was obtained from all
subjects. The IPF cohort was not used in
any prior studies. See the online
supplement for further details.

Bacterial DNA Isolation and 16S rRNA
Amplicon Sequencing

Genomic DNA was extracted from BAL cell
pellets as previously described, with minor
modifications (29). Amplification of the
V4 hypervariable region of the 16S rRNA
gene was performed using the barcoded
universal primer pair 515F/806R and
sequenced using an Illumina MiSeq
instrument (Illumina) to produce 150 base-
paired reads. For full details, see the online
supplement.

2 American Journal of Respiratory and Critical Care Medicine Volume Il Number Hlll | Nl 2020

201



Bioinformatics Analysis

Reads were analyzed using the Quantitative
Insights into Microbial Ecology 2 (version
2018.8) bioinformatics pipeline (30).
Bioinformatics processing included
demultiplexing, denoising, removal

of chimeric and short reads, 97%

identity binning of reads into amplicon
sequence variants (ASV) using Divisive
Amplicon Denoising Algorithm 2 (31),
and taxonomic annotation using the
Greengenes database (32). Absolute ASV
sequence counts were normalized to obtain
the relative abundances of the microbiota in
each sample. After abundance filtering, a
rarefied data set was generated and used
for downstream analyses. For details on
processing and quality control, see the
online supplement.

16S rRNA Gene Quantitative PCR
Triplicate 10-pl quantitative PCR (qPCR)
reactions were set up containing 1 pl of
bacterial DNA and 9 pl of Femto bacterial
qPCR premix (Cambridge Bioscience).
Each run contained a 10-fold dilution series
of the Vibrio natriegens DSM 759 gene
cloned into a plasmid of known size and a
nontemplate control (28). For a description
of cycling parameters, see the METHODs
section of the online supplement.

Statistical Analysis

All data analysis was performed in R
(version 3.4.3; R Foundation for Statistical
Computing) (33). Differences in BAL
differential cell counts, bacterial burden,
and taxonomic composition among
subjects with CHP, subjects with IPF, and
control subjects were statistically tested by
using the Kruskal-Wallis test and the Dunn
test for multiple comparisons, which was
adjusted using the Bonferroni method.
Univariate linear regressions between
bacterial burden and BAL differential cell
counts were performed and adjusted for
age, sex, smoking status, and FVC using a
multivariable linear regression model.
Changes in microbial biodiversity and
richness between subjects with CHP and
subjects with IPF were evaluated using the
Shannon and Chaol a-diversity indexes
and were tested using the Mann-Whitney
test. The B-diversity of subjects with CHP
and subjects with IPF was restricted to ASV
that were present at >1% of the sample
population, calculated using the Euclidean
distance and visualized by principal

component analysis (PCA), with the
significance of differences in community
composition being determined by
permutational multivariate ANOVA
adjusted for age, sex, smoking status, FVC
(% predicted), and DLco (% predicted). The
linear discriminant analysis effect size was
used to identify differentially abundant
bacteria among the groups. To study

CHP and IPF disease progression, a
Kaplan-Meier curve was assessed using a
multivariate Cox proportional-hazard
model, adjusted for age, sex, smoking
status, FVC (% predicted), and percentage
of honeycombing. Survival time was
defined as the time from diagnosis to death,
loss to follow-up, or the end of the study
period. In all analyses, a P value < 0.05 was
considered statistically significant.

Data Availability

Sequences are available via the National
Center for Biotechnology Information
Sequence Read Archive (accession number
PRJNA609242). Codes and metadata

used for analysis are available at https://
github.com/molyneaux-lab.

Results

Subjects, Sampling, and Sequencing
One hundred ten subjects with CHP, 45
subjects with IPF, and 28 control subjects
were enrolled in the study and underwent
bronchoscopy (Table 1). The demographics
demonstrate a number of expected
differences based on the known sex,
smoking, and clinical profiles of both IPF
and CHP (34). Subjects with IPF were
predominantly male (82%), with a

mean * SD age of 62 * 19 years and
moderately severe restrictive lung disease
(FVC, 75% predicted == 19% predicted;
Hb-adjusted Drco, 44% predicted = 17%
predicted). There were more female
subjects in the CHP cohort, and although
their mean age (66 = 9 years) and Dico
(44% predicted = 16% predicted) were
matched, they had a more preserved FVC
compared with the IPF cohort (85%
predicted * 23% predicted). The median
follow-up in the CHP cohort was 919 days,
and the median follow-up in the IPF cohort
was 744 days (not significant). Although
alveolar macrophages predominated in the
BAL cells of all groups, a mixed alveolitis
with predominant neutrophilia was
observed in subjects with IPF (18% = 6%

Invernizzi, Wu, Barnett, et al.: The Respiratory Microbiome in CHP

neutrophils, 12% * 5% lymphocytes),
whereas subjects with CHP demonstrated
an elevated lymphocyte count (32% * 15%
lymphocytes). Radiologically, the subjects
with CHP had more ground-glass and low-
density lobules and less honeycombing than
subjects with IPF. In keeping with the
literature, over half (52%) of the patients
with CHP had no obvious exposure history.
The majority of exposures in the CHP
cohort were mold-related (20%), avian
(15.45%) or feather down-related (5.45%).
In contrast, only eight patients with IPF
had an obvious exposure history (17.7%)
(Table 1). All 183 samples yielded genomic
DNA amplicons and underwent sequencing
of the V4 region of the 16S rRNA gene.
After demultiplexing, denoising, quality
control, and abundance filtering, 8,406,014
sequences were retained, representing 495
unique ASV across 183 samples (35). This
final curated data set was used for all
subsequent analyses.

Bacterial Burden

The strongest and most robust microbial
signature associated with fibrotic lung
disease to date is that of the bacterial burden.
We and others have already shown that IPF
is characterized by an increased bacterial
burden in BAL cells, which is associated
with disease progression. We therefore
initially set out to explore differences in the
BAL bacterial burden among control
subjects and subjects with CHP and IPF. On
average, subjects with IPF had 1.54 X 10°
copies of the 16S rRNA gene per milliliter
of BAL fluid, which was higher than the
average copy number in control subjects
(8.57 X 10° copies/ml; P < 0.00001).
Although subjects with CHP had a higher
bacterial load (1.14 X 10%) compared with
healthy control subjects (P < 0.0001), they
had a significantly lower burden compared
with subjects with IPF (P < 0.00001)
(Figure 1). No correlation was found
between the bacterial load and the BAL
differential cell counts (see Figure E1 in
the online supplement). The negative
control samples yielded a bacterial burden
close to or below the lower limit of gPCR
quantification (100 copies/ml of BAL fluid)
(Figure E2).

Survival Analysis

The differences in survival between subjects
with CHP and IPF were explored using a
multivariate Cox regression analysis, and
subjects with CHP were found to survive
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Table 1. Baseline Characteristics of Study Subjects

Parameter

Age, yr
Sex, F, n (%)
Baseline PFT
FVC, % predicted
FEV4, % predicted
DLco, % predicted
Smoking status’
Nonsmoker, n (%)
Ex-smoker, n (%)
Current smoker, n (%)
BAL cell differentials
Macrophages, %
Neutrophils, %
Lymphocytes, %
Radiology*
Fibrosis present, n (%)
UIP, n (%)
Honeycombing, n (%)
GG extent %, median (IQR)
Low-density lobule extent, n (%)
Antigen exposure
Avian, n (%)
Feather down, n (%)
Mold, n (%)
Other, n (%)
None, n (%)

Control Subjects (n=28) CHP (n=110) IPF (n=45) P Value*
55+15 66 +9 6219 NS
7 (25) 54 (49) 8 (18) <0.001
94 +18 85+ 23 75+19 <0.01
73+23 86 + 22 78 17 <0.05
68 + 32 44 +16 44 =17 NS
7 (25) 56 (51) 15 (33) —
10 (36) 54 (49) 26 (58) NS
1(4) 0(0) 4(9) —
70+16 62+ 15 60+8 NS
3+2 10+9 18*6 <0.0001
10+6 32+15 12+5 <0.0001
NA 98 (89) 44 (100) <0.05
NA 31 (28) 35 (78) <0.001
NA 10 (9) 13 (29) <0.01
NA 10 (14) 5(10) <0.01
NA 5(12) 5 (8) <0.05
NA 17 (15) 1@Q) <0.05
NA 6 (5) 1@ NS
NA 22 (20) 3(7) NS
NA 8 (7) 3(7) NS
NA 57 (52) 37 (82) <0.001

Definition of abbreviations: CHP = chronic hypersensitivity pneumonitis; GG = ground glass; IPF =idiopathic pulmonary fibrosis; IQR = interquartile range;
NA =not applicable; NS =not significant; PFT = pulmonary function test; UIP = usual interstitial pneumonia.

Data are presented as the mean = SD unless otherwise noted.
*P values were calculated by using the Mann-Whitney U test or the Fisher exact test between subjects with CHP and subjects with IPF.

TSmoking status: statistical testing by nonsmoker versus ex/current smoker; data were available for 18 of 28 control subjects.

*Fibrosis was defined as the presence of traction bronchiectasis and/or honeycombing. UIP was defined as “definite” or “probable” UIP. Radiology data
for low-density lobules and ground glass were scored to the nearest 5% on a lobar basis, with the lingua as a sixth lobe. The final score represents the

mean of the lobar scores.

§Antigen exposure: statistical testing by exposure versus no exposure.

longer (P=0.0001) than individuals with
IPF, even after adjustment of confounding
factors: age, sex, smoking history, baseline
% predicted FVC, and percentage of
honeycombing (Figure 2 and Table E1).
Next, using a univariate analysis, we
assessed whether there was an association
between bacterial burden and survival. No
associations were found between bacterial
burden and survival in subjects with CHP
(hazard ratio, 1.35; 95% confidence interval,
0.92-1.99; P=0.128), whereas burden was
associated with mortality in subjects with
IPF (hazard ratio, 1.92; 95% confidence
interval, 1.32-2.79; P=0.000647). This
association remained significant in analysis
of IPF using a Cox proportional hazards
model adjusted for age, sex, smoking status,
and baseline % predicted FVC (hazard
ratio, 3.23; 95% confidence interval,
1.64-6.34; P<<0.001). This is consistent
with published data, which have shown that

patients with IPF have an increased
pulmonary bacterial load, the magnitude
of which predicts the rate of progression
of IPF and risk of mortality (16, 18).
Collectively, these results suggest that the
association between increased bacterial
burden and survival is specific to IPF and is
not seen in CHP.

Description of BAL Microbiota
Composition in Health and Disease
Across all cohorts, the composition of
the microbial communities was
dominated by five most abundant phyla:
Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, and Fusobacteria

(Figure 3A). At the phylum level, the
microbiota of subjects with CHP was
dominated by Firmicutes (38%),
Bacteroidetes (24%), Proteobacteria (23%),
and Actinobacteria (9%). Although the
same phyla predominated in the subjects

with IPF, there were a number of
differences. In IPF, Firmicutes accounted
for over 43% of the total reads, and

the percentage of reads assigned to
Proteobacteria was significantly lower
compared with the percentage assigned

in subjects with CHP (15% and 23%,
respectively; P=0.04). No significant
differences were observed when comparing
individuals with CHP with control subjects
(Figure E3); in contrast, an increased
abundance of Firmicutes (43%; P=0.04)
and Actinobacteria (11%; P=0.04) was
noted in subjects with IPF compared with
control subjects (Figure E3). Comparison at
the genus level identified that the microbial
landscape of all groups was dominated by
Prevotella (control subjects, 24%; subjects
with CHP, 23%; subjects with IPF, 25%),
Veillonella (control subjects, 13%; subjects
with CHP, 14%; subjects with IPF, 18%),
and Streptococcus (control subjects, 19%;
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Figure 1. Bacterial burden in BAL fluid of control
subjects, subjects with CHP, and subjects

with IPF. The Kruskal-Wallis test with the Dunn
test for multiple comparisons was used
(P<2.2x 1079, Data are presented as the
median and interquartile range (***P < 0.0001
and ****P < 0.00001). The bacterial burden was
calculated by using quantitative PCR and was
expressed in logqo values (16S ribosomal RNA
gene copies/ml of BAL fluid). CHP = chronic
hypersensitivity pneumonitis; IPF = idiopathic
pulmonary fibrosis.

subjects with CHP, 21%; subjects with
IPF, 18%) (Figure 3A). Of these genera,
Veillonella (18%) was found to be most
abundant in the BAL cells of subjects with

100

75 A

50 A

25 A

Survival probability (%)

0 P<0.0001

IPF compared with the BAL cells of control
subjects (13%; P =0.02; Figure E4) and
subjects with CHP (14%; P=0.02). Within
the Actinobacteria phylum, there was a
lower relative abundance of Actinomyces
(4%) in subjects with CHP compared with
individuals with IPF (6%; P=0.001) but not
compared with control subjects (5%;
P=0.95; Figure E4). Staphylococcus was
found to be increased in subjects with an
IPF diagnosis (0.5%) compared with
control subjects (0.1%; P=0.03; Figure E4)
but was most abundant in the CHP
cohort (2%; P=0.0005, compared with IPF
cohort) (Figure 3A). Given the previous
association between disease progression
and an increased relative abundance of
Streptococcus and Staphylococcus in IPE, we
investigated whether these bacterial genera
were associated with an increased risk of
mortality in CHP and IPF. Using a
univariate analysis, we found that both
Streptococcus (hazard ratio, 2.07; 95%
confidence interval, 0.83-5.16; P=0.030)
and Staphylococcus (hazard ratio, 1.80; 95%
confidence interval, 0.79-4.09; P=0.033)
were significantly associated with increased
mortality in IPF. However, consistent with
the literature (17), the enrichment of these
two bacteria was observed in less than half
of the cohort; therefore, it remains unlikely
that these organisms alone can explain

the disease pathogenesis or progression.
Repeating the same analysis in subjects with
CHP, no associations between an increased

Diagnosis
—+ CHP
-+ IPF

0 2

-

Time (years)

Number at risk
CHP 110 103 67
IPF 45 40 23

Diagnosis

3 4
35 12
16 12

Figure 2. Survival probability of subjects with chronic hypersensitivity pneumonitis (CHP) compared
with individuals with idiopathic pulmonary fibrosis (IPF). A Kaplan-Meier curve generated by using a
Cox proportional hazards model displaying the survival probability (percentage) of subjects with CHP
compared with subjects with IPF is shown. Log-rank P test values are reported.
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abundance of either Streptococcus (hazard
ratio, 1.04; 95% confidence interval,
0.34-3.19; P=0.9) or Staphylococcus
(hazard ratio, 0.25; 95% confidence interval,
0.17-1.59; P=0.3) in the BAL cells of these
individuals and disease progression were
demonstrated (Figure E5). a-Diversity
metrics were used to characterize the
distribution (evenness) and number
(richness) of taxa expected within each
sample. The microbial communities of
subjects with IPF had a decreased evenness
compared with those of the control subjects
(P <0.03) but not compared with those
of subjects with CHP. There were no
differences in evenness when comparing
control subjects with individuals with CHP.
Similarly, there were no demonstrable
changes when comparing microbial
richness among the groups (Figure 3B).
Changes in the community composition (8
diversity) between healthy control subjects
and subjects with CHP and IPF were
investigated using PCA and were tested by
permutational multivariate ANOVA
adjusted for age, sex, smoking status, FVC
(% predicted) and Dirco (% predicted),
which confirmed differences in the
microbial profiles of the subjects on the
basis of diagnosis (P=0.001) (Figure 3C).
The PCA revealed that variation among the
groups was mostly driven by changes in
the Proteobacteria and Firmicutes phyla,
with a tendency toward an enrichment of
Firmicutes in the BAL from patients with
IPF and of Proteobacteria in the BAL cells
from patients with CHP. Community
composition changes among the groups
were further interrogated by looking for
differentially abundant bacteria using the
linear discriminant analysis effect size.
Multiple taxonomic differences were found:
the BAL fluid of subjects with IPF was
enriched with bacteria belonging to the
Firmicutes phylum, and the BAL fluid of
the group with CHP was enriched with
bacteria belonging to the Actinobacteria
and Fusobacteria phyla. In contrast, those
enriched in the healthy control group
belonged to the Bacteroidetes phylum
(Figure E6). Analyzing the CHP cohort
on the basis of antigen positivity or
negativity identified no differences between
bacterial burden when comparing subjects
with CHP with or without an exposure
history to an antigen (Figure E7A).
Similarly, no differences were observed in
the microbial community composition
(Figure E7B).
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Discussion

There are clear differences in the
composition of the lower airway respiratory
microbiota in CHP compared with IPF.
Although individuals with CHP have a
higher bacterial load in BAL fluid compared
with healthy control subjects, it remains
significantly lower than that observed in
subjects with IPF. In contrast to the
mounting evidence for the role of the
bacterial burden in IPF, no association was
found between the bacterial burden and
survival in subjects with CHP.

Over the past decade, studies have
begun to unravel the causes and
consequences of variation within the
respiratory microbiota, improving our
understanding of how it may be linked
to the pathogenesis of lung diseases.
Considerable advances in culture-independent
technologies have not only enabled
researchers to characterize niche-specific
microbial ecosystems but have also enabled
them to study the role of the microbiome in
lung health and disease (10, 11). Although
the spotlight in respiratory research has
been on asthma, COPD, and IPF, CHP
remains an understudied disease (12, 13,
15-18). Research into the lung microbiota
in CHP is very limited; to date, no specific
study has investigated the composition of
microbial communities in the lower airways
in CHP.

The baseline bacterial phyla that
dominated the BAL fluid of control
subjects and subjects with CHP
and IPF in the present study were
Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, and Fusobacteria, which
have previously been reported to be present
in the airways of healthy subjects and
patients with asthma, COPD, and IPF
(10, 36). Marked differences were evident
in the intergroup distribution of phyla.
Specifically, an increased abundance of
Firmicutes and Actinobacteria was noted in
subjects with IPF compared with control
subjects and subjects with CHP. In contrast,
individuals with CHP had an increased
proportion of Proteobacteria compared
with individuals with IPF. This finding is
consistent with the results of a recent study
of subjects with IPF who had an increase in
Firmicutes and a decrease in Proteobacteria;
this reduction in microbial diversity was
associated with disease activity in subjects
with IPF (36). Furthermore, studies have

shown that during respiratory disease, there
is an increased prevalence of Firmicutes and
Proteobacteria (12). This observation
suggests that an altered state of the lung
microbiome may be directly associated with
the pathophysiology of fibrotic lung disease.

At the genus level, the microbial profile
of all groups was characterized by Prevotella,
Veillonella, and Streptococcus, bacteria
known to prevail and/or dominate in the
airways of healthy subjects and patients
with respiratory disease (11). The phylum
Firmicutes is associated with an increased
risk of IPF progression when found at
increased relative abundance in the lung
(17). Specifically, within the Firmicutes
phylum an increased abundance of
Streptococcus and/or Staphylococcus species
has been shown to be strongly correlated
with reduced progression-free survival
time in IPF (17). In the present study,
Staphylococcus was increased in subjects
with IPF compared with healthy control
subjects and was further increased in
subjects with CHP compared with subjects
with IPF. In addition, in agreement with
previous findings, Veillonella was also
found to be increased in subjects with IPF
compared with control subjects (16) and
subjects with CHP. We further delineated
differences in microbial evenness and whole
community composition between CHP and
IPE. Collectively, these findings show that
subjects with CHP have a distinct
microbiome compared with patients with
IPF and healthy control subjects, which
suggest that alterations in the microbiome
characterized by an increased abundance
of bacteria belonging to the Firmicutes
phylum may play a role in the pathogenesis
of these interstitial lung diseases. However,
we cannot as yet draw any causal
conclusions about this altered respiratory
microbiome in CHP ahead of functional
and longitudinal studies to comprehensively
examine pathogenic host-microbe
interactions.

It has previously been shown that IPF is
characterized by an increased bacterial
burden in BAL fluid compared with control
subjects and that the bacterial load at
the time of diagnosis predicts rapidly
progressive IPF and an increased risk of
mortality (16, 17). Given the radiological
overlap and similarities in clinical behavior
between patients with CHP and patients
with IPF, it was surprising to find such
striking differences in the lower airway
bacterial burden between these two groups

of patients. Although the BAL bacterial
load in subjects with CHP was higher
compared with that in control subjects, it
was still lower than that in patients with
IPF. Comparable with authors of other
studies, we validate the finding that a higher
bacterial burden at the time of diagnosis
predicts subsequent progression of IPF.
This association was not evident in the
group with CHP and may explain why
immunosuppression has been shown to

be harmful in IPF but remains widely
used to treat CHP in the absence of similar
observations (37). Regardless of bacterial
burden, subjects with CHP survived longer
than individuals with IPF, a result that
mirrors the findings of Vasakova and
colleagues (38).

Closely associated with the alterations
in the microbial composition is the change
in the host immune status of patients
with fibrotic lung disease. Specifically,
lymphocytes, which are markedly increased
in the airways of patients with CHP, play a
key role in the inflammatory process
underpinning the pathogenesis of the
condition (39). An increased proportion of
BAL lymphocytes was also present in the
subjects with CHP in the present study.
However, in agreement with what has been
previously shown in IPF (16), no
associations were found between BAL
differential leukocyte counts and the
bacterial burden in these subjects. It is
increasingly recognized that a reciprocal
communication likely exists between the
microbiome and the pulmonary immune
system, which may be critical for
promoting pathology in a number of
respiratory conditions (40). Future
elucidation of microbial composition as
well as the immune-cell subsets involved
will improve our understanding of the
cross-talk between microbiome and host.

There are a number of limitations to
our work. Procedural and sequencing
contamination presents a critical problem
when evaluating samples with low
microbial biomass, such as samples from
the lungs (41). To minimize the risk of
contamination, low-biomass protocols for
DNA extraction were used, and negative
bronchoscopy control subjects and reagent
control subjects were sequenced alongside
the BAL samples. The inclusion of the
negative control samples, which yielded a
bacterial burden close to or below the lower
limit of qQPCR quantification (100 copies/ml
of BAL fluid) and had a taxonomic profile
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Figure 3. Taxonomic composition of bacteria in BAL of healthy control subjects and subjects with chronic hypersensitivity pneumonitis (CHP) and
idiopathic pulmonary fibrosis (IPF). (A) Relative abundance of bacteria at the phylum (Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and
Fusobacteria) and genus (Prevotella, Streptococcus, Veillonella, Neisseria, Haemophilus, Actinomyces, Rothia, Fusobacterium, Actinobacillus, and
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Bonferroni method. Statistical differences between CHP and IPF are indicated by black asterisks, and those between control subjects and IPF are
indicated by red asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001). Data are presented as the mean = SD. (B) Shannon and Chao1 a-diversity measures
comparing healthy control subjects and individuals with CHP and IPF diagnoses. Statistical significance was tested by using the Kruskal-Wallis test with
the Dunn multiple-comparison test adjusted with the Bonferroni method. Data are presented as the median and interquartile range. (C) PC analysis on
Euclidean distance comparing healthy control subjects, subjects with CHP, and subjects with IPF (permutational multivariate ANOVA [PERMANOVA],
P < 0.001). PERMANOVA was adjusted for age, sex, smoking status, FVC (% predicted), and DLco (% predicted). PC = principal component.
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distinct from that of the BAL specimens,
robustly indicates that the sequencing
protocol used resulted in no apparent
contamination. Furthermore, samples from
case patients and control subjects were
always processed in a blinded, randomized
fashion to uphold identical storage and
processing conditions across all samples.
Another significant limitation is that 16S
rRNA gene sequencing provides a snapshot
of the microbial community at a particular
moment in time, and it is therefore
challenging to draw conclusions regarding
whether the altered microbial community is
a cause or a consequence of the disease
(42). Finally, this exploratory study was

based on feasibility of recruitment and
sampling, and some of the most severe
cases of both CHP and IPF may have not
been included, as only subjects able to

safely undergo bronchoscopy were enrolled.

Therefore, functional and longitudinal
studies examining host-microbe
interactions are needed to validate these
findings.

In conclusion, in this prospective
observational cohort study, we provide
the first evidence of the composition of
the microbial communities in the lower
airways in CHP. The microbial profile
of subjects with CHP is distinct from that
of subjects with IPF. Compared with

subjects with IPF, these individuals have

a decreased bacterial burden, which does
not predict survival. Future work should
aim at understanding whether the total
bacterial load and relative abundances of
the altered microbial genera may be acting
synergistically to advance the fibrotic
process.
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