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Abstract

People with cystic fibrosis (pwCF) suffer from a range of gastrointestinal
manifestations of disease, which has increased in prevalence as respiratory
outcomes improve and life expectancy raises. This translates to the occurrence of
daily Gl symptoms for many pwCF, which is a top research priority to alleviate. The
gut microbiota is altered in CF and has been shown to associate with intestinal
abnormalities, therefore offers a potential avenue of therapeutic intervention by its
modulation. This thesis investigated relationships between the microbiota and
associated functions, intestinal outcomes, and cystic fibrosis transmembrane

regulator (CFTR) modulator usage.

Initially, relationships between altered intestinal function and physiology in CF were
revealed with microbiota, by combining 16S rRNA gene sequencing data with
magnetic resonance imaging (MRI) results and clinical metadata across pwCF and
healthy controls. Significant differences in diversity and composition were observed
between groups, which further associated with clinical factors and markers of

intestinal function.

To understand how microbiota function might be compromised in CF, a sensitive
method to profile and quantify faecal short-chain fatty acids (SCFAs) using gas
chromatography-mass spectrometry (GC-MS) was validated. This was
subsequently used to demonstrate that overall SCFA compositional differences
persist between healthy controls pwCF receiving Tezacaftor/lvacaftor CFTR
modulator therapy, further extending to microbiota compositional differences, which

were also not significantly altered by treatment.

Finally, microbiota composition and function were assessed across pwCF receiving
more efficacious Elexacaftor/Tezacaftor/lvacaftor (ETI) therapy. Subtle differences
were observed following extended ETI administration, yet microbiota and SCFA
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compositions remained significantly different from controls. Interestingly, there were
no differences across the most abundant SCFAs, indicating possible functional

redundancy in the CF microbiota.

Overall, the results obtained in this thesis advocate for further investigation of
microbiota function through more sophisticated metagenomic and untargeted
metabolomic approaches, to unravel the complex relationships between the

microbiota, gastrointestinal (Gl) manifestations, and patient symptoms in CF.
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Chapter 1: Introduction

1.1 Cystic Fibrosis
1.1.1 Cystic Fibrosis — Genetics and worldwide statistics

Cystic fibrosis (CF) is the most common autosomal recessive genetic disorder that
threatens to significantly reduce life expectancy, with over ten thousand active
patients in the UK alone (Cystic Fibrosis Trust, 2020) and a significantly higher
incidence in Caucasians. The underlying cellular mechanisms disrupted are
attributable to mutations in the cystic fibrosis transmembrane regulator (CFTR)
gene, which encodes a cAMP-regulated ATP-cassette binding protein aptly termed
the CFTR protein. CFTR functions to transport chloride (Cl") and bicarbonate (HCOs
) ions at various epithelial sites throughout the body, whilst also inhibiting the
reabsorption of sodium ions (Na*) via the epithelial sodium channel (ENaC) (Konig
et al., 2001). Mutations of the CFTR gene are typically divided into six classes,
dependent on the resultant effect upon the CFTR protein. This includes a reduction
in CFTR expression through introduced premature stop codons (Class 1), post-
translational processing issues such as misfolding (Class Il), poor gating through
open probability (Class Ill) or conductance issues (Class 1V), changes to upstream
transcriptional promotor regions leading to less protein expression overall (Class V),
and finally increased destabilisation of the CFTR protein whilst present at the
epithelial surface or during recycling processes involving endosomes (Class VI)
(Veit et al., 2016; Deletang and Taulan-Cadars, 2022). As such, there are currently
more than 2000 documented variants of the CFTR gene, with approximately 400 of
these recognised as disease causing (Bareil and Bergougnoux, 2020; Allen et al.,
2023). The majority of people with CF (pwCF) harbour at least one copy of the
F508del mutation, a class Il mutation that results in little to no functional CFTR

protein and typically leads to more severe outcomes in disease.
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1.1.2 Cystic Fibrosis — General pathophysiology of disease

As CFTR mRNA is primarily expressed at epithelial sites throughout the body, these
are typically the locations at which manifestations of the disease present within
pwCF. CFTR mRNA expression can be observed in nasal, tracheal, and bronchial
epithelial cells (Trapnell et al., 1991), the gastrointestinal (Gl) tract, where
expression is higher in the tissues of the pancreas and within enterocytes of the
small and large intestines (Strong et al., 1994), and finally within the reproductive
tract (Chan et al., 2009). Disruption of CFTR function through mutations to the CFTR
gene will ultimately lead to dehydration of the overlying mucosa, resulting in its
increased viscosity and therefore decreased motility. This leads to a multitude of
problems, including the well documented recurrent bacterial infections that persist
in the airways of patients that often progresses into fatal respiratory disease, a
hallmark characteristic of CF and the leading cause of mortality (O’Sullivan and
Freedman, 2009; McBennett et al., 2022). Other common manifestations include
reduced fertility; In males, congenital absence of the vas deferens is common (Cui
et al.,, 2020), with impaired cervical sperm penetration present in females

(Sueblinvong and Whittaker, 2007).

More local to the Gl tract, pancreatic insufficiency (PI) is prevalent large proportion
of sufferers (Akshintala et al., 2019) as failure of CI- and HCO3" secretion resultant
of CFTR dysfunction leads to the zymogenic accumulation within blocked pancreatic
ducts and acinar cells (Li and Somerset, 2014). Continued obstruction ultimately
leads to epithelial damage, fibrosis, and inflammation. Genotype is often predictive
of pancreatic outcomes, with those pwCF harbouring class I-lll and VI mutations
typically presenting with PI, and those with milder class IV-V mutations more often
pancreatic sufficient (PS) (Wilschanski and Durie, 1998; Singh and Schwarzenberg,

2017). For those pwCF who do not develop pancreatic insufficiency, a small
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proportion may develop pancreatitis as they exhibit the necessary balance of both
pancreatic acinar loss with ductal obstructions mentioned previously (Ooi et al.,
2011). Additionally, cystic fibrosis-related diabetes (CFRD) can arise due to
compromised insulin secretion from the loss or impairment of pancreatic islets,
which typically occurs later in life and again is more prominent in pwCF harbouring
severe mutations (Granados et al., 2019). At the site of the liver, cystic fibrosis-
related liver disease (CFRLD) can occur and is present in approximately a small
minority of pwCF, yet is a leading cause of mortality (Paranjape and Mogayzel,
2018). Similar to the site of the pancreas, ductal cells at the site of the liver
(cholangiocytes) that express CFTR are comprised, which comprises the classical
theory of CFRLD pathophysiology. The secretion of bile that typically occurs is
impaired, often leading to cholestasis and a progression into cirrhosis in surrounding
tissues as a state of chronic inflammation is exhibited (Sherwood et al., 2022).
Within the intestinal tract itself, a range of abnormalities present which are
accompanied by array of patient symptoms, which will be discussed further in the

subsequent subChapters.

1.1.3 Cystic Fibrosis — Manifestations of the intestinal tract and patient symptoms

Meconium lleus

Perhaps the earliest Gl manifestation presented in pwCF is meconium ileus (Ml),
which describes a viscous thick meconium (initial stool-like passage of the infant)
that obstructs the junction between the small and large intestines prior to the ileo-
caecal valve, labelled the terminal ileum. Meconium ileus can be simple or complex
in nature; The latter typically describes the need for surgical intervention as previous
efforts with fluid or gas fail to dislodge the meconium, or indicating surgical

intervention is required as additional peritoneal or circulatory complications may
25



have arisen that would ultimately lead to a poor prognosis for the patient if left
untreated (Waldhausen and Richards, 2018). Occurring in up to around 10-20% of
newborns (Kelly and Buxbaum, 2015) and more common in those pwCF harbouring
class I-lll mutations (Sathe and Houwen, 2017), there is also evidence to suggest
that alternate genes may modify outcomes of meconium ileus in CF. This includes
alternate chloride channels such as SLC26A9, which is also expressed in the small
intestine and demonstrates associations with meconium ileus prevalence in pwCF
(Sun et al., 2012; Li et al., 2014), alongside augmentation of disease abnormalities
in murine models (Liu et al., 2015). An overview of meconium ileus, alongside other

manifestations of the intestinal tract, are provided in Figure 1.1.

Distal Intestinal Obstruction Syndrome (DIOS)

Although similar in symptoms to meconium ileus (Ml), highlighted by the ileocecal
blockage by sticky muco-faecal matter, DIOS is regarded as a separate condition
later in life which is owed to differences in incidence (more common that DIOS do
not suffer Ml in infancy), additional symptoms, and a reduction in the influence of
modifier genes (Houwen et al., 2010). Affecting about 20% of the adult CF
population (Kelly and Buxbaum, 2015), DIOS itself can also persist as a complete
or incomplete blockage, and is physiologically defined differently to constipation,
which rather describes gradual muco-faecal build up throughout the whole colon
(Green et al., 2018). DIOS exhibits a substantially large co-incidence with pancreatic
insufficiency and more severe CFTR mutations, likely reflecting the enhanced

disruption of muco-fecal motility in the intestine (Colombo et al., 2011).
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Small Intestinal Bacterial Overgrowth (SIBO)

DIOS itself, and other motility disorders of the Gl tract often facilitate small intestinal
bacterial overgrowth (SIBO), as material consisting of food and bacteria remains in
the upper Gl tract, which can occur as gastric peristalsis, or down through towards
the distal ileum prior to the ileocecal valve (Maneerattanaporn and Chey, 2007).
SIBO presents itself in a significant proportion of CF patients throughout their
lifetime as an enhanced bacterial CFU count often exceeding 10° CFU/ml (Lewindon
et al., 1998; Lisowska et al., 2009; Franco et al., 2015), determined by culture of
aspirate samples or inferred non-invasively by the use on glucose-ingested breath
testing of either hydrogen or methane, although other substrates can be used to
achieve various other diagnostic utilities (Ghoshal, 2011). While both techniques still
have validity in use, they present significant limitations; glucose breath-testing has
demonstrated insensitivities and specificity issues, whilst aspirate culture cannot
account for microbes that are unculturable in a conventional laboratory setting,

which includes a large proportion of the gut microbiota (Wang and Yang, 2013).

Intestinal malignancies and inflammation

Associations between CF and the increased incidence of Gl cancers as compared
to the general population are evident, particularly as life expectancy increases from
improvements to the care and treatment of CF (Hough et al., 2020). This extends to
both colorectal and small intestinal cancers (Yamada et al., 2018), perhaps
unsurprising given the role of CFTR as a tumour suppressor in the Gl tract of murine
models (Than et al., 2016). Chronic, low-grade intestinal inflammation in the CF
intestinal environment is now appreciated as a hallmark of CF Gl abnormalities, with
a multitude of studies demonstrating enhanced inflammation utilising faecal

calprotectin (Rumman et al., 2014; Adriaanse et al., 2015; Garg et al., 2017) and
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faecal M2-pyruvate kinase (Pang et al., 2015; Coffey et al., 2019), among other
inflammatory markers (Smyth et al., 2000; Hendriks et al., 2001). Whilst the use of
faecal calprotectin offers a non-invasive route of analysis, it is critical to exercise
careful judgment in understanding study results, as a range of commercial kits have
been utilised with variability also across cut-off values for ‘excessive’ inflammation

(ug/g) (Tam et al., 2022).

Patient symptoms

Given the range of abnormalities at the site of the Gl tract, it is unsurprising that the
majority of pwCF suffer from intestinal symptoms daily, which remains a key issue
to further understand within the CF community (Smith et al., 2020). Prevalent
symptoms include abdominal pain (Baker et al., 2005; Jaudszus et al., 2022),
flatulence (Borowitz et al., 2006; Anderson et al., 2022), bloating (Ramos et al.,
2013; Subhi et al., 2014), constipation (Farjadian et al., 2013; Fraquelli et al., 2016),
and a lack of appetite (Furnari et al.,, 2019). Given the high burden of Gl
abnormalities in CF, it remains to be elucidated on how these may associate with
patient symptoms and how they can best be modulated to lessen the burden upon

pwCF.
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Figure 1.1 An overview of the intestinal abnormalities experienced by people with

CF (pwCF) throughout life.
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1.1.4 Management of disease

PwCF are administered a variety of drugs to manage the wide range of
complications that can arise from disease. Antibiotics are used to treat the recurrent
respiratory bacterial infections that deteriorate lung function and present as a
hallmark of the disease. Examples include the use of the aminoglycoside
tobramycin, which has been used extensively to treat lung infections with the highly
predominant pathogen Pseudomonas aeruginosa (Ehsan and Clancy, 2015), or
macrolide antibiotics that can target several certified CF pathogens, including
Staphylococcus aureus and Haemophilus influenzae (Southern et al., 2012), by
inhibiting bacterial protein synthesis via interactions with the 50S ribosomal subunit.
Significant improvements in lung function have been described in the literature for
patients administered treatments such as azithromycin (Southern et al., 2012), but
secondary adverse effects of gastrointestinal complications also correlate with
dosage (McCormack et al., 2007). Treatment also extends to periods of intravenous
administration during ongoing pulmonary exacerbations (Bhatt, 2013). Other
treatments to better respiratory health and improve symptoms include the common
administration of bronchodilators, mucolytics, and hypertonic saline (Smith and

Edwards, 2017).

Aside from antibiotic usage, lung function is evidently preserved in pwCF with better
nutritional status (Steinkamp and Wiedemann, 2002), such that a diet higher in fat
to meet enhanced energy demands has generally been implemented in CF following
evidence of the aforementioned across different CF centres (Corey et al., 1988). For
pancreatic insufficient pwCF, this dietary alteration is accompanied by the need to
take pancreatic enzyme replacement therapy (PERT), to deliver essential lipase,
amylase and protease to the intestinal tract, thus reducing typical maldigestion and

malabsorption (Freswick et al., 2022). Proton pump inhibitors (PPIs) are another
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treatment local to the Gl tract that can aid PERT effectiveness by reducing gastric
acidity, secondary to reducing heartburn and peptic ulcers that arise in pwCF (Ng

and Moore, 2021).

The most recent era of CF treatment introduces the possibility to target the
underlying defective mechanisms within the class range of CFTR mutations, as
opposed to modulation of the mucus or targeting the bacterial infections that present
within patients (Boyle and De Boeck, 2013). Termed ‘CFTR modulators’ these
treatments usually encompass the mixed use of CFTR correctors and potentiators.
The former act to reduce the degradation of the mutant CFTR protein by the host
ERAD machinery and thus enhance trafficking and expression of the protein at the
cell surface, whilst potentiators interact with defective protein already at the cell
surface to increase activity (Gentzsch and Mall, 2018). As research has progressed,
treatments have shifted from a state of monotherapy to combined treatment that
allows for an increased repertoire of targetable mutations; the potentiator Ivacaftor
was the first CFTR modulator approved for use, although only targeted individuals
with the less severe G551D mutation (class IIl) (Van Goor et al., 2009). Further work
demonstrated the ability of Lumacaftor to recoup the processing of CFTR in F508del
patients to a level representative of a more mild CFTR function, which lead to its
dual use alongside Ivacaftor to treat F508del homozygotes (Van Goor et al., 2011).
The use of another corrector, Tezacaftor alongside lvacaftor allows further widening
of targetable patient genotypes, with the ability to enhance activity of the CFTR
protein in F508del/G551D compound heterozygotes (Donaldson et al., 2018). The
spectrum continues to widen further, with triple combination therapy of
Elexacaftor/Tezacaftor/lvacaftor showing promise in patients with F508del and

another minimal function mutation (Taylor-Cousar et al., 2019).
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1.2 The gut microbiome

With the wider human microbiome popularised at the start of the millennium
(Lederberg and McCray, 2001), the term gut microbiome refers to the complex
community of microorganisms that collectively inhabit the Gl tract, including their
collective genetic material and therefore functional potential. This includes the
presence of bacteria, fungi, viruses, and protozoa, of which are increasingly
recognised as important constituents in host health and disease. Amendments to
the classical ratio of microbial to human cells in the body have been proposed in
recent years with revised calculations substantially reducing previous estimates of
100-fold differences (Sender et al., 2016). Nonetheless, the human body still
provides a habitat for approximately 10'® microbes, of which between 10%-108
cells/mL reside in the small intestine, with this figure rising up to 10" cells/mL in the

colon (Walter and Ley, 2011).

1.2.1 Gut microbiome from birth and throughout life

Whilst there is evidence to suggest that the gut microbiota may initially be
established in utero (Jiménez et al., 2008; Walker et al., 2017), the mode of birth
delivery for the new born is seemingly the first defining event of the gut microbiota
blueprint, with changes evident between children born via caesarean section and
those through a vaginal birth (Rutayisire et al., 2016). Infants born by caesarean
typically contain a microbial community that resembles the maternal skin microbiota,
including an enrichment of Staphylococcus and Enterococcus, whilst those born
through the vaginal route contain relatively increased Bifidobacterium (Reyman et
al., 2019; Coelho et al., 2021). Following this initial shaping event, the gut microbiota
continues to be curated and remodelled throughout infancy, with a large role played

by early life dietary habits. A prime example of this would be the introduction of
32



breastfeeding or formula feeding, which results in changes across microbiota
structure early life (Ma et al., 2020; Niu et al., 2020), with the former generally
considered preferable due to the expansion of immunogenically beneficial
Bifidobacteria species as they preferentially ferment human milk oligosaccharides
(Yao et al., 2021). Nonetheless, the microbiota of infants continues to expand over
the first few years of life and increase in diversity (Derrien et al., 2019), with the
phyla Firmicutes and Bacteroidetes generally dominating the composition after 3
years of life following the introduction of solid (more complex) foods for which they
are better equip to utilise (Koenig et al., 2011). This maintains into adulthood where
these phyla collectively account for 80-90% of the total relative abundance in the
gut (Arumugam et al., 2011). Whilst diet remains an important determinant of gut
microbiota composition in later life (Claesson et al., 2012), during later adulthood it
is evident that bacterial diversity declines and particular taxa generally decrease in
relative abundance. Examples include a reduction in the Firmicutes, including
beneficial genera such as Faecalibacterium and Eubacterium, and beneficial
Actinobacteria such as Bifidobacterium species (Jeffery et al., 2016; Salazar et al.,
2017). Changes are hypothesised to commence following the natural changes to
host physiology, including directly at the site of the gastrointestinal tract where
changes to transit times and increased malabsorption are evident (Lovat, 1996),
supplemented also by wider immunological changes to the host (Nagpal et al.,

2018).
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1.2.2 Changes in the microbiota across the intestinal tract

Although notably lower in abundance and species diversity compared to the colon,
the small intestine exists as an important site for both host and microbe alike, with
an array of possible interactions present. As the primary site of macromolecular
digestion and subsequent nutrient acquisition, tight control of the small intestine and
its contents are required to minimise microbial-related disease. Such control is often
exerted through intestinal barrier function, as well as secretory methods including
immunoglobulins (Ig’s) and antimicrobial peptides (AMPs) (Muniz et al., 2012;

Tezuka and Ohteki, 2019).

While a smaller abundance might indicate increased facilitation of determining
functionality, characterisation of the small intestinal microbiota is hindered by
various factors. Unlike the large intestine, whereby microbiota characterisation can
be more reliably achieved by the sampling of faecal matter, the small intestinal
microbiota requires more invasiveness. Understandably this can limit the ability to
perform longitudinal cohort studies of the microbiota, due to issues with prolonged
patient compliance, with the obtainment of samples usually during one-time surgical
events, or samples obtained from autopsies (Hayashi et al., 2005; Tang et al., 2020).
Even in a cross-sectional manner, determining the function of the small intestinal
microbiota requires tight control of experimental methodology (Huse et al., 2014).
The site of sampling must be consistent as the different species occupy both luminal
and mucosal sub-environments, and are affected by overall conditional changes
such as decreases in Oz levels and increases in pH more distally, and also changes
in host antimicrobial peptide (AMP) exposure (Judkins et al., 2020). On the whole,
the small intestine is dominated by bacteria originating from two phyla: the
Firmicutes and Proteobacteria, with predominant families consisting of

Lactobacillaceae and Enterobacteriaceae although with the aforementioned
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environmental changes family and genus compositions can be subject to change

(Donaldson et al., 2015; Seekatz et al., 2019; Shin et al., 2019).

The reduced presence of host antimicrobial peptides and bile, in conjunction with a
prolonged transit time and pH values closer to neutral allows for microbial biomass
to rise up to figures of 10" cells/mL, characterising the colon as a key site of
microbial colonisation within the Gl tract (Sender et al., 2016). While large species
abundance and diversity renders this region more complex to divulge and interpret
in the context of health and disease, the relative increased ease of sampling of
faecal matter for metagenomic analyses has profoundly increased our knowledge.
Due to the low oxygen levels present, the microbiota of the colon is distinct from
other areas of the gastrointestinal tract and is highly dominated by obligate
anaerobes, with the phyla Firmicutes and Bacteroidetes comprising >90% of the
total abundance (Rinninella et al., 2019). While Firmicutes and Bacteroidetes often
dominate, their ratio within each individual and the overall profile of the microbiota
itself is usually determined by multiple factors, including mode of birth delivery, type
of milk feeding, weaning, age, and general dietary habits. For example, comparisons
between the typical western diet (characterised by higher protein intake) to that of
rural communities in Africa or South America (characterised by diets richer in
undigestible polysaccharides), reveal profound differences in both taxonomy and
the functional gene profile of the communities (De Filippo et al., 2010; Yatsunenko
et al.,, 2012). These long-term diet-induced profile changes seem to shape our
“enterotypes” (Wu et al., 2011), which describes the clustering of certain bacterial
groups that leads to defined cross-feeding pathways and other metabolic
interactions that underly their functionality (Arumugam et al., 2011). It is therefore

sensible to consider the underlying enterotype in the context of induced dysbiosis,
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such different bacterial sensitivities to various classes of antibiotic (lizumi et al.,

2017) within CF.

1.2.3 Functions of the gut microbiota

Both innate and adaptive immune responses are also fine-tuned by the microbiota
for optimal host outcomes (Renz et al., 2012). Early inhabitants of the Gl tract play
key roles in epithelial and mucosal homeostasis, alongside immune education.
Molecular methods have demonstrated these roles for such inhabitants; qRT-PCR
following Bacteroides thetaiotaomicron colonization of a germ-free mouse model
demonstrates increases in the expression of genes relating to mucous layer
production (MUCLIN) with decreases in the expression of genes relating to the
suppression of the complement system (DAF), thereby promoting an environment
that serves to reduce the likelihood of pathogenic invasion by maintaining mucosal
integrity whilst eliciting no inflammatory responses in the process (Hooper et al.,
2001). The development of gut-associated lymphoid tissue and the recruitment of
plasma and activated T-cells to mucosal sites is also dependent on crosstalk
between members of the microbiota and the host (Cerf-Bensussan and Gaboriau-
Routhiau, 2010), with some resident taxa also inducing tolerogenic Treg cells that
in turn helps sieve out potentially pathogenic members of the community (West et
al., 2015). Thus, the resident microbiota itself can exert colonisation resistance upon
taxa potentially detrimental to host health through these actions in tandem with their
environmental nutrient acquisition and other aspects of metabolism (Khan et al.,
2021), including the production of bacteriocins and the conjugation of bile acids that

confer antimicrobial properties (Chai et al., 2023).

Throughout life, the gut microbiota continues to produce metabolites that modulate

host health. Many bacterial genera from the Firmicutes and Bacteroidetes phyla
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dedicate a significant proportion of their genome to encode proteins capable of
degrading non-digestible polysaccharides that pass through the small intestine
unscathed (Pokusaeva et al., 2011). In comparison to the human genome, which
encodes less than 10 glycoside hydrolases (GH) and zero polysaccharide lyases
(PL) directly dedicated to carbohydrate metabolism within digestion, the typical
microbiome contained within a ‘healthy’ adult gut contains on average at least 50
GH and PL genes per genome (Kaoutari et al., 2013). This allows the microbiome
to undertake the process of carbohydrate fermentation, in which short-chain fatty
acids (SCFAs) are produced, including acetate, propionate, and butyrate. SCFAs
are understood to increase protection against various diseases (including colorectal
cancer and inflammatory bowel disease) due to their anti-inflammatory properties;
Butyrate in particular is perhaps the most important due to the myriad of beneficial
effects it has upon the host. This includes assisting in the maintenance of tight
junctions at epithelial barriers (Peng et al., 2009), regulation of the inflammatory
immune response (Vinolo et al., 2011; Arpaia et al., 2013), providing a source of
energy for colonocytes (Donohoe et al., 2011), and also promoting satiety following

meal consumption (Baxter et al., 2019).

1.2.4 Tools to investigate the gut microbiome

Techniques to study the microbiota have greatly advanced, allowing for a large
expansion of our knowledge surrounding the microbiota. This is owed greatly to the
shift from traditional culture-based methods into molecular analysis of the bacterial
16S rRNA gene, proposed by Woese and colleagues (Woese and Fox, 1977;
Woese, 1987), which serves as a very suitable candidate. The 16S rRNA gene is
ubiquitous across all bacterial species and is highly conserved, with a variety of

targetable hypervariable regions. Although species-level identification is not always
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attainable, the latter is relevant as different regions will confer better taxonomic
resolution for certain bacterial families, which may be of interest when considering
the taxa potentially implicated within a given research question (Bukin et al., 2019).
As for the technology available to analyse the 16S rRNA gene, this has progressed
from simple Sanger sequencing emergent of the late 1970s, with denaturing
gradient gel electrophoresis (DGGE) introduced in the 1990’s by Muyzer and
colleagues, facilitating the investigation of multiple bacterial taxa from a given
sample (Muyzer et al., 1993). Next, 454 pyrosequencing emerged and served as a
huge break-through in obtaining thousands of reads per sample (Rothberg and
Leamon, 2008). Today 16S rRNA gene analysis currently finds itself at a stage
where very high-throughput reads are paired with increased accuracy utilising
technologies such as lllumina’s much improved sequencing-by-synthesis approach,

providing a moderately low cost per sample with substantially increased read depth.

Aside from characterising the microbial community based on 16S rRNA sequences
obtained from the site of sampling, it is possible to capture the genomic content and
therefore the functional capacity of the wider microbial community. Aptly termed
metagenomics, various technologies have arisen for this purpose. Illlumina and
PacBio employ systems utilising shotgun sequencing approaches prior to the
reconstruction and alignment of contiguous sequences, whereas Oxford Nanopore
utilises longer-read methods. All in all, these methods allow for the potential of novel
biomarker discovery, understanding of community antimicrobial resistance profiles,
and functional annotation of the wider metagenome, all likely to serve as key
constituents when understanding the relationships between host and microbiota in

states of health and disease.

To directly measure and profile biomarkers and metabolites of the microbiota, it is

possible to survey the community metabolites through the application of
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metabolomics. Again, various methodologies and technologies exist for this
purpose, each with their own benefits and limitations. Therefore, the approach taken
may be dependent on the research question involved and the metabolites or
compounds of interest. Similar to the aforementioned DNA sequencing approaches,
it is possible to profile and quantify known compounds (targeted metabolomics), or
to survey the wider profile with an untargeted approach. Various methods for these
exist, including the use of various chromatography techniques coupled with mass
spectrometry (MS) to separate, and subsequently characterise metabolites of
interest; gas-chromatography (GC-MS) is a suitable choice for the analysis of
volatile compounds such as fatty acids, whereas liquid-chromatography (LC-MS) is
preferable for investigating non-volatile polar compounds that might exist in complex
mixtures, making it an ideal candidate for untargeted metabolomics also (Want,
2018). Nuclear magnetic resonance (NMR) spectroscopy is another technique,
which takes advantage of atomic nuclei properties to infer compound structures and
compositions within mixtures (Nagana Gowda and Raftery, 2021). Whilst it may not
offer the same level of sensitivity needed for some low-abundant compounds
(Emwas et al., 2019), NMR sample preparation is relatively straight forward and
faster due to the absence of pre-separation techniques. Furthermore the absence
of chemical modification or derivatisation renders samples re-usable if needed for

further investigation (Emwas, 2015).
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1.3 Gut microbiome differences across cystic fibrosis

1.3.1 The developing gut microbiome in cystic fibrosis

Immediately post-partum, there is evidence to suggest differences upon the
composition of the intestinal microbiota in pwCF. Antosca and colleagues
demonstrated a distinct microbiota composition in pwCF as compared to control
infants over the first year of life, which included a reduction in Bacteroides, of which
its members facilitate immunological tolerance development at the site of the
intestinal epithelium (Antosca et al., 2019). Similarly, Hoffman and colleagues
demonstrated dramatic differences across infants with and without CF, which
included a significantly increased relative abundance of E. coli in the latter group
(Hoffman et al., 2014). This was also confirmed by Kristensen and colleagues in
pwCF 18 months and younger, even after controlling for confounding factors such
as highly prevalent antibiotic usage (Kristensen et al., 2020). Further research
confirmed previous findings, such that members of the Bacteroidetes decrease and
Proteobacteria populations are increased in children with CF, correlating with
supressed growth in the CF population over the first year of life (Hayden et al.,
2020). The divergence between the healthy and pwCF intestinal microbiota is
maintained throughout childhood, with reduced diversity sustained in the CF

population with functional differences present also (Manor et al., 2016).

1.3.2 The cystic fibrosis gut microbiome in adolescents and adults

The interruption of intestinal microbiota development continues into adolescence,
with evidence of particular families derived from the phyla Firmicutes unable to
increase their abundance in pwCF as observed in healthy controls (Nielsen et al.,

2016), including the Ruminococcaceae for which many members exert beneficial
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effects upon the host through the production of short-chain fatty acids (Venegas et
al., 2019). Similarly, Miragoli and colleagues used DGGE and quantitative PCR
(gPCR) to demonstrate a depletion of key butyrate producers, namely
Faecalibacterium prausnitzii and Eubacterium rectale in young adults with CF as
compared to healthy controls of the same age (Miragoli et al., 2017). These results
were somewhat replicated by Burke and colleagues, who performed a large single-
centre study on the gut microbiota in adults with CF. Accompanying a decrease in
Faecalibacterium and Roseburia, was an increase in Enterococcus, a genera well
documented to demonstrate increased antibiotic resistance as compared to other
commensals of the intestinal microbiota (Krista and G., 2017). What is clear from
these studies is the need to further investigate changes to, and dysbiosis of, the
intestinal microbiota in relation to other confounding lifestyle factors in CF. A general
overview of the gut microbiota differences in pwCF, compared to healthy controls,

can be seen in Figure 1.2.

1.3.3 Gut microbiome differences across different subsets of CF patients

PwCF are frequently administered antibiotics to treat the recurrent lung infections
that persist as a hallmark of disease. Often described as a double-edged sword
approach, the systemic effect of antibiotic usage seemingly can have knock-on
detrimental effects upon the intestinal microbiota following their use to treat
pulmonary issues in CF. Indeed, some impact of antibiotic usage is documented in
the developing CF child, with evidence suggesting deleterious impacts upon
microbiota diversity and composition. Recent antibiotic exposure has been shown
to reduce alpha diversity of the microbiota and select for more potentially pathogenic
Enterococcus species as prolonged use ensued (Kristensen et al., 2020; Loman et

al., 2020). On the other hand, Vernocchi and colleagues demonstrated a milder
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impact of antibiotic usage upon gut microbiota composition in children (Vernocchi et
al., 2018), with a lack of impact even demonstrated for recent (>2 months) antibiotic
usage within CF infants (Manor et al., 2016). The class and delivery mode of
antibiotic is seemingly important, with discrepancies across the literature. Aerosol
antibiotics present discrepancies, with evidence to suggest both an impacts (Li et
al., 2017) and no effects (Flass et al., 2015; Vernocchi et al., 2018). The impact of
IV antibiotics is unsurprisingly less conflicted, with extended administration related
to further decreases in alpha diversity and the enhancement of dysbiosis as
compared to heathy controls, with more pronounced shifts in larger community
structures and associations with more detrimental patient outcomes (Burke et al.,

2017; Enaud et al., 2019).

Given that mutation of the CFTR gene and subsequent disruption to CFTR activity
is sufficient to induce microbial dysbiosis in a CF murine model (Meeker et al., 2020),
it is sensible to investigate the effects of CFTR genotype upon microbiota dysbiosis
as variation in residual function is evident across mutational classes. Changes are
evident further down the phylogenetic tree, which includes increases in potentially
harmful, and decreases in proposed beneficial genera in F508del homozygotes, as
compared to heterozygotes and non-F508del carriers (Schippa et al., 2013; Dayama
et al.,, 2020). Whilst Burke and colleagues also reported similar observations,
including a significant increase in Enterococcaceae whilst Ruminococcaceae
decreased, wider phylogenetic comparisons yielded no differences across pwCF
harbouring severe (class I-1ll) and less severe (other class) genotypes (Burke et al.,
2017). Interestingly, it has also been demonstrated that pwCF homozygous for
F508del can contain significantly higher biodiversity and evenness compared to
heterozygotes and non-carriers of this genotype (Schippa et al., 2013), however the

method of analyses employed was highly limiting; Temporal temperature gradient
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gel electrophoresis (TTGE) offers a much constrained examination of the microbial
community as compared to sequencing-based approaches, and thus likely does not

survey the true diversity and richness of a sample as reliably.

Given these results it may be the case that additional abnormalities relating to CFTR
genotype are better served to predict the severity of dysbiosis in the intestinal tract.
An example of this would be pancreatic insufficiency, of which around 85% of the
CF population experience (Singh and Schwarzenberg, 2017). PERT therapy may
not fully recover the detrimental effects of Pl and subsequent malabsorption, due to
poor compliance, dosage issues, reductions in effectiveness due to timing of
administration, or muted effects from highly acidic intestinal environments (Freswick
et al., 2022). As such, elements of malnutrition can often persist and a disturbed
redox balance in the intestinal tract may arise, which has been linked with taxonomic
changes to the gut microbiota outside CF (Million et al., 2016; Hankel et al., 2022).
Indeed, changes have been documented with the pancreatic insufficient CF
intestine as compared to PS, including decreases in Ruminococcaceae and
Coriobacteriaceae (Burke et al., 2017). Other studies demonstrate reductions in
diversity, both significantly (Coffey et al., 2019) and modestly over a gradient
ranging from healthy controls to pancreatic sufficient, and finally insufficient pwCF

(Vernocchi et al., 2017).

The absence of definitive understanding here further the highlights the need to
comprehensively understand all CF-associated lifestyle factors in the context of
microbial dysbiosis and potential functional consequences within the CF intestinal
environment. One such CF-associated lifestyle factor may be the dietary habits of
patients. Early life dietary habits, such as the breast-feeding or the switch to solid
foods does not seemingly impact overall bacterial diversity (Madan et al., 2012;

Loman et al., 2020). In adults, relationships between micronutrient intakes and gut
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microbiota composition have been presented (Li et al., 2017), yet information
surrounding wider macronutrient intake is scarce in human studies. This perhaps
should be an area of research interest, given that a high-fat diet is often advised as
a nutritional intervention in CF. Relationships between dietary fat intake (medium-
chain triglycerides) and enhanced dysbiosis in CF murine models has been
demonstrated (Debray et al., 2018), particularly with an enrichment of E. coli.
Furthermore, Matamouros and colleagues have shown that E. coli strains obtained
from donors with CF are very well-equipped to metabolise and use glycerol as a

growth source in the CF intestinal environment (Matamouros et al., 2018).

1.3.4 The Gut-lung axis in cystic fibrosis

The ‘gut-lung axis’ describes the bidirectional communication between the
respiratory and gastrointestinal sites in CF, which may describe direct translocation
of the bacterial taxa between these sites (Al-Momani et al., 2016) or the metabolic,
immune, and physiological alterations succeeding the actions of the microbiota at
these sites. The relationships between intestinal microbiota and host respiratory
outcomes remain to be fully elucidated as discrepancies are presentin the literature.
For example, in the developing infant with CF there is evidence of particular bacterial
genera present at the site of the intestinal tract prior to their first detection within the
respiratory microbiota (Madan et al., 2012). As for host respiratory outcomes relating
to intestinal microbiota composition, Hoen and colleagues describe taxa shifts prior
to initial pulmonary exacerbations and colonisation with Pseudomonas aeruginosa
in children (Hoen et al.,, 2015), whilst Loman and colleagues did not find any
association between bacterial taxa and exacerbation events or lung function as
measured by percent predicted forced expiratory volume in one second (ppFEV1%)

(Loman et al., 2020). In a study encompassing both children and adolescents there
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is evidence of some taxonomic shift, with members of the family Ruminococcaceae
positively correlating with increased ppFEV1%, despite no overall relationships
between phyla or wider microbial diversity with lung function (Coffey et al., 2019). In
adults with CF however, there is evidence of such relationships, with reduced
diversity of the intestinal microbiota in pwCF with the severe decreases in lung
function, and a higher relative abundance of the genus Roseburia in those with

milder outcomes (Burke et al., 2017).

1.3.5 Relationships of the CF gut microbiome with manifestations of the lower G/

tract

Further interest in the CF intestinal microbiota is attributable to its association with
prevalent manifestations of the intestinal tract itself. Perhaps the most documented
is that of microbial dysbiosis and intestinal inflammation, with numerous studies
showing diverse relationships between the gut microbiota on intestinal inflammation.
In children with CF, there are studies demonstrating variations in microbiota
composition within pwCF exhibiting intestinal inflammation (Enaud et al., 2019), with
significant reductions in particularly beneficial taxa as intestinal inflammation
increases, including Faecalibacterium prausnitzii and Lacticaseibacillus casei (De
Freitas et al., 2018; Enaud et al., 2019). Other studies demonstrate the expansion
of potentially pathogenic commensals such as E. coli and other Enterobacteriaceae
members (Hoffman et al., 2014; Ooi et al., 2018), with metagenomic analysis
demonstrating enhanced butyrate catabolism in the CF intestine also (Manor et al.,
2016). Whether this would further compound any detrimental effects of losing
particularly beneficial taxa upon intestinal inflammation remains to be elucidated, as
elements of functional redundancy have been demonstrated from the CF gut

microbiota (Wang et al., 2019), with taxa capable of SCFA production also
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increasing in abundance in those pwCF with increased inflammation (Coffey et al.,

2019; Enaud et al., 2019).

Similarly, the relationship between antibiotic usage and intestinal inflammation in CF
is unclear. Systemic antibiotic treatment has been shown to significantly reduce
faecal calprotectin across pwCF (Schnapp et al.,, 2019), whilst other studies
demonstrate increased faecal calprotectin as exposure to antibiotics increases (De
Freitas et al., 2018; Enaud et al., 2019). Interpreting these findings is difficult due to
the heterogeneous nature across these studies, which includes differences across
participant age profiles, genotypes, antibiotic mode of delivery, and other patient

characteristics such as intestinal symptoms.

In terms of intestinal physiology and function, again there is a paucity of knowledge
surrounding the potential implications resultant of microbial dysbiosis. With respect
to damage of the intestinal tract itself, Flass and colleagues have previously
highlighted a potential role for the dysbiotic microbiota in pwCF. By combining
capsule endoscopy scores with 16S rRNA gene sequencing data they demonstrated
reduced macroscopic intestinal injury significantly associated with increased
Bacteroides, with Clostridium species displaying the opposite trend (Flass et al.,
2015). Intestinal function, such dysmotility is evidenced to be prolonged in the CF
intestinal tract (Hedsund et al., 2012; Henen et al., 2021), yet there is no knowledge
of the role played by, or associations with, the microbiota in pwCF. In murine models,
the microbiota cross-talk with the enteric nervous system has been shown to
modulate proper transit of material through the intestinal tract, with transit times
increased in mice inoculated with conventional microbiota as compared to germ-
free animals (Husebye et al., 1994). Further work demonstrated that particular
species can have inhibitory effects also (Husebye et al., 2001). Perhaps

unsurprisingly, CF murine models also suggest relationships between gut
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microbiota and dysmotility in the intestinal tract. The majority of this work has been
carried out by De Lisle and colleagues, who’s work suggests that bacterial
overgrowth and dysbiosis are key implications leading to smooth muscle dysfunction

and subsequent intestinal dysmotility (De Lisle, 2007; De Lisle et al., 2010, 2012).

In conjunction with demonstrating intestinal lesions and morphological changes in
the CF population, Flass and colleagues’ findings also extend to the differences in
microbiota composition across pwCF who also had CFRLD (Flass et al., 2015). In
conjunction with their intestinal findings, this enables the consideration of a potential
gut-liver axis in CF such that the microbiota and/or its metabolites can further
compound CF-associated Gl abnormalities, which is further supported in CFTR
murine models (Fiorotto et al., 2011; Martin et al., 2012). A so-called ‘gut-pancreas’
axis is yet to be defined in CF, but may be plausible given the potential microbiota
involvement in type-1 diabetes independent of CF (Zhou et al., 2020), and examples
of typical gut commensals within the regulation of host glucose homeostasis (De
Vadder et al., 2016). The CF intestinal tract is shown to suffer from compromised
barrier function and increased permeability (Dalzell et al., 1990; Hallberg et al.,
1997; De Lisle et al., 2011). As such, the translocation of potentially pathogenic taxa
may arise from a ‘leaky gut’ in CF, which could also facilitate the progression of

pancreatitis abnormalities as proposed elsewhere external to CF (Frost et al., 2020).
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Figure 1.2 Common changes reported to the intestinal microbiota in pwCF, and
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abnormalities. The unknown impact of CF upon fungal and viral community

structure is also highlighted.



1.4 Modulation of the CF gut microbiota

1.4.1 Effects of probiotics on CF intestinal health and microbiota

Given the speculation surrounding the microbiota and intestinal outcomes in CF,
there have been multiple studies investigating whether probiotic administration can
positively modulate microbiota dysbiosis in CF and subsequently improve patient
outcomes such as abnormalities and symptoms. The probiotics administered across
trials have varied, including the strains utilised and the method of administration.
One of the most popular probiotics available is Lactobacillus rhamnosus GG (LGG),
which exhibits numerous beneficial characteristics including strong mucosal
adherence, production of antimicrobials, immunomodulatory pili, and anti-apoptotic
protein secretion (Segers and Lebeer, 2014; Capurso, 2019). In pwCF, the earliest
record of LGG use and intestinal outcome measurement was documented in
children who received LGG in an oral rehydration solution, experiencing reduced
episodes of abdominal pain as compared to placebo controls (Di Benedetto et al.,
1998). This progressed into looking at relationships between LGG usage and clinical
outcomes in a small case control series in children with CF, for which LGG
administration significantly reduced faecal calprotectin and rectal nitric oxide (rNO)
after the 4-week administration period (Bruzzese et al., 2004). Further insights were
subsequently unravelled, incorporating microbiota analysis alongside the reporting
of clinical outcomes following LGG administration in a randomly controlled trial
setting (Bruzzese et al., 2014). LGG administration led to significantly increased
counts of Bacteroides members as compared to placebo, coinciding with significant
decreases in faecal calprotectin, with Faecalibacterium prausnitzii also increasing

(non-significant) in the LGG group and Eubacterium rectale unchanged.
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Similar to LGG, Lactobacillus reuteri has also been employed as a probiotic, with a
wider age of participants encompassed in the respective studies. Similarly, initial
insights revealed a beneficial impact upon patient symptoms, with intestinal comfort
significantly increased in one study group following 6-months administration (del
Campo et al., 2009). Again, subsequent work by this group expanded to
demonstrate changes across the microbiota, with significant increases in Firmicutes
and Bacteroidetes, and a substantial decrease in Proteobacteria accompanying
significant decreases in faecal calprotectin levels across both children and adults
with CF (Garriga et al., 2014). Di Nardo and colleagues on the other hand, failed to
demonstrate such differences in faecal calprotectin when comparing shifts between
Lactobacillus reuteri and placebo to their respective baselines across both children
and adults (Di Nardo et al., 2014). In probiotic compositions containing a mixture of
bacterial strains, the underlying narrative remains consistent. Improvements to
patient symptoms (del Campo et al., 2009) and faecal calprotectin levels (Fallahi et
al.,, 2013) have been shown across children and adolescents, including
enhancements to intestinal epithelial integrity as improvements to permeability
succeed probiotic usage (Van Biervliet et al., 2018). Despite this, the latter study did
not unearth associations between probiotic usage, notable shifts in microbiota
composition, and intestinal inflammation. The ambiguous and complex relationships
between probiotic usage and clinical outcomes further extend to the gut-lung axis,
whereby there is both evidence of no effect (del Campo et al., 2014), but also
improvements to respiratory outcomes such as reductions in pulmonary
exacerbations (Jafari et al., 2013) and improvements to lung function (Bruzzese et

al., 2007).
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1.4.2 Effects of CFTR modulator therapy on the CF gut and microbiota

As CFTR modulator therapy becomes the forefront of treatment for the vast majority
of pwCF (Despotes and Donaldson, 2022), and demonstrates beneficial impacts
upon the respiratory domain of disease (Gramegna et al., 2020), there is hope that
this also extends to the site of the Gl tract. This includes the restoration of CFTR
function that may subsequently restore normal luminal and mucosal physiology,
thereby also positively modulating the inhabiting microbial community and their
functional output. This is perhaps plausible, given that the dysfunction of CFTR
function alone is sufficient to drive microbial dysbiosis (Vernocchi et al., 2018;

Meeker et al., 2020).

As research has progressed, treatments have shifted from a state of monotherapy,
to combined treatments that allows for an increased repertoire of targetable
mutations; the potentiator Ivacaftor was the first CFTR modulator developed that
ultimately became available for pwCF harbouring the G551D mutation or other
gating mutations (class Ill) (Van Goor et al., 2009). Despite its availability since
2012, very little is known about the effects of lvacaftor upon the microbiota. In 2018,
Ooi and colleagues investigated its use in a small cohort containing adults and
children with at least one copy of G551D (Ooi et al., 2018). Whilst major
phylogenetic changes did not occur following usage, there were more niche
changes, such as increases in Akkermansia, a typical commensal bacteria of the
intestinal mucosal layer (Belzer and de Vos, 2012) often associated with healthy
controls when compared to diseased counterparts across other conditions such as
inflammatory bowel disease (Png et al., 2010). Furthermore, lvacaftor usage
significantly decreased faecal calprotectin levels, which also correlated with
decreased abundances of Enterobacteriaceae. Whilst larger-scale community

changes were vacant, this preliminary data highlights the potential implications of
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particular taxa in CF intestinal abnormalities. More recently, Ronan and colleagues
investigated changes to the microbiota pre- and post-lvacaftor usage in a cohort of
G551D pwCF ranging from 3-12 months of usage, with no significant differences in
community diversity metrics, compositional structure, or specific taxa across the
sampling points (Ronan et al., 2022). Given that faecal calprotectin also failed to
decrease across these patients, the study still lends support to the notion of

microbiota involvement within intestinal inflammation.

Kristensen and colleagues also explored lvacaftor usage and microbiota outcomes
more recently, however in pwCF containing the S1251N mutation (Kristensen et al.,
2021). Whilst the respiratory microbiota structure remained unchanged, at the site
of the intestinal tract significant increases in microbial diversity and changes to
microbiota composition ensued. More specifically this occurred 12 months post
Ivacaftor treatment, implying time dependence of treatment and potential resilience

of the CF microbiota.

The development of further modulators such as Lumacaftor enabled the recovery of
CFTR processing in F508del homozygotes to a level representative of milder CFTR
function, which led to its dual use alongside Ivacaftor to treat those with the F508del
mutation (Van Goor et al., 2011). This has been studied in children and young
adults, whereby the administration of Lumacaftor/Ilvacaftor in F508del carriers failed
to elicit changes in microbiota diversity or structure, yet subtle (non-significant)
changes in bacterial phyla occurred (Pope et al., 2021). This includes increases in
Actinobacteria and Firmicutes, whilst Bacteroidetes and Proteobacteria generally
decreased. The use of another corrector, Tezacaftor alongside Ivacaftor allows
further widening of targetable patient genotypes, such as the ability to enhance
activity of the CFTR protein in F508del/G551D compound heterozygotes

(Donaldson et al., 2018). Despite this, no information exists surrounding
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Tezacaftor/lvacaftor (Tez/lva) usage and microbiota changes. Furthermore, the
advancement of CFTR modulators has extended to the stage of triple-combination
therapy (Ridley and Condren, 2020) in the form of Elexacaftor/Tezacaftor/Ivacaftor,
which is administrable to the vast majority of pwCF and offers improved efficacy in
the respiratory domain of disease for F508del carriers as compared to previous
treatments (Middleton et al., 2019). As such, the CF community eagerly awaits
information surrounding the impact of Elexacaftor/Tezacaftor/Ilvacaftor (ETI) upon

the intestinal microbiota and associated Gl abnormalities and symptoms.
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1.5 Summary and Aims

In summary, there is much interest surrounding the role of microbiota in CF intestinal
health and disease, with interpretations across study results perhaps confounded
by the wide array of clinical variables in the CF population. This includes (but not
limited to), severity of CFTR mutation and subsequent CFTR protein dysfunction,
pancreatic insufficiency, antibiotic usage, patient age, and dietary habits. The over-
arching aim of this thesis is to expand on our current knowledge of the organisation
and function of the gut microbiota in CF by further understanding such relationships
between the microbiota with clinical outcomes, patient symptoms, and current

treatments in CF (depicted in Figure 1.3).

More specifically, this includes:

1. Investigating the relationships between the CF gut microbiota, clinical
outcomes alongside direct intestinal physiology and transit functional
aspects, which has not yet (to the best of knowledge) been performed.

2. Elucidating the impact of more efficacious CFTR modulator therapies in the
context of the CF gut microbiota, and how this also relates to the
aforementioned clinical outcomes. This will directly address a current gap in
the literature, as the effects of double and triple-combination therapies upon
the microbiota are poorly understood.

3. Developing and integrating additional -omic approaches, such as targeted
faecal metabolomics of short-chain fatty acids to understand functional
aspects of the microbiota as compared to healthy controls, and upon usage

of CFTR modulator therapy.
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Figure 1.3 lllustration of the over-arching aims of this thesis. Relationships between
the microbiota and clinical outcomes (including intestinal function) will be
investigated, alongside impact of CFTR modulator therapies on the aforementioned.
Targeted metabolomics will be used in tandem to better understand microbiota

functionality.
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Chapter 2: Materials and methods

2.1 Study characteristics and ethics
2.1.1 GIFT-CF1

Study Title: A Case-Control, Observational Study of the Postprandial Changes in
Magnetic Resonance Imaging Parameters of Gastrointestinal Function in People

with Cystic Fibrosis.

Relevant Thesis Chapter: Chapters 3 and 4

IRAS Project ID: 247028

REC Reference: 18/WM/0242

12 CF patients and age/gender matched controls were initially recruited, with stool
samples ultimately collected for 10 CF patients (6 males;4 females, Mean age of CF
patients, 19.3 £ 7.93 years, Median age, 19 years) and of 10 non-CF healthy
controls (Mean age of controls, 21.4 + 7.40 years, Median age, 20 years). Patients
were under a period of clinical stability and abstained from taking laxatives and anti-
diarrhoeal drugs during this visitation but were able to take routine pancreatic
supplementation and perform standard physiotherapy procedures, with routine

prophylactic antibiotic therapy recorded where applicable.
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2.1.2 GIFT-CF2

Study Title: A Randomised Cross-Over Pilot Study of the Effects of
Tezacaftor/Ilvacaftor and Ivacaftor combination regimen on Gastrointestinal
Function using Magnetic Resonance Imaging Parameters in People with Cystic

Fibrosis.

Relevant Thesis Chapter: Chapter 5

IRAS Project ID: 254559

REC Reference: 19/WM/0130

14 pwCF, homozygous for F508del, were initially recruited from Nottingham
University Hospitals NHS Trust, with 12 pwCF (mean age at baseline, 20.8 + 7.80
years [+ SD]) ultimately providing samples available for inclusion in the analyses.
Individuals were enrolled into a double-blind, placebo-controlled randomised trial
with Tezacaftor/lvacaftor (Symkevi™) or placebo. Treatments were administered for
28 days with an intermediate 28-day washout period. At baseline, and between day
19 and 23 of each phase of treatment, participants attended clinic to provide faecal
samples and have clinical assessments undertaken, including completion of the
validated PAC-SYM and CFAbd-Score questionnaires to assess gut symptoms
(Frank et al., 1999; Jaudszus et al., 2019). Additionally, faecal samples from 10 age-
matched healthy controls from our previous study were available for microbiota and
metabolomic comparison (Marsh et al., 2022). Participants were asked to fast
overnight, and prior to, their visit refraining from the use of laxatives and anti-
diarrhoeal drugs during time at clinic. Regular pancreatic enzyme replacement

therapy and physiotherapy procedures were admitted.
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2.1.3 GIFT-CF3

Study Title: Gut Imaging for Function & Transit in CF - GIFT-CF 3: Evaluation of

Triple Combination Therapy.

Relevant Chapter: Chapter 6

IRAS Project ID: 281133

REC Reference: 20/PR/0508

24 pwCF harbouring the F508del mutation were originally recruited from Nottingham
University Hospitals NHS Trust with 20 pwCF (mean age at baseline, 21.0 + 8.6
years [+ SD]) ultimately completing the study in some way adequate for subsequent
analysis. Participants donated faecal samples at baseline and following the
administration of Elexacaftor/Tezacaftor/lvacaftor for 3, 6, or an extended (19.8 +
2.0 months [mean = SDJ]) period of months, to form an observational study observing
the effects of triple combination modulator therapy upon the gut microbiota.
Additional faecal samples and metadata for 10 age and sex-matched healthy
controls from previous studies (Chapters 3 and 5) were available for microbiota and
metabolomic comparison also. During visits to clinic participants provided faecal
samples and completed magnetic resonance imaging (MRI) scans following the
consumption of a standardised meal plan to detail their gut function as conducted
previously (Chapters 3 and 5), alongside specifying gut symptoms. This included
the validated PAC-SYM questionnaire (Frank et al., 1999). Participants were asked
to fast overnight before attending clinic and withhold any medications impacting
bowel habit, such as laxative treatment. Regular pancreatic enzyme replacement

therapy, antibiotic regimes, and other CF-related medications were continued.
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2.2 Sample processing and laboratory techniques
2.2.1 Initial storage, processing and washing of samples

All samples were stored at -80°C in house at the John Dalton Building.
Approximately 150 mg of thawed stool was transferred to a 15 ml centrifuge tube
containing 1.5 ml sterile PBS and vortexed thoroughly to mix. Following this, the
mixture was centrifuged at 3200 x g for 5 minutes. The resultant pellet was
resuspended in 500 ul PBS prior to PMA treatment. All sample types were thawed
out before washing and subsequent DNA extraction, with less than 3 freeze/thaw
cycles to reduce bias from altered community composition over time (Gorzelak et

al., 2015).

2.2.2 Propidium monoazide (PMA) treatment

1 mg PMA (Biotium, CA, USA) was hydrated in 98 ul 20% dimethyl sulfoxide
(DMSO) to give a working stock concentration of 20 mM. 1.25 ul of PMA (20 mM)
was added to 500 ul resuspended cells from the pre-processed faecal samples in
an opaque Eppendorf tube to give a final concentration of 50 uM. Following the
addition of PMA, samples were mixed by vortexing for 10 seconds, followed by
incubation for 15 minutes at room temperature (~20°C). This step was repeated
again, before the transfer of samples to clear 1.5 ml Eppendorf tubes and placement
within a LED lightbox. Treatment occurred for 15 minutes to allow PMA intercalation
into DNA from compromised bacterial cells. Samples were then centrifuged at
10,000 x g for 5 minutes. The supernatant was discarded, and the cellular pellet was

resuspended in 200 ul PBS.
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2.2.3 DNA extraction methods

Following PMA treatment, cellular pellets resuspended in 200 uL PBS were loaded
into the ZYMO Quick-DNA Fecal/Soil Microbe Miniprep Kit (Cambridge Bioscience,
Cambridge, UK) as per the manufacturer's instructions, with the following
amendments; ZR BashingBead Lysis Tubes were replaced with standard 1.5 mL
Eppendorf tubes loaded with ZYMO Beads for mechanical homogenisation with the
use of a RETSCH Mixer Mill MM 400 (Retsch, Haan, Germany). Samples were

homogenised for 2 minutes at 17.5/s frequency.

Following the availability of a FastPrep-24™ 5G bead beating grinder and lysis
system (MP Biomedicals, France), this replaced the RETSCH Mixer Mill MM 400
due its suitability for use with the ZYMO ZR BashingBead Lysis Tubes, and also for
the processing of mock community standards, therefore reducing the time within the
extraction workflow and increasing extraction validity. Cellular pellets resuspended
in PBS were added to tubes according to the manufacturers’ instructions and lysed

at a speed of 6.0 m/s for 40 seconds.

2.2.4 2-step PCR strategy

2.2.4.1 Targeted amplicon sequencing — Bacterial 16S rRNA

Step 1 amplicon generation with primers based on the universal primer sequences
515F and 926R as described previously (Walters et al., 2016), was performed under
the following conditions; Initial denaturation of 180 seconds at 98°C, followed by: 25
cycles of 30 seconds at 95°C, 30 seconds at 55°C and 30 seconds at 72°C. A final
extension of 5 minutes at 72°C was also included to complete the reaction. Step 2,
the addition of dual barcodes and lllumina adaptor sequences was performed under

the following conditions: Initial denaturation of 30 seconds at 98°C, followed by: 10

60



cycles of 10 seconds at 98°C, 20 seconds at 62°C and 30 seconds at 72°C. A final
extension of 2 minutes at 72°C was also included to complete this reaction. This
resulted in the generation of a ~550 bp amplicon spanning the V4-V5 hypervariable

regions of the 16S rRNA gene.

2.2.4.2 Targeted amplicon sequencing — Bacterial 16S rRNA gene with integrated

phasing

Whilst the 2-step PCR approach mentioned previous was successful in generating
adequate paired-end sequencing data for gut microbiota analysis, the 16s rRNA
gene regions exhibit relatively low sequence diversity. Thus, base calling during the
interpretation of emission spectra from the fluorescently labelled reversible
terminator-bound dNTPs (A, C, G, and T) is hindered, as highly homogenous signals
present across the entire flow cell prevent accurate cluster identification during the
initial cycles of sequencing, alongside potentially reducing reads passing lllumina’s
chastity filter (%PF) (Kircher et al., 2009; Schirmer et al., 2015). Subsequently, this
leads to poor fluorophore interpretation of subsequent reads, thereby reducing the
number of reads passing the quality threshold, lowering the average quality scores
(Q30), and in-turn decreasing in the yield of sequencing data. Whilst these issues
can be partially alleviated with the addition of a control spike-in library such as PhiX,
yet this can still significantly reduce sequencing yield dependent of the spike (%)
necessary to provide adequate base diversity in the first few cycles of sequencing

(Nelson et al., 2014).

Another approach to attain sufficient base diversity is the introduction of
heterogenous ‘N’ spacers between the locus of interest (16S rRNA region) and the
sequencing overhang adaptor that allows the addition of barcodes for subsequent

demultiplexing and sample identification following sequencing (Wu et al., 2015;
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Jensen et al., 2019). ‘N’ bases can be inserted upstream of the locus to create
‘Phased’ primers, in which an artificial frameshift is introduced, thereby increasing
the diversity of the initial bases read. Indeed, this approach has been successfully
implemented across multiple of lllumina systems including The HiSeq and MiSeq
platforms, with improved murine gut microbiome analysis attributed to the
implementation of spacer regions resulting in enhanced nucleotide diversity (Jensen

et al., 2019; Naik et al., 2020).

The use of heterogenous spacers was therefore implemented, with custom primers
containing heterogenous ‘N’ spacers (N-NNNN) upstream of the 16S rRNA gene V4
and V5 regions. Following verification of amplification success, equal volumes of
each 5 pM V4 forward (N-NNNN) and V5 reverse (N-NNNN) primer was pooled prior

to the original 2-step PCR protocol.

To determine if the use of the heterogenous ‘N’ spaced primers was likely to elicit
any amplification bias during the 15t step PCR, amplification of a mock community
was performed, before the addition of barcodes and sequencing on the lllumina
MiSeq platform. Downstream sequencing processing and statistical approaches
(Chapter 2.3) were utilised. Analysis of the ZYMO Gut Microbiome Standard mock
community, which contains a mixture of bacterial species native to the human gut
across various phyla, demonstrated no significant differences in the community

compositions measured (Table 2.1).
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Table 2.1 Microbiota compositional analysis between original and phased V4-
V5 16S primers

sample Bray-Curtis S@rensen-Dice
ANOSIM PERMANOVA ANOSIM PERMANOVA
ZymoBIOMICS® Gut 0.3348 0.3335 1 1

Microbiome Standard

The ZymoBIOMICS® Gut Microbiome Standard was amplified in replicate with
both the original, and phased V4-V5 primer set under the same PCR
conditions and library preparation workflow. The mock community contains a
defined composition of bacterial taxa, which were shared between individual
sequencing samples. p values are given.
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2.2.4.3 Clean-up of products from PCR

PCR clean-up was performed in two different ways. The initial method (Chapter 3)
utilised the ZYMO DNA Clean & Concentrator-25 kit following the initial PCR
reaction. Following Barcode attachment in the second PCR step, samples were
cleaned and subsequently normalised using the SequalPrep™ Normalization Plate
Kit (Thermo Fisher Scientific), pooled and diluted to the final library concentrations

requited for use on the lllumina MiSeq system.

The later method utilised (Chapters 5 and 6) was with the use of solid-phase
reversible immobilization (SPRI) beads to enable size selection of resultant products
from the PCR reaction. Agencourt AMPureXP beads (Beckman Coulter, Brea, CA,
USA) were used as per the manufacturer’'s instructions. For 16S rRNA gene
amplicons, a 0.8x ratio of beads to PCR product was typically used to isolate
amplicons > 300 bp, before subsequent washes with 70% ethanol and elution with
1X TE Buffer. For PCR reactions whereby alternate amplicons may have been
produced, the desired final product (~550 bp) was obtained using a double-sided
size selection approach. A 0.59x ratio of beads to PCR product was isolate
fragments < 600 bp in the resulting supernatant. This was then taken forward, with
additional beads added to a ratio of 0.8x, thereby eluting fragments ~300-550 bp in

the final stage of the protocol.
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2.2.5 Library quantification, normalisation, and pooling

Following DNA extraction and both PCR steps, DNA products were quantified using
the Qubit dsDNA HS Assay Kit (high sensitivity, 0.2 to 100 ng) on the Qubit 3.0
fluorometer (Life Technologies) as per the manufacturer's protocol. For DNA
samples, a volume of 2-10 pl was added to 190-198 ul of the prepared Qubit working
solution to give a final volume of 200 pl. In some cases, particularly where off-target
amplicons of different size were generated in the library preparation, a gPCR NGS
Library quantification kit (Agilent Technologies, Santa Clara, CA) was utilised for

increased accuracy of quantification.

Library normalisation was carried out either manually by dilution with distilled water
to a defined concentration (nM), or with the SequalPrep Normalization Plate Kit
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
Following quantitative normalisation (1-2 ng/pl per well for the SequalPrep
Normalization Plate Kit), equal volumes were pooled to form the final library. The
concentration of this final library was calculated with the Qubit 3.0 fluorometer as
mentioned previous and the average library size was calculated using both agarose
gel electrophoresis and with a DNA 1000 chip on the Aligent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). These values were then used to calculate

the final library concentration in nM with the following equation:

concentration in ng/ul
( g/u) X 10® = concentration in nM

(660 g/mol x average library size)
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2.2.6 Library denaturation and dilution for use with the lllumina MiSeq

The final library concentration was then diluted to meet the specifications required
within the lllumina MiSeq System Denature and Dilute Libraries Guide, typically 2-

4 nM prior to dilution and denaturation to 6-20 pM.

PhiX Control v3 was used as a sequencing control, typically at a 10-20% spike in
dependent on the anticipated diversity of the library, to determine the quality of
cluster generation, error rates, and calibration throughout the sequencing

experiment.

2.2.7 PCR and sequencing controls

PCR and DNA extraction negative controls were implemented, alongside the use of
positive controls. This included DNA extracts from species commonly isolated from
CF sputum such as P. aeruginosa, S. aureus, S. maltophilia, B. cepacia complex
and a ZYMO Gut Microbiome Standard (Cambridge Bioscience, Cambridge, UK)

mock community.

2.2.8 GC-MS

2.2.8.1 Chemicals and Standards

Analytical grade of hydrochloric acid (HCI), anhydrous diethyl ether (DE), anhydrous
sodium sulphate (Na2SO4), and MS grade water were purchased from Fisher
Scientific (Loughborough, UK). The *C-short chain fatty acids stool mixture, N, O-

bis(trimethylsilyl)trifluoroacetamide) (BSTFA), and volatile free fatty acid mix were
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purchased from Merck Life Science (Poole, UK). Helium CP grade was used as the

carrier gas (99.999%, BOC Limited, UK).

2.2.8.2 Faecal sample processing, extraction and derivatisation

All faecal samples were stored at - 80°C prior to sample processing. Samples were
ground and homogenised using liquid N2. Approximately 50 mg of ground faecal
sample was added to a ZYMO™ 2 mL screw cap microtube containing ultra-high
density, chemically inert beads (Cambridge Bioscience, Cambridge, UK). 0.5 mL of
MS grade water was added, including the internal standard (IS) mixture containing
30:10:10 pM of (sodium) acetate, propionate and butyrate respectively. Samples
were then further lysed and aqueously homogenised utilising the FastPrep-24™ 5G
system, with two cycles at a speed of 6.0 m/s for 40 seconds. Next, samples were

mixed at 80 rpm for 30 minutes in a HulaMixer whilst incubated at 4°C.

After mixing, samples were centrifuged at 13,000 x g for 30 minutes at 4°C. The
faecal water supernatant containing SCFAs was removed, before 150 yL was added
to a Lo-Bind Eppendorf tube over ice containing 15 ul of 5 M HCI to protonate the
sample. 3.15 pl internal standard was also added, alongside 150 ul DE. Samples
were then vortexed for 10 seconds before mixing for 15 minutes utilising the
HulaMixer as previously described. Samples were then centrifuged at 10,000 x g for
5 minutes at 4°C. The DE layer containing volatile fatty acids was then accurately
transferred to a Lo-Bind Eppendorf tube pre-loaded with 25 mg Na2S04 to remove
residual water. The remaining layer was then re-extracted with another 150 yL DE
as before. The two extraction tubes were then centrifuged at 10,000 x g for 1 minute
to ensure sedimentation of Na>SO4 prior to combination by equal volume. 40 pl of
the pooled sample was transferred then an amber GC vial with a fused insert, 2 ul

BSTFA was added, vortexed for 5 seconds, and then capped tightly and incubated
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at 37°C with constant shaking for 3 hours. Following derivatisation, all samples were

immediately quenched on ice before GC-MS analysis.

MS grade water was used as a blank sample to correct the background.
Independent blank samples were processed with the same method as faecal
samples and acquired along the acquisition. The corrected peak areas of SCFAs
were calculated by those peak areas of samples minus that of the average blank

sample detected under the same conditions and along the same acquisition.

2.2.8.3 GC-MS parameters

GC-MS analysis was carried out using an Agilent 7890B/5977 Single Quadrupole
Mass Selective Detector (MSD) (Agilent Technologies) equipped with a non-polar
HP-5ms Ultra Inert capillary column (30 m x 0.25 mm x 0.25 uym, Agilent
Technologies). Helium was used as the carrier gas at a flow rate of 1 mL/min, and
methanol and hexane were utilised for pre- and post-wash. Agilent 7693
Autosampler was used to inject 1.0 pL of the derivatised sample at a split ratio of
20:1 at 265°C, with a solvent delay of 2 minutes 30 seconds. The initial oven
temperature was held at 40°C for 2 minutes, followed by a 10°C/min temperature
ramped to 140°C, increased to 300°C at the rate of 40°C/min and kept at this
temperature for 6 minutes. Electron impact (ElI) mode ionisation was utilised at 70
eV, with the instrumental parameters set at 230, 150 and 300°C for source,

quadrupole and interface temperatures, respectively.

SCFA identification was achieved by combining pure reference mix standards and
the NIST 2005 MS library (Standard Reference Data Program, National Institute of
Standards and Technology, Gaithersburg, MD. Standard Reference Database IA.,

n.d.). Selected ion monitoring (SIM) mode was used for quantification; all
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confirmation and target ions lists are summarised in Table 4.1. Agilent MassHunter

workstation version B.07.00 programs were used to perform post-run analyses.

2.2.8.4 Method Validation

The GC-MS method validation was carried out by establishing specificity, linearity
and range, precision, accuracy, recovery, limit of detection (LOD) and limit of
quantification (LOQ). Before acquisitions, system suitability test (SST) was
conducted to assess the GC-MS system for no interferences present, sensitivity and
repeatability using 5 pM of extracted and derivatised reference standard mix.
Percentage relative standard deviation (%RSD) of the peak areas and retention

times (RT), signal to noise of all five injections were calculated.

2.2.8.5 Specificity

The specificity of the method was studied by overlay of chromatograms obtained
from blanks, reference mix standards, spiked and un-spiked, and degradation
samples tested for interferences and resolution, using the follow formula:

(t; — t1)
0.5 x (W, + W)

Resolution =

where t1 and t2 represent the retention times of peaks 1 and 2, and W12 and Wa.2

represent the widths at half height of the peaks.

2.2.8.6 Linearity and range

Linearity was determined by constructing individual SCFA calibration curves over

the concentration range, 5 and 2500 uM, using a reference standard mix of volatile
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fatty acids. A single stock mix standard of 2860 uM after extraction and
derivatisation was prepared and diluted into 5, 50, 500, 1000, 2000 and 2500 uM
with 30:10:10 uM of '3C-sodium acetate, propionate, and butyrate respectively. The
range was determined based on acceptable linearity, precision, and accuracy. The
calibration curves were established by plotting the average corrected peak areas of
SCFA standards (triplicates) by those peak areas minus that of the average blank
sample detected to remove background under the same conditions and along the
same acquisition. The linear regression equation and correlation coefficient were

calculated using XLSTAT v2021.1.1 (Addinsoft, Paris, France).

2.2.8.7. Precision - Repeatability

Precision and accuracy of the method were determined by an intra-day and inter-
day analysis across a range of concentration of the calibration standards. Nine
individual fatty acid standards covering the specific range were prepared and
injected in triplicate according. The resulting peak area was used to calculate the
%RSD and thus precision along the range concentration. Moreover, %RSD of the
obtained retention times for each analyte for 6 injections was calculated to predict

the retention time repeatability of the method.

2.2.8.8 Recovery assay - Accuracy

For extraction recovery, the above extraction and derivatisation procedure was
implemented across the linearity range of the method, and three independent faecal
human samples were prepared where pre- and post-spike across a wide level of
concentrations (5, 500 and 1000 uM) of the standard free mixture of fatty acids were
prepared. The post-spike was reconstituted the same way as the pre-spike to make
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a direct comparison. All fatty acids extract peak areas from pre-, and post-spike and
samples were used to calculate the percentage recovery using the following

formula:

(Peak area of pre — spike)
% Recovery = - x 100
(Average peak area of n pos — spike, wheren > 3)

2.2.8.9. Limit of detection (LOD) and limit of quantification (LOQ)

Limit of detection (LOD) and limit of quantification (LOQ) are two important
performance characteristics in method validation for sensitivity and quantification.
LOD and LOQ were calculated based on the standard deviation of the response
(Sy) of the curve and the slope of the calibration curve (S) at levels approximating
the LOD according to the formula: LOD = 3.3 x (Sy/S), and the LOQ according to
the formula: LOQ = 10 x (Sy/S). The standard deviation of the response was

determined based on the standard deviation of y-intercepts of regression lines.

2.2.8.10 Matrix effects

To determine the presence of any matrix effects within faecal samples, the following
equation was used across samples spiked with 5, 500 and 1000 uM of the reference

fatty acid mixture:

[1 — ((Peak Area of SPS) — (Peak Area of SWS)) |

1
(Average Peak Area of nneat, n > 3) x 100

Matrix Ef fect =
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where SPS and SWS represent the samples pre-spiked and sample without spiked
respectively. The corrected peak areas of pre-spiked samples were calculated by
those peak areas of pre-spiked samples minus that of the average blanks and
samples prepared and acquired under the same conditions. This procedure will
clean the background and provide the correct peak area for the reference standards

added to compare with independent standard samples.

2.2.8.11 Stability

After collection, all human faecal samples were stored at -80°C. Ground and
homogenised faecal samples were stored at - 80°C and analysed on different days.
Extract and derivatised samples were quenched on ice immediately after
derivatisation, before loading onto the GC-MS prior to injection, which occurred at

room temperature. Samples were stored at - 20°C degrees for inter-day analyses.

Following normalisation with the internal standard, the relative signal of each acid
was used as to determine the profile. For absolute quantification, the addition of a
calibration curve containing the normalised volatile fatty acid reference mix was
implemented. After identifying the concentration of the sample using the calibration
curve in uM, the dilution factors of the extraction (1:4) and derivatisation process
(1:1.05) were applied to give the theoretical initial concentration of the sample. Next,
the number of the moles of each acid in the starting sample was calculated by
scaling to the original starting volume of the sample for homogenisation. Finally,
number of moles was scaled up alongside the weight of the sample (weighed as
closely to 50 mg as possible), to 1 kg, giving a final concentration of the acids as

mmol/kg.
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2.2.8.12 Profiling and quantification of short to medium-chain fatty acids

The integrated peak area was initially normalised, using the added internal standard
consisting of '3C-acetate, propionate, and butyrate. Following investigation of the
fragmentation patterns of acetic, propionic, and butyric acid from the reference mix,
based on the total ion count (TIC) scan (Figure S4.1), it was determined that only
13C-butyric acid was suitable for subsequent normalisation and quantification. This
was due to an overlap in fragmented ions produced by the '3C and standard C
isotopes of acetic (119 m/z) and propionic acid (134 m/z). Butyric acid did not
produce the fragment of 149 m/z observed in the '3C standard, therefore was

designated as the target ion for quantification of the '3C internal standard.

Following normalisation with the internal standard, the relative signal of each acid
was used as to determine the profile. For absolute quantification, the addition of a
calibration curve containing the normalised volatile fatty acid reference mix was
implemented. After identifying the concentration of the sample using the calibration
curve in uM, the dilution factors of the extraction (1:4) and derivatisation process
(1:1.05) were applied to give the theoretical initial concentration of the sample. Next,
the number of the moles of each acid in the starting sample was calculated by
scaling to the original starting volume of the sample for homogenisation. Finally,
number of moles was scaled up alongside the weight of the sample (weighed as
closely to 50 mg as possible), to 1 kg, giving a final concentration of the acids as

mmol/kg.
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2.3 Bioinformatics and statistical approaches

2.3.1 FASTQ sequence processing

Following demultiplexing of sequences directly from the lllumina MiSeq platform,
samples with the inclusion of heterogenous ‘N’ spacers were initially passed through
Cutadapt v3.5 on Ubuntu 20.04 (Martin, 2011). The command “--action=retain” was
used to identify the locus of the 16S rRNA gene for each forward (V4;515F) and
reverse (V5;926R) read, trimming everything upstream including the ‘N’ spacers and
lllumina overhang adaptors. “--max-n 0” was used to discard any reads with
ambiguous ‘N’ nucleotides following sequencing. “-m 1” was implemented that all
sequences passing through the pipeline exceeded 1 bp, as to minimise any
downstream issues in the bioinformatics pipeline. Any untrimmed reads were

discarded with “--discard-untrimmed”. The error rate of the locus to be identified was

set to 20%, using the command “-e 0.2”.

Any reads passing through the Cutadapt pipeline, or FASTQ files directly attained
following demultiplexing from the lllumina MiSeq (no heterogenous ‘N’ spacers)
were subsequently processed in R (Version 4.0.1) using the package DADAZ2
(Callahan et al., 2016). DADA2 was used to remove primer sequences, before
validation of forward and reverse read quality. Following read trimming, sequence
variants were inferred and denoised paired reads were merged, with the removal of
chimeras also. Finally, taxonomy was assigned utilising Naive Bayesian Classifier
Implementation, with the use of the Genome Taxonomy Database (GTDB)
reference sequences (Parks et al., 2018), or the dedicated human intestinal 16S

rRNA gene reference database (Ritari et al., 2015).

Any amplicon sequence variants (ASVs) were deemed unidentifiable following this
procedure were BLAST searched (https://blast.ncbi.nim.nih.gov/Blast.cgi) and

labelled based on query coverage where appropriate. Taxa lacking =2 reads for a
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single sample were discarded and removed from subsequent statistical analyses.
Following ASV identification, ASVs from the same bacterial species were collapsed
to form a single operational taxonomic unit (OTU) for a given taxon. The R package
decontam was used to remove any potential source of contamination across
samples (Davis et al., 2018), utilising the prevalence-based contamination

identification approach with a threshold classification of P = 0.1.

2.3.2 Distribution abundance relationships

Regression analysis, including calculated coefficients of determination (r?), degrees
of freedom (df), F-statistic and significance values (P) were utilised for microbial
partitioning into common core and rarer satellite groups based on significant
distribution abundance relationships, and were calculated using XLSTAT v2021.1.1
(Addinsoft, Paris, France). This methodology originates from previous usage to
demonstrate ecological patterns of species persistence and abundance over time in
a single habitat in a temporal fashion (Magurran and Henderson, 2003; Magurran,
2007; van der Gast et al., 2011). Core taxa were identified as those that fall up in
the upper quartile of distribution across a given group, whilst satellite taxa were

those below this measure.

2.3.3 Alpha diversity measurement

To determine the diversity of the microbiota within each sample, the Fisher’s alpha
index was calculated from the finalised OTU tables of samples within their
respective studies using PAST (Hammer et al., 2001). Incorporating both richness
and evenness throughout a sample, this particular method was also used as it is

less affected by differences across sequencing depth that can often occur whilst
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sequencing many samples during a single experiment on the lllumina MiSeq

platform (Fisher et al., 1943; Beck and Schwanghart, 2010).

2.3.4 Beta diversity measurement

To determine compositional differences between groups of interest, the Bray-Curtis
index was utilised, to measure the bacterial compositional dissimilarity between the
groups tested (Bray and Curtis, 1957), again using PAST. These dissimilarity values
were subsequently used for analysis of similarity (ANOSIM) or permutational
multivariate analysis of variance (PERMANOVA) calculation with Bonferroni
correction in PAST. When comparing the sequencing results obtained between
original and phased primers of the 16S rRNA gene upon the Gut Microbiome
Standard, use of the Sgrensen-Dice was also included. As this measures similarity
based on presence/absence of taxa (Dice, 1945), it demonstrated that all members
of the mock community, regardless of relative abundance were able to identified
across both primer strategies. To graphically visualise any compositional
differences, Principal Coordinate Analysis (PCoA) was used represent differences
across sample microbiota composition based on their Bray-Curtis dissimilarity and
was performed using PAST. Principal component analysis (PCA) was used to
visualise relationships and patterns between individual samples relevant to their

SCFA composition and was also performed in PAST.
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2.3.5 Compositional analysis of bacterial taxa and SCFAs

To determine which bacterial taxa or SCFAs were driving dissimilarity between two
tested groups, a similarity of percentages (SIMPER) analysis was conducted, based
on the Bray-Curtis dissimilarity between groups. The variables (taxa/SCFA) were
then ordered based on their relative contribution to the overall dissimilarity between
two groups, with cumulative contribution calculated across the various taxa or

SCFAs (Clarke, 1993).

2.3.6 Multivariate statistical approaches

To determine the relationships between the whole microbiota, and the partitioned
core and satellite taxa with clinical metadata and measurements of gut function,
redundancy analysis (RDA) was performed using CANOCO v5 (ter Braak and
Smilauer, 2012). An interactive forward selection model was utilised, selecting
variables sequentially based on their significance in explaining the variation across
microbial composition. Variables were transformed (Z scores) where applicable.
Following the determination of clinical variables significantly explanatory for
microbiome composition, RDA biplots with these variables were plotted in PAST

v3.21. Statistical significance for all tests was deemed at the p < 0.05 level.

2.3.7 Comparison of clinical outcomes and diversity metrics between groups

All analysis was performed using XLSTAT. Clinical data between participants and/or
groups was initially tested for normality, using the Shapiro-Wilk test. Student’s t-
tests (including paired where necessary) were used for parametric data, whereas

the Kruskal-Wallis was used for non-parametric tests, which included comparisons
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of bacterial alpha diversity and SCFA abundance between groups. Statistical

significance for all tests was deemed at the p < 0.05 level.

2.4 Clinical data

All clinical metadata, including participant characteristics, symptoms, markers of
intestinal function, and faecal calprotectin were carried out at Queens Medical

Centre and Sir Peter Mansfield Imaging Centre, University of Nottingham.
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Chapter 3: Intestinal function and transit relate to

microbial dysbiosis in the CF gut

This Chapter is published in the Journal of Cystic Fibrosis and is presented in

submitted manuscript format (except methodology):

Marsh R, Gavillet H, Hanson L, Ng C, Mitchell-Whyte M, Major G, Smyth AR,
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Highlights

¢ Faecal microbiota significantly differs between pwCF and controls.
e Known SCFA producers contributed to microbiota dissimilarity between groups.
e Pulmonary antibiotic treatment heavily impacted gut microbiota.

¢ Intestinal physiology and transit impacted satellite microbiota composition.
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Abstract

Background: Most people with cystic fibrosis (pwCF) suffer from gastrointestinal
symptoms and are at risk of gut complications. Gut microbiota dysbiosis is apparent
within the CF population across all age groups, with evidence linking dysbiosis to
intestinal inflammation and other markers of health. This pilot study aimed to
investigate the potential relationships between the gut microbiota and

gastrointestinal physiology, transit, and health.

Study Design: Faecal samples from 10 pwCF and matched controls were subject to
16S rRNA sequencing. Results were combined with clinical metadata and MRI

metrics of gut function to investigate relationships.

Results: pwCF had significantly reduced microbiota diversity compared to controls.
Microbiota compositions were significantly different, suggesting remodelling of core
and rarer satellite taxa in CF. Dissimilarity between groups was driven by a variety
of taxa, including Escherichia coli, Bacteroides spp., Clostridium spp., and
Faecalibacterium prausnitzii. The core taxa were explained primarily by CF disease,
whilst the satellite taxa were associated with pulmonary antibiotic usage, CF
disease, and gut function metrics. Species-specific ordination biplots revealed

relationships between taxa and the clinical or MRI-based variables observed.

Conclusions: Alterations in gut function and transit resultant of CF disease are
associated with the gut microbiota composition, notably the satellite taxa. Delayed
transit in the small intestine might allow for the expansion of satellite taxa resulting

in potential downstream consequences for core community function in the colon.
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3.1 Introduction

Cystic fibrosis (CF) associated respiratory infections are the major cause of disease
morbidity and mortality. However, a number of gastrointestinal (Gl) problems may
also arise, limiting the quality of life, including meconium ileus at birth, distal
intestinal obstruction syndrome, small intestinal bacterial overgrowth (SIBO),
increased risk of malignancy, and intestinal inflammation (De Lisle and Borowitz,
2013; Ooi and Durie, 2016). It is therefore unsurprising that people with CF
experience persistent GI symptoms (Tabori et al., 2017; Hayee et al., 2019) with
“‘how can we relieve gastrointestinal symptoms in people with CF?” a top priority

question for research (Smith et al., 2020).

Microbial dysbiosis at the site of the Gl tract in CF patients has been described, with
changes evident from birth through to adulthood (Nielsen et al., 2016; Burke et al.,
2017; Antosca et al., 2019; Kristensen et al., 2020; Loman et al., 2020). Moreover,
the extent of this divergence from healthy microbiota, initially due to loss of cystic
fibrosis transmembrane conductance regulator (CFTR) function (Vernocchi et al.,
2018), is further compounded by routine treatment with broad spectrum antibiotics
(Kristensen et al., 2020). The reshaping of the gut microbiota may have functional
consequences that could further impact on patients. These include the reduction of
taxa associated with the production of short-chain fatty acids (SCFAs) which play
key roles in modulating local inflammatory responses and promoting gut epithelial
barrier integrity (Donohoe et al., 2011; Arpaia et al., 2013; Chang et al., 2014).
Furthermore, studies of microbiota dysbiosis in CF have demonstrated its
relationship with intestinal inflammation, intestinal lesions, and increased gene
expression relating to intestinal cancers (Flass et al., 2015; De Freitas et al., 2018;
Coffey et al., 2019; Dayama et al., 2020). Whilst many of these clinical parameters

have ties to gut microbiota changes, they remain understudied exclusively past
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childhood despite advances in less invasive approaches to investigate CF gut
physiology and function (Malagelada et al., 2020). Our group has recently published
on the use of magnetic resonance imaging (MRI) to assess gut transit time, along

with other parameters, in adolescents and adults (Ng et al., 2021).

In this pilot study, we linked those MRI physiology metrics and clinical metadata
directly to high-throughput amplicon sequencing data identifying constituent
members of the gut microbiota, to explore the relationships between microbial

dysbiosis, intestinal function and clinical state.

83



3.2 Materials and methods

3.2.1 Study participants and design

Twelve people with CF, homozygous for F508del along with 12 healthy controls,
matched by age and gender, were recruited from Nottingham University Hospitals
NHS Trust. Participants were asked to provide stool samples when attending for
MRI scanning, with the study design and MRI protocols described previously (Ng et
al., 2021). A patient clinical features were also recorded upon visitation (Table 3.1),
including a three-day food diary preceding sample collection (Table S3.1). Further
descriptive statistics of the study population can be found in the Supplementary
Materials, including MRI metrics (Table S3.2), and summary statistics on diet
(Tables S3.3-S3.6). Faecal samples were only obtained from ten individuals in each
group. Written informed consent, or parental consent and assent for paediatric
participants, was obtained from all participants. Study approval was obtained from
the West Midlands Coventry and Warwickshire Research Ethics Committee
(18/WM/0242). All stool samples obtained were immediately stored at -80°C prior to
DNA extraction to reduce changes before downstream community analysis

(Gorzelak et al., 2015).

3.2.2 Targeted amplicon sequencing

DNA from dead or damaged cells, as well as extracellular DNA was excluded from
analysis via cross-linking with propidium monoazide (PMA) prior to DNA extraction
(Chapter 2.2.2), as previously described (Rogers et al., 2013). Next, cellular pellets
resuspended in PBS were loaded into the ZYMO Quick-DNA Fecal/Soil Microbe
Miniprep Kit (Cambridge Bioscience, Cambridge, UK) as per manufacturer's
instructions, with amendments as described in Chapter 2.2.3. Following DNA

extraction, approximately 20 ng of template DNA was then amplified using the 16S
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rRNA approach highlighted in Chapter 2.2.4.1. Primers and PCR conditions can be
found in the Supplementary Materials. Pooled barcoded amplicon libraries were

sequenced on the lllumina MiSeq platform (V3 Chemistry).

3.2.3 Sequence processing and analysis

Sequence processing and data analysis were initially carried out in R (Version
4.0.1), utilising the package DADAZ2 (Callahan et al., 2016) as described in Chapter
2.3.1. Raw sequence data reported in this study has been deposited in the

European Nucleotide Archive under the study accession number PRJEB44071.

3.2.4 Faecal Calprotectin

Stool was extracted for downstream assays using the ScheBo® Master Quick-Prep
(ScheBo Biotech, Giessen, Germany), according to the manufacturer instructions.
Faecal calprotectin was analysed using the Buhlmann fCAL ELISA (Buhimann
Laboratories Aktiengesellschaft, Schonenbuch, Switzerland), according to the

manufacturer’s protocol.

3.2.5 Statistical Analysis

Regression analysis, including calculated coefficients of determination (r?), degrees
of freedom (df), F-statistic and significance values (P) were calculated as described
in Chapter 2.3.2. Fisher’s alpha index of diversity and the Bray-Curtis index of
similarity were calculated using PAST v3.21 (Hammer et al., 2001), as described in
Chapters 2.3.3 and 2.3.4 respectively. Significant differences in microbiota diversity
were determined using Kruskal-Wallis performed using XLSTAT. Analysis of
similarities (ANOSIM) with Bonferroni correction was used to test for significance in

microbiota composition and was performed in PAST, including SIMPER analysis to
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determine which taxa contributed most to compositional differences between groups

(Chapter 2.3.4).

Multivariate approaches, including Redundancy analysis (RDA) and subsequent
biplots, were performed in CANOCO v5 (ter Braak and Smilauer, 2012) as described
in Chapter 2.3.6. Statistical significance for all tests was deemed at the p < 0.05
level. Supplementary information, including metadata, are available at figshare.com;
https://doi.org/10.6084/m9.figshare.15073797 .v1,

https://doi.org/10.6084/m9.figshare.15073899.v1.

86



Table 3.1 Clincial characteristics of study participants.

Antibiotic Usage

Stlug y Sex Age (Years) Group Pa;t(;:iast'c Cal:)';‘;itge)c tin FEV1% BMI A M B S
365 M 12 CF PI 4.22 87 16.18 - - + -
431 M 12 HC PS 244 - 17.95 - - - -
128 M 13 CF PI 27.59 97 17.72 - - - -
296* M 13 HC PS - - 23.44 - - - -
643 M 13 CF PI 9.77 90 21.83 - + - -
159 M 13 HC PS 272 - 23.49 - - - -
297 M 15 CF PI 27.61 126 20.83 - - - -
947* M 15 HC PS - - 20.94 - - - -
617 F 15 CF PI 21.15 72 18.42 - + + o+
964 F 15 HC PS 12.71 - 19.15 - - - -
167 M 19 CF PI 7.37 99 20.63 - - - -
673 M 19 HC PS 0.94 - 20.34 - - - -
279 F 19 CF PI 27.32 66 20.87 - + - -
205 F 19 HC PS 3.84 - 31.91 - - - -
596 F 21 CF PI 14.05 61 21.91 - + - -
152 F 21 HC PS 422 - 21.26 - - - -
610* M 23 CF PI - 66 18.64 + + - -
548 M 24 HC PS 3.56 - 24.49 - - - -
619* F 27 CF PI - 60 19.27 - - - -
501 F 27 HC PS 7.19 - 28.66 - - - -
259 M 30 CF PI 28.30 61 20.21 - + + -
986 M 29 HC PS 4.96 - 22.64 - - - -
681 F 36 CF PI 11.79 88 21.71 - + - -
749 F 35 HC PS 3.00 - 19.57 - - - -

Subjects marked with an asterisk* indicate those who failed to produce a stool sample for subsequent metagenomic and
metabolomic analysis and thus were excluded from downstream analyses. All participants with CF had the gene mutation
F508del/F508del, with pancreatic insufficiency but no CF-related diabetes. For antibiotic usage, ‘+’ indicates routine
administration of the given antibiotic class prior to sampling. Abbreviations: FEV1 — Percent predicted forced expiratory volume in
1 second, BMI — Body mass index, P — Polymyxin, A — Aminoglycoside, M — Macrolide, 3 — B-lactam, S — Sulfonamide. Asterisks
denote participants who did not provide any stool samples upon visitation, and thus were excluded from downstream microbiota

analysis.
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3.3 Results

To investigate the contributions of common and rare bacterial taxa in the gut
microbiota of individuals within and between study cohorts (Hedin et al., 2016;
Cuthbertson et al., 2020), taxa were partitioned into either common and abundant
core taxa or rarer and infrequent satellite taxa, based upon their prevalence and
relative abundance across samples within each cohort (Fig. 3.1). Within the healthy
control group, 30 taxa were core constituting 60.5% of the total abundance, with the
remainder accounted for by 386 satellite taxa. In the CF group, 22 core taxa
represented 34.7% of the abundance, with 323 satellite taxa constituting the
remainder. Core taxa are listed in Table S3.7. The whole, core, and satellite
microbiota demonstrated similar patterns in diversity, whereby there was

significantly reduced diversity in the CF group (Fig. 3.2A, Table S3.8).
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Figure 3.1 Distribution and abundance of bacterial taxa across different sample
groups. (A) Healthy control. (B) Cystic fibrosis. Given is the percentage number of
patient stool samples each bacterial taxon was observed to be distributed across,
plotted against the mean percentage abundance across those samples. Core taxa
are defined as those that fall within the upper quartile of distribution (orange circles),
and satellite taxa (grey circles) defined as those that do not, separated by the vertical
line at 75% distribution and labelled respectively. Distribution-abundance
relationship regression statistics: (a) r? = 0.50, F1,414 = 407.3, P < 0.0001; (b) r? =
0.29, F1,343=137.3, P < 0.0001. Core taxa are listed in Table S3.7.
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Within-group core microbiota similarity was higher within the healthy control group,
with a mean similarity (x SD) of 0.60 + 0.08 compared to 0.40 £ 0.11 for the CF
group (Fig. 3.2B). As expected, satellite taxa similarity within groups was much
lower than for the core but was also significantly reduced in CF compared to
controls, at 0.35 £ 0.08 and 0.21 £ 0.09 for the healthy control and CF group
respectively. ANOSIM testing determined the whole microbiota, core, and satellite
taxa of the CF group were significantly different in composition compared to healthy
controls (Fig. 3.2B, Table S3.9). SIMPER analysis was implemented to reveal which
taxa were responsible for driving this dissimilarity (Table 3.2). Of the taxa
contributing to > 50% of the differences between healthy control and CF groups,
those within the genus Bacteroides were represented most. Escherichia coli
contributed most towards the differences between groups, despite satellite status,
followed by Bacteroides sp. (OTU 3), Clostridium sp. (OTU 5), Faecalibacterium

prausnitzii, and Bacteroides fragilis.
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Figure 3.2 Microbiome diversity and similarity compared across healthy controls

and cystic fibrosis samples. Whole microbiota (black plots) and partitioned data into

core (orange plots) and satellite taxa (grey plots) are given. (A) Differences in

Fisher's alpha index of diversity between healthy controls and cystic fibrosis

samples. Black circles indicate individual patient data. Error bars represent 1.5 times

inter-quartile range (IQR). Asterisks between groups denote a significant difference

in diversity following use of Kruskal-Wallis tests (P < 0.001). Summary statistics are

provided in Table S3.8. (B) Microbiome variation measured within and between

sampling groups, utilising the Bray-Curtis index of similarity. Error bars represent

standard deviation of the mean. Asterisks indicate significant differences between

sampling groups following the use of one-way ANOSIM testing (P < 0.001).

Summary statistics are provided in Table S3.9.
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Table 3.2 Similarity of percentage (SIMPER) analysis of microbiota dissimilarity
(Bray-Curtis) between Healthy Control (HC) and Cystic Fibrosis (CF) stool samples.

%Relative
abundance
Taxa M:g" Mg;‘" Av. Dissimilarity % Contribution c”'“},za“"e
Escherichia coli 4.72 6.39 6.39
Bacteroides 3 3.84 3.36 4.55 10.94
Clostridium 5 3.09 4.18 15.13
Faecalibacterium prausnitzii 8.56 2.95 2.99 4.05 19.18
Bacteroides fragilis 2.75 3.73 22.90
Bacteroides dorei 3.32 2.52 3.42 26.32
Eubacterium rectale 5.03 2.18 2.95 29.27
Romboutsia timonensis 2.15 2.91 32.18
Bacteroides uniformis 2.72 4.09 1.62 2.20 34.38
Dialister invisus 1.61 2.19 36.57
Bacteroides vulgatus 1.56 2.1 38.68
Ruminococcus bromii 2.69 0.42 1.24 1.68 40.36
Alistipes putredinis 1.02 1.38 41.74
Bacteroides coprocola 1.01 1.37 43.11
Fusicatenibacter 262 0.8 1.00 1.36 44.47
Streptococcus 18 1.95 0.88 1.19 45.66
Blautia luti 2.93 2.31 0.86 1.16 46.82
Oscillibacter ruminantium 1.90 0.84 1.14 47.96
Clostridium perfringens 0.00 0.79 1.07 49.03
Parabacteroides distasonis 1.38 1.85 0.77 1.05 50.08

Taxa identified as core are highlighted in orange, whereas satellite taxa are
highlighted in grey. Mean relative abundance (%) is also provided for each group.
Percentage contribution is the mean contribution divided by the mean dissimilarity
across samples (73.79%). Cumulative percent does not equal 100% as the list is
not exhaustive. Given the sequencing length of 16S gene regions, taxon
identification should be considered putative.
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Table 3.3 Redundancy analysis to explain percent variation in whole microbiota, core taxa and satellite taxa between all subjects

from significant clinical variables measured.

Var. Exp (%) represents the percentage of the microbiota variation explained by a given parameter within the redundancy

Microbiota Core taxa Satellite taxa

Var. Exp (%) pseudo-F P (adj) Var. Exp (%) pseudo-F P (adj) Var. Exp (%) pseudo-F P (adj)
Antibiotics 21.5 5.4 0.002 271 7.3 0.002
BMI 7.0 2.0 0.042
Calprotectin 59 1.8 0.050
CF Disease 10.9 22 0.002 28.9 7.3 0.002 10.3 21 0.006
Colon Fasting Vol. 7.5 2.0 0.016
OCTT 7.4 21 0.012 6.7 1.9 0.046
SBWC 5.6 1.7 0.048 7.2 2.4 0.048
Sex 7.9 2.1 0.010
Total 52.9 43.8 57.2

analysis model. P (adj) is the adjusted significance value following false discovery rate correction. Antibiotics is the

presence/absence of recurrent antibiotic regimes for a given patient. BMI — Body mass index, Colon Fasting Vol — Colon volume
at baseline corrected for body surface area, OCTT — Oro-caecal transit time, Antibiotics, SBWC — Small bowel water content

corrected for body surface area.
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Redundancy analysis (RDA) was used to relate variability in microbiota composition
to associated MRI metrics and clinical factors (Table 3.3). Pulmonary antibiotics and
CF disease significantly explained the most variance across the whole and satellite
microbiota. Measurements of intestinal transit and function contributed to the whole
microbiota variance, albeit to a lesser extent, with variation in OCTT and SWBC also
contributing to satellite taxa variance alongside faecal calprotectin levels. In the core
taxa analysis, the presence of CF disease was the dominant factor in significantly

explaining the compositional variability, followed by sex and body mass index (BMI).

A species redundancy analysis biplot (RDA) was constructed to investigate how
significant clinical variables from the whole microbiota direct ordination approach
explained the relative abundance of taxa from the SIMPER analysis (Fig. 3.3).
Certain taxa grouped away from many of the significant clinical variables shown in
a similar manner. This effect was most pronounced for F. prausnitzii, Eubacterium
rectale and Ruminoccocus bromii. A combination of clinical factors, including CF
disease, increased fasting colonic volume, increased SBWC and prolonged OCTT,
explained the variance observed in relative E. coli abundance, whilst a more modest
effect was observed towards Streptococcus sp. (OTU 18), Dialister invisus,
Clostridium perfringens and Romboutsia timonensis. Species of Bacteroides, which
was the most common genus within the top-contributing SIMPER analysis, were

explained by the clinical variables to high variability.
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Figure. 3.3 Redundancy analysis species biplots for whole microbiota. The 20 taxa
contributing most to the dissimilarity (cumulatively > 50%) between healthy and
cystic fibrosis groups from the SIMPER analysis (Table 3.2) are shown
independently of the total number of ASVs identified (345). Orange circles represent
core taxa within the CF group, whilst grey circles denote satellite taxa. Biplot lines
depict clinical variables that significantly account for the total variation in taxa
relative abundance within the whole microbiota analysis at the p < 0.05 level as seen
in Table 3.3, with species plots indicating the strength of explanation provided by
the given clinical variables. ‘OCTT’ — Oro-caecal transit time, Antibiotics, ‘SBWC’ —
Small bowel water content corrected for body surface area, Colon Fasting Volume
corrected for body surface area, CF disease. For example, biplot lines depicting the
MRI metrics represent how changes in the metric influences the relative abundance
of each of the taxa shown. Those taxa shown in the same direction of the metric
label are considered to have a higher value than those taxa that are not. The
percentage of microbiome variation explained by each axis is given in parentheses.
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3.4 Discussion

In this pilot study, we investigated the relationships between clinical factors, MRI
markers of Gl function and the composition of faecal bacterial microbiota.
Demonstrated previously for CF lung and Crohn’s gut microbiota (Hedin et al., 2016;
Cuthbertson et al., 2020), we have shown here that it is possible to partition the CF
gut microbiota into core and satellite taxa to investigate potential community
functions and relationships, with the notion that the core constituents contribute to
the majority of functionality exhibited by the community (Rogers et al., 2013;
Cuthbertson et al., 2020). As to be expected, the core taxa made up most of the
abundance within the healthy control group. Whilst many taxa were also commonly
represented in the CF group, the latter was dominated in abundance by the satellite
taxa. Our findings of reduced diversity across the whole, core, and satellite
microbiota are in agreement with previous findings described within the CF gut
(Burke et al., 2017; Kristensen et al., 2020; Loman et al., 2020). Along with reduced
within group similarity in CF compared to healthy controls across all microbiota
partitions, this suggests a perturbed community harbouring greater instability, less
subsequent resilience, and inherent challenges to the colonisation and
establishment of normal commensals. CF associated factors such as varied
antibiotic usage will contribute to this reduced similarity, further augmented by the
wide age range of pwCF within this study and variation across lifestyle factors. The
combination of the aforementioned may elicit stochastic community disruption and
increased inter-individual variation as observed across other mammalian

microbiomes (Zaneveld et al., 2017).

At the surface, a reduction in the number of taxa labelled as core within the CF group
hinted at perturbation and restructuring, further evidenced by the occurrence of taxa

exclusively core to this group. This included species of Streptococcus,
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Pseudomonas, Veillonella, and Enterococcus, all of which were significantly more
abundant in the CF group (Table S3.7), and of which are implicated in both CF lung
and gut microbiomes (Madan et al., 2012; Burke et al., 2017; Vernocchi et al., 2018;
Coffey et al., 2019; Enaud et al., 2019; Cuthbertson et al., 2020). The concept of the
“gut-lung axis” in CF arises from the direct translocation of the respiratory microbiota
from sputum swallowing to the gut (Al-Momani et al., 2016), but also the emergence
of species in the gut prior to the respiratory environment (Madan et al., 2012). This
apparent bidirectionality is further supported by the administration of oral probiotics
to decrease pulmonary exacerbations in CF (Anderson et al., 2017). Aside from
sputum swallowing, the increase in Streptococcus and Veillonella here could reflect
an increased availability of simple carbohydrates from the observed dysmotility of
the gut (Ng et al., 2021). Streptococci are well equipped with numerous genes for
rapid carbohydrate degradation in an environment usually fluctuating in substrate
availability, with fermentation-derived lactic acid supporting the expansion of

Veillonella species in the small intestine (Kastl et al., 2020).

E. coli contributed most to the dissimilarity between healthy and CF groups despite
maintaining satellite status throughout both the healthy and CF groups, seemingly
resultant of the wide age range of our study participants, of which the higher relative
abundances were observed in the younger adolescent patients (Table 3.2). In
childhood studies, a significantly higher relative abundance of Proteobacteria is
often reported in relation to dysbiosis, with E. coli abundance associating with poor
growth outcomes and intestinal inflammation (Hoffman et al., 2014; Manor et al.,
2016; Hayden et al., 2020). Other notable taxa contributing to the dissimilarity
observed between groups encompassed a variety of key species associated with
SCFA production in the colon. This included F. prausnitizii and E. rectale, both of

which were significantly decreased in abundance within the CF group, but also R.
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bromii and B. luti. These taxa have all been previously reported to decrease in the
CF gut (Duytschaever et al., 2013; Burke et al., 2017; Enaud et al., 2019) alongside
other inflammatory conditions (Li et al., 2016). There were also notable contributions
to the dissimilarity between groups by Clostridium sp. (OTU 5) (significant difference
in relative abundance) and D. invisus (not significant). Clostridium OTU 5 aligned
exclusively with cluster | members at the 97% threshold, of whom demonstrate the
capacity to generate lactate, acetate, propionate, and butyrate via carbohydrate
fermentation (Rainey et al., 2009), whilst D. invisus is an intermediary fermenter
capable of both acetate and propionate production. This may lend support to the
theory that alternate species can retain some functional redundancy in the presence

of perturbation to the local community in the CF gut (Wang et al., 2019).

Variance across the whole microbiota and satellite taxa was significantly explained
by the use of antibiotics (Table 3.3), of which most pwCF are administered on a
routine basis to supress lung infection (Elborn, 2016). The occurrence of both OCTT
and SBWC accounting for significant explanation in both the whole microbiota and
satellite, but not core taxa analysis, underpins the strong impact of gut physiology
and transit on the microbiota in CF. Faecal calprotectin also explained the variance
across the satellite taxa, and has been associated with increased abundances of
Escherichia, Streptococcus, Staphylococcus and Veillonella, of which contained
satellite species significantly increased in our CF group (Enaud et al., 2019; Meeker
et al., 2020). Acidaminococcus sp. have also associated with increased faecal
calprotectin levels (Coffey et al., 2019), with Acidaminococcus intestinii another
constituent of the CF satellite microbiota that was not present in healthy controls
(data not shown). The core taxa was only largely explained by the presence of CF
disease itself, perhaps relating to the direct disruption of CFTR function which alone

can influence changes in the microbiome (Meeker et al., 2020).
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Perhaps unsurprisingly, the species ordination biplots of the taxa from SIMPER
analysis demonstrated clustering of the key SCFA producers mentioned previously
away from the significant disease-associated clinical factors, with antibiotic usage
and transit metrics previously shown to reduce the abundance of such taxa (Roager
et al., 2016; De Freitas et al., 2018). Similarly affected were taxa from genera that
are associated with better outcomes in other similarly pro-inflammatory intestinal
environments, such as Crohn’s disease or ulcerative colitis , including Oscillibacter
and Fusicanterbacter (Takeshita et al., 2016; Vermeire et al., 2016).

C. perfringens has been associated with disease exacerbation in ulcerative colitis
(Li et al., 2016), SIBO in the CF mouse small intestine (Norkina et al., 2004) and
increased deconjugation of bile salts leading to further fat malabsorption by the host
(De Lisle, 2007). Here it was completely absent from our healthy control group,
whilst in the CF group was found to associate with a variety of CF-induced clinical
factors as well as OCTT. Also strongly associating with OCTT and impacted
substantially more, was E. coli. Increased bacterial load relates to slower transit
within the CF mouse small intestine (De Lisle, 2007). Concurrently with the observed
increase in SWBC reported prior (Ng et al., 2021), this in theory allows for the
expansion of such facultative anaerobes in the small intestine that could potentially
affect downstream community dynamics and functional profiles in the colon, given

that PMA treatment was utilised to select for viable living taxa from faecal sampling.

Although dietary profiles were similar between groups (Tables S3.3-3.6) and did not
contribute to significant variation in the microbiota, increased fat intake to meet
energy requirements is a staple of the CF diet (Collins, 2018). The infant gut
metagenome demonstrates enrichment of fatty acid degradation genes (Manor et

al., 2016) whilst CF-derived E. coli strains exhibit improved utilisation of exogenous
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glycerol as a growth source (Matamouros et al., 2018). Finally, the genus
Bacteroides, which has been reported to both increase and decrease within CF
disease across different age groups (Burke et al., 2017; De Freitas et al., 2018;
Vernocchi et al., 2018), displayed high variability within the species ordination biplot
(Fig. 3.3), perhaps resultant of the varying antimicrobial susceptibility within the

genus (Nagy et al., 2011).

We acknowledge the small sample size of this pilot study limits the power of specific
analyses, with the absence of within-group direct ordination approaches which
would have allowed for investigation of CF group antibiotic usage and extra clinical
factors such as lung function. However, the principal strength of this study is the
valuable insight into the relationships between microbiota composition and intestinal
physiology and function in CF. Future studies should encompass larger cohorts in
a longitudinal fashion with the combination of both lung and faecal microbiota data
to elucidate such relationships better, including the impact of pulmonary antibiotic
usage on the gut microbiota, and the aptly termed gut-lung axis. Evaluation of
associations between the microbiota, physiology and the immune response would
also improve our understanding of the mechanisms contributing to Gl health in CF.
Given their possible beneficial effect on intestinal inflammation (Tetard et al., 2020),

the impact of CFTR modulator therapy will provide further insights.

3.5 Conclusion

This cross-sectional pilot study has identified relationships between markers of
clinical status, gastrointestinal function and bacterial dysbiosis in the CF population.
By partitioning the community into core and satellite taxa, we were able to reveal
the relative contributions of CF-associated lifestyle factors and elements of intestinal

function to these subcommunity compositions, and how specific taxa were affected
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by these clinical factors. Further, as the first study to combine high-throughput gene
amplicon sequencing with non-invasive MRI to assess underlying gut pathologies,
we demonstrate the potential for future collaborations between gastroenterology
and microbiology with larger cohort recruitment to investigate these relationships

between gut function and the microbiome further.
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3.10 Supplementary methods

3.10.1 Study participants and design

Although 12 patients and controls were initially recruited, stool samples ultimately
collected for 10 CF patients (6 males;4 females, Mean age of CF patients, 19.3 £
7.93 years, Median age, 19 years) and of 10 non-CF healthy controls (Mean age of
controls, 21.4 + 7.40 years, Median age, 20 years). Patients were under a period of
clinical stability and abstained from taking laxatives and anti-diarrhoeals during this
visitation but were able to take routine pancreatic supplementation and perform
standard physiotherapy procedures, with routine prophylactic antibiotic therapy

recorded where applicable for patients.

3.10.2 PMA treatment prior to DNA extraction

1 mg PMA (Biotium, CA, USA) was hydrated in 98 ul 20% dimethyl sulfoxide
(DMSO) to give a working stock concentration of 20 mM. 300 mg of stool thawed
out from -80°C was homogenised in 3 ml PBS, and centrifuged at 3200 g, for 5
minutes. The pellet was then resuspended in 1 ml prior to splitting into 500 pl
fractions for subsequent PMA treatment. PMA 1.25 pl of PMA (20 mM) was added
to give a final concentration of 50 uM. Following the addition of PMA to samples in
opaque Eppendorf tubes, PMA was mixed by vortexing for 10 seconds, followed by
incubation for 15 minutes at room temperature (~20°C). This step was repeated
before the transfer of samples to clear 1.5 mL Eppendorf tubes and placement within
a LED lightbox. Treatment occurred for 15 minutes to allow PMA intercalation into
DNA from compromised bacterial cells. Samples were then centrifuged at 10,000 x
g for 5 minutes. The supernatant was discarded, and the cellular pellet was

resuspended in 200 ul PBS.
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3.10.3 Targeted amplicon sequencing — Bacterial 16S rRNA gene

Step 1 amplicon generation with primers based on the universal primer sequences
515F and 926R as described by Walters et al. (Walters et al., 2016), was performed
under the following conditions; Initial denaturation of 180 seconds at 98°C, followed
by: 25 cycles of 30 seconds at 95°C, 30 seconds at 55°C and 30 seconds at 72°C.
A final extension of 5 minutes at 72°C was also included to complete the reaction.
Step 2, the addition of dual barcodes and lllumina adaptor sequences was
performed under the following conditions: Initial denaturation of 30 seconds at 98°C,
followed by: 10 cycles of 10 seconds at 98°C, 20 seconds at 62°C and 30 seconds
at 72°C. A final extension of 2 minutes at 72°C was also included to complete this
reaction. This resulted in the generation of an ~550 bp amplicon spanning the V4-

V5 hypervariable regions of the 16S rRNA gene.

3.10.4 Sequencing Controls and Library Pooling

PCR and DNA extraction negative controls were implemented, alongside the use of
mock community positive controls, which included a Gut Microbiome Standard
(ZYMO RESEARCH™). Following Barcode attachment in the second PCR step,
samples were normalised using the SequalPrep™ Normalization Plate Kit (Thermo
Fisher Scientific), pooled and diluted to the final library concentrations requited for

use on the lllumina MiSeq system.

3.10.5 Sequence processing and analysis

DADAZ2 was used to demultiplex and remove primer sequences, validate the quality
profiles of forward and reverse reads and subsequently trim, infer sequence
variants, merge denoised paired-reads, remove chimeras, and finally assign
taxonomy via Naive Bayesian Classifier implementation (Callahan et al., 2016). This

included the use of the Genome Taxonomy Database (GTDB) reference sequences
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(Parks et al., 2018). Unidentifiable ASVs were run through a BLAST
(https://blast.ncbi.nim.nih.gov/Blast.cgi) and matched appropriately based on query
coverage where possible. Taxa with 2 = reads for a single sample were removed
and excluded from subsequent statistical analysis. ASVs from the same bacterial

taxon were collapsed to form a single OTU for a given taxon.
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3.11 Supplemntary Results

Table S3.1 Dietary information obtained from study participants

Study |.D. Group Mean % Kcal Protein  Mean % Kcal CHO Mean % Kcal Fat Mean % Fibre (g)
152 HC 18.33 45.61 36.04 6.80
159 HC 18.16 46.96 32.91 4.46
205 HC 21.55 40.66 37.74 2.70
431 HC 8.46 63.62 27.98 3.38
501 HC 19.41 65.76 14.90 3.07
548 HC 16.55 43.20 34.01 6.28
673 HC 12.29 54.99 32.49 10.44
749 HC 14.70 42.82 36.14 6.79
964 HC 15.97 46.63 37.34 3.94
986 HC 15.88 43.83 40.25 4.88
128 CF 10.24 55.38 34.36 3.33
167 CF 17.38 44.21 38.59 5.07
259 CF 15.54 61.47 27.90 4.62
279 CF 11.97 47.36 40.41 2.1
297 CF 16.53 54.80 28.71 4.39
365 CF 17.19 49.28 33.51 4.21
596 CF 18.24 46.75 31.41 4.98
617 CF 12.15 51.63 32.89 4.07
643 CF 16.82 50.51 32.75 3.86
681 CF 15.46 50.70 33.74 3.47

Macronutrient intake 3 days prior to faecal sampling was recorded from
participants through a food diary. The mean daily proportion of calories obtained

from each macronutrient (Protein, CHO - Carbohydrates, Fat) was calculated.
Mean relative weight of fibre intake was also calculated.
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Table S3.2 Magnetic resonance imaging (MRI) metrics utilised for the direct
ordination approach.

Corrected Fasting

Group OCTT Corrected SBWC Colon Volume
Study I.D. (HC/CF) (mins) (mL/m?) (mL/m?)
152 HC 180 61.51 755.63
159 HC 150 18.40 772.06
205 HC 360 40.35 708.42
431 HC 150 72.69 948.15
501 HC 360 47.56 393.86
548 HC 300 57.04 665.40
673 HC 360 24.16 985.48
749 HC 240 10.79 233.35
964 HC 180 26.19 649.25
986 HC 180 89.90 817.08
128 CF 150 55.44 435.61
167 CF 390 133.05 1389.02
259 CF 360 19.37 1048.02
279 CF 360 105.60 564.99
297 CF 180 273.09 845.09
365 CF 390 205.19 581.98
596 CF 120 83.36 646.69
617 CF 300 229.21 869.81
643 CF 390 82.92 719.90
681 CF 300 376.24 1667.85

HC - Healthy control, CF - Cystic fibrosis, OCTT — Oro-caecal transit time, SBWC
— Small bowel water content corrected for body surface area, Colon Fasting
Volume corrected for body surface area.
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Table $3.3 Summary statistics: Mean % Kcal Protein.

Obs. Obs.
Variable Observations \.Nlth W!thQUt Minimum Maximum Mean S.td'.
missing missing deviation
data data
CF 10 0 10 10.244 18.236 15.153 2.725
HC 10 0 10 8.464 21.552 16.131 3.726

Kruskal-Wallis test / Two-tailed test:
K (Observed value) 0.691

K (Critical value) 3.841
DF 1
P-value (one-tailed) 0.406
alpha 0.050

An approximation has been used to compute the P-value.
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Table S$3.4 Summary statistics: Mean % Kcal CHO.

Obs. Obs.
Variable Observations \.Nlth W!thQUt Minimum Maximum Mean S.td'.
missing missing deviation
data data
CF 10 0 10 44 211 61.475 51.211 4.989
HC 10 0 10 40.664 65.757 49.409 8.932

Kruskal-Wallis test / Two-tailed test:

K (Observed value) 1.851
K (Critical value) 3.841
DF 1
P-value (one-tailed) 0.174
alpha 0.050

An approximation has been used to compute the P-value.
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Table S$3.5 Summary statistics: Mean % Kcal Fat.

Obs. Obs.
Variable Observations \.Nlth W!thQUt Minimum Maximum Mean S.td'.
missing missing deviation
data data
CF 10 0 10 27.896 40.415 33.427 3.860
HC 10 0 10 14.902 40.254 32.981 7.203

Kruskal-Wallis test / Two-tailed test:

K (Observed value) 0.280
K (Critical value) 3.841
DF 1
P-value (one-tailed) 0.597
alpha 0.050

An approximation has been used to compute the P-value.
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Table S3.6 Summary statistics: Mean % Fibre (g).

Obs. Obs.
Variable Observations \.Nlth W!thQUt Minimum Maximum Mean S.td'.
missing missing deviation
data data
CF 10 0 10 2.106 5.070 4.010 0.883
HC 10 0 10 2.703 10.438 5.274 2.356

Kruskal-Wallis test / Two-tailed test:

K (Observed value) 0.966
K (Critical value) 3.841

DF 1
p-value (one-tailed) 0.326
alpha 0.050

An approximation has been used to compute the P-value.
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Table S3.7 Core taxa within each group throughout the study.

Taxa

Cystic Fibrosis

Prevalence Abundance Sig. Difference

Faecalibacterium prausnitzii
Bacteroides 3

Bacteroides dorei
Clostridium 5

Bacteroides uniformis
Eubacterium rectale

Blautia luti

Dialister invisus
Bacteroides vulgatus
Anaerostipes hadrus

Eubacterium hallii

Fusicatenibacter
saccharivorans

Parabacteroides distasonis
Dorea longicatena
Streptococcus 18
Ruminococcus bromii
Blautia faecis

Alistipes putredinis

Blautia wexlerae

Blautia massiliensis
Blautia obeum

Erysipelatoclostridium
saccharogumia

Alistipes onderdonkii
Oscillibacter ruminantium
Ruminococcus faecis
Enterococcus faecalis
Coprobacter secundus
Subdoligranulum variabile
Odoribacter splanchnicus
Pseudomonas fluorescens
Veillonella dispar

Butyricicoccus faecihominis

Anaerofignum
lactatifermentans

Oscillibacter valericigenes
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Given is prevalence, the percent number of samples a given core taxon was
detected in, and average relative abundance across those samples. Taxon names
are derived from condensed ASVs of the same species. ASV numbers have been
used to differentiate between taxa within the same genus that could not be identified
at the species level. Core taxa are highlighted orange, whereas satellite taxa are
grey. Given the length of the ribosomal sequences analysed, species identities
should be considered putative. *** - p < 0.001, **- p<0.01, *- p < 0.05.
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Table S3.8 Bacterial Kruskal-Wallis tests of alpha diversity.

Microbiota Core taxa Satellite taxa

H: 7.406 H: 14.29 H: 7

Hc (tie corrected): 7.406 Hc (tie corrected): 14.29 Hc (tie corrected): 7

p (same): 0.006502 p (same): 0.000157 p (same): 0.008151
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Table S3.9 Bacterial ANOSIM summary statistics utilising Bray-Curtis index.

Microbiota Core taxa Satellite taxa

R value: 0.4729 R value: 0.9022 R value: 0.5609
p (same): 0.0001 p (same): 0.0001 p (same): 0.0001
Bonferroni-corrected p 0.0001 Bonferroni-corrected p 0.0001 Bonferroni-corrected  0.0001
value: value: p value:

permutation N: 9999 permutation N: 9999 permutation N: 9999
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Highlights

A wide range of faecal short chain fatty acids were captured by the sample
extraction and derivatisation.

e Short chain fatty acids were successfully profiled and quantified using GC-MS.
¢ Analysis showed the GC-MS method was robust and highly sensitive.

e Two additional short-chain fatty acids were putatively identified.
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Abstract

The gut microbiota plays a key role in the maintenance of normal physiology and
immune homeostasis at the site of the intestine. This is largely due to the production
of short-chain fatty acids (SCFAs) from the fermentation of non-digestible
carbohydrates and resistant starch by select bacteria in the colon. Such taxa are
routinely implicated in states of dysbiosis within the intestinal microbiota, frequently
observed in chronic diseases such as cystic fibrosis. Profiling and quantification of
such metabolites, in tandem with bacterial abundance data is desirable for an
enhanced understanding of the functional consequences of dysbiosis in disease.
Simple, highly sensitive methods are therefore necessary for thorough integrative

analyses.

This work presents a targeted method for highly sensitive gas chromatography-
mass spectrometry (GC-MS) profiling and quantification of SCFAs, in human faecal
samples. SCFAs were acidified and extracted from water with anhydrous ether,
followed by dehydration and derivatization at 37°C for three hours. Analytes were
acquired in selected ion monitoring (SIM) mode and quantified using internal

standards and external calibration curves.

SCFAs presented excellent linearity (R? > 0.99), alongside low limit of detections
(LOD) (0.055 to 0.142 uM) and quantification (0.185 to 0.473 uM). Following a
process of sample reconstitution, matrix effects were close to zero percent, enabling
the use of a water surrogate for calibration and quantification across the range of
linearity observed. Good recovery rates (77.49 - 93.03%) and reproducibility (%RSD
< 5%) were calculated during the validation procedure. Acetic, propionic, isobutyric,
butyric, isovaleric, valeric, 4-methylvaleric, hexanoic and heptanoic acid were

identified and quantified accurately from donor faecal samples. Additionally, two
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additional metabolites were identified in human faecal samples using the National

Institute of Standards and Technology (NIST) library.

In conclusion, a robust, fast, and sensitive GC-MS method for fatty acid profiling and
quantification was developed. This included testing of both healthy and cystic
fibrosis faecal samples, demonstrating the applicability of the method across

biological samples potentially altered from disease.
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4.1 Introduction

Short-chain fatty acids (SCFAs) are carboxylic acids consisting of a chain of 2-6
carbon atoms produced by the gut microbiota mainly through the fermentation of
non-digestible carbohydrates and resistant starch (Venegas et al., 2019), SCFAs
are associated with various pathologies, including those endocrinal, neurologic,
hepatic, cardiovascular, and cancerous by nature (Marks et al., 2001; Z. Gao et al.,
2009; de la Cuesta-Zuluaga et al., 2019; Silva et al., 2020; Mirzaei et al., 2021).
Following their translocation by passive diffusion, dedicated transporters, and the
activation of signalling cascades such as via G-protein coupled receptor (GPCR)
activation, SCFA effects are therefore observed systemically (Venegas et al., 2019).
Local to the intestinal tract, SCFAs harbour important roles in modulating the local
inflammatory response and promoting gut epithelial barrier integrity (Donohoe et al.,
2011). Bacteria equipped with genes for the synthesis of SCFAs have been
implicated in various intestinal pathologies, including forms of inflammatory bowel
disease (IBD) such as Crohn’s disease and ulcerative colitis, alongside cystic
fibrosis (CF) (Joossens et al., 2011; Takeshita et al., 2016; Marsh et al., 2022).
SCFAs such as butyrate exhibit anti-tumorigenic properties and may play key roles
in controlling intestinal malignancies (Arpaia et al., 2013; Chang et al., 2014). The
vast majority of SCFA are absorbed, leaving approximately 5% excreted in faeces
(Ruppin et al., 1980; Rechkemmer et al., 1988). However, relationships between
faecal levels and absorption have been demonstrated, particularly for acetic acid
(Vogt, 2003). Furthermore, faecal levels of SCFAs seemingly relate to gut symptoms
(Mller et al., 2021) and disease characteristics in IBD (Treem et al., 1994; Huda-
Faujan et al., 2010). This warrants the development of convenient, accurate and

reliable analytical techniques to quantify and profile SCFAs from faecal samples to
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better elucidate the functional consequences of gut microbiota dysbiosis in the

context of intestinal disease.

The analysis of SCFAs has previously been achieved utilising various analytical
techniques, including gas chromatography (GC) and liquid chromatography (LC)
coupled with various kinds of detectors, such as ultraviolet (UV), flame ionization
detector (FID), and mass spectrometry (MS) (De Baere et al., 2013; Hoving et al.,
2018; Song et al., 2019; Scortichini et al., 2020). Unfortunately, due to their poor
chromatographic and ionisation properties, SCFAs are challenging targets for liquid
chromatography-mass spectrometry (LC-MS) (Saha et al., 2021; Bihan et al., 2022).
Quantifying SCFAs without chemical derivatisation requires harsh experimental
conditions in LC-MS, such as an aqueous mobile phase containing hydrochloric acid
(van Eijk et al., 2009). Additionally, it is challenging to detect SCFAs by LC-MS due
to their masses in the lower mass range and overlapping numerous interfering
peaks from solvents and additives present (van Eijk et al., 2009). The inclusion of
several chemical derivatisation methods, including derivatisation by 3-
nitrophenylhydrazines and aniline, have been implemented during quantification of
SCFAs while using LC-MS to overcome these problems (Chan et al., 2017; Liebisch
et al., 2019). Both reagent agents produce high yields and are compatible with LC

solvents.

GC-MS has emerged as a desirable method for quantifying fatty acids (Primec et
al., 2017). This analytical technique requires suitable volatile compounds, and fatty
acids are commonly derivatised into their methyl ester or trimethylsilyl ester
derivatives. However, many derivatisation agents are moisture-sensitive and thus
unsuitable for the aqueous matrices containing SCFAs, where the derivatisation
agent must be chosen carefully (X. Gao et al., 2009; Zheng et al., 2013; Den Besten

etal., 2014). Water-free conditions have been achieved for SCFA analysis, including
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sample extract dehydration with anhydrous sodium sulphate (Na2SOs), but this has
mainly been limited to studies in rodent-derived tissues (Zhang et al., 2019; Wang
et al., 2020). Recent derivatisation-free approaches using solid-phase extraction
(SPE) (Di Cagno et al., 2011; Ahmed et al., 2013) or directly analysing acidified
water/extracts using HCI (Zhao et al., 2006; Zhang et al., 2013) or phosphoric acid
(Achour et al., 2007; Maijid et al.,, 2011) have been implemented previously.
However, these methods might render low recoveries and sensitivity and bear the

risk of impurities and GC column contaminations (Garcia-Villalba et al., 2012).

The present study aimed to develop and validate a robust, sensitive, and accurate
GC-MS-based profiling and quantification of SCFAs from human faecal samples.
This analytical method included three steps: (1) extraction of the fatty acids from the
sample matrix, where convenient sample clean-up involving a liquid-liquid extraction
was performed, (2) derivatisation of the extracted fatty acids with N, O-
bis(trimethylsilyl) trifluoroacetamide (BSTFA) for 3 hours at 37°C, and (3) GC-MS
analysis. The extraction and derivatisation reaction conditions, storage and injection
conditions were optimised and validated for human faecal samples. Validation
parameters such as selectivity and specificity, precision, accuracy, linearity, range,
stability, limit of detection (LOD) and limit of quantitation (LOQ) were evaluated.
Finally, the validated method was used to profile and quantify fatty acid metabolites

from a donor faecal sample.
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4.2 Materials and methods
4.2.1 Chemicals and Standards

Analytical grade of hydrochloric acid (HCI), anhydrous diethyl ether (DE), anhydrous
sodium sulphate (Na2S0O4), and MS grade water were purchased from Fisher
Scientific (Loughborough, UK). The '3C-short chain fatty acids stool mixture, N, O-
bis(trimethylsilyl)trifluoroacetamide) (BSTFA), and volatile free acid mix were
purchased from Merck Life Science (Poole, UK). Helium CP grade was used as the

carrier gas (99.999%, BOC Limited, UK).

4.2.2 Faecal sample collection

Healthy control and CF faecal samples were available from a previously approved
study, whereby approval was obtained from the West Midlands Coventry and
Warwickshire NHS Research Ethics Committee (18/WM/0242). All samples were

provided during visits to the Nottingham University Hospitals NHS Trust.

4.2.3 Faecal sample processing, extraction, and derivatisation

All faecal samples were stored at - 80°C prior to sample processing. Samples were
ground and homogenised using liquid N2. Approximately 50 mg of ground faecal
sample was added to a ZYMO™ 2 mL screw cap microtube containing ultra-high
density, chemically inert beads (Cambridge Bioscience, Cambridge, UK). 0.5 mL of
MS grade water was added, Samples were then further lysed and aqueously
homogenised utilising the FastPrep-24™ 5G system, with two cycles at a speed of
6.0 m/s for 40 seconds. Next, samples were mixed at 80 rpm for 30 minutes using

the RM-2L Intelli Mixer (ELMI, location) whilst incubated at 4°C.
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After mixing, samples were centrifuged at 13,000 x g for 30 minutes at 4°C. The
faecal water supernatant containing SCFAs was removed, before 150 yL was added
to a Lo-Bind Eppendorf tube over ice containing 15 ul of 5 M HCI to protonate the
sample. 150 pl DE solvent was added, alongside 3.15 pl internal standard. The
internal standard was added to produce a theoretical final concentration of 30:10:10
MM (sodium) acetate, propionate and butyrate respectively in the sample following
extraction and derivatisation. Samples were then vortexed for 10 seconds before
mixing for 15 minutes utilising the RM-2L Intelli Mixer as previously described.
Samples were then centrifuged at 10,000 x g for 5 minutes at 4°C. The DE layer
containing volatile fatty acids was then accurately transferred to a Lo-Bind
Eppendorf tube pre-loaded with 25 mg Na2SO4 to remove residual water. The
remaining layer was then re-extracted with another 150 yL DE as before (no
additional internal standard added). The two extraction tubes were then centrifuged
at 280 x g for 1 minute to ensure sedimentation of Na2SOa4 prior to combination by
equal volume. 40 pl of the pooled sample was transferred then an amber GC vial
with a fused insert, 2 yl was BSTFA added, vortexed for 5 seconds, and then capped
tightly and incubated at 37°C with constant shaking for 3 hours. Following
derivatisation, all samples were immediately quenched on ice then stored at -20°C

before GC-MS analysis.

MS grade water was used as a blank sample control and to correct the background
from use of the solvent and derivatisation agent. Independent blank samples were
processed with the same method as faecal samples and acquired along the
acquisition. The corrected peak areas of metabolites were calculated by taking the
normalised spectra (using integrals of targets and internal standards) and
subtracting normalised blank water samples detected under the same conditions

and along the same acquisition.
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4.2.4 GC-MS parameters

GC-MS analysis was carried out using an Agilent 7890B/5977 Single Quadrupole
Mass Selective Detector (MSD) (Agilent Technologies) equipped with a non-polar
HP-5ms Ultra Inert capillary column (30 m x 0.25 mm x 0.25 ym, Agilent
Technologies). Carrier gas, wash steps, autosampler settings, oven temperatures,
and ionisation properties were implemented as outlined in Chapter 2.2.8.3. SCFA
identification, quantification, and downstream processing was achieved as

described in Chapter 2.2.8.3.

4.2.5 Method Validation

The GC-MS method validation was carried out by establishing specificity, linearity
and range, precision, accuracy, recovery, LOD and LOQ. These methods are
described across Chapters 2.2.8.5 to 2.2.8.9. Before acquisitions, a system
suitability test (SST) was conducted to assess the GC-MS system for no
interferences present, sensitivity and repeatability using 5 uM of extracted and
derivatised reference standard mix. Percentage relative standard deviation (%RSD)
of the peak areas and retention times (RT), signal to noise of all five injections were

calculated.

4.2.5.1 Matrix effects

Matrix effects within faecal samples were investigating using the approach detailed
in Chapter 2.2.8.10, across samples spiked with 5, 500 and 1000 pM of the

reference fatty acid mixture.
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4.2.5.2 Stability

Sample storage and subsequent stability testing techniques of the processed

samples was carried out as described in Chapter 2.2.8.11.

4.2.5.3 Profiling and quantification of short to medium-chain fatty acids

Profiling of fatty acid composition and absolute quantification of metabolites was
performed in accordance to Chapter 2.2.8.12, whereby the '3C butyric acid standard
was the designated as a suitable component of the standard reference mix for this

purpose, based on the fragmentation pattern and subsequent ions produced.

4.3 Results and discussion
4.3.1 Extraction and derivatisation method

Initially we sought to determine how the extraction method could be optimised,
specifically involving the mixing time of DE solvent with protonated water containing
the SCFA reference mix. Extraction with DE was selected based on previous results
indicating the increased yield of shorter SCFAs (C2-C4) from murine faecal samples
(Zhang et al., 2019). Other methods in the literature have also implemented
anhydrous Na2S0O4 addition before sample derivatisation (Polyakova et al., 2013;
De Paola et al., 2017), but information concerning the amount to be added for
optimal sample dehydration is limited. Increasing sample mixing time compared to
alternate approaches (Zhang et al., 2019) during the extraction procedure, to 15
mins per extraction round, and using 25 mg Na2SO4 per 150 pl of extracted SCFA

supernatant was opted for, to enable the highest possible recovery rates.
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BSTFA has previously been used for the derivatisation of faecal-derived SCFAs with
great success (Wu et al., 2009; He et al., 2019), and so was chosen as a suitable
agent for the human faecal samples obtained. 37°C was selected as a suitable
temperature for the derivatisation procedure given the practicality of derivatising
samples over a shorter timeframe and allowing for consistency of time control
(compared to overnight methods), all without substantially increasing the
temperature and thus reducing potential volatility issues with the solvent and
metabolites inside the GC vial, which has also been described previously (Zhang et
al., 2019). To ensure sufficient derivatisation time at 37°C for the reformed extraction
method, extracted SCFA reference samples were derivatisation at 37°C for 3 hours,
which was sufficient to ensure complete derivatisation of the target sample. Grinding
of samples in liquid nitrogen and subsequent storage at -80°C was commonly
performed and did not impact yields obtained. Additionally, extracted acids were

able to be stored at -20°C prior to derivatisation and GC-MS analysis.

4.3.2 Method validation

Table 4.1 depicts parameters obtained for each SCFA tested, including the
confirmation and quantification ions (m/z). Selected ion monitoring (SIM) provided
greater sensitivity and separation of the SCFA peaks within the spectra, aiding the
analysis of SCFAs. All SCFAs demonstrated high correlation coefficients (R? =
0.993), with the limit of linearity ranging between SCFAs. Acetic acid had a limit of
linearity of 2000 uM, with propionic acid 2500 pM. All other SCFAs had a limit of
linearity of 1000 uM. The limit of detection (LOD) and limit of quantification (LOQ)
were calculated using signal to noise ratios of 3:1 and 10:1 respectively. LOD Values
ranged from 0.055 to 0.142 uM, demonstrating the enhanced sensitivity as

compared to derivatisation-free GC-MS approaches (Bianchi et al., 2011; Garcia-
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Villalba et al., 2012) and even those utilising other agents such as pentafluorobenzyl
bromide (PFBBr) (Hoving et al., 2018). Likewise, the LOQ, which ranged from 0.185
to 0.473 pM, demonstrated the high sensitivity of the derivatisation-based method,
with similarity to values obtained across murine faecal SCFA analysis (Zhang et al.,

2019).
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Figure 4.1 Representative total ion count (TIC) chromatograms from various
elements of the method development. A representative selective ion monitoring
(SIM) chromatogram of the '3C-SCFA internal standard is also demonstrated
underneath. (A) TIC of a water blank sample. (B) TIC of a healthy control human
sample. (C) TIC from a cystic fibrosis patient harbouring intestinal inflammation. (D)
TIC from 0.5 mM volatile fatty acid reference mixture. Peak identification is as
follows: 1 — acetic acid, 2- propionic acid, 3 — isobutyric acid, 4 — butyric acid, 5 —
isovaleric acid, 6 — valeric acid, 7 - 4-methylvaleric acid, 8 — hexanoic acid, 9 —
heptanoic acid. Provisional peak identification based on NIST library: P1 — 2-
methylbutanoic acid, P2 — Lactic acid.
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Table 4.1 Analytical parameters for SCFA
analysis with GC-MS

tr

Target ion

Confirmation

Linearity limit

LOD

LoQ

2
SCFA (min) (miz) ion (m/z) R (M) (M) @m)  Res
Acetic acid 2.52 117 75 0.9936 2000 0.142 0.473 17.06
Propionic acid  3.81 131 75 0.9928 2500 0.091 0.304 8.21
Isobutyric acid ~ 4.39 145 117 0.9972 1000 0.080 0.266 11.16
Butyric acid 5.22 145 117 0.9972 1000 0.067 0.222 11.31
Isovaleric acid  6.07 159 117 0.997 1000 0.071 0.237 12.65
Valeric acid 6.85 159 117 0.9974 1000 0.071 0.238 20.70
4-
methylvaleric  7.86 173 117 0.9970 1000 0.056 0.188 12.61
acid
Hexanoic acid ~ 8.41 173 117 0.9979 1000 0.056 0.187 38.58
Heptanoic acid ~ 9.90 187 117 0.9971 1000 0.055 0.185 NA
3C-acetic acid®  2.52 119 77 NC NC NC NC NC
'3 o
C-propionic 5 4, 134 77 NC NC NC NC NC
acid’
1306, :
C-butyric 55, 149 119 NC NC NC NC NC
acid
*2_
methylbutanoi  5.87 145 117 NC NC NC NC NC
c acid
*Lactic acid 8.35 173 117 NC NC NC NC NC

tr: Retention time for given SCFA; LOD: Limit of detection; LOQ: Limit of

quantification; Res: Resolution between target and subsequent peak of
interest; NC: Not calculated. *Should be considered putative based on

NIST library search.
SInternal standards not used for downstream profiling and quantification.
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4.3.3 Recovery and reproducibility

Recoveries within the range of 5 to 1000 pM tested, ranged from 78.80 £ 5.57% to
93.03 + 2.81% (mean = SD) across all the metabolites tested (Table 4.2),
demonstrating relatively good recoveries (Zhang et al., 2019). Between acetic to
isovaleric acid, recoveries generally increased as the concentration of the reference
standard increased from 5 to 1000 uM, whilst longer-chain fatty acids (including
valeric acid) displayed the opposite trend, generally decreasing. The recovery of
larger fatty acids (=C5 acids) was generally greater than the shorter chain
counterparts (particularly C2-C4 acids). The reproducibility of the method was good,
as determined by the %RSDs for both retention time (fr, min) and peak integrals.
Across all acids, the intra and inter-day %RSDs for tr ranged from 0.00-0.35% and
0.12-0.52% respectively (Table S4.1). For the peak integrals, these ranged from
2.57-4.65%. The results of both outcomes demonstrate good analytical stability of
our approach, with recovery rates and stability similar to others (Garcia-Villalba et

al., 2012; Zhao et al., 2016; Zhang et al., 2019).
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4.3.4 Determination of matrix effects

Following the equation shown in section 4.2.5.6, conducted utilising the method
depicted in Figure 4.2, we sought to investigate any potential matrix effects of the
protonated faecal water obtained from human faecal samples towards the signal
obtained from GC-MS analysis. As shown in Table 4.3, no signal suppression was
observed across the range of concentrations tested (5, 500, and 1000 uM). Rather,
a small but insignificant signal enhancement was detected across all concentrations
tested. With all signal enhancement values < 1.40% (except acetic acid at 1000 uM
which was 1.97%) the current method was deemed suitable for application to human
faecal samples. Our results are in agreement with previous studies, whereby the
use of water as a surrogate for a faecal sample matrix has been successfully used
to construct calibration curves for subsequent sample quantification (Kim et al.,

2022).
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Table 4.2 Calculated recovery across human faecal samples tested

?:'UI;: Acetic  Propionic Isobuteric Butyric Isovaleric Valeric 4-methylvaleric  Hexanoic  Heptanoic
5 79.14 77.49 79.6 79.45 82.06 86.91 90.51 90.68 93.03
+9.19 +6.48 +4.63 +6.54 +6.62 +6.02 +4.99 +5.03 +2.81
500 78.80 79.43 82.16 82.65 85.87 85.72 87.38 87.19 86.79
+5.57 +3.57 +2.63 +1.41 +1.07 +0.74 +0.60 +0.63 +1.06
1000 79.23 80.41 83.77 85.48 87.3 86.63 86.35 85.90 85.88
+3.29 +3.48 +2.96 +2.07 +1.89 +2.01 +1.80 +1.65 +1.89

Displayed is the Mean * SD, across samples extracted, derivatised, and ran
in triplicate.
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Table 4.3 Calculated matrix effects across human faecal samples tested

Concentratio

(pII‘VI) Acetic  Propionic Isobuteric Butyric Isovaleric valeric methy‘t\-/aleric Hexanoic  Heptanoic
5 -1.07 -1.16 -0.70 -0.29 -0.61 -0.76 -0.78 -0.67 -0.71

500 -1.12 -0.95 -0.99 -0.82 -0.95 -0.87 -0.75 -0.68 -0.77

1000 -1.97 -1.39 -1.39 -1.11 -1.15 -1.13 -0.92 -0.80 -0.78

Negative values indicate enhancement of target signal.
percentages (%).

Values depicted are
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Figure 4.2 Process of sample reconstitution to determine both sample recovery and
presence of any matrix effects in faecal samples for targeted fatty acid analysis. (A)
Process of sample pre-spike, where the reference mixture is added prior to
extraction with diethyl ether (DE). Additional DE is added following extraction and
Na2SOu4 to alter the final concentration prior to derivatisation and GC-MS analysis.
(B) Process of sample post-spike, where the reference mixture is added following
sample extraction with diethyl ether (DE). The reference mixture concentration and
volume added is calculated to match the pre-spike sample, prior to derivatisation
and GC-MS analysis. (C) Reference mix sample only, prepared similarly in parallel
in only MS-grade water to represent an efficient extraction without any potential
sample matrix interference. Figure created with BioRender.
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4.3.5 Faecal SCFA identification and quantification

Following the determination that extraction of volatile fatty acids from donor faecal
samples yielded negligible matrix effects (Table 4.3), samples were quantified using
a calibration curve series of the pure volatile fatty acid reference standard, diluted
and extracted from MS-grade water. The quantified volatile fatty acids from are
depicted in Figure S4.2, with the respective spectra also shown in Figure 4.1. As
expected, the three most abundant acids quantified were (mean + SD) acetic (42.69
+ 2.17 mmol/kg), propionic (22.99 + 0.33 mmol/kg), and butyric acid (12.62 + 0.03
mmol/kg). All other acids were quantifiable, but significantly lower in concentration,
except heptanoic acid which fell under the limit of quantification within the donor
faecal sample from a patient with CF. Of note, we were also able to detect alternate
peaks on the spectra (Table 4.1), which were putatively identified as 2-
methylbutanoic acid and lactic acid. Lactic acid is produced by a subset of the
microbial community, serves as substrates in complex cross-feeding pathways, in
turn impacting host intestinal physiology (Louis et al., 2022) and therefore may be
of clinical relevance for quantification moving forwards. The overgrowth of
Enterococcaceae, which contains potentially pathogen members has been
associated with enhanced lactate in faeces isolated from people with CF (Wang et

al., 2019).
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4.4 Conclusion

The current study has demonstrated the applicability of a modified GC-MS method
to accurately profile and quantify a wide range of fatty acids from human faecal
samples, in both health and disease. This derivatisation-based approach illustrates
high sensitivity, excellent linearities (R? = 0.993), good recovery (78.80-93.03%),
and sound repeatability (RSD% < 5), in addition to low LOQs (0.185 to 0.473 pM).
Furthermore, other potentially relevant metabolites in microbial dysbiosis have been
putatively identified through library searching, of which should help facilitate our
understanding of the microbiota and its functionality within intestinal health and

disease.
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4.6 Supplementary figures and tables
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Figure S4.1 Mass spectra of acetic, propionic, and butyric acids from their
derivatised forms as trimethylsilyl esters. Shown are the fragmentation patterns
obtained from total ion count (TIC) spectra of the volatile fatty acid reference mix
(500 yM). The structure of each trimethylsilyl ester is shown to the right of each
mass spectrum. Trimethyl acetate and propionate both produce fragments that
overlap with the target ions proposed for the '3C internal standard equivalents (119
and 134 m/z respectively). The mass spectrum for trimethyl butyrate (red) does not
demonstrate overlap with the target ion for '*C-butyric acid (149 m/z), and thus was
deemed suitable for use as an internal standard in the downstream normalisation of
GC-MS spectra.
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Figure S4.2 Quantification of short to medium-chain fatty acids from a faecal donor
sample. Extraction, derivatisation, and GC-MS analysis was carried out in triplicate.
Error bars denote standard deviation of the mean. Heptanoic acid quantification did
not surpass the calculated limit of quantification from the initial calibration series (<
0.185 pM), therefore was omitted from downstream analysis to calculate the original
sample concentration in mmol/kg.
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Table S4.1 Intra- and inter-day stability of retention times for the target metabolites.

Fatty acid metabolite

Intra-day stability

Inter-day stability

(%RSD, range) (%RSD)

Acetic 0.16-0.35 0.52
Propionic 0.24-0.17 0.18
Isobutyric 0.13-0.16 0.19
Butyric 0.05-0.11 0.14
Isovaleric 0.05-0.08 0.15
Valeric 0.05-0.07 0.15
4-methylvaleric 0.00-0.06 0.12
Hexanoic 0.00-0.06 0.13
Heptanoic 0.00-0.05 0.12

Inter-day stability was determined over the course of four batches.
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Highlights

Tezacaftor/Ilvacaftor had no impact upon microbiota diversity or composition.

Tezacaftor/lvacaftor had no impact upon faecal short-chain fatty acid

composition.

e Controls remain significantly different to pwCF with respect to microbiota
structure and function.

¢ No significant differences in patient symptoms or gut function succeeded

Tezacaftor/lvacaftor use.
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Abstract

People with cystic fibrosis (pwCF) experience a range of persistent gastrointestinal
symptoms throughout life. There is evidence indicating interaction between the
microbiota and gut pathophysiology in CF. However, there is a paucity of knowledge
into potential effects of CF transmembrane conductance regulator (CFTR)
modulator therapies on the gut microbiome. In a pilot study, we investigated the
impact of Tezacaftor/lvacaftor dual combination CFTR modulator therapy on the
gut-microbiota and metabolomic functioning in pwCF. Faecal samples from 12
pwCF taken at baseline and following placebo or Tezacaftor/lvacaftor administration
were subjected to microbiota sequencing and to targeted metabolomics to assess
the short-chain fatty acid (SCFA) composition. Ten healthy matched controls were
included as a comparison. Inflammatory calprotectin levels and patient symptoms
were also investigated. No significant differences were observed in overall gut
microbiota characteristics between any of the study stages, extended also across
intestinal inflammation, gut symptoms, and SCFA targeted metabolomics. However,
microbiota and SCFA metabolomic compositions, in pwCF, were significantly
different from controls in all study treatment stages. CFTR modulator therapy with
Tezacaftor/lvacaftor had negligible effects on both the gut microbiota and SCFA
composition across the course of the study and did not alter towards compositions
observed in healthy controls. Future longitudinal CFTR modulator studies will
investigate more effective CFTR modulators and should use prolonged sampling

periods, to determine whether longer-term changes occur in the CF gut microbiome.
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Importance

People with cystic fibrosis (pwCF) experience persistent gastrointestinal (Gl)
symptoms throughout life. The research question “how can we relieve gastro-
intestinal symptoms, such as stomach pain, bloating, and nausea?” remains a top
priority for clinical research in CF. While CF transmembrane conductance regulator
(CFTR) modulator therapies are understood to correct underlying issues of CF
disease and increasing numbers of pwCF are now receiving some form of CFTR
modulator treatment. It is not known how these therapies affect the gut microbiome
or Gl system. In this pilot study we investigated, for the first time, effects of the dual
combination CFTR modulator medicine, Tezacaftor/Ilvacaftor. We found it had
negligible effects upon patient Gl symptoms, intestinal inflammation, or gut
microbiome composition and functioning. Our findings are important as they fill
important knowledge gaps on the relative effectiveness of these widely used
treatments. We are now investigating triple combination CFTR modulators with

prolonged sampling periods.
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5.1 Introduction

People with cystic fibrosis (pwCF) experience a range of persistent gastrointestinal
(Gl) abnormalities that affect quality of life. The research question “how can we
relieve gastro-intestinal symptoms, such as stomach pain, bloating, and nausea?”
continues to be amongst the top priorities for clinical research in CF (Gillan et al.,
2022; Rowbotham et al., 2023). Also present with Gl abnormalities is dysbiosis of
the gut microbiome; which are changes to the resident microbiota and their
functional outputs that are hypothesised to exacerbate abnormalities associated
with CFTR dysfunction (Thavamani et al., 2021). Indeed, changes to the gut
microbiota have previously been associated with markers of intestinal function,
inflammation, and local tissue damage (Flass et al., 2015; De Freitas et al., 2018),
indicating a role of the microbiome in the multifactorial aetiology of intestinal disease
in the CF gut. We have previously demonstrated such relationships between gut
microbiota composition and intestinal function in pwCF, including markers of gut
pathophysiology and intestinal function, as measured by magnetic resonance

imaging (Marsh et al., 2022).

Over two-thirds of pwCF in the UK are now receiving CF transmembrane
conductance regulator (CFTR) modulator therapies (Cystic Fibrosis Trust, 2022),
which can correct the underlying problems of mutated CFTR protein functioning,
including trafficking, gating, and conductance at the cell epithelial surface (Lopes-
Pacheco, 2020). In comparison to the lower airways, our knowledge of the effects
of CFTR modulator therapies upon CF Gl pathophysiology is limited. Whilst
improvements to BMI, patient growth rates, and intestinal pH increases are better
defined (Rowe et al., 2014; Wainwright et al., 2015; Gelfond et al., 2017; Stallings
et al., 2018), there remain differing results concerning the modulation of intestinal

inflammation from the small number of available studies, all of which were focused
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on lvacaftor or Lumacaftor/lvacaftor CFTR modulator-based treatment (Ooi et al.,
2018; Tetard et al., 2020; Ronan et al., 2022). Likewise, studies investigating
changes to the microbiota are also scarce and relate mostly to monotherapy
approaches (Ooi et al., 2018; Kristensen et al., 2021; Pope et al., 2021; Ronan et
al., 2022). The CF gut microbiota is currently divergent from healthy controls
throughout life and further compounded by CF-associated lifestyle factors such as
antibiotic therapies and dietary changes (Nielsen et al., 2016; Burke et al., 2017;
Antosca et al., 2019; Kristensen et al., 2020; Loman et al., 2020). It is, however,
reasonable to suggest restoration of CFTR function could remodulate the bacterial
composition back to a signature observed in healthy controls, given that the primary
consequence of CFTR dysfunction alone is sufficient to induce dysbiosis in the CF
population (Meeker et al., 2020). This may arise from the restoration of fluidity at the
site of the intestinal epithelia, or through various other pathways and mechanisms

in which the CFTR protein plays a key role (Hanssens et al., 2021).

A new clinical research priority for CF is to understand “what are the effects of
modulators on systems outside the lungs such as ... gastrointestinal?” (Cystic
Fibrosis Refresh Top 10 priorities (priority setting in association with the JLA), 2022).
As new CFTR modulator therapies become available it is important to understand
potential impacts on the Gl system, including the gut microbiome. Therefore, in the
current pilot study we aimed to investigate the impact of Tezacaftor/lvacaftor dual
combination CFTR modulator therapy on the gut microbiome in pwCF. This was
achieved by analysing and comparing the gut microbiota along with short-chain fatty
acid (SCFA) targeted metabolomics from faecal samples taken from pwCF at
baseline and following placebo or Tezacaftor/lvacaftor dual combination CFTR
modulator therapy. These samples were collected as part of a randomised

crossover trial of Tezacaftor/lvacaftor vs. placebo (NCT04006873). Faecal samples
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from healthy matched controls were included as a comparison (Marsh et al., 2022).
SCFAs were specifically targeted as these microbially-produced metabolites are
known to play important roles in gut health and development of disease (Tan et al.,

2014). Patient clinical characteristics at baseline are detailed in Table 5.1.
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Table 5.1 Clinical characteristics of pwCF during Tezacaftor/Ivacaftor trial period
and healthy controls.

Characteristic pwCF healthy controls
Baseline age (Mean * SD) 20.8+7.8 21.4+7.4
Male (%) 8 (66.6) 5 (50)
Baseline BMI (Mean + SD) 21.4+25 22944
F508del/F508del (%) 12 (100) 0 (0)
Pancreatic insufficient (%) 12 (100) 0(0)
Baseline FEV1% (Mean + SD) 80.6 £ 19.6 -
Regular antibiotics (%) 11 (91.6) 0(0)
Additional antibiotics during trial (%) 6 (50) -

Regular antibiotics during trial includes: oral azithromycin (7/12, 58.3%); inhaled
tobramycin (2/12, 16.7%); inhaled aztreonam (1/12, 8.3%); and inhaled
colistimethate sodium (4/12, 33.3%). Additional antibiotic treatment includes: oral
Ciprofloxacin (4/12, 33.3%); oral clarithromycin (1/12, 8.3%): and intravenous (1V)

antibiotics (1/12, 8.3%).
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5.2 Results

Bacterial taxa within the whole microbiota were partitioned into common core and
rare satellite taxa after plotting distribution-abundance relationships for all for
sample groups from baseline, placebo, and Tezacaftor/lvacaftor treatment periods,
and the healthy controls (Figure S5.1). Core taxa within each treatment period along
with the healthy control group are given in Table S5.1. Diversity and composition for
the whole microbiota, as well as the core and satellite taxa, between treatment

period were compared (Figure 5.1A and B).

No significant differences were observed in whole microbiota diversity between any
of the treatment periods (P > 0.05 in all instances) (Figure 5.1A, Table S5.2).
Significant differences in diversity were observed in core taxa between baseline and
placebo (P = 0.007) and placebo and Tezacaftor/lvacaftor treatment groups (P =
0.039). Core taxa diversity was not significantly different between baseline and
Tezacaftor/Ilvacaftor groups (P > 0.05) (Figure 5.1A, Table S5.2). For the satellite
taxa, no significant differences in diversity were observed between treatment
periods (P > 0.05 in all instances) (Figure 5.1A, Table S5.2). Additionally,
composition of the whole microbiota and the core and satellite taxa groups were not
significantly different between treatment periods (P > 0.05 in all instances) (Figure

5.1B, Table S5.3).
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Figure 5.1 Comparisons of microbiota diversity and similarity indices. (A)
Differences in Fisher's alpha index of diversity across pwCF during the various
treatment periods. Circles indicate individual patient data for microbiota (black),
partitioned core (orange), and partitioned satellite (grey) taxa. Error bars represent
1.5 times the inter-quartile range (IQR). Asterisks denote significant differences in
diversity between treatment periods following Kruskal-Wallis testing. Summary
statistics are provided in Table S5.2. (B) Microbiota variation measured across
various treatment periods, utilising the Bray-Curtis index. Shown is the similarity
between different treatment periods. Error bars represent standard deviation of the
mean. ANOSIM tests were conducted between sampling phases; Summary
statistics are provided in Table S5.3. (C) Differences in Fisher’s alpha index of
diversity across pwCF from this trial compared to previously matched healthy
controls. Asterisks denote significant differences in diversity between treatment
periods following Kruskal-Wallis testing. Summary statistics are provided in Table
S5.4. (D) Microbiome variation across the various treatment periods in pwCF and
matched healthy controls, utilising the Bray-Curtis index. Shown is the within-group
similarity between. Error bars represent standard deviation of the mean. Asterisks
denote significant differences following ANOSIM testing; Summary statistics are
provided in Table S5.5. ***; P < 0.0001, **; P < 0.001, *; P < 0.05. Tez/lva;
Tezacaftor/lvacaftor. Group sizes: Baseline, n = 12; placebo, n = 9; Tez/lva, n = 12.
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Next diversity and composition for the microbiota, core taxa, and the satellite taxa
between each treatment period and the matched healthy control group were
compared (Figure 5.1C and D). In all instances, diversity in the control group was
found to be significantly higher when compared to each treatment period (P < 0.05
in all instances) (Figure 5.1C, Table S5.4). Similarly, the microbiota, core taxa, and
satellite taxa compositions of the healthy control samples were significantly different
from pwCF for all treatment periods (P < 0.05 in all instances) (Figure 5.1D, Table
S5.5). To visualise how Tezacaftor/lvacaftor treatment might shift the microbiota
composition back to that observed in healthy controls, samples were spatially
plotted utilising Bray-Curtis distances (Figure 5.2). Healthy control samples
clustered more tightly to one another, indicating they were more similar to each
other, when compared to samples within any of the treatment periods (Figure 5.1D
and 5.2). Also, the healthy control microbiota samples clustered away from the
treatment stage microbiota samples, which all overlapped with one another. No shift
within the Tezacaftor/Ivacaftor group back towards a healthy microbiota composition

was observed (Figure 5.2).

Changes in microbially produced SCFA metabolites were also investigated (Figure
5.3). SCFA metabolites, including their target and confirmation ions, are listed in
Table S5.6. SCFA metabolite compositions were not significantly different between
treatment stage sample groups (P > 0.05 in all instances) (Table S5.7). Conversely,
significant differences in SCFA compositions between healthy controls and all
treatment stages were observed (P < 0.05 in all instances) (Table S5.7). In terms of
specific SCFAs, SIMPER analysis (Table S5.8) showed that acetic, propionic, and
butyric acid cumulatively contributed >73% of these differences. Furthermore, their
combined relative levels were increased in pwCF compared to healthy controls,

which constituted mean (x SD) collective levels of 92.5% (+6.6%) and 84.3%
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(£6.6%) respectively. This coincided with higher relative levels of longer SCFAs in
healthy controls, particularly those containing =5 carbons, of which there were
significant differences compared to pwCF as seen in Supplementary Table S5.9.
Additionally, Isobutryic acid relative levels were significantly decreased in both
baseline (P = 0.048) and placebo (P = 0.009), but not Tezacaftor/lvacaftor (P =

0.429) pwCF samples compared with healthy controls (Table S5.9).

Finally, no significant differences in intestinal inflammation, as measured by faecal
calprotectin, were observed between Tezacaftor/lvacaftor and baseline/placebo
phases of the study (median [IQR]: 13.7 [5.2-25.8] vs 12.6 [8.0-21.5] ug/g, P =
0.954). However, both phases were significantly different from the healthy controls
(3.7 [2.8-4.8] ug/g, P = 0.010 and P = 0.018 respectively). Also, no differences
across participant symptom scores between Tezacaftor/lvacaftor and off-treatment
samples through the PAC-SYM (P = 0.393) or CFAbd (P = 0.297) questionnaires

were observed (Tables S5.10-S5.11).
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Figure 5.2 Principal coordinates analysis (PCoA) of gut microbiota composition from
different treatment periods, and also matched healthy controls, utilising Bray-Curtis
distances. Each data point represents an individual sample. Elipses represent a
95% confidence level between groups. Colour of data point is indicative of group as
depicted. ANOSIM statistics for bacterial compositions between treatment periods
and comparisons with healthy controls are found in Tables S5.3 and S5.5
respectively. Group sizes: Baseline, n = 12; placebo, n = 9; Tez/lva, n = 12.
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Figure 5.3 Principal component analysis (PCA) plot of the SCFA (C2-C7) profiles
of grouped samples at baseline, placebo, and treatment periods. Also included are
healthy control subjects for comparison. Elipses represent a 95% confidence level
between groups. Colour of data point is indicative of group as depicted. Summary
statistics are found in the Supplementary Results, including ANOSIM testing (Table
S5.7), SIMPER analysis (Table S5.8) and Kruskal-Wallis testing of individual SCFAs
(Table S5.9).
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5.3 Discussion

As new CFTR modulator therapies become available to greater numbers of eligible
pwCF it is crucial to investigate potential treatment effects on not just the lungs but
a wide range of systems in CF, including the Gl system (Cystic Fibrosis Refresh Top
10 priorities (priority setting in association with the JLA), 2022; Marsh et al., 2022).
To the best of our knowledge, this is the first study investigating the impact of
Tezacaftor/Ilvacaftor on the gut microbiome in pwCF. Here we examined the impact
of Tezacaftor/lvacaftor administration on the gut microbiota composition and
metabolomic functioning by means of 16S rRNA targeted amplicon sequencing and
targeted SCFA metabolomics. Our results indicate that Tezacaftor/lvacaftor
treatment had negligible effects on gut microbiota diversity and no significant
differences on microbiota composition when compared to baseline or placebo
treatment periods. There were differences across the core taxa observed within the
placebo treatment period, however the similar magnitude of Fisher’s alpha likely
indicates these changes render little biological significance and are resultant of
alternate temporal variation. Furthermore, pwCF samples across all treatment
periods exhibited significantly reduced diversity and intra-group similarity, alongside
a significantly different composition of bacterial taxa compared to matched healthy
controls, suggestive of a perturbated community that is commonly observed in the
CF gut. (Burke et al., 2017; Kristensen et al., 2020; Loman et al., 2020; Marsh et al.,

2022).

Previous studies investigating the effects of CFTR modulator therapy on the gut
microbiota have mainly been limited to lvacaftor treatment, where the majority of
studies observed no differences across bacterial diversity or overall composition
following Ivacaftor usage (Ooi et al., 2018; Pope et al., 2021; Ronan et al., 2022).

Whilst Kristensen et al did observe significant changes to the aforementioned
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(Kristensen et al., 2021), this was only evident following extended 12 months of
treatment in pwCF harbouring the p.Ser1251Asn mutation. Given the increased
efficacy of Ivacaftor for pwCF undergoing treatment for class Il mutations relative
to those administered dual-therapy to treat F508del in the respiratory domain
(Gramegna et al., 2020), it may be possible that this reduced efficacy also extends
to the site of the intestinal tract and changes to the microbiota are more subtle in
such cohorts of pwCF. This will be clarified as further studies on CFTR modulators

and the intestinal microbiome encompass greater numbers of participants.

Additionally, Pope et al investigated dual-combination Lumacaftor/lvacaftor
treatment in a F508del cohort (Pope et al., 2021), but did not observe any effects
upon bacterial diversity or composition. Heterogeneity across studies published thus
far includes clinical and patient characteristics that have previously been shown to
impact or associate with microbiota composition, including CFTR genotypes
(Schippa et al., 2013; Bazett et al., 2015; Meeker et al., 2020), patient age (Manor
et al., 2016; Loman et al., 2020), sex (Marsh et al., 2022), and varying antibiotic
regimens (Burke et al., 2017; De Freitas et al., 2018; Kristensen et al., 2020). These
factors, alongside variable pancreatic function across patients, should be

considered in the wider context of the different outcomes observed.

Our cohort had an overall (mean + SD) lung function (FEV1 %) of 80.6 £ 19.6 at
baseline the largest value we are aware of for a CFTR modulator-based gut
microbiota study. Future studies may elucidate the relevance of baseline respiratory
characteristics towards gut microbiota changes following CFTR modulator usage,
given the strong evidence for a gut-lung axis in CF (Burke et al., 2017; Price and
O'Toole, 2021). Alongside others, we have previously demonstrated the large

association of antibiotic therapy with microbiota composition across pwCF (Burke et
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al., 2017; Antosca et al., 2019; Marsh et al., 2022), and in the current study all but
one patient was receiving regular antibiotic therapy as part of their routine care.
Additionally, 50% (6/12) of pwCF were administered additional antibiotic therapy

either during, or recently preceding their faecal samples and clinical assessments.

With regards to the functionality of the microbiota, we did not observe any
differences in the faecal relative levels of SCFAs between any of the treatment
periods in this study. Although only approximately 5% of SCFAs are excreted in
faeces (Ruppin et al., 1980; Rechkemmer et al., 1988), faecal levels of SCFAs have
been shown to relate to disease severity and patient symptoms across inflammatory
bowel diseases (IBDs) (Treem et al., 1994; Huda-Faujan et al., 2010; Mdller et al.,
2021) and therefore may be of use in the CF gut as a biomarkers of microbiota
functional capacity. This is unsurprising, given the relationship of butyrate in
particular with anti-inflammatory properties and enhancement of epithelial integrity
(Donohoe et al., 2011; Arpaia et al., 2013; Chang et al., 2014). Faecal levels of
prominent SCFAs, including acetic, propionic, and butyric acid have previously been
shown to be lower in the CF gut compared to healthy controls (Vernocchi et al.,
2018). When extending our analyses to matched healthy controls we found
significant differences in composition compared to pwCF. Whilst compositional
differences were mainly driven by levels of acetic, propionic, and butyric acid,
subsequent univariate analyses between pwCF and healthy controls revealed
differences in the relative levels longer-chain SCFAs. Isobutyric relative levels were
significantly increased in controls compared to baseline and placebo, but not
Tezacaftor/lvacaftor pwCF samples, which could reflect temporal changes such as
increased protein availability and subsequent amino acid fermentation resulting
from dietary fluctuations (Oliphant and Allen-Vercoe, 2019). We detected that

valeric, hexanoic, and heptanoic acid were significantly increased in healthy control
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subjects compared pwCF. Whilst these longer-chain fatty acids have also been
implicated in IBD (De Preter et al., 2015), future investigation should adopt extensive
integrative approaches to better understand relationships between the microbiome,
metabolome, and intestinal clinical outcomes further. This may elucidate any
potential functional redundancy of the microbiota (Wang et al., 2019) more clearly
in the context of CFTR modulator treatment that is likely administered in the

presence of antibiotic therapies and other lifestyle alterations that persist within CF.

Persistent intestinal abnormalities and symptoms are a hallmark of CF
gastrointestinal disease, including intestinal inflammation for which significant
differences were observed between pwCF and healthy controls, but not across the
various treatment periods in pwCF. The latter is similar to Ronan et al (Ronan et al.,
2022), but contrary to results from others (Ooi et al., 2018; Stallings et al., 2018;
Tetard et al., 2020), further suggesting intestinal inflammation in CF is multi-factorial
by nature. The lower faecal calprotectin values obtained in our study (compared to
other CF studies) during all treatment phases, suggests that the participants in our
study had less gut inflammation. A cut-off value of <50 ug/g is generally used to
define normal levels (Ellemunter et al., 2017). A more comprehensive approach may
therefore be required to determine the severity of intestinal inflammation in future
studies. Small intestinal bacterial overgrowth is another common abnormality of the
CF gut, that has so far persisted during interventions with Lumacaftor/Ivacaftor
therapy (Gabel et al., 2022). As it is often related to increased oro-caecal transit
times (Dorsey and Gonska, 2017), it will be interesting to determine if
Tezacaftor/lvacaftor impacts such gut function metrics, given the relationships with

the microbiota we have previously described in pwCF (Marsh et al., 2022).
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Whilst no differences across intestinal symptoms in our cohort through the CFAbd
and PAC-SYM questionnaires were observed, it is anticipated that more recent triple
combination therapies such as Elexacaftor/Lumicaftor/lvacaftor (ETI) may alleviate
the Gl manifestations and symptoms of CF. Indeed, preliminary data surrounding
its usage and patient symptoms is promising, based on the reduction of symptoms
across the CFAbd-scores reported by Mainz et al (Mainz et al., 2022). Triple
combination therapy (for patients with at least one copy of the common F508del
mutation) leads to fewer pulmonary exacerbations and overall improved respiratory
health (Keogh et al., 2022). This may in turn allow for a reduction in antibiotic use
and a re-shaping of the gut microbiota, so that it resembles more closely signatures
observed in healthy controls. It is also logical to postulate that the initiation of CFTR
modulator treatment earlier in life will also increase microbiota similarity between
pwCF and the wider population, particularly if other Gl manifestations are minimised.
Should this not arise, despite patient clinical improvement, the further integration of
multi-omic approaches will likely clarify if the predisposed microbial community
exhibit changes to functionality that promote a favourable intestinal environment for
pwCF. Finally, ETI therapy demonstrates increased efficacy across intestinal
epithelia as compared to Tezacaftor/lvacaftor in biopsies from pwCF homozygous
for the F508del mutation, which our current cohort all exhibited (Graeber et al.,
2022). As we obtain deeper knowledge surrounding triple-therapy modulator usage,
the findings of this study should therefore contribute valuable insights to the complex
challenge of comprehending the associations between restoring CFTR functionality
and alterations to the intestinal microbiota.

A limitation of this pilot study is inevitably the small sample size of our cohort, which
limits the power of specific analyses and restricts the ability to investigate confidently
the effects of the various antibiotic regimens (antibiotic class, dosage, frequency)

across our patients. Whilst the treatment period was also relatively short, longer-
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term administration has previously failed to elicit changes to the intestinal microbiota
across pwCF with similar genotypes (Pope et al., 2021), however this does not
include Tezacaftor/Ilvacaftor administration. The double-blind crossover element of
our study was limited to 9/12 (75%) of participants due to disruption from the COVID-
19 pandemic and patient desires to switch to available open-label treatment,
although samples at baseline and during Tezacaftor/lvacaftor treatment were
obtained from all participants. The principal strength of this study is the important
first insights gained into the efficacy of Tezacaftor/lvacaftor treatment in modulating
the gut microbiota and its potential metabolomic capacity in a clinically
representative cohort of pwCF harbouring the F508del mutation. Our future work
will look to encompass both respiratory and intestinal microbiota analyses,
alongside extensive gut function metrics, and absolute quantification of microbiota-

derived metabolites, following CFTR modulator therapy.

5.4 Conclusions

This cross-over pilot study has revealed no significant impact of Tezacaftor/Ivacaftor
administration on gut microbiota composition or relative levels of faecal SCFAs
within pwCF. Compositionally, the microbiota of pwCF is still very much distinct
compared to that of healthy controls, demonstrating a lack of remodulation of the
gut microbiome by modulator therapy. The negligible effects observed in this study
may be related to the short administration period of Tezacaftor/lvacaftor, alongside
other characteristics of pwCF, including continuous antibiotic treatment and
sustained pancreatic insufficiency. Future studies with more efficacious CFTR
modulators may elucidate the impact of modulating CFTR function, and implications

of the CF lifestyle, on the microbiota more clearly.
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5.5 Materials and Methods

5.5.1 Study participants and design

An overview of the study participants and design can be found in Chapter 2.1.2. The
full study design is described in the Supplementary Materials. Patient clinical
characteristics at baseline are detailed in Table 5.1. Written informed consent, or
parental consent and assent for paediatric participants, was obtained from all
participants. Study approval was obtained from the UK National Research Ethics
Committee (19/WM/0130). All faecal samples obtained were immediately stored at
-80°C prior to processing for microbiota sequencing and metabolomics to reduce

changes before downstream community analysis (Gorzelak et al., 2015).

5.5.2 Targeted amplicon sequencing

DNA from dead or damaged cells, as well as extracellular DNA was excluded from
analysis via PMA treatment prior to DNA extraction, as described previously (Rogers
et al., 2013). DNA extraction was performed with the as described in Chapter 2.2.3,
utilising the FastPrep-24™ 5G bead beating grinder and lysis system. DNA was
amplified using the paired-end sequencing approach targeting the bacterial 16S
rRNA gene region (V4-V5) as previously described (Marsh et al.,, 2022), with
integrated phasing as described in Chapter 2.2.4.2. Pooled barcoded amplicon
libraries were sequenced on the lllumina MiSeq platform (V3 Chemistry). Extended
methodology, primers and PCR conditions can be found in the Supplementary

Materials.

5.5.3 Sequence processing and analysis
Sequence processing was carried out using Cutadapt v3.5 and R (Version 4.0.1) as

described in Chapter 2.3.1 The full protocol is detailed in the Supplementary
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Materials. Raw sequence data reported in this study has been deposited in the

European Nucleotide Archive under the study accession number PRJIEB57754.

5.5.4 Gas-chromatography mass-spectrometry (GC-MS) of faecal samples to
investigate SCFA levels.

GC-MS analysis was carried out using an Agilent 7890B/5977 Single Quadrupole
Mass Selective Detector (MSD) (Agilent Technologies) equipped with a non-polar
HP-5ms Ultra Inert capillary column (30 m x 0.25 mm x 0.25 pm) (Agilent
Technologies). Faecal sample processing was performed as detailed in Chapter
2.2.8.2. Selected ion monitoring (SIM) mode was used for subsequent analyses; all
confirmation and target ions lists are summarised in Table S5.6. GC-MS parameters
are listed in Chapter 2.2.8.3. Agilent MassHunter workstation version B.07.00
programs were used to perform post-run analyses. A '3C-short chain fatty acids
stool mixture (Merck Life Science, Poole, UK) was used as the internal standard to
normalise all spectra obtained prior to analyses. Extended information surrounding
sample processing, SCFA extraction, derivatisation, and GC-MS parameters can be

found in the Supplementary Materials.

5.5.5 Faecal Calprotectin measurement

Stool was extracted for downstream assays using the ScheBo® Master Quick-Prep
(ScheBo Biotech, Giessen, Germany), according to the manufacturer instructions.
Faecal calprotectin was analysed using the BUHLMANN fCAL ELISA (Bihlmann
Laboratories Aktiengesellschaft, Schonenbuch, Switzerland), according to the

manufacturer’s protocol.
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5.5.6 Statistical Analysis

Regression analysis, including calculated coefficients of determination (r?), degrees
of freedom (df), F-statistic and significance values (P) were calculated as described
in Chapter 2.3.2. Fisher’s alpha index of diversity and the Bray-Curtis index of
similarity were calculated using PAST v3.21 (Hammer et al., 2001), as described in
Chapters 2.3.3 and 2.3.4 respectively. Significant differences in microbiota diversity
were determined using Kruskal-Wallis performed using XLSTAT. Analysis of
similarities (ANOSIM) with Bonferroni correction was used to test for significance in
microbiota and SCFA composition, and was performed in PAST, including SIMPER
analysis to determine which taxa and SCFAs contributed most to compositional

differences between groups (Chapter 2.3.5).

5.5.7 Data availability
Raw sequence data reported in this study has been deposited in the European

Nucleotide Archive under the study accession number PRJEB57754.
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5.8 Supplementary Methods
5.8.1 Study participants and design

Fourteen pwCF, homozygous for F508del, were initially recruited from Nottingham
University Hospitals NHS Trust. Participants were asked to provide stool samples
whilst attending the Sir Peter Mansfield Imaging Centre at the University of
Nottingham. Ultimately, 12 pwCF (mean age at baseline, 20.8 + 7.80 years, median
age, 20 years) provided samples available for inclusion in our analyses. Participants
were asked to fast overnight and prior to the refraining from the use of laxatives and
anti-diarrhoeals during their visit. Regular pancreatic enzyme replacement therapy

and physiotherapy procedures were admitted.

Clinical assessments and sample collections were performed at baseline, with
further samples collected following either Tezacaftor/Ivacaftor or an identical looking
placebo administration, in a randomised double-blind two period-crossover fashion.
Randomisation was carried out externally to those involved in analyses or in the
management of patients in the study. Tezacaftor/Ivacaftor and placebo formulations
were visually matched and coded to ensure blindness to investigators. Both
treatments were administered for 28 days with an intermediate 28-day washout
period. Tezacaftor/lvacaftor was taken during the morning and Ivacaftor in the
evening with patients advised to administer treatment alongside fat-containing
foods. Between day 19-21 of each phase, participants provided faecal samples
whilst at clinic, and completed the validated PAC-SYM and CF-Abd questionnaires

to assess gut symptoms (Frank et al., 1999; Jaudszus et al., 2019).

Full crossover from baseline to both treatments (placebo and Tezacaftor/lvacaftor)
was achieved for 9/12 pwCF, with the remaining 3 patients receiving open label
Tezacaftor/Ilvacaftor treatment following baseline and 2 pwCF not completing the
study in a capacity enabling subsequent microbiota analysis. Faecal samples from
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10 age-matched healthy controls (mean age, 21.4 + 7.40 years, median age, 20
years) from our previous study were available for microbiota and metabolomic
comparison also (Marsh et al., 2022). Further clinical trial details can be found at
clinicaltrials.gov, under number NCT04006873

(https://clinicaltrials.gov/ct2/show/NCT04006873).

5.8.2 PMA treatment prior to DNA extraction

1 mg PMA (Biotium, CA, USA) was hydrated in 98 pyL 20% dimethyl sulfoxide
(DMSO) to give a working stock concentration of 20 mM. 300 mg of stool thawed
out from -80°C was homogenised in 3 ml PBS, and centrifuged at 3200 g, for 5
minutes. The pellet was then resuspended in 1 ml PBS prior to splitting into 500 pL
fractions for subsequent PMA treatment. 1.25 uL of PMA (20 mM) was added to
give a final concentration of 50 yM. Following the addition of PMA to samples in
opaque Eppendorf tubes, PMA was mixed by vortexing for 10 seconds, followed by
incubation for 15 minutes at room temperature (~20°C). This step was repeated
before the transfer of samples to clear 1.5 mL Eppendorf tubes and placement within
a LED lightbox. Treatment occurred for 15 minutes to allow PMA intercalation into
DNA from compromised bacterial cells. Samples were then centrifuged at 10,000 x
g for 5 minutes. The supernatant was discarded, and the cellular pellet was

resuspended in 200 pL PBS.

5.8.3 Targeted amplicon sequencing — Bacterial 16S rRNA gene

Step 1 amplicon generation with primers based on the universal primer sequences
515F and 926R as described by Walters et al. (Walters et al., 2016), was performed

under the following conditions: Initial denaturation of 180 seconds at 98°C, followed
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by: 25 cycles of 30 seconds at 95°C, 30 seconds at 55°C and 30 seconds at 72°C.
A final extension of 5 minutes at 72°C was also included to complete the reaction.
Step 2, the addition of dual barcodes and lllumina adaptor sequences was
performed under the following conditions: Initial denaturation of 30 seconds at 98°C,
followed by: 10 cycles of 10 seconds at 98°C, 20 seconds at 62°C and 30 seconds
at 72°C. A final extension of 2 minutes at 72°C was also included to complete this
reaction. This resulted in the generation of an ~550 bp amplicon spanning the V4-

V5 hypervariable regions of the 16S rRNA gene.

5.8.4 Sequencing Controls and Library Pooling

PCR and DNA extraction negative controls were implemented, alongside the use of
mock community positive controls, which included a Gut Microbiome Standard
(ZYMO RESEARCH™). Following Barcode attachment in the second PCR step,
clean-up and subsequent amplicon size selection was performed with AMPure XP
beads (Beckman Coulter™) and quantified using a Qubit™ dsDNA HS kit. Sample
concentrations were then manually normalised, pooled, and diluted to the final

library concentrations requited for use on the Illumina MiSeq system.

5.8.5 Sequence processing and analysis

DADAZ2 was used to demultiplex and remove primer sequences, validate the quality
profiles of forward and reverse reads and subsequently trim, infer sequence
variants, merge denoised paired-reads, remove chimeras, and finally assign
taxonomy via Naive Bayesian Classifier implementation (Callahan et al., 2016). This
included the use of the Genome Taxonomy Database (GTDB) reference sequences

(Parks et al., 2018). Unidentifiable ASVs were run through a BLAST
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(https://blast.ncbi.nim.nih.gov/Blast.cgi) and matched appropriately based on query
coverage where possible. Taxa with 2 = reads for a single sample were removed
and excluded from subsequent statistical analysis. ASVs from the same bacterial

taxon were collapsed to form a single OTU for a given taxon.

5.8.6 GC-MS: Sample processing and SCFA preparation

Faecal samples stored at -80°C were ground in liquid nitrogen before 50 mg of
ground faeces was added to 500 yl MS-grade water. Samples were lysed and
homogenised utilising inert ZR BashingBead Lysis Tubes (Cambridge bioscience,
UK), using the FastPrep-24 5G instrument (MP Biomedicals, California, USA) with
two cycles at a speed of 6.0 m/s for 40 seconds each. Samples were then incubated
at 4°C whilst mixing for 30 minutes using an ELMI Intelli-Mixer™ RM-2L at 80 rpm.
Samples were centrifuged at 13,000 x g for 30 mins. The supernatant containing
faecal SCFAs was removed. 150 pL of supernatant was protonated with 5M HCI
before the addition of anhydrous diethyl ether (1:1 v/v), samples were vortexed for
10 seconds, and incubated on ice for 5 mins. Following incubation, samples were
mixed with the ELMI Intelli-Mixer™ RM-2L as before for 15 minutes, then
centrifuged at 10,000 x g for 5 mins. The DE layer containing faecal SCFAs was
transferred to a new Eppendorf tube pre-loaded with 25 mg Na2SOa4. The remaining
layer was then re-extracted with another 150 yL DE as before. Samples were
equally pooled and then 40 pl was then transferred to a GC-MS vial, with the addition
of 2 pI N, O-bis(trimethylsilyl) trifluoroacetamide (BSTFA). Samples were vortexed
then incubated for 3 hours at 37°C before loading onto the GC-MS. MS grade water

processed in parallel was used as a blank sample to correct the background.
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5.8.7 GC-MS Analysis

GC-MS analysis was carried out using an Agilent 7890B/5977 Single Quadrupole
Mass Selective Detector (MSD) (Agilent Technologies) equipped with a non-polar
HP-5ms Ultra Inert capillary column (30 m x 0.25 mm x 0.25 ym) (Agilent
Technologies). The Agilent 7693 Autosampler was used to inject 1.0 pyL of the
derivatised sample in triplicate at a split ratio of 20:1 at 265°C, with a solvent delay
of 2 minutes 30 seconds. The initial oven temperature was held at 40°C for 2
minutes, followed by a 10°C/min temperature ramp to 140°C, then increased to
300°C at the rate of 40°C/min and kept at this temperature for 6 minutes. Electron
impact (El) mode ionisation was utilised at 70 eV, with the instrumental parameters
set at 230, 150 and 300°C for source, quadrupole and interface temperatures,
respectively. Selected ion monitoring (SIM) mode was used for quantification; all
confirmation and target ions lists are summarised in Supplementary Table S5.6.
Agilent MassHunter workstation version B.07.00 programs were used to perform
post-run analyses. A 3C-short chain fatty acids stool mixture (Merck Life Science,
Poole, UK) was used as the internal standard to normalise all spectra obtained prior

to analyses.
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5.9 Supplementary Results
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Figure $5.1 Distribution and abundance of bacterial taxa across treatment stages (A-C) and healthy control participants (D).
Given is the percentage number of patients harbouring each bacterial taxon, plotted against the mean relative abundance across
those samples. Core taxa are depicted by the orange circles and fall in the upper quartile of distribution, separated by the red
vertical line at 75% distribution. Satellite taxa (grey) are all samples below this distribution. Distribution-abundance relationship
regression statistics: (a) r? = 0.45, F1,196 = 152.6 , P < 0.0001. (b) r? = 0.60, F1,175 = 245.9, P < 0.0001. (c) r? = 0.57, F1,175 = 245.9,
P < 0.0001. (d) r? = 0.28, F1.465 = 182.8 , P < 0.0001.
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Table S$5.1 Core taxa between different treatment phases.

Baseline Placebo Tezl/lva Controls
Taxa Prev. Rel.abundance Prev. Rel.abundance Prev. Rel.abundance Prev. Rel. abundance
Blautia wexlerae 91.67 13.67 100.00 11.23 100.00 11.66 100.00 2.99
Escherichia coli 58.33 2.39 66.67 3.97 75.00 1.59 90.00 2.02
Blautia faecis 66.67 2.37 77.78 3.09 83.33 3.36 100.00 1.53
Dorea longicatena 83.33 3.55 100.00 4.22 83.33 4.44 100.00 0.97
Fusicatenibacter 100.00 5.70 88.89 5.60 83.33 3.54 100.00 2.36
saccharivorans
Enterococcus 24 75.00 2.74 66.67 1.34 58.33 2.50 10.00 0.30
Streptococcus 27 91.67 2.38 66.67 1.87 83.33 2.02 100.00 0.19
Anaerobutyricum hallii 91.67 5.97 100.00 4.82 91.67 8.09 100.00 1.77
Anaerostipes hadrus 66.67 4.06 55.56 3.79 75.00 3.26 100.00 1.27
Parabacteroides 83.33 1.46 77.78 1.52 83.33 1.84 90.00 0.97
distasonis
Erysipelatoclostridium 75.00 0.63 77.78 0.27 41.67 0.50 20.00 0.04
ramosum
Agathobaculum 309 75.00 0.49 44.44 0.33 41.67 0.18 90.00 0.50

Given is prevalence, the percent number of samples a given core taxon was detected in, and average relative abundance
across those samples. Taxon names are derived from condensed ASVs of the same species. ASV numbers have been used
to differentiate between taxa within the same genus that could not be identified at the species level. Core taxa are highlighted
orange, whereas satellite taxa are grey. Given the length of the ribosomal sequences analysed, species identities should be

considered putative.
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Table S$5.2. Kruskall-Wallis tests of bacterial alpha diversity utilising Fishers

alpha index.
Microbiota Core taxa Satellite taxa

K (Observed value) 1.823 K (Observed value) 7.293 K (Observed value) 1.136
Bas\'g“”e K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
Placebo DF 1 DF 1 DF 1
p-value (one-tailed) 0.177 p-value (one-tailed) 0.007 p-value (one-tailed) 0.286
K (Observed value) 0.053 K (Observed value) 0.083 K (Observed value) 0.213
Bas\‘/‘i”"e K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
Tez/lva DF 1 DF 1 DF 1
p-value (one-tailed) 0.817 p-value (one-tailed) 0.773 p-value (one-tailed) 0.644
K (Observed value) 0.247 K (Observed value) 4247 K (Observed value) 0.081
P'a\‘/:sem K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
Tez/lva DF 1 DF 1 DF 1
p-value (one-tailed) 0.619 p-value (one-tailed) 0.039 p-value (one-tailed) 0.776
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Table S$5.3 Bacterial ANOSIM summary statistics between treatment phases,

utilising the Bray-Curtis index.

Microbiota Core taxa Satellite taxa
Baseline R value: -0.0652 R value: 0.0768 R value: -0.0392
Vs p same: 0.8216  p same: 0.1373 p same: 0.6724
Placebo Bonferroni- 0.8366 Bonferroni- 0.143 Bonferroni- 0.6674
corrected corrected corrected
p value p value p value
permutation N: 9999 permutation 9999 permutation N: 9999
N:
Baseline R value: -0.0720 R value: 0.0359 R value: 0.0484
VS p same: 0.9328 psame: 0.1987 p same: 0.1946
Tez/lva Bonferroni- 0.9363 Bonferroni- 0.2036 Bonferroni- 0.2006
corrected corrected corrected
p value p value p value
permutation N: 9999 permutation 9999 permutation N: 9999
N:
Placebo R value: -0.0323 R value: 0.0686 R value: 0.0047
VS p same: 0.6349  psame: 0.1529 p same: 0.4308
Tezl/lva Bonferroni- 0.6423 Bonferroni- 0.1548 Bonferroni- 0.437
corrected corrected corrected
p value p value p value
permutation N: 9999 permutation 9999 permutation N: 9999
N:
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Table S5.4 Kruskal-Wallis tests of bacterial alpha diversity utilising Fishers

alpha index
Control vs Baseline Control vs Placebo Control vs Tez/lva

K (Observed value) 15.652 K (Observed value) 13.500 K (Observed value) 15.652
K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one-tailed) <0.0001 p-value (one-tailed) 0.0002 p-value (one-tailed) <0.0001
K (Observed value) 15.652 K (Observed value) 13.500 K (Observed value) 15.652
K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one-tailed) <0.0001 p-value (one-tailed) 0.0002 p-value (one-tailed) <0.0001
K (Observed value) 15.652 K (Observed value) 13.500 K (Observed value) 15.652
K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one-tailed) <0.0001 p-value (one-tailed) 0.0002 p-value (one-tailed) <0.0001
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Table S5.5 Bacterial ANOSIM summary statistics between
treatment stages and controls, utilising the Bray-Curtis index.

Healthy vs Baseline

Healthy vs Placebo

Healthy vs Tez/lva

R value: 0.5914 R value: 0.5646 R value: 0.6308

p same: 0.0001 p same: 0.0001 p same: 0.0001
Sty oo Breron oo SO ooon
p value p value p value

permutation N: 9999 permutation N: 9999 permutation N: 9999
Healthy vs Baseline Healthy vs Placebo Healthy vs Tez/lva

R value: 0.568 R value: 0.4809 R value: 0.7156

p same: 0.0001 p same: 0.0001 p same: 0.0001
conected. 00001 cortected. 00001 Coote 0.0001
p value p value p value

permutation N: 9999 permutation N: 9999 permutation N: 9999
Healthy vs Baseline Healthy vs Placebo Healthy vs Tez/lva

R value: 0.7736 R value: 0.89 Rvalue: 0.7634
p same: 0.0001 p same: 0.0001 p same: 0.0001
Gorerey™ oooon Boreron oot SN ooon
p value p value p value

permutation N: 9999 permutation N: 9999 permutation N: 9999
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Table S5.6 Analytical parameters for SCFA analysis with GC-MS

SCFA tr (min) Target ion (m/z) Confirmation ion (m/z)
Acetic acid 2.52 117 75
Propionic acid 3.81 131 75
Iso-butyric acid 4.39 145 117
Butyric acid 5.22 145 117
Iso-valeric acid 6.07 159 117
Valeric acid 6.85 159 117
4-methylvaleric acid 7.86 173 117
Hexanoic acid 8.41 173 117
Heptanoic acid 9.9 187 117
13C-acetic acid 2.52 119 77
13C-propionic acid 3.81 134 77
13C-butyric acid 5.22 149 119

tr - Retention time
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Table S$5.7 Short chain fatty acid compositional ANOSIM summary statistics

between treatment stages and controls, utilising the Bray-Curtis index.

Healthy vs Baseline Healthy vs Placebo Healthy vs Tez/lva
R value: 0.2518 Rvalue: 0.242 Ryvalue: 0.108
. . 0.004 .
p same: 00034 Psame: 7 Ppsame: 0.041
. . 0.005 .
Bonferroni-corrected 0.0050 Bonferroni-corrected 1 Bonferroni-corrected 0.0459
p value p value p value
permutation N: 9999 permutation N: 9999 permutation N: 9999
Baseline vs Placebo Baseline vs Tez/lva Placebo vs Tez/lva
. . 0.036 .
R value: -0.0423 R value: 0 R value: -0.0208
. . 0.191 .
p same: 06966 P sSame: 4 Psame: 05437
. . 0.193 .
Bonferroni-corrected 0.7043 Bonferroni-corrected 3 Bonferroni-corrected 0.5464
p value p value p value
permutation N: 9999 permutation N: 9999 permutation N: 9999
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Table S5.8 SIMPER results between SCFA relative levels between

controls and pwCF.

Controls vs Baseline

SCFA Av. dissim  Contrib. %  Cumulative % Mean Healthy  Mean baseline
Butyric 9.935 34.6 34.6 30.9 41.6
Acetic 6.991 24.35 58.95 32.7 34.2
Propionic 4.899 17.06 76.01 20.7 17.8
Valeric 2.388 8.317 84.33 5.41 0.634
Isovaleric 1.591 5.54 89.87 3.7 3.07
Isobutyric 1.357 4.727 94.59 3.5 2.13
Hexanoic 1.239 4.314 98.91 2.6 0.426
Heptanoic 0.2202 0.7667 99.67 0.443 0.00833
4-methylvaleric 0.09348 0.3256 100 0.091 0.148
Dissimilarity 28.71
Controls vs Placebo
SCFA Av. dissim  Contrib. %  Cumulative %  Mean Healthy  Mean placebo
Butyric 7.031 32.66 32.66 30.9 431
Propionic 4.41 20.49 53.14 20.7 23
Acetic 4.315 20.04 73.19 32.7 28.1
Valeric 1.993 9.259 82.45 5.41 1.69
Hexanoic 1.25 5.805 88.25 26 0.176
Isobutyric 1.132 5.257 93.51 3.5 1.56
Isovaleric 1.115 5.181 98.69 3.7 24
Heptanoic 0.2197 1.02 99.71 0.443 0.0111
4-methylvaleric 0.06227 0.2892 100 0.091 0.0944
Dissimilarity 21.53
Controls vs Tez/lva
SCFA Av. dissim  Contrib. %  Cumulative % Mean Healthy Mean Tez/lva
Butyric 7.08 28.44 28.44 30.9 31.4
Acetic 6.069 24.38 52.83 32.7 34.6
Propionic 5.101 20.5 73.32 20.7 241
Valeric 2.048 8.228 81.55 5.41 1.91
Isovaleric 1.738 6.983 88.53 3.7 4.61
Isobutyric 1.329 5.34 93.87 3.5 3.2
Hexanoic 1.25 5.021 98.89 26 0.172
Heptanoic 0.2197 0.8827 99.77 0.443 0.0117
4-methylvaleric 0.05608 0.2253 100 0.091 0.0842
Dissimilarity 24.89
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Table S$5.9 Differences in relative levels of SCFAs between healthy control
subjects and pwCF during different treatment phases.

P value

SCFA Baseline Placebo Tez/lva
Acetic 0.742 0.253 0.210
Propionic 0.166 0.327 0.262
Iso-butyric 0.048 0.009 0.429
Butyric 0.210 0.022 0.843
Iso-valeric 0.210 0.165 0.895
Valeric _ 0.003 0.006
4-methylvaleric 0.086 0.253 0.323
Hexanoic 0.099 0.060 0.013
Heptanoic 0.040 0.060 0.086

Given are p values obtained following Kruskal-Wallis testing of the relative levels of
SCFAs within the healthy control samples and all treatment phases. Dark green - p
< 0.001, Green - p < 0.01, Light Green - p < 0.05, Yellow — p < 0.1.
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Table $5.10 Summary statistics for PAC-SYM scores across
Tezacaftor/lvacaftor and off-treamtent samples.

Variable Observations Minimum Maximum Mean S.td'.
deviation
Tezacaftor/Ivacaftor 12 0.000 1.000 0.409 0.385
Off-treatment 14 0.000 2.330 0.636 0.625

Kruskal-Wallis test / Two-tailed test:

K (Observed value) 0.730
K (Critical value) 3.841
DF 1
p-value (one-tailed) 0.393
alpha 0.050

An approximation has been used to compute the P-value.
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Table $5.11 Summary statistics for CFAbd scores across Tezacaftor/Ivacaftor
and off-treamtent samples.

Variable Observations Minimum Maximum Mean S.td'.
deviation
Off-treatment 14 1.400 43.100 20.829 12.583
Tezacaftor/lvacaftor 12 1.400 45.100 15.483 12.910

t-test for two independent samples / Two-tailed test:

Difference 5.345
t (Observed value) 1.067
|t| (Critical value) 2.064
DF 24
p-value (Two-tailed) 0.297
alpha 0.050
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Highlights

e Elexacaftor/Tezacaftor/lvacaftor (ETI) therapy had subtle impacts upon
microbiota composition in pwCF.

¢ Distinct differences persist in the CF gut microbiota following extended ETI
therapy when pwCF are compared with controls.

e Faecal SCFA concentrations of acetic, propionic and butyric acid were similar

between pwCF and controls, irrespective of ETI therapy.
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Abstract

Background: People with cystic fibrosis (pwCF) experience persistent
gastrointestinal symptoms throughout life. There is evidence indicating interaction
between the microbiota and gut pathophysiology in CF. However, there is a paucity
of knowledge into potential effects of CF transmembrane conductance regulator
(CFTR) modulator therapies on the gut microbiome. In a pilot study, we investigated
the impact of Elexacaftor/Tezacaftor/lvacaftor (ETI) CFTR modulator therapy on the

gut-microbiota, metabolomic functioning, and clinical outcomes in pwCF.

Study design: Faecal samples from 20 pwCF were acquired before and following 3,
6, and 17+ months of ETI therapy. Samples were subjected to microbiota
sequencing and targeted metabolomics to profile and quantify short-chain fatty acid
(SCFA) composition. Ten healthy matched controls were included as a comparison.
Clinical data, including markers of intestinal function and patient symptoms, were

integrated to investigate relationships.

Results: Whilst ETI therapy did moderately impact core taxa diversity and
composition over time, no significant increases in overall microbiota diversity or
distinct changes to the whole microbiota composition including faecal SCFAs, were
observed in pwCF. Bacterial composition similarity slightly increased with controls
as treatment progressed, yet healthy control participants maintained a more diverse
microbiota, including a significantly different composition of both bacterial taxa and
faecal SCFA levels throughout the study period. Extended ETI therapy also had
minimal impact symptom scores obtained from the Patient Assessment of
Constipation-Symptoms questionnaire (PAC-SYM), and also markers of intestinal

function.
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Conclusions: ETI therapy in pwCF leads to very subtle changes in microbiota
composition following prolonged administration, with no major differences in faecal
SCFAs. Collectively, the composition of the faecal microbiota and these functional
metabolites remains significantly different from healthy controls following extended
therapy. Future studies should maintain frequent, prolonged sampling periods with
larger cohorts to investigate modulator effects, but also CF-associated lifestyle
factors in this era of CF treatment and how this may impact gut symptoms and

abnormalities.
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6.1 Introduction

Alongside the classical respiratory complications of cystic fibrosis (CF) are also the
gastrointestinal abnormalities of disease. People with CF (pwCF) suffer from
persistent intestinal symptoms and abnormalities that impact both morbidity and
mortality (Smith et al., 2020). This has continued despite the transition of treatment
for CF entering the phase of highly effective CFTR modulator therapies, which
correct the underlying defect of chloride and bicarbonate transport across epithelial
surfaces of the body (Lopes-Pacheco, 2020). Although the majority of pwCF are
now receiving CFTR modulator based therapy (Cystic Fibrosis Trust, 2023), the
need to better understand the relationships between intestinal symptoms and
abnormalities persists, as determined by pwCF, carers, and clinicians (Cystic
Fibrosis Refresh Top 10 priorities (priority setting in association with the JLA), 2022).
It is understood that intestinal dysbiosis, that is the disruption of the microbial
communities inhabiting the intestinal tract, is frequent in CF and leads to
compositions of bacteria distinctly different from healthy controls from birth and
throughout adulthood (Madan et al., 2012; Burke et al., 2017; Coffey et al., 2019).
Whilst this could be further compounded by the CF-associated lifestyle, such as
dietary habits and frequent antibiotic usage (Debray et al., 2018; Kristensen et al.,
2020), disruption of CFTR activity alone is seemingly sufficient to elicit structural
changes to the microbiota (Meeker et al., 2020). Furthermore, the altered gut
microbiota in pwCF has previously been associated with various manifestations of
the Gl tract (Flass et al., 2015; De Freitas et al., 2018; Dayama et al., 2020). Given
this evidence, it is hopeful that CFTR modulators may alter the gut microbiota
composition to resemble that of healthy individuals more closely, alongside

improving other common intestinal abnormalities and symptoms in pwCF.
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Previous studies investigating CFTR modulators and microbiota within the
gastrointestinal tract have been mostly limited to lvacaftor (Ooi et al., 2018;
Kristensen et al., 2021; Pope et al., 2021; Ronan et al., 2022) and a couple of dual-
modulator studies (Pope et al., 2021), including previous work within Chapter 5
(Marsh et al., 2023). With respect to the microbiota structure, previous findings vary
across studies incorporating different modulators, patient demographics, and
treatment lengths (Ooi et al., 2018; Kristensen et al., 2021; Pope et al., 2021; Ronan
et al., 2022). Results for the frequently observed inflammation in the gut following
modulator treatment are also contrasting. Some studies observed a reduction in
faecal calprotectin following modulator usage (Ooi et al., 2018; Stallings et al., 2018;
Tetard et al., 2020), whilst others (Ronan et al., 2022) and our own group (Chapter

5, unpublished data), did not measure any notable reduction.

Following the approval of Elexacaftor/Tezacaftor/lvacaftor (ETI) triple modulator
therapy for pwCF from NHS England, almost half of all pwCF in the United Kingdom
are now registered users (Cystic Fibrosis Trust, 2022). ETI therapy demonstrates
increased clinical efficacy as compared to previous dual or mono-therapy
approaches (Dawood et al., 2022), yet little information is available on intestinal
outcomes and the impact upon the gut microbiota. Given the scarcity of current
evidence, the aim of this pilot study was to therefore assess the impact of ETI
therapy in pwCF upon the intestinal microbiota. We characterised the respective gut
microbiota of pancreatic insufficient pwCF = 12 years, harbouring the F508del
mutation, before and following ETI therapy of up to 20 months thereafter.
Furthermore, we combined microbiota data with targeted metabolomics of
quantified faecal short-chain fatty acids (SCFAs), patient clinical data, and markers
of intestinal function as measured by magnetic resonance imaging (MRI) (Ng et al.,

2021). Patient symptoms were also measured before and after initiating ETI therapy.
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Samples and clinical data from 10 matched healthy controls were available for
analysis. We hypothesised that ETI therapy would increase gut microbiota diversity,
reshape community structure, and potentially lead to functional changes to resemble

outcomes measured in healthy controls.

6.2 Methods

6.2.1 Study participants and design

An overview of the study participants and design can be found in Chapter 2.1.3.
Extended study design, including protocols, methods, and other results are also
described in the Supplementary Materials. An overview of participant clinical
characteristics is detailed in Table 6.1, with comprehensive participant information
and MRI data detailed in Tables S6.1 and S6.2, respectively. Access to the MRI
data, which is currently unpublished, was kindly granted by the University of
Nottingham MRI research team at the Sir Peter Mansfield Imaging Centre. Written
informed consent, or parental consent and assent for paediatric participants, was
obtained from all participants. Study approval was obtained from the UK National
Research Ethics Committee (20/PR/0508). All faecal samples obtained were
immediately stored at -80°C prior to processing for microbiota sequencing and
metabolomics to reduce changes before downstream community analysis (Gorzelak

et al.,, 2015).

6.2.2 Targeted amplicon sequencing

DNA from dead or damaged cells, as well as extracellular DNA was excluded from
analysis via PMA treatment prior to DNA extraction, as described previously (Rogers
et al., 2013). DNA extraction was performed with the as described in Chapter 2.2.3,

utilising the FastPrep-24™ 5G bead beating grinder and lysis system. DNA was
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amplified using the paired-end sequencing approach targeting the bacterial 16S
rRNA gene region (V4-V5) as previously described (Marsh et al.,, 2022), with
integrated phasing as described in Chapter 2.2.4.2. Pooled barcoded amplicon
libraries were sequenced on the lllumina MiSeq platform (V3 Chemistry). Extended
methodology, primers and PCR conditions can be found in the Supplementary

Materials.

6.2.3 Sequence processing and analysis

Sequence processing was carried out using Cutadapt v3.5 and R (Version 4.0.1) as
described in Chapter 2.3.1 The full protocol is detailed in the Supplementary
Materials. Raw sequence data reported in this study has been deposited in the

European Nucleotide Archive under the study accession number PRJEB61286.

6.2.4 Gas-chromatography mass-spectrometry (GC-MS) of faecal samples to
investigate SCFA levels

GC-MS analysis was carried out using an Agilent 7890B/5977 Single Quadrupole
Mass Selective Detector (MSD) (Agilent Technologies) equipped with a non-polar
HP-5ms Ultra Inert capillary column (30 m x 0.25 mm x 0.25 ym) (Agilent
Technologies). Faecal sample processing was performed as detailed in Chapter
2.2.8.2. Selected ion monitoring (SIM) mode was used for subsequent analyses; all
confirmation and target ions lists are summarised in Table S5.6. GC-MS parameters
are listed in Chapter 2.2.8.3. Agilent MassHunter workstation version B.07.00
programs were used to perform post-run analyses. A '3C-short chain fatty acids
stool mixture (Merck Life Science, Poole, UK) was used as the internal standard to
normalise all spectra obtained prior to analyses and subsequent quantification of

target metabolites. Extended information surrounding sample processing, SCFA
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extraction, derivatisation, and GC-MS parameters can be found in the

Supplementary Materials.

6.2.5 Faecal Calprotectin measurement

Stool was extracted for downstream assays using the ScheBo® Master Quick-Prep
(ScheBo Biotech, Giessen, Germany), according to the manufacturer instructions.
Faecal calprotectin was analysed using the BUHLMANN fCAL ELISA (Biihimann
Laboratories Aktiengesellschaft, Schonenbuch, Switzerland), according to the

manufacturer’s protocol.

6.2.6 Statistical Analysis

Regression analysis, including calculated coefficients of determination (r?), degrees
of freedom (df), F-statistic and significance values (P) were calculated as described
in Chapter 2.3.2. Fisher’s alpha index of diversity and the Bray-Curtis index of
similarity were calculated using PAST v3.21 (Hammer et al., 2001), as described in
Chapters 2.3.3 and 2.3.4 respectively. Significant differences in microbiota diversity
were determined using Kruskal-Wallis performed using XLSTAT. Analysis of
similarities (ANOSIM) with Bonferroni correction was used to test for significance in
microbiota and SCFA composition, and was performed in PAST, including SIMPER
analysis to determine which taxa and SCFAs contributed most to compositional
differences between groups (Chapter 2.3.5). Student’s t-tests used to determine

differences in metadata were also performed in XLSTAT.
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Table 6.1 Overall clinical characteristics of controls and pwCF at

baseline.

Characteristic pwCF Controls
Baseline Age (Mean + SD) 21.0+86 214+74
Male (%) 15 (75) 5 (50)
Baseline BMI (Mean + SD) 21.1+34 229+44
F508del/F508del (%) 13 (65) 0 (0)
Baseline FEV1% (Mean £ SD) 79.1+£20.5 -
Pancreatic insufficient (%) 20 (100) 0 (0)
Cystic fibrosis-related diabetes (%) 4 (20) -
Antibiotics during study (%) 14 (70) 0(0)
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6.3 Results

Following sequence processing and taxa assignment, the microbiota data across
each pwCF treatment period from baseline, and the healthy control participants was
partitioned for further sub-analysis. Microbiota data was partitioned into common
abundant core taxa, and rarer less frequent satellite taxa following the establishment
of significant distribution abundance relationships of the taxa across all treatment
duration groups and the healthy control participants (Figure S6.1). The core taxa
(Table S6.4) constituted 70.1% of the total abundance for the healthy controls, whilst

across pwCF they averaged 30.0% + 6.1 (Mean £ SD).

Diversity of the whole microbiota, core taxa, and satellite taxa was plotted across
the increasing ETI treatment periods in pwCF (Figure 6.1A). When comparing the
mean absolute change in diversity between treatment time-points and the net
change from baseline (Figure 6.1B), significant decreases in diversity were
observed between baseline and 6 months of ETI therapy (P = 0.0005), which aligned
with a sharp reduction between months 3 to 6 across the whole (P = 0.035) and core
taxa (P = 0.002) analyses (Table S6.5). The core taxa diversity in particular was
more volatile to change over the treatment period and increased significantly
between 6 months and the extended sampling period (P = 0.0002), which then also
incurred a significant net change from baseline (P =0.0001) (Table S6.5). Extending
our analyses for comparison of diversity with healthy controls, it was evident that the
healthy control participants had significantly higher microbiota diversity than that of
pwCF across all partitions of the community (Figure 6.1C, Table S6.6). Of note, this
difference between pwCF and healthy participants was reduced following extended
ETI therapy (P = 0.001) across all partitions of the microbiota (Figure 6.1C, Table

S6.6).
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Figure 6.1 Microbiota diversity compared across groups utilising Fisher’'s alpha
index of diversity. Black plots indicate the whole microbiota, whilst orange and grey
denote the core and satellite taxa respectively. (A) Diversity across pwCF at
baseline or following ETI treatment. Black circles denote individual patient
participant data. Error bars represent 1.5 times the inter-quartile range (IQR). (B)
Absolute change in diversity over time in pwCF, including sequential and net
changes. Error bars represent the standard deviation (SD) of the mean change.
Asterisks denote significant differences in diversity between treatment periods
following Kruskal-Wallis testing (Table S6.5). (C) Diversity of pwCF and also healthy
controls for comparison. Black circles denote individual patient participant data.
Error bars represent 1.5 times the inter-quartile range (IQR). Asterisks denote
significant differences in diversity between pwCF treatment periods and healthy
controls following Kruskal-Wallis testing (Table S6.6). Abbrevaitions; 0,3 and 6 —
Samping time point (months), Ext — Extended (17+ months) sampling period, HC —
Healthy control participants. P values; ***; P < 0.0001, **; P < 0.001, *; P < 0.05.
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In terms of whole microbiota composition across the study, within-group similarity
was largest for the healthy control participants, with a mean similarity (+ SD) of 0.44
1 0.06 (Figure 6.2A). The composition of the microbiota, however, did become more
similar in pwCF as treatment progressed. Within-group similarity at baseline in
pwCF increased from 0.22 + 0.09, to 0.32 £ 0.09 following extended ETI therapy
(Figure 6.2A). A similar trend was observed across the core taxa, as within-group
similarity of the pwCF group (0.60 £ 0.12) during the extended sampling period
eventually exceed that of the healthy control participants (0.57 + 0.06). For the
satellite taxa, within-group microbiota similarity was much lower as expected, with
no significant differences throughout the study period in pwCF, with similarity in the
extended sampling period (0.19 = 0.07) comparable to the healthy control

participants (0.19 + 0.04).

Comparing the composition of the microbiota across the ETI treatment periods and
the overall net change from baseline, revealed no overall significant differences
across the whole microbiota (Figure 6.2B, Table S6.7). Both core (P = 0.0001) and
satellite (P = 0.0347) taxa significantly differed between months 3 and 6 (Table
S6.7), with the core taxa at month 6 also significantly different from baseline (P =
0.0002). Parallel to the outcomes in diversity, healthy control participants had a
significantly different microbiota composition across the whole microbiota as
compared to pwCF on ETI therapy across all treatment lengths (Figure 6.2C, Table
S6.8). A similar trend was observed for the core and satellite taxa analyses, but
there was increased inter-group similarity between following extended ETl samples

and healthy controls (Figure 6.2C, Table S6.8).
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Figure 6.2 Microbiota similarity compared across groups utilising the Bray-Curtis
index of similarity. (A) Within-group similarity across pwCF at baseline or following
ETI treatment, and healthy controls. (B) Inter-group similarity change over time in
pwCF, including sequential and net changes. (C) Inter-group similarity between
pwCF on ETI and healthy control participants. Error bars represent standard
deviation of the mean. Asterisks inicate significant differences in microbiota
composition following the use of one-way ANOSIM testing. Summary statistics are
presented in Tables S6.7-6.8.
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To understand which taxa were driving the dissimilarity maintained between healthy
control participants and pwCF following extended ETI therapy, SIMPER analysis
was conducted (Table 6.2). The top drivers of dissimilarity between the groups were
Blautia sp. (OTU 1), Bifidobacterium adolescentis, Bacteroides dorei, Eubacterium
rectale, and Anaerostipes hadrus. Overall, 24 taxa comprised over 50% of the
dissimilarity between the groups and this consisted of many prominent short-chain
fatty acid producing bacteria from other genera, including Faecalibacterium,
Ruminococcus, and Collinsella, Interestingly, some of these taxa were increased in
the pwCF group compared to the healthy controls. Additional SIMPER analysis
between baseline and following extended ETI therapy revealed that similar taxa
were also drivers of the change seen across the treatment period in pwCF (Table

$6.9).

To investigate the relationships between participant clinical variables and microbiota
composition, redundancy analysis (RDA) was performed. Within comparisons
between pwCF following extended ETI and the healthy control participants (Table
6.3), whole microbiota variability was explained by (in ascending order) by the
presence of CF disease, antibiotic usage, and age. For the core taxa analysis, CF
disease was the primary driver of variation, with sex also contributing. CF disease
was also the main contributor of variation in the satellite taxa, followed by antibiotic
usage and patient small bowel water content (SBWC). When relating variability of
the microbiota solely within pwCF (from baseline to extended ETI) (Table S6.10),
multiple variables significantly explained the variation in the whole microbiota,
including disease mildness (FEV1%), BMI, antibiotic usage, sex, and SBWC.
Excluding BMI, these variables also significantly explained variation across the core
taxa. For the satellite taxa analysis, ETI treatment length also significantly explained

a small percentage of the variation. Species RDA biplots were then plotted to
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visualise how the taxa driving differences across pwCF and controls related to
significant clinical variables identified from the RDA approach. Between the healthy
controls and pwCF on extended ETI (Figure 6.3), a group of taxa containing
Faecalibacterium and Bacteroides members collectively clustered strongly away
from CF disease and the usage of antibiotics, whilst taxa such as Blautia sp. (OTU
1), Ruminoccocus gnavus, Enterococcus sp. (OTU 26), and Eubacterium hallii
demonstrated the opposite trend. Some taxa were explained primarily by both
participant age and sex. This included Blautia luti, Dorea longicatena, Holdemanella
biformis, Bacteroides dorei, Escherichia coli, and Bifidobacterium adolescentis. In
terms of SBWC, this significantly explained the variation across a group of taxa
including Fusicatenibacter saccharivorans and Gemmiger formicilis. Within pwCF
exclusively (baseline to extended ETI), different taxa and variables comprised the
RDA biplot due to outcomes from the previous SIMPER and RDA analyses (Figure
S6.2). Some similar trends were observed however, including the strong association
of Enterococcus sp. (OTU 24) with antibiotic usage and Blautia sp. (OTU 1) away

from more mild CF disease.
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Table 6.2 Similarity of percentage (SIMPER) analysis of microbiota
dissimilarity (Bray-Curtis) between healthy control and pwCF samples

following extended treatment with ETI.

% Relative abundance

ETI Healthy Av. % Cumulative
Taxa Extended Controls Dissimilarity  Contribution (%)
Blautia_1 3.24 4.53 4.53
Bifidobacterium
adolescentis 2.35 3.28 7.81
Bacteroides dorei 2.12 2.95 10.77
Eubacterium rectale 2.02 2.82 13.58
Anaerostipes hadrus 2.00 2.79 16.37
Fusicatenibacter
saccharivorans 1.96 2.74 19.11
Ruminococcus bromii 1.93 2.70 21.81
Gemmiger formicilis 1.90 2.65 24.46
Blautia luti 1.63 2.27 26.73
Bacteroides vulgatus 1.62 2.26 28.99
Collinsella aerofaciens 1.59 2.23 31.21
Dorea longicatena 1.47 2.05 33.26
Eubacterium hallii 1.26 1.76 35.02
Escherichia coli 1.26 1.76 36.78
Blautia obeum 1.15 1.61 38.38
Ruminococcus gnavus 1.13 1.58 39.96
Bacteroides uniformis 1.11 1.55 41.51
Holdemanella biformis 1.09 1.52 43.03
Blautia faecis 0.98 1.38 44.40
Faecalibacterium
duncaniae 0.98 1.37 45,78
Enterococcus_26 0.98 1.37 47.15
Faecalibacterium longum 0.96 1.35 48.49
Ruminococcus faecis 0.96 1.34 49.84
Faecalibacterium
prausnitzii 0.00 0.95 1.32 51.16

Taxa identified as core are highlighted in orange, with satellite taxa highlighted in
grey. The mean relative abundance (%) across both groups is given, alongside the
percentage contribution which is the mean dissimilarity of taxa divided by the mean
dissimilarity (71.26%) across samples. Cumulative percent does not equal 100% as
the list is not exhaustive, rather the taxa that make up 50% of dissimilarity between
groups. Given the length of the 16S gene regions sequenced, taxon identification

should be considered putative.
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Table 6.3 Redundancy analysis to explain percent variation across whole
microbiota, core, and satellite taxa of the significant clinical variables across
healthy control participants and pwCF receiving Extended ETI therapy.

Microbiota Core taxa Satellite taxa

Var. Var. Var.

Exp P Exp P Exp P

(%) pseudo-F  (ad)) (%) pseudo-F  (adj) (%) pseudo-F  (ad))
Age 10.1 2.0 0.008
Antibiotics 10.6 2.0 0.018 10.8 1.9 0.012
CF Disease 13.3 2.3 0.002 275 57 0.002 16.0 3.3 0.002
SBWC 10.8 1.8 0.050
Sex 10.0 2.2 0.028
Total 23.9 37.5 37.6
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Both the composition and absolute quantification of short-chain fatty acids from
pwCF and healthy control samples were also investigated (Figure S6.3). Combined,
the relative abundance of acetic, propionic, and butyric acid accounted for the vast
majority of SCFAs across both the pwCF ETI treatment periods (94.0% £ 4.5, Mean
+ SD) and healthy controls (89.6% * 4.8, Mean = SD). There were no significant
differences from baseline, or subsequent sampling periods, in the absolute
concentration or relative abundance of SCFAs across pwCF receiving ETI therapy
(Fig S6.3, Tables S6.11-6.12). There were, however, significant differences
between ETI samples and healthy controls (Fig S6.3, Table S6.13-6.14). This
included significant increases in both absolute concentration and relative
abundance of valeric (Fig S6.3 A and C) and heptanoic acid (Fig S6.3 B and D)
within healthy control samples compared with all ETI sampling periods (P < 0.05 in
all instances), with hexanoic acid also significantly increased compared to pwCF,
except those on extended ETI (P = 0.143) (Fig S6.3 B and D). On the contrary, the
only significantly increased SCFA in pwCF was butyric acid, with significantly higher
concentrations measured during the extended ETI sampling period as compared to

health controls (P = 0.0147) (Fig S6.3A).

The overall composition of SCFAs remained similar in pwCF throughout ETI therapy
but remained significantly different from healthy controls during both the 6 months
and extended ETI therapy periods (P < 0.05 in all instances) (Table S6.15). Over
50% of this dissimilarity was driven by acetic and butyric acid in both cases (Table
S6.16). Exploratory RDA revealed that only a few SCFA, namely propionic, butyric,
and valeric acid could significantly explain any variation across the microbiota
composition across all samples, and to a minimal extent (Table S6.17). RDA biplots
were constructed to visualise the relationships between SIMPER taxa and these

SCFAs within both pwCF and healthy controls (Figure S6.4). Results were mixed,
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with high variability across particular genera, including Bacteroides, Blautia,
Ruminococcus, whilst others such as Faecalibacterium and Eubacterium behaved
similarly and were more closely clustered. Other taxa were strongly dissociated with
the SCFAs from the RDA biplot model, including Blautia spp. (OTU 1) and

Fusicatenibacter saccharivorans.

Finally, when comparing symptoms and gut function across pwCF and healthy
controls, it was evident that ETI therapy did not significantly improve PAC-SYM
scores irrespective of treatment length (P > 0.05 in all instances) (Table S6.18). In
terms of functionality, no significant differences in oro-caecal transit time (OCTT) (P
= 0.842) or SBWC (P = 0.064) between pwCF and healthy controls occurred,

however the latter was markedly increased (Table S6.19).
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Figure 6.3 Redundancy analysis species biplots for the whole microbiota. The 24
taxa contributing most to the dissimilarity (cumulatively > 50%) between healthy
control and pwCF samples following extended ETI therapy from the SIMPER
analysis (Table 6.2) are shown independently of the total number of ASVs identified
(5631). Orange points represent taxa that were identified as core for the pwCF group
following extended ETI therapy, grey points are satellite, and the white (black stroke)
points represent taxa that were absent. Biplot lines depict clinical variables that
significantly account for total variation in taxa relative abundance within whole
microbiota analysis at the p < 0.05 level (Table 6.3). Species plots depict the
strength of explanation provided by the given clinical variables, with taxa shown in
the same direction of a particular clinical variable considered to have a higher value
than those that are not. ‘Abx’ — Antibiotics during sampling period, ‘SBWC’ — Small
bowel water content corrected for body surface area. The percentage of microbiota
variation explained by each axis is given in parentheses.
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6.4 Discussion

As the efficacy of CFTR modulators continues to increase in alleviating respiratory
complications of CF, there is need to clarify if patient improvements further translate
at the site of the intestinal tract. This includes both Gl abnormalities and patient
symptoms in wake of CFTR modulators treatment, including the effects upon the
gut microbiota, for which data remains scarce and to the best of our knowledge has
not been characterised in pwCF following ETI therapy. Here the impact of ETI on
the gut microbiota and their associated metabolites was examined, utilising 16S
rRNA gene sequencing and integrated targeted metabolomics to profile and quantify
faecal levels of short-chain fatty acids. Our results indicate that ETI therapy had
negligible effects on the diversity of the whole microbiota in pwCF, which remains
significantly lower than that of healthy control participants (Manor et al., 2016; Burke
et al.,, 2017; Miragoli et al., 2017).This is in agreement with previous studies
incorporating less efficacious CFTR modulators (Ooi et al., 2018; Pope et al., 2021;
Ronan et al., 2022). Kristensen et al (Kristensen et al., 2021) did however observe
an increase in faecal microbiota diversity, but only following extended (12 month)
Ivacaftor therapy in a group of pwCF harbouring the S1251N mutation. In this cohort,
core taxa diversity was significantly higher in pwCF following extended ETI therapy
compared to both baseline and 6 months, yet collectively still represented a minor
constituent of total community abundance as compared to the satellite taxa.
Whether or not the expansion and proliferation core taxa across pwCF is due to the
altered fluidity of the intestinal tract, or other associated lifestyle changes upon

modulator therapy remains to be explored.

In terms of microbiota organisation and structure a similar theme to the diversity
ensued, in which no significant differences in microbiota composition succeeded

prolonged ETI therapy, again similar to what others have reported (Ooi et al., 2018;
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Pope et al., 2021; Ronan et al., 2022). Whole microbiota, and core taxa composition
became slightly more similar in pwCF as treatment time with ETI progressed from
baseline through to the extended period, suggestive that increased CFTR function
in the CF intestinal environment may favour the expansion of commonly shared
taxa. No obvious trends were observed across the satellite taxa, which remained
low in similarity both within pwCF and compared to healthy controls. This is
unsurprising, given satellite taxa distribution classically relates to random
environmental perturbations or atypical habitats (Magurran, 2007; van der Gast et
al., 2011). There was an increased similarity between all partitions of the microbiota
between pwCF and healthy controls as treatment progressed, yet there remains a
significant difference in microbiota composition as previously observed throughout
life in pwCF (Burke et al., 2017; Coffey et al., 2019; Kristensen et al., 2020; Marsh

et al., 2022).

When investigating which taxa drove the differences maintained between healthy
control participants and pwCF following extended ETI therapy, many of the top
contributors were taxa previously associated with prominent short chain fatty acid
production in the gut, including species of the recently expanded Faecalibacterium
(Sakamoto et al., 2022), Eubacterium, and Blautia (Venegas et al., 2019).
Comparison of pwCF from baseline to extended ETI revealed F. prausnitzii did not
substantially contribute to the dissimilarity, whilst relative abundances of
Eubacterium were generally increased, and Blautia species fluctuated, over the
treatment period in pwCF. Alongside this, no significant differences in SCFA relative
or absolute levels across pwCF were identified, further extending between pwCF
and healthy controls in acetic, propionic, isobutyric, butyric and isovaleric acid.
These findings are in agreement with Baldwin-Hunter et al, who recently analysed

colonic aspirates from adult pwCF and controls undergoing surveillance
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colonoscopy (Baldwin-Hunter et al., 2023). This collectively may support elements
of functional redundancy surrounding major short-chain fatty acid production in the
distal colon in pwCF (Wang et al., 2019), and is further supported by the low
microbial variation explained by here by faecal SCFA levels when both pwCF and
control samples were collated. In contrast, Vernocchi et al did demonstrate
significant reductions in major SCFAs across children with CF as compared to
controls (Vernocchi et al., 2018), which may raise the possibility of age-dependent
functional redundancy. Whether the significant increase in butyric acid
concentration measured across extended ETI samples is due to the expansion of
beneficial core taxa also remains to be validated, as few core taxa from extended
ETI pwCF taxa directly associated with increased faecal butyric acid levels. Rather,
an association with Bifidobacterium adolescentis was observed, which also
clustered relatively closely to Faecalibacterium members. This result itself is
perhaps unsurprising, given the cross-feeding relationship previously established by
the two genera in increasing butyrate levels (Rios-Covian et al., 2015). Similar to
Baldwin-Hunter et al again (Baldwin-Hunter et al., 2023), both valeric and hexanoic
acid concentration and relative abundances were significantly larger in healthy
control participants compared to pwCF. Furthermore, valeric acid did significantly
explain variation in the microbiota across all samples collated for analysis, with
those associated taxa typically satellite members of the microbiota in pwCF. Any
potential implications of this remain to be clarified in CF as valeric and hexanoic acid
have previously been shown to significantly decrease within intestinal pro-

inflammatory environments as compared to healthy controls (De Preter et al., 2015).

When investigating the relationships between bacterial taxa, participant clinical
data, and gut function, the strong impact of CF disease and antibiotic exposure upon

microbiota composition was observed, similar to previous work (Marsh et al., 2022).
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CF disease was the primary explanator, inclusive of the core taxa also, which is
unsurprising given the strong associations between CFTR genotype alone and gut
microbiota composition (Meeker et al., 2020). Alongside the whole microbiota,
antibiotic usage was a principal explanator of satellite composition within our cohort
with antibiotic class, dosage, and frequency highly variable across pwCF in this
study. These results further extended to exclusive analysis of pwCF, whereby
antibiotic usage was a prominent explanator of the bacterial community across all
partitions, alongside disease mildness (determined by FEV1%). Given the
speculated impact of antibiotics upon the gut microbiota previously reported
(Duytschaever et al., 2013; Burke et al., 2017; Vernocchi et al., 2018; Enaud et al.,
2019; Marsh et al., 2022), it remains in question whether this will persist following
sustained CFTR modulator therapy that commences earlier in life across pwCF
(Keogh et al., 2022). When investigating which taxa from the SIMPER analysis
associated with these principal drivers of microbiota variation across all participants,
species both typically identified as favourable and adverse to the host were
identified. This included Blautia spp. and Eubacterium hallii which contain functional
capacity for anti-inflammatory butyrate synthesis from a range of substrates (Riviere
et al., 2016), but also Enterococcus spp. and Ruminococcus gnavus, which have
both been shown to increase in the CF gut and associate with intestinal inflammation
(Fouhy et al., 2017; Henke et al., 2019; Kristensen et al., 2020), suggestive of
acquired resistance to recurrent antibiotic regimes in CF (Taylor et al., 2021). Upon
analysis of pwCF samples solely, some discrepancies did emerge, with Blautia spp.
(OTU 1) strongly dissociated with more mild CF disease whereas Eubacterium hallii
displayed the opposite relationship. The relationships between disease severity and
microbial composition also warrant further investigation of the putative lung-gut axis
in CF (Madan et al., 2012; Hoen et al., 2015; Testa et al., 2022). Regarding antibiotic

usage, again inconsistencies surfaced, with Enterococcus spp. strongly associated,
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but then Ruminococcus gnavus instead primarily associated with increased disease
mildness. The implications of such taxa changes upon host immunology at the site
of the intestinal tract remains to be elucidated, with the refinement of intestinal
organoid systems a potential solution for determining such intricate relationships

between the microbiota and host (Bozzetti and Senger, 2022).

Across all samples, age and sex were also explanators of the whole microbiota and
core taxa respectively, associating with taxa such as Escherichia coli and
Bifidobacterium adolescentis. This may be explained in part by the strong ratio of
males to females, alongside the wide age range of our participants, with the relative
abundance of the aforementioned impacted by age across both CF and general life
(Duytschaever et al., 2013; Hoffman et al., 2014; Arboleya et al., 2016; Matamouros
et al., 2018). In terms of gut function, SBWC remained elevated across pwCF as
observed previously (Ng et al., 2021) and continues to explain satellite taxa
composition as we have previously demonstrated (Marsh et al., 2022). The
physiological mechanisms behind this increased SBWC are proposed to result from
gastro-ileal abnormalities in CF (Dellschaft et al., 2022), including delayed ileal-
emptying which might have consequences for downstream taxa in the large

intestine.

Away from the microbiota analyses, it was evident that patient symptoms, as
measured by overall PAC-SYM scores, were not improved upon treatment with ETI.
This is consistent with our previous cohort undertaking Tezacaftor/Ilvacaftor therapy
(Chapter 5), yet Mainz et al have recently described improvements within pwCF Gl
symptoms upon ETI therapy when utilising the tailored CFAbd questionnaire (Mainz
et al., 2022). This remains to be validated within this pilot study specifically, but also
as future studies encompass this tool for patient-reported outcome measures in CF.

Intestinal inflammation is a common occurrence in pwCF (Munck, 2014; Dorsey and
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Gonska, 2017; Beaufils et al., 2020). Unfortunately, we were unable to incorporate
our limited faecal calprotectin data into this study. Previous modulator studies have
reported mixed results in the reduction of faecal calprotectin (Stallings et al., 2018;
Tetard et al., 2020; Ronan et al., 2022). However, with ETI therapy specifically, there
is evidence of a reduction following 6 months of administration (Schwarzenberg et

al., 2022).

Away from the clear caveat of group size in our pwCF cohort receiving extended
ETI therapy, the relatively large sampling gap between this period and the preceding
sampling point of 6 months should be acknowledged. Nonetheless, our extended
sampling period highlights the value of further understanding alternate lifestyle
factors in altering the CF microbiota, patient symptoms and intestinal abnormalities,
as treatment with CFTR modulators alone may not be optimal to achieve this goal.
This will require further research into the ability of specific dietary intake, antibiotic
administration, and probiotic usage to shape the microbiota and patient outcomes
(Esposito et al., 2022; Caley et al., 2023), especially since resilience of the gut
microbiota has been recently suggested following diet and exercise intervention in

pwCF (Knoll et al., 2023).

In conclusion, we have demonstrated that ETI therapy in pwCF leads to very subtle
changes in microbiota composition following prolonged administration, with no
differences in faecal SCFAs. Collectively the composition of the faecal microbiota
and these functional metabolites remains significantly different from healthy controls
following extended therapy. Future studies should maintain frequent, prolonged
sampling periods with larger cohorts to investigate modulator effects, but also CF-

associated lifestyle factors in this era of CF treatment.
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6.8 Supplementary Methods and Results

6.8.1 Study participants and design

Twenty-four pwCF, possessing either F508del homozygosity or compound
heterozygotes with at least one copy of F508del, were initially recruited from
Nottingham University Hospitals NHS Trust. Participants were asked to provide
stool samples whilst attending the Sir Peter Mansfield Imaging Centre at the
University of Nottingham. Ultimately, 20 pwCF (mean age at baseline, 21.0 £ 8.6
years, median age, 18 years provided samples available for inclusion in our
analyses. Participants were asked to fast overnight and prior to the refraining from
the use of laxatives and anti-diarrhoeals during their visit. Regular pancreatic

enzyme replacement therapy and physiotherapy procedures were admitted.

Clinical assessments and sample collections were performed at baseline, with
further samples collected following ETI therapy for 3 and 6 months, with some
participants further extending analysis over an additional 12 month to form this
observational study. Whilst at clinic gut physiology assessment utilising magnetic
resonance imaging (MRI) was performed. This included measurement of oro-caecal
transit time (OCTT) and small bowel water content (SBWC) following the
consumption of a standardised meal. During attendance, participants also provided
faecal samples, and completed the validated PAC-SYM to assess their gut

symptoms (Frank et al., 1999).

From the recruited cohort, sampling faecal sampling was achieved for 19 pwCF 3
months post-ETI, 18 pwCF 6 months post-ETI, and finally in 7 pwCF for the
extended ETI period. Faecal samples from 10 age-matched healthy controls (mean
age, 21.4 + 7.40 years, median age, 20 years) from our previous study were

available for microbiota and metabolomic comparison also (Marsh et al., 2022).
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Further clinical trial details can be found at clinicaltrials.gov, under the trial number

NCT04618185 (https://clinicaltrials.gov/ct2/show/NCT04618185).

6.8.2 PMA treatment prior to DNA extraction

1 mg PMA (Biotium, CA, USA) was hydrated in 98 ul 20% dimethyl sulfoxide
(DMSO) to give a working stock concentration of 20 mM. 300 mg of thawed stool
was homogenised in 1.5 ml PBS, and then centrifuged at 3200 x g, for 5 minutes.
The pellet was then resuspended in 0.5 ml PBS prior to subsequent PMA treatment.
1.25 ul of PMA (20 mM) was added to give a final concentration of 50 uM. Following
the addition of PMA to samples in opaque Eppendorf tubes, PMA was mixed by
vortexing for 10 seconds, followed by incubation for 15 minutes at room temperature
(~20°C). This step was repeated before the transfer of samples to clear 1.5 ml
Eppendorf tubes and placement within a LED lightbox. Treatment occurred for 15
minutes to allow PMA intercalation into DNA from compromised bacterial cells.
Samples were then centrifuged at 10,000 x g for 5 minutes. The supernatant was

discarded, and the cellular pellet was resuspended in 200 ul PBS.

6.8.3 Targeted amplicon sequencing — Bacterial 16S rRNA gene

Step 1 amplicon generation with primers based on the universal primer sequences
515F and 926R as described by Walters et al. (Walters et al., 2016), was performed
under the following conditions: Initial denaturation of 180 seconds at 98°C, followed
by: 25 cycles of 30 seconds at 95°C, 30 seconds at 55°C and 30 seconds at 72°C.
A final extension of 5 minutes at 72°C was also included to complete the reaction.
Step 2, the addition of dual barcodes and lllumina adaptor sequences was

performed under the following conditions: Initial denaturation of 30 seconds at 98°C,
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followed by: 10 cycles of 10 seconds at 98°C, 20 seconds at 62°C and 30 seconds
at 72°C. A final extension of 2 minutes at 72°C was also included to complete this
reaction. This resulted in the generation of an ~550 bp amplicon spanning the V4-

V5 hypervariable regions of the 16S rRNA gene.

6.8.4 Sequencing Controls and Library Pooling

PCR and DNA extraction negative controls were implemented, alongside the use of
mock community positive controls, which included a Gut Microbiome Standard
(ZYMO RESEARCH™). Following Barcode attachment in the second PCR step,
clean-up and subsequent amplicon size selection was performed with AMPure XP
beads (Beckman Coulter™) and quantified using a Qubit™ dsDNA HS kit. Sample
concentrations were then manually normalised, pooled, and diluted to the final

library concentrations requited for use on the Illumina MiSeq system.

6.8.5 Sequence processing and analysis

Initial sequencing files were processed using cutadapt (Version 3.5.0) to trim and
remove upstream adaptor sequences prior to sequence analysis (Martin, 2011).
DADAZ2 was used to demultiplex and remove primer sequences, validate the quality
profiles of forward and reverse reads and subsequently trim, infer sequence
variants, merge denoised paired-reads, remove chimeras, and finally assign
taxonomy via Naive Bayesian Classifier implementation (Callahan et al., 2016). This
included the use of a dedicated human intestinal 16S rRNA grnr reference database
(Ritari et al., 2015). Unidentifiable ASVs were run through BLAST (Altschul et al.,
1997) (https://blast.ncbi.nim.nih.gov/Blast.cgi) and matched appropriately based on

query coverage where possible. Taxa with 2 = reads for a single sample were

211



removed and excluded from subsequent statistical analysis. ASVs from the same
bacterial taxon were collapsed to form a single OTU for a given taxon. The R
package decontam was used to remove any potential source of contamination
across samples (Davis et al., 2018), utilising the prevalence-based contamination

identification approach with a threshold classification of P = 0.1.

6.8.6 GC-MS: Sample processing and SCFA preparation

Faecal samples stored at -80°C were ground in liquid nitrogen before 50 mg of
ground faeces was added to 500 yl MS-grade water. Samples were lysed and
homogenised utilising inert ZR BashingBead Lysis Tubes (Cambridge bioscience,
UK), using the FastPrep-24 5G instrument (MP Biomedicals, California, USA) with
two cycles at a speed of 6.0 m/s for 40 seconds each. Samples were then incubated
at 4°C whilst mixing for 30 minutes using an ELMI Intelli-Mixer™ RM-2L at 80 rpm.
Samples were centrifuged at 13,000 x g for 30 mins. The supernatant containing
faecal SCFAs was removed. 150 ul of supernatant was protonated with 5M HCI
before the addition of anhydrous diethyl ether (1:1 v/v), samples were vortexed for
10 seconds, and incubated on ice for 5 mins. Following incubation, samples were
mixed with the ELMI Intelli-Mixer™ RM-2L as before for 15 minutes, then
centrifuged at 10,000 x g for 5 mins. The DE layer containing faecal SCFAs was
transferred to a new Eppendorf tube pre-loaded with 25 mg Na2S0O4. The remaining
layer was then re-extracted with another 150 uyl DE as before. Samples were equally
pooled and then 40 ul was then transferred to a GC-MS vial, with the addition of 2
ul N, O-bis(trimethylsilyl) trifluoroacetamide (BSTFA). Samples were vortexed then
incubated for 3 hours at 37°C before loading onto the GC-MS. MS grade water

processed in parallel was used as a blank sample to correct the background.
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6.8.7 GC-MS Analysis

GC-MS analysis was carried out using an Agilent 7890B/5977 Single Quadrupole
Mass Selective Detector (MSD) (Agilent Technologies) equipped with a non-polar
HP-5ms Ultra Inert capillary column (30 m x 0.25 mm x 0.25 um) (Agilent
Technologies). The Agilent 7693 Autosampler was used to inject 1.0 pl of the
derivatised sample in triplicate at a split ratio of 20:1 at 265°C, with a solvent delay
of 2 minutes 30 seconds. The initial oven temperature was held at 40°C for 2
minutes, followed by a 10°C/min temperature ramp to 140°C, then increased to
300°C at the rate of 40°C/min and kept at this temperature for 6 minutes. Electron
impact (El) mode ionisation was utilised at 70 eV, with the instrumental parameters
set at 230, 150 and 300°C for source, quadrupole and interface temperatures,
respectively. Selected ion monitoring (SIM) mode was used for quantification; all
confirmation and target ions lists are summarised in Supplementary Table S6.2.
Agilent MassHunter workstation version B.07.00 programs were used to perform
post-run analyses. A 3C-short chain fatty acids stool mixture (Merck Life Science,
Poole, UK) was used as the internal standard to normalise all spectra obtained prior
to analyses. A '3C-short chain fatty acids stool mixture (Merck Life Science, Poole,
UK) was used as the internal standard to normalise all spectra obtained prior to
analyses. A volatile fatty acid mixture (Merck Life Science, UK) was used to

construct calibration curves for the quantification of target metabolites.
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6.9 Supplementary Results

Table S6.1 Clinical metadata for pwCF and healthy control participants.

Genotype Antibiotics
Treatment length Age

ID Group (Months) 1 2 Sex (Years) BMI Pl CFRD FCP  FEV1% Ami_ Ant Mac Mon Pol Sul Tet
B M 12 175 - 94 - - - - ..
023 pwCF 3 FS0Bdel o o o Mootz 80y 7 8 e e
6 ' M 12 184 - 94 - - - - ..
Ext M 13 19.0 - 89 - - - - -
B F 22 219 14.1 57 - -+ - ..
046 pwCF 3+ F508del F508del F 23 212 Y N 70 714 . - 3 o
6 F 23 214 70 735 - -+ - - ..
B M 21 22.8 <5 91 - - - - - ..
194 pwCF 3 F508del F508del M 21 233 Y Y <5 98.9 - - - - - - -
6 M 21 24.3 <5 931 - - - - - ..
27.6 . . 3 . -

247  pwCF B F508del F508del Mo 15 208 101
3 M 18 217 - - - - - - ..
B M 13 218 9.8 81 - -+ - ..
253 pwCF 3 F508del F508del M 15 270 Y N - 1015 . 4 3 o
6 M 15 28.0 - 98.2 - -+ - ..
B M 16 17.7 0.3 - - + - - -+ .
257 pwCF 3 F508del F508del Moot 9ty oy T e e
6 M 16 195 - 85.7 - + - - -+
Ext M 17 19.6 - 98 - + - - - 4+
B M 35 282 - 55 - -+ - - .
336 pwCF 3 F508del 1138INSG M 36 293 Y Y - 63.9 . 4 3 o
6* M 36 29.0 - 64 - -+ - L
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398

pwCF

Ext

F508del

1507del

13
13
13
14

17.8
18.6
18.4
20.6

101
115
100
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17
17
17
19

20.5
21.3
21.2
21.3

98
99.4
104
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30
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231
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204
214

106

696
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93
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Ext M 33 28.2 - 79.3 + - + - + -

B M 25 185 33.2 - + - - + - -

868 pwCF 3 F508del F508del M 26 206 Y N - - + - - + - -
6 M 26 19.6 - 67.3 + - - + - -

871 pwCF B F508del gLn1291his P 29y e
3 F 35 27.2 - - - - - - - -

B M 40 263 - 58.7 - -+ + - .

884 pwCF 3 F508del F508del M40 274 34 674 - -+ o
6 M 40 282 34 714 - -+ + - -

Ext M 41 27.8 - 68 - - + + - -

152 HC - Unknown Unknown F 21 213 N - 4.2 - - - - - - -
159 HC - Unknown Unknown M 13 235 N - 2.7 - - - - - - -
205 HC - Unknown Unknown F 19 319 N - 3.8 - - - - - - -
431 HC - Unknown Unknown M 12 18.0 N - 2.4 - - - - - - -
501 HC - Unknown Unknown F 27 287 N - 7.2 - - - - - - -
548 HC - Unknown Unknown M 24 245 N - 3.6 - - - - - - -
673 HC - Unknown Unknown M 19 20.3 N - 0.9 - - - - - - -
749 HC - Unknown Unknown F 35 196 N - 3.0 - - - - - - -
964 HC - Unknown Unknown F 15 19.2 N - 12.7 - - - - - - -
986 HC - Unknown Unknown M 29 22.6 N - 5.0 - - - - - - -

Treatment length points marked indicate samples for which no *metagenomic or ¥metabolomic analysis was available, due
incomplete stool sampling or following removal of reads/data from downstream processing. CF participants were either
F508del homozygous, or F508del heterozygous. All patients were pancreatic insufficient but contained no CF-related
diabetes. For antibiotic usage, '+' indicates routine use of antibiotic class during the period for which the respective sample
was obtained. Abbreviations: pwCF - People with CF, HC - Healthy controls, B - Baseline, FEV1 — Percent predicted forced

expiratory volume in 1 second, BMI — Body mass index, Pl — Pancreatic insufficiency, CFRD — Cystic fibrosis-related

diabetes, FCP - Faecal calprotectin, Antibiotics; Ami — Aminoglycosides, Ant — Antimycobacterials, Mac — Macrolides, Mon —
Monobactams, Pol — Polymixins, Sul — Sulfonamides, Tet — Tetracyclines.
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Table S$6.2 Magnetic resonance imaging (MRI) data between

pwCF and healthy control participants.

Partepant Group Tree‘(tl\rﬂnjr:‘tth';")“gth oCcTT SBWC
B 390 54.10

023 oWCF 3 390 71.45
6 390 83.34

Ext 240 43.08

B 120 83.35

046 pwCF 3* 390 49.31
6 390 56.03

B 390 79.48

194 pwCF 3 390 119.20
6 390 72.16

047 oWCF B 180 273.09
3 300 62.29

B 390 82.92

253 pwCF 3 390 74.79
6 390 82.09

B 240 40.56

057 oWCF 3 390 53.51
6 120 20.44

Ext 120 58.45

B 390 4565

336 pwCF 3 390 51.95
6 390 57.06

B 390 136.36

308 oWCF 3 240 180.52
6 240 102.51

Ext 360 169.15

B* 390 99.35

437 oWCF 3 390 93.81
6 360 83.35

Ext 180 86.85

B 390 31.25

503 pwCF 3 390 49.21
6* 240 59.00

559 oWCF B 390 74.30
6 390 95.80

B 360 43.59

696 pwCF 3 360 54.28
6 300 37.07

B 390 38.34

41 pwCF 3 360 45.91
6 390 51.92
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390 42.38
759 oWCF 300 105.59
6 390 96.71
Ext 180 138.62
756 OWCF 3 390 105.59
6 390 96.71
B 390 133.05
802 pwCF 3 390 38.02
6 390 25.13
B 300 41.53
820 oWCF 3 300 59.30
6 300 49.08
Ext 300 54.55
B 390 82.84
868 pwCF 3 300 118.88
6 240 113.28
871 pwCF B ) i
3 - -
B 300 97.00
884 OWCF 3 300 47.33
6 390 58.21
Ext 240 59.05
152 HC - 180 61.51
159 HC - 150 18.40
205 HC - 360 40.35
431 HC - 150 72.69
501 HC - 360 47.56
548 HC - 300 57.04
673 HC - 360 24.16
749 HC - 240 10.79
964 HC - 180 26.19
986 HC - 180 89.90

B; Baseline, 3; 3 Months ETI therapy, 6; 6 Months ETI therapy,

Ext; Extended ETI therapy, OCTT; Oro-caecal transit time,
SBWC; Small bowel water content (corrected for body surface

area).
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Table $6.3 Analytical parameters for SCFA analysis with GC-MS

SCFA tr (min) Target ion (m/z) Confirmation ion (m/z)
Acetic acid 2.52 117 75
Propionic acid 3.81 131 75
Iso-butyric acid 4.39 145 117
Butyric acid 5.22 145 117
Iso-valeric acid 6.07 159 117
Valeric acid 6.85 159 117
4-methylvaleric acid 7.86 173 117
Hexanoic acid 8.41 173 117
Heptanoic acid 9.9 187 117
13C-acetic acid 2.52 119 77
13C-propionic acid 3.81 134 77
13C-butyric acid 5.22 149 119

Iz - Retention time
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Figure S6.1 Distribution and abundance of bacterial taxa across lengthening ETI
treatment (0, 3, 6, Ext months) stages (A, B, C, D respectively) and healthy control
participants (E). Given is the percentage number of patients harbouring each
bacterial taxon, plotted against the mean relative abundance across those samples.
Core taxa are depicted by the orange circles and fall in the upper quartile of
distribution, separated by the red vertical line at 75% distribution. Satellite taxa
(grey) are all samples below this distribution. Distribution-abundance relationship
regression statistics: (a) r? = 0.45, F1320 = 249.4, P < 0.0001. (b) r? = 0.63, F1,253 =
434.1, P < 0.0001. (c) r? = 0.65, F1,196 = 358.5, P < 0.0001. (d) r? = 0.53, F1,146 =
167.2, P < 0.0001. (e) r? = 0.40, F1482=321.4, P < 0.0001.
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Table S6.4 Core taxa throughout ETI therapy and control

participants.
Mean relative abundance (%)
ETI duration (months)
Genus 0 3 6 12 HC
Blautia 1

Blautia luti

Fusicatenibacter saccharivorans
Dorea longicatena
Eubacterium hallii
Bacteroides dorei
Anaerostipes hadrus
Eubacterium rectale
Collinsella aerofaciens
Gemmiger formicilis
Clostridium disporicum
Bifidobacterium adolescentis
Streptococcus 6

Blautia faecis

Bacteroides vulgatus
Escherichia coli

Romboutsia timonensis
Ruminococcus faecis
Blautia obeum
Faecalibacterium duncaniae
Intestinibacter bartlettii
Bacteroides uniformis
Eubacterium desmolans
Faecalibacillus 70

Dorea phocaeensis
Coprococcus comes
Faecalibacterium longum
Parabacteroides distasonis
Faecalibacterium prausnitzii
Roseburia hominis

Blautia intestinalis
Gemmiger 86

Barnesiella intestinihominis
Hominisplanchenecus faecis
Alistipes putredinis
Eubacterium coprostanoligenes
Blautia torques

Clostridium 146
Eubacterium ramulus
Ruminococcus champanellensis
Lachnoclostridium edouardi
Alistipes onderdonkii
Eubacterium ventriosum
Bacteroides caccae
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Odoribacter splanchnicus
Coprococcus catus
Waltera intestinalis
Oscillibacter 413

Evtepia gabavorous
Vescimonas fastidiosa
Lentihominibacter faecis
Roseburia inulinivorans
Marseillibacter massiliensis
Alistipes obesi

Alistipes marseilloanorexicus
Eubacterium eligens
Alistipes shahii
Vescimonas 720
Oscillibacter massiliensis

Pseudomonas 1352

222



Table S6.5 Kruskall-Wallis tests of bacterial alpha diversity across treatment
time-points (months) utilising Fisher's alpha index.

Microbiota Core Satellite
K (Observed K (Observed K (Observed
value) 1.851 value) 0.169 value) 1.894
0-3 K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- p-value (one- p-value (one-
tailed) 0.174 tailed) 0.681 tailed) 0.169
K (Observed K (Observed K (Observed
value) 12.240 value) 9.021 value) 11.333
0-6 K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- p-value (one- p-value (one-
tailed) 0.0005 tailed) 0.003 tailed) 0.001
K (Observed K (Observed K (Observed
value) 0.938 value) 14.538 value) 1.059
0-Ext K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- p-value (one- p-value (one-
tailed) 0.333 tailed) 0.0001 tailed) 0.304
K (Observed K (Observed K (Observed
value) 4.462 value) 9.938 value) 2.946
3.6 K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- p-value (one- p-value (one-
tailed) 0.035 tailed) 0.002 tailed) 0.086
K (Observed K (Observed K (Observed
value) 2.623 value) 14.280 value) 1.614
6-Ext K (Critical value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- p-value (one- p-value (one-
tailed) 0.105 tailed) 0.0002 tailed) 0.204
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Table S6.6 Kruskal-Wallis tests of bacterial alpha diversity between treatment
time-points (months) and healthy controls utilising Fisher's alpha index.

Microbiota Core Satellite
K (Observed K (Observed K (Observed
value) 18.621 value) 18.621 value) 18.626
K (Critical

0-HCc  Vvalue) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- p-value (one- <0.000 p-value (one- <0.000
tailed) 0.000 tailed) 1 tailed) 1
K (Observed K (Observed K (Observed
value) 18.621 value) 18.626 value) 18.626
K (Critical

3-HC Vvalue) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- <0.000 p-value (one- <0.000 p-value (one- <0.000
tailed) 1 tailed) 1 tailed) 1
K (Observed K (Observed K (Observed
value) 18.214 value) 18.214 value) 18.220
K (Critical

6-HC value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- <0.000 p-value (one- <0.000 p-value (one- <0.000
tailed) 1 tailed) 1 tailed) 1
K (Observed K (Observed K (Observed
value) 11.667 value) 11.667 value) 11.681
K (Critical

IIE-IXCt)- value) 3.841 K (Critical value) 3.841 K (Critical value) 3.841
DF 1 DF 1 DF 1
p-value (one- p-value (one- p-value (one-
tailed) 0.001 tailed) 0.001 tailed) 0.001
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Table S6.7 Bacterial ANOSIM summary statistics across ETI treatment lengths, utilising the

Bray-Curtis index.

Microbiota Core Satellite
R -0.02372 R 0.02923 R 0.0382
p (same) 0.7567 p (same) 0.1471 p (same) 0.1355
0-3 Bonferroni-corrected p
value 0.7598 Bonferroni-corrected p value 0.1481 Bonferroni-corrected p value 0.1421
Permutations 9999 Permutations 9999 Permutations 9999
R -0.03417 R 0.1835 R 0.03914
p (same) 0.8365 p (same) 0.0001 p (same) 0.1395
0-6 Bonferroni-corrected p
value 0.8495 Bonferroni-corrected p value 0.0002 Bonferroni-corrected p value 0.1477
Permutations 9999 Permutations 9999 Permutations 9999
R -0.1927 R 0.1942 R 0.09095
p (same) 0.9837 p (same) 0.0547 p (same) 0.1684
0-Ext  Bonferroni-corrected p
value 0.985 Bonferroni-corrected p value  0.0614 Bonferroni-corrected p value  0.1763
Permutations 9999 Permutations 9999 Permutations 9999
R -0.0664 R 0.2078 R 0.07737
p (same) 0.9938 p (same) 0.0001 p (same) 0.034
3-6 Bonferroni-corrected p
value 0.9947 Bonferroni-corrected p value  0.0001 Bonferroni-corrected p value  0.0347
Permutations 9999 Permutations 9999 Permutations 9999
R -0.1876 R 0.1817 R 0.04437
p (same) 0.9798 p (same) 0.0591 p (same) 0.288
6-Ext Bonferroni-corrected p
value 0.9806 Bonferroni-corrected p value  0.0639 Bonferroni-corrected p value  0.2944
Permutations 9999 Permutations 9999 Permutations 9999
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Table S6.8 Bacterial ANOSIM summary statistics between ETI treatment lengths and healthy control
participants, utilising the Bray-Curtis index.

Microbiota Core Satellite
R 0.2775 R 0.7931 R 0.8795
0-HC p (same) 0.0018 p (same) 0.0001 p (same) 0.0001
Bonferroni-corrected p value 0.0023 Bonferroni-corrected p value 0.0001 Bonferroni-corrected p value 0.0001
Permutations 9999 Permutations 9999 Permutations 9999
R 0.3104 R 0.7432 R 0.8999
3He P (same) 0.0015 p (same) 0.0001 p (same) 0.0001
Bonferroni-corrected p value 0.0021 Bonferroni-corrected p value 0.0001 Bonferroni-corrected p value 0.0001
Permutations 9999 Permutations 9999 Permutations 9999
R 0.3751 R 0.9177 R 0.9299
6-HC p (same) 0.0002 p (same) 0.0001 p (same) 0.0001
Bonferroni-corrected p value 0.0002 Bonferroni-corrected p value 0.0001 Bonferroni-corrected p value 0.0001
Permutations 9999 Permutations 9999 Permutations 9999
R 0.6697 R 0.9957 R 0.8723
ExtHC P (same) 0.0002 p (same) 0.0001 p (same) 0.0001
Bonferroni-corrected p value 0.0002 Bonferroni-corrected p value 0.0002 Bonferroni-corrected p value 0.0002
Permutations 9999 Permutations 9999 Permutations 9999
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Table S6.9 Similarity of percentage (SIMPER) analysis of microbiota
dissimilarity (Bray-Curtis) between baseline and pwCF samples following
extended treatment with ETI.

% Relative
abundance
AV % Cumulativ
Baseline Ext ETI Dissimi.larit Contributio e

Taxa Y n (%)
Blautia 1 5.59 7.62 7.621
Fusicatenibacter

saccharivorans 3.56 4.85 12.47
Blautia luti 2.48 3.38 15.85
Bifidobacterium adolescentis 2.31 3.14 18.99
Collinsella aerofaciens 2.27 3.10 22.09
Anaerostipes hadrus 2.24 3.05 25.14
Bacteroides dorei 2.21 3.01 28.15
Dorea longicatena 2.01 2.74 30.89
Gemmiger formicilis 1.82 2.48 33.36
Bifidobacterium 21 1.67 2.27 35.64
Enterococcus 26 1.54 2.10 37.74
Eubacterium rectale 1.53 2.09 39.82
Ruminococcus bromii 1.48 2.02 41.84
Streptococcus 6 1.43 1.95 43.79
Eubacterium hallii 1.37 1.87 45.66
Clostridium disporicum 1.37 1.87 47.53
Ruminococcus gnavus 1.33 1.81 49.34
Escherichia coli 1.29 1.75 51.09

Taxa identified as core are highlighted in orange, with satellite taxa highlighted in
grey. The mean relative abundance (%) across both groups is given, alongside the
percentage contribution which is the mean dissimilarity of taxa divided by the mean
dissimilarity (73.40%) across samples. Cumulative percent does not equal 100% as
the list is not exhaustive, rather the taxa that make up 50% of dissimilarity between
groups. Given the length of the 16S gene regions sequenced, taxon identification
should be considered putative.
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Table S6.10 Redundancy analysis to explain percent variation across whole
microbiota, core, and satellite taxa of the significant clinical variables across
pwCF receiving ETI therapy.

Microbiota Core taxa Satellite taxa

Var. Var. Var.

Exp pseudo P Exp pseudo P Exp pseudo P

(%) -F (ad)) (%) -F (adj) (%) -F (ad))
Antibiotics 4.9 2.8 0.010 5.6 3.3 0.050 54 2.9 0.002

6.5 3.4 0.002

BMI 5.2 2.9 0.016
Disease
mild. 7.4 3.9 0.002 9.6 5.2 0.006 3.4 1.9 0.012
SBWC 3.4 2.0 0.046 4.9 3.0 0.038
Sex 3.7 2.2 0.038 55 3.1 0.082 2.6 1.5 0.050
Treatment
length 2.9 1.7 0.048
Total 24.6 25.6 20.8

Var. Exp (%) represents the percentage of the microbiota for which can be explained
by a given clinical variable from the redundancy analysis model. P (adj) is following
false discovery rate correction of significance values. Antibiotics refers to if a given
participant was receiving any class of routine antibiotic during the sampling period.
Disease mild. — Disease mildness utilising FEV1% as a proxy, SBWC — Small bowel
water content corrected for body surface area.
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Figure $6.2 Redundancy analysis species biplots for the whole microbiota within
pwCF. The 24 taxa contributing most to the dissimilarity (cumulatively > 50%) within
pwCF samples at baseline and following extended ETI therapy from the SIMPER
analysis (Table S6.9) are shown independently of the total number of ASVs
identified (353). Orange points represent taxa that were identified as core for the
pwCF group following extended ETI therapy, grey points are satellite, and the white
(black stroke) points represent taxa that were absent. Biplot lines depict clinical
variables that significantly account for total variation in taxa relative abundance
within whole microbiota analysis at the p < 0.05 level (Table S6.10). Species plots
depict the strength of explanation provided by the given clinical variables, with taxa
shown in the same direction of a particular clinical variable considered to have a
higher value than those that are not. ‘Abx’ — Antibiotics during sampling period, ‘BMI’
— Body mass index, ‘Disease Mildness’ — Disease mildness based on increased
FEV1% across patients, ‘SBWC’ — Small bowel water content corrected for body
surface area. The percentage of microbiota variation explained by each axis is given
in parentheses.
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Figure S6.3 Changes in faecal fatty acid concentration (A-B) and relative
abundance (C-D) across ETI treatment periods (months) and healthy control
samples. Error bars denote standard error of the mean (SEM). Asterisks between
bars denote significance differences in absolute quantification (A-B) or relative
abundance (C-D) of faecal fatty acids between groups following Kruskal-Wallis
testing. ***; P < 0.0001, **; P < 0.001, *; P < 0.05. Summary statistics are found in
Tables S6.11-6.14.
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Table $6.11 Kruskal-Wallis tests of faecal fatty acid quantification between across ETI treatment time-points.

Fatty acid
Acetic  Propionic Isobutyric Butyric  Isovaleric Valeric  4-methyl  Hexanoic Heptanoic
K (Observed value) 0.189 0.179 0.511 1.765 0.003 0.214 0.025 1.470 2.016
0-3 K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.6635 0.6721 0.4749 0.1841 0.9534 0.6440 0.8755 0.2254 0.1556
K (Observed value) 0.107 0.236 0.810 2.793 0.351 0.086 0.095 1.872 0.137
3.6 K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.7442  0.6268 0.3682 0.0947  0.5535 0.7697  0.7579 0.1712 0.7116
K (Observed value) 0.044 1.059 0.000 2.289 0.366 2.476 0.007 0.004 0.040
6-Ext K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.8330  0.3035 1.0000 0.1303  0.5450 0.1156  0.9354 0.9517 0.8416
K (Observed value) 0.653 0.000 0.029 0.267 0.316 0.651 0.061 0.059 1.428
0-6 K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.4189 1.0000 0.8651 0.6055 0.5740 0.4198 0.8054 0.8078 0.2321
K (Observed value) 0.011 1.271 0.007 0.188 0.021 1.322 0.013 0.442 0.268
0-Ext K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.9161  0.2596 0.9343 0.6646  0.8851 0.2502  0.9076 0.5061 0.6049
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Table S$6.12 Kruskal-Wallis tests of fatty acid relative abundance between across ETI treatment time-points.

Fatty acid
Acetic Propionic Isobutyric Butyric  Isovaleric Valeric  4-methyl Hexanoic Heptanoic
K (Observed value) 0.240 0.240 0.296 0.500 0.214 0.145 0.279 0.359 0.465
0-3 K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.6245  0.6245 0.5865 0.4795  0.6438 0.7034  0.5976 0.5489 0.4951
K (Observed value) 0.068 0.303 0.706 1.854 0.568 0.806 0.277 0.190 0.061
3.6 K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.7943  0.5820 0.4009 0.1734  0.4512 0.3692  0.5987 0.6632 0.8044
K (Observed value) 0.722 0.722 0.029 0.260 0.029 3.494 0.097 0.080 0.787
6-12 K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.3955  0.3955 0.8651 0.6102  0.8651 0.0616  0.7550 0.7768 0.3751
K (Observed value) 0.186 0.034 0.046 0.186 0.046 0.691 0.005 0.015 0.000
0-6 K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.6666  0.8535 0.8294 0.6666  0.8294 0.4059  0.9458 0.9018 1.0000
K (Observed value) 0.178 0.711 0.100 0.011 0.011 0.178 0.003 0.100 0.290
0-Ext K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.6733  0.3991 0.7518 0.9161  0.9161 0.6733  0.9529 0.7517 0.5901
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Table $6.13 Kruskal-Wallis tests of fatty acid quantification between ETI treatment time-points and healthy controls.

Fatty acid
Acetic Propionic Isobutyric Butyric Isovaleric Valeric 4-methyl Hexanoic Heptanoic
K (Observed value) 0.017 0.034 0.771 0.760 0.076 14.713 1.448 5.477 12.746
0-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.8951 0.8544 0.3798 0.3833  0.7831 0.0001 0.2289 0.0193 0.0004
K (Observed value) 1.388 0.002 0.003 0.928 0.034 13.805 2177 9.453 17.631
3-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.2387  0.9634 0.9600 0.3353  0.8544 0.0002  0.1400 0.0021 0.0000
K (Observed value) 0.852 0.021 0.754 0.517 0.589 18.621 1.019 4.056 17.806
6-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.3559  0.8856 0.3853 0.4720  0.4430 0.0000  0.3128 0.0440 0.0000
K (Observed value) 0.375 0.034 0.576 5.952 0.010 5.952 0.146 2.143 8.109
Ext-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.5403  0.8544 0.4477 0.0147  0.9223 0.0147  0.7021 0.1432 0.0044
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Table $6.14 Kruskal-Wallis tests of fatty acid relative abundance ETI treatment time-points and healthy controls.

Fatty acid
Acetic Propionic Isobutyric Butyric  Isovaleric Valeric  4-methyl Hexanoic Heptanoic
K (Observed value) 0.157 0.004 0.352 0.526 0.000 11.309 2.968 3.915 11.373
0-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.6924  0.9474 0.5529 0.4683  1.0000 0.0008  0.0849 0.0478 0.0007
K (Observed value) 0.096 0.096 0.246 0.035 1.112 8.862 1.428 5.268 11.966
3-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.7565  0.7565 0.6198 0.8524  0.2917 0.0029  0.2321 0.0217 0.0005
K (Observed value) 0.600 0.000 1.116 2.623 0.243 15.000 2.964 3.101 12.062
6-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.4386  1.0000 0.2908 0.1053  0.6221 0.0001  0.0851 0.0782 0.0005
K (Observed value) 0.735 0.735 2.535 1.815 0.015 9.375 0.462 1.815 4.343
Ext-HC K (Critical value) 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841 3.841
DF 1 1 1 1 1 1 1 1 1
p-value (one-tailed) 0.3913  0.3913 0.1113 0.1779  0.9025 0.0022  0.4967 0.1779 0.0372
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Table $6.15 ANOSIM summary statistics of fatty acid relative abundances across ETI treatment time-
points and compared with healthy control participants.

0-3

3-6

6-Ext

0-Ext

Across ETI Therapy

R -0.0061
p (same) 0.4428
Bonferroni-corrected p value 0.4516
Permutations 9999

R -0.0188
p (same) 0.5393
Bonferroni-corrected p value 0.5417
Permutations 9999

R -0.0624
p (same) 0.6692
Bonferroni-corrected p value 0.6744
Permutations 9999

R -0.0475
p (same) 0.8064
Bonferroni-corrected p value 0.8122
Permutations 9999

R -0.1939
p (same) 0.9724
Bonferroni-corrected p value 0.9757
Permutations 9999

0-HC

3-HC

6-HC

Ext-HC

Between ETI and Healthy Controls

R 0.0794
p (same) 0.105
Bonferroni-corrected p value 0.1067
Permutations 9999
R -0.0013
p (same) 0.4222
Bonferroni-corrected p value 0.4367
Permutations 9999
R 0.1502
p (same) 0.0393
Bonferroni-corrected p value 0.0407
Permutations 9999
R 0.2480
p (same) 0.0467
Bonferroni-corrected p value 0.047
Permutations 9999
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Table $6.16 Similarity of percentage (SIMPER) analysis of fatty acid

compositional dissimilarity between healthy controls and pwCF following

6 months and extended ETI therapy.

% Relative abundance

Fatty acid METI 6 Healthy . Av . % . Cumulative

onths Controls Dissimilarity Contribution (%)
Butyric 27.3 214 4.767 28.24 28.24
Acetic 49.7 50.6 3.931 23.28 51.52
Propionic 17.5 17.5 3.236 19.17 70.69
Valeric 0.276 3.15 1.438 8.517 79.2
Hexanoic 0.678 219 1177 6.974 86.18
Isobutyric 22 2.54 1.112 6.586 92.76
Isovaleric 24 2.21 1.048 6.209 98.97
Heptanoic 0.0045 0.305 0.1502 0.8899 99.86
4-methyl 0.0209 0.049 0.02314 0.137 100
Total dissimilarity 16.88

% Relative abundance
o .

Fatty acid E-)I(—tI g:r?tl;[gl)'/s Dissipr\nvi.larity Contri/;ution Cunz;l?tlve
Acetic 46.9 50.6 4.823 28.73 28.73
Butyric 27.5 214 4.329 25.79 54.52
Propionic 21 17.5 3.427 20.41 74.93
Valeric 0.458 3.15 1.347 8.023 82.95
Hexanoic 0.416 219 1.065 6.341 89.29
Isobutyric 1.45 2.54 0.8098 4.824 94.12
Isovaleric 217 2.21 0.8068 4.806 98.92
Heptanoic 0.01 0.305 0.1491 0.8881 99.81
4-methyl 0.05 0.049 0.0321 0.1912 100
Total dissimilarity 16.79
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Table $6.17 RDA to explain percent variation in
microbiota from faecal relative SCFA abundance.

SCFA Var. Exp (%) pseudo-F P (adj)
Valeric 4 2 0.002
Propionic 4 2 0.002
Butyric 2.7 14 0.018
Total 10.7
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Figure S6.4 Faecal SCFA redundancy analysis species biplots for the whole
microbiota. The 24 taxa contributing most to the dissimilarity (cumulatively > 50%)
between healthy control and pwCF samples following extended ETI therapy from the
SIMPER analysis (Table 6.2) are shown independently of the total number of ASVs
identified (531). Orange points represent taxa that were identified as core for the pwCF
group following extended ETI therapy, grey points are satellite, and the white (black
stroke) points represent taxa that were absent. Biplot lines depict SCFA that
significantly explained total variation in taxa relative abundance within whole microbiota
analysis at the p < 0.05 level (Table S6.17). Species plots depict the strength of
explanation provided by the given clinical variables, with taxa shown in the same
direction of a SCFA considered to have a higher value than those that are not. The
percentage of microbiota variation explained by each axis is given in parentheses.
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Table $6.18 Summary statistics for paired t-test

PAC-SYM results between baseline and ETI

treatment

Difference -0.339

t (Observed value) -0.398

3 t| (Critical value) 2.160
DF 13
p-value (Two-tailed) 0.697
Difference -1.750

t (Observed value) -1.923

6 |t| (Critical value) 2.179
DF 12
p-value (Two-tailed) 0.079
Difference -1.429

t (Observed value) -1.000

Ext  t| (Critical value) 2.447
DF 6
p-value (Two-tailed) 0.356
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Table S6.19 Kruskal-Wallis summary
statistics for gut function MRI metrics
between baseline and extended ETI

samples.
K (Observed value) 0.040
OCTT K (Critical value) 3.841
DF 1
p-value (one-tailed) 0.842
K (Observed value) 3.438
SBWC K (Critical value) 3.841
DF 1
p-value (one-tailed) 0.064
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Chapter 7: General Discussion

7.1 Introduction

Following the original observations by Dutyschaever and colleagues (Duytschaever et
al., 2011), the presence of intestinal dysbiosis in pwCF is now well defined, with
dysbiosis evident from birth and maintaining across later life (Hoffman et al., 2014;
Burke et al., 2017). The presence of intestinal dysbiosis in CF overlaps with various
manifestations of the Gl tract and a high burden of intestinal symptoms, which remains
a top research priority for the CF community to understand and alleviate (Rowbotham
et al., 2023). Understanding the disruption to the complex microbial communities
inhabiting the intestinal tract has no doubt been facilitated by the expansion of 16S
rRNA gene sequencing processes, with many studies taking advantage of the Illumina
MiSeq platform for short read amplicon sequencing across this region (Flass et al.,
2015; Antosca et al., 2019; Coffey et al., 2019; Enaud et al., 2019; Loman et al., 2020),
for subsequent comparison against various reference databases (Quast et al., 2013;
Cole et al., 2014) to assign taxonomy from a given sample. Research strategies have
further evolved, to include the use of metagenomics and integration of clinical data to
identify potential relationships between microbial community functions and host clinical
outcomes (Manor et al., 2016; Vernocchi et al., 2017; Coffey et al., 2019). However,
the variability in factors associated with CF disease among diverse patient
demographics has added complexity to comprehending the origins of prolonged

dysbiosis in CF and its associations with other abnormalities within the intestinal tract.
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7.2 Relationships between dysbiosis and clinical factors in pwCF

Throughout this thesis and similar to the results reported by others, the reduced
microbial diversity and altered community composition across pwCF is evident (Burke
et al., 2017; Coffey et al., 2019; Enaud et al., 2019; Marsh et al., 2022). The presence
of CF disease, which primarily explained the core taxa composition was secondary to
the administration of antibiotic therapy in pwCF in explaining the overall microbial
composition, which was driven by its large impact upon the satellite taxa (Chapters 3
and 6). Antibiotic administration is generally understood to influence microbial
composition in CF, with studies demonstrating a high burden of antibiotic therapy upon
microbiota diversity and subsequent unfavourable taxonomic changes (Kristensen et
al., 2020), whilst others show that only more intense administration (IV antibiotics) can
elicit such changes (Burke et al., 2017). The spectrum of antibiotic involvement also
widens to demonstrate limited effects of antibiotics as compared to other patient
demographic and clinical factors (Vernocchi et al., 2018; Loman et al., 2020; Knoll et
al.,, 2023). The differences across antibiotic frequency, class, and method of
administration in these studies of pwCF across childhood and adulthood underscores
the need for additional research to gain a clearer understanding of their specific impacts

throughout life in CF.

Similar to antibiotic therapy, associations between microbiota dysbiosis and the
presence of intestinal inflammation are generally recognised and supported. Similarly
to antibiotic usage, this thesis identified an association between intestinal inflammation
and the satellite taxa composition across pwCF, albeit to a reduced magnitude (Chapter
3). Of note, satellite taxa included E. coli, B. fragilis, and in later Chapters Enterococcus

spp, and R. gnavus, of which have been associated with intestinal inflammation in other
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studies of the CF intestinal microbiota (Lynch et al., 2013; Hoffman et al., 2014; Enaud
et al., 2019). Until proposed functional redundancy is clarified in the CF intestine (Wang
et al., 2019), considering microbial involvement within intestinal inflammation should
also be extended to the reduction of key short-chain fatty acid producers also. Again,
this has been demonstrated throughout the thesis, with a reduction in key drivers of
butyrate production including (but not limited to) F. prausnitzii and Eubacterium spp, as
commonly observed across pwCF (Burke et al., 2017; De Freitas et al., 2018; Vernocchi

et al., 2018).

This thesis was unable to investigate the impact of pancreatic insufficiency upon the
microbiota, as this was a co-correlate in the multivariate models used as all pwCF were
Pl. There is some evidence for the involvement of pancreatic status (Nielsen et al.,
2016), but the bulk of evidence supports little involvement in impacting intestinal
microbial composition in CF (Burke et al., 2017; Miragoli et al., 2017; Vernocchi et al.,
2018). Given that the vast majority of pwCF are pancreatic insufficient, PERT dosage
may constitute a useful variable moving forward in microbiota studies (Freswick et al.,
2022). Similarly, dietary habits were not thoroughly investigated throughout this thesis.
Dietary intake was not significantly different between pwCF and controls in this thesis
and did not contribute to any microbiota differences (Chapter 3), but the collection of
metadata was not sustained into later Chapters concerning the use of CFTR
modulators. Recent work by Knoll et al. demonstrated relationships between dietary
fibore and increased Solobacterium abundance (Knoll et al., 2023), but extensive
knowledge of diet and intestinal microbiota relationships in pwCF remains severely

limited at this stage.
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Finally, this work has briefly touched on the gut-lung axis in CF, through the
identification of disease mildness (determined by lung function) as a minor explanator
of microbial composition in pwCF undertaking ETI therapy. Indeed relationships
between lung function and microbial composition and structure have been reported
(Burke et al., 2017; Coffey et al., 2019), yet knowledge of these relationships in the era

of CFTR modulator treatment remains limited.

7.3 Characterising the function of the CF intestinal microbiota through SCFA

analysis

With the targeted metabolomics of faecal SCFAs developed in Chapter 4 and utilised
in Chapters 5 and 6, this thesis has demonstrated that differences persist upon
composition and quantification of these metabolites occurs between the pwCF and
healthy controls. Across the wider literature, there are discrepancies surrounding the
differences in the most abundant SCFAs, namely acetic, propionic and butyric acid.
Vernocchi et al. reported elevation across all three SCFAs in healthy controls as
compared to pwCF (Vernocchi et al., 2018), with Coffey et al. also demonstrating a
reduction in butyrate, albeit with a small cohort of 4 healthy controls for comparison
(Coffey et al., 2019). On the other hand, it has recently been shown in colonic aspirates
between pwCF and controls that no significant differences exist (Baldwin-Hunter et al.,
2023), with significant differences rather between the longer fatty acids, including
increased valeric and hexanoic acids in controls as also reported in this thesis (Chapter
6). The decreased abundance of valerate (valeric acid) may reflect a reduction in
protein fermentation for which this metabolite can be synthesised (Jha and Berrocoso,
2016). This may be plausible given presence of pancreatic insufficiency across all
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pwCF enrolled in studies across this thesis. In the GC-MS method developed in
Chapter 4, lactic acid was prospectively identified at 8.35 mins RT. Further work to
clarify this would be useful, as to investigate relationships between faecal lactic acid
abundance and the relative abundance of specific taxa, demonstrated previously by

Wang et al. in terms of Enterococcal overgrowth (Wang et al., 2019).

Irrespective of the outcomes of the aforementioned studies, which vary across
methodologies used to profile and quantify SCFAs (NMR, GC-MS, LC-MS), the
ubiquitous limitations of faecal SCFA profiling should be acknowledged, due to the
dynamics between and production, absorption, and secretion of SCFAs across the
intestinal tract (Sakata, 2019). Nonetheless, faecal quantification may still offer useful
insights when paired with dietary data when investigating relationships with microbiota
composition and function (Rios-Covian et al., 2016). Simultaneous analysis of both
circulating and faecal SCFAs is likely a more optimal approach to uncover relationships

between microbial composition and host outcomes with SCFA levels.

7.4 Impact of CFTR modulators upon intestinal microbiota structure and

function

The information surrounding more recent CFTR modulator therapies and effects upon
the microbiota and patient intestinal outcomes remain scarce. This thesis reports, for
the first time, the effects of Tezacaftor/Ilvacaftor upon gut microbiota composition,
patient symptoms, and intestinal outcomes in pwCF. Understanding why
Tezacaftor/Ilvacaftor fails to elicit any significant changes to microbiota structure may
relate to the overall efficacy of treatment. Studies in which some meaningful changes

were reported to microbiota structure and intestinal outcomes are those utilising
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Ivacaftor to treat pwCF harbouring residual function, class Il mutations (Ooi et al.,
2018; Kristensen et al., 2021). As compared to Tezacaftor/Ilvacaftor in the class Il
F508del population, lvacaftor in pwCF with class Il mutations demonstrates
pronounced improvements to the respiratory domain, sweat chloride levels, and patient
reported outcomes via the CFQ-R questionnaire (Rowe et al., 2017; Taylor-Cousar et
al., 2017; Gramegna et al.,, 2020). Given all pwCF in this thesis taking
Tezacaftor/Ivacaftor were F508del homozygotes, this may be a plausible reason as to
why no changes were exerted, in tandem with the recent evidence of high microbiota
resilience in pwCF (Knoll et al., 2023). Translation of ETI efficacy from the respiratory
domain to include the site of the intestinal tract has been previously demonstrated
(Graeber et al., 2022), and it's standardisation would be beneficial moving forward in
other studies of CFTR modulators to establish links between localised efficacy and
intestinal outcomes in CF. It must also be acknowledged that current literature
surrounding CFTR modulator usage encompasses high study heterogeneity, including
differences across genotypes, pancreatic status, age, lung function, and antibiotic
usage in participants (Ooi et al., 2018; Kristensen et al., 2021; Pope et al., 2021; Ronan

et al., 2022).

With regards to triple combination CFTR modulator therapy, recent interim results from
a large prospective observational study indicate that restoration of CFTR in participants
fails to elicit significant changes to the microbiota (Duong et al., 2023) as demonstrated
in Chapter 6 of this thesis, whereby treatment length accounted for ~3% of the satellite
taxa variation only across pwCF undertaking ETI therapy. Duong et al. also report that
ETI therapy significantly reduced abnormal faecal calprotectin levels observed across
pwCF, thereby introducing complexity into the comprehension of microbial involvement

in CF intestinal inflammation. The limited cohort information currently available makes
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wider interpretations difficult at this stage. Furthermore, whether individual bacterial
species change or wider taxonomic trends surface upon treatment, as seen within other
CFTR modulator studies (Ooi et al., 2018; Pope et al.,, 2021; Ronan et al., 2022),
remains to be elucidated in larger ETI studies. Multiple studies are set to explore or
report the relationships between ETI therapy and patient outcomes further, including
but not limited to Igloo-CF, KAF-BIOTA (NCT05937815), PROMISE (NCT04613128,
NCT04038047), and GRAMPUS-CF (NCT05934656). With the increased sampling
numbers across these cohorts, better understanding of sampling duration impact and
predefined host-physiology and abnormalities in the face of modulator treatment, will
ensue. The GRAMPUS-CF SRC in particular will look to thoroughly elucidate any
relationships between patient symptoms, intestinal abnormalities, and the gut

microbiota, which unfortunately fell beyond the scope of what this thesis could uncover.
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7.5 Study limitations and caveats

7.5.1 Study group characteristics and population

An obvious caveat to the various studies within this thesis is the small sample sizes
across both healthy controls and pwCF, in both cross-sectional and longitudinal
aspects. This is perhaps to be expected with the nature of such pilot studies, yet healthy
control groups were age and gender-matched, and the CF participants harboured the
highly prevalent F508del mutation as to reflect its prevalence across the majority of the
wider CF population. Participants also aged from adolescence to adulthood (12-36
years), with age identified as a contributing factor to microbiota composition across
Chapter 6. Larger cohorts moving forward will undoubtedly enable clearer elucidation
of microbial dynamics across children, adolescents, and adults with CF in the wake of
CFTR modulator therapy. As for associated clinical data, the acquirement of extensive
dietary information was not attainable throughout this thesis, with patient symptom data
(CFAbd scores) also not able to be processed in time for inclusion in the analysis
presented in Chapter 6. The consistent inclusion of the CFAbd-Score for the
assessment of intestinal symptoms moving forward in studies of pwCF offers a
standardised, CF-specific measurement tool that may uncover patient symptoms

previously missed with other reporting methods (Jaudszus et al., 2019, 2022).
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7.5.2 16S rRNA gene analyses pipeline

Whilst amplicon sequencing of the 16S rRNA gene has no doubt revolutionised the
ease to which microbial communities can be characterised to a respectable resolution,
there are indeed some pitfalls and limitations of this workflow. This is evident
throughout the process, with the original choice of DNA extraction method shown to
introduce bias early within this process (Brooks et al., 2015), which can be further
influenced by number of PCR cycles and the choice of DNA polymerase used for
reactions (Sze and Schloss, 2019). Furthermore, the primer target itself, the specific
region of the 16S rRNA gene, can have profound effects upon outcome of microbial
community analysis including the ability of characterise bacterial taxa down to the
species level (Lépez-Aladid et al., 2023). The V4-V5 locus chosen for the studies within
this thesis has been successfully used across various mock communities (Fouhy et al.,
2016), including across other studies investigating the faecal microbiota in CF (Antosca
et al., 2019; Loman et al., 2020). Nonetheless, some biases may still have arisen, such
as the underrepresentation of Bifidobacteria which has been observed previously
across faecal samples (Alcon-Giner et al.,, 2017). Towards the back end of the
workflow, the choice of reference database within analysis pipelines for taxanomic

alignment can also yield differences in outcomes (Abellan-Schneyder et al., 2021).
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7.6 Future work

7.6.1 Further study of CFTR modulators and CF associated factors impacting

dysbiosis.

It is readily apparent that further research is required across pwCF administered CFTR
modulator treatment, particularly to understand the impact of the more efficacious
treatments such as ETI therapy upon the intestinal microbiota and general physiology
and health. If subsequent research confirms the limited impact as detailed with
Chapters 5 and 6 of this thesis within adolescents and adults with CF, there will
undoubtedly be increased attention to the administration of CFTR modulators in the
younger CF population, given the predominantly favourable safety profile and high
efficacy of ETI in younger pwCF (Kapouni et al., 2023), and recent licensing across
ages 6-11 years in the united kingdom. The next step for recent modulator therapies
will entail administration across infants, similar to the route of Ivacaftor (Rosenfeld et
al., 2018). The reduced resilience and stability of the microbiota across this age
(Lozupone et al., 2012) offers perhaps the most promising age for intervention. Should
therapy fail to elicit changes to microbiota and host outcomes at this time in
development, it will further highlight the need to understand the role of other CF-
associated lifestyle factors and host physiology. This is already particularly relevant
individuals who cannot currently access CFTR modulator therapy due to their CFTR
genotype, who wait upon the development of alternate therapies to increase functional

CFTR production (Allen et al., 2023).

As for host physiology and microbiota relationships, this thesis has introduced such
relations in the context of intestinal function and microbiota composition in CF. More

specifically, the relationships between oro-caecal transit time, small bowel water
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content, and colonic volumes have been demonstrated with microbiota composition
and variability across pwCF and healthy controls in Chapter 3. Whilst CFTR modulators
had seemingly little impact upon these metrics (Chapters 5 and 6), there is a need to
further understand their implications and relationships with the microbiota, of which
remains an under-appreciated area of research (Prochazkova et al., 2023). The
progression from pilot to large multi-centre studies would undoubtedly allow for more
intricate analysis of such gut function metrics in tandem with the microbiota, not to
mention also other pwCF demographics including pancreatic insufficiency, lung
function, dietary history, and antibiotic usage. The latter could be expanded, such that
the impact of antibiotic class, dosage, and duration upon the gut microbiota could be
better understood. This is particularly favourable given the large association of

antibiotic usage with microbiota composition as shown in Chapter 3.

7.6.2 Integration of multi-omic approaches with outcomes in pwCF

The bulk of analysis carried out within this thesis was surrounding the utilisation of 16S
rRNA gene sequencing on the lllumina MiSeq platform, to characterise the microbial
communities across healthy controls and pwCF. Third-generation sequencing
platforms, such as the Nanopore approach offered by Oxford Nanopore and Pacbio’s
Single-Molecule Real-Time Sequencing allow for the integration of long-read DNA
sequencing at high-throughput. This will allow for clearer taxonomic resolution and
therefore increased accuracy of bacterial identification and subsequent community
characterisation as the entirety of the 16S rRNA gene can be sequenced. This further
extends to their use in wider functional genomics, from the facilitation of contiguous

DNA sequences to infer the functional characteristics of the community, including
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metabolic capabilities and virulence factors such as genes encoding antibiotic
resistance. This may be of interest given the high burden of antibiotics within CF.
Indeed these approaches are also available by lllumina’s shotgun sequencing
methods, with multiple CF studies previously utilising this approach to understand
microbial community composition and functional capabilities (Hoffman et al., 2014;

Manor et al., 2016; Hayden et al., 2020).

The continued integration of multi-omic approaches will be crucial in comprehensively
understanding the function of the intestinal microbiota in CF. The work in this thesis
encompassed the use of GC-MS targeted metabolomics to investigate and
characterise SCFA composition and quantification across pwCF and healthy controls.
Whilst a sensible target due to their myriad of functional impacts upon host physiology
and immune homeostasis (Wong et al., 2006; Puertollano et al., 2014), and
uncharacterised in the era of CFTR modulator treatment, further work investigating the
metabolome in CF is likely to benefit from untargeted approaches. Indeed, some other
-omic approaches have been carried out previously within the CF intestinal
environment, including proteomics (Debyser et al., 2016) and integrated
metagenomic/metabolomic approaches (Fouhy et al., 2017; Vernocchi et al., 2018).
There is, however, a paucity of knowledge remaining in the era of CFTR modulator
therapy that further integrates clinical outcomes including patient symptoms in CF,
further extending to the identification of any novel biomarkers and therapeutic targets
in the CF intestine relating to host outcomes (Qiu et al., 2023). The goal moving forward
should be to therefore use these sophisticated approaches to elucidate any potential

relationships.
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7.6.3 Understanding inter-kingdom relationships: roles of fungi and viruses in the CF

intestine

Aside from the presence of bacteria, the colonisation of the intestine with fungi, viruses,
and archaea is poorly understood in CF. Despite having a lower diversity than bacteria,
fungal members of the microbial community demonstrate higher intra and inter-
variability between healthy subjects in a longitudinal fashion (Nash et al., 2017). Often
termed the ‘mycobiome’, the resident fungi of the intestinal have been shown to interact
and impact disease outcomes, with bacterial-fungal relationships evident across
inflammatory bowel diseases (Sokol et al., 2017; Underhill and Braun, 2022). In CF
infants, a recent study awaiting peer-review has highlighted the increased abundance
of fungi, particularly Candida and Saccharomyces, in pwCF accompanying low
bacterial diversity observed across participants (Salerno et al., 2023). Further work is
required to elucidate any implications of this fungal expansion, and for the clarification

of any bacterial-fungal interactions in the CF gut.

Likewise, the viral community, or the ‘virome’ is poorly understood in CF. Overall, the
gut virome is primarily composed of prokaryotic viruses, often referred to as
bacteriophages. Such bacteriophages have the ability to modulate the bacterial
community, through lysing and killing of particular targets (Brissow et al., 2004;
Rohwer and Thurber, 2009), whilst others may induce beneficial traits to improve
bacterial host fithess (Ogilvie and Jones, 2015). Limited work characterising the
intestinal virome in CF has been carried out, with some evidence of changes between
pwCF and healthy controls documented. This includes a significant different viral
composition between groups, with functional changes reported also, including

relationships between particular viral abundance and intestinal inflammation (Coffey et
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al., 2020). Should similar results be consistently reported moving forward, this may
propel targeted phage therapy as a viable intervention within CF intestinal disease if

any drawbacks to therapy can be eliminated (Loc-Carrillo and Abedon, 2011).

7.6.4 Alternate therapies and investigative approaches

Aside from trying to modulate the gut microbiota through CFTR therapy, probiotics, and
diet for example, a plausible approach moving forward may well be the use of faecal
microbiota transplantation (FMT) in pwCF. This describes the transfer of faecal matter
(following processing and preparation) from healthy donors directly into upper Gl tract,
or directly into the large intestine through colonoscopy (Gupta et al., 2016). Classically,
FMT has been employed with success to treat Clostridium difficile infection, which is
often associated with abdominal pain and diarrhoea in the wider population (Tixier et
al., 2022). Coincidently, C. difficile carriage in the CF population is high, albeit with
lower rates of symptomatic infection (Wu et al., 1983; Peach et al., 1986; Bauer et al.,
2014), and indeed FMTs have been successfully used to alleviate infection and

associated symptoms in pwCF (Dunwoody et al., 2018).

Aside from the use of FMTs to alleviate apparent ‘one microbe, one disease’
paradigms, there is hope for their use to positively modulate complex microbial
environments, such as the states of dysbiosis exhibited within CF and other diseases
harbouring intestinal abnormalities. Examples include inflammatory bowel disease,
whereby more pronounced microbial community changes are generally observed in
‘responders’ to treatment compared to ‘non-responders’ (Imdad et al., 2023). Changes
in particular taxa, including reductions in potentially pathogenic Enterobacteriaceae are

documented in FMT recipients, although community structural changes (diversity and

254



composition) have been revert over time (Hsu et al., 2023). In CF specifically, the use
of ‘healthy donor’ FMT inoculation in germ-free CF mice fails to prevent microbial
dysbiosis and significant differences compared to wild-type controls similarly inoculated
(Meeker et al., 2020). An approach for FMT to render more success in CF community
is therefore probably one that succeeds modulation of the underlying mechanism
causative to disease, with a tighter control of confounding factors upon dysbiosis. This
may be plausible given the anticipated reduction in antibiotic usage across pwCF during

the current era of triple CFTR modulator therapy (Keogh et al., 2022).

In terms of molecular approaches to investigate microbiota organisation in CF intestinal
disease, high-throughput sequencing approaches have greatly benefited from the
properties of the 16S rRNA gene. Alongside this however, the 16S rRNA gene could
also be used in a gPCR setting. Whilst overlooked in this body of work, gPCR of the
16S rRNA gene has successfully been applied in parallel to amplicon sequencing for
absolute quantification of bacterial load (Ahmed et al., 2019; Knoll et al., 2023),
whereby the latter approach is more suited to changes in structure and relative
abundances, due to the normalisation of DNA throughout pre-sequencing PCR
purposes, including barcode attachment and library pooling. Furthermore, should
specific taxa be defined as markers for intestinal health and function in CF, targeted
gPCR will allow for rapid quantification of such bacterial groups. This may serve as a
cheaper, faster, intermediate tool in clinical settings, moving away from classical

culture-based approaches (Smyth et al., 2014).

In vitro approaches have also developed tremendously over the last decade and will
undoubtedly serve as a key tool in further understanding homeostatic and mechanistic

issues across human disease across various tissues. Traditionally the Caco-2 cell line
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has been utilised with high success to model the intestinal epithelium (Sambuy et al.,
2005), however more recently the interest in organoids has exploded. This describes
the production of three-dimensional biological structures that resemble normal
physiology as seen in vivo. A prime example is the development of intestinal epithelial
organoid systems, which were originally pioneered in the murine model (Sato et al.,
2009). The ability to study is possible host-microbe interactions is possible (Puschhof
et al., 2021), with faecal microbiota injections successfully delivered to organoid luminal
systems, of which the hypoxic environment can sustain the growth of commensals
typically found in distal segments of the intestinal tract where environmental conditions
are similar (Williamson et al., 2018). The challenges that remain to be overcome include
producing standardised, sophisticated organoid models that encompass dynamic
environmental variables and changes in local physiology to recapitulate that which is

naturally observed across the intestinal tract (Chapman and Stewart, 2023).

7.7 Conclusion

The advancement of 16S rRNA gene sequencing alongside wider multi-omic
approaches has revealed a diverse range of associations between the gut microbiota
and gastrointestinal outcomes in CF. This thesis has demonstrated similar
relationships, including identifying associations between the gut microbiota and
intestinal function CF. Additionally, preliminary insights surrounding the impact of more
recent CFTR modulator treatments upon the gut microbiota and associated functions
have been highlighted. This entailed the combined use of 16S rRNA gene sequencing
and a developed method for the sensitive analysis of faecal short-chain fatty acids.

Highlighting the sustained differences between pwCF and healthy controls in this era
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of treatment for CF, it warrants the further investigation of microbiota function through
more sophisticated metagenomic and untargeted metabolomic techniques, to unravel
the complex relationships between the microbiota, manifestations of the intestinal tract,

and patient symptoms in CF.
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