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Abstract

Intestinal dysbiosis involves a shift in microbial composition and abundance within the gut
and compelling evidence has highlighted the pivotal role dysbiosis plays in the awbket a
pathogenesis of numerous diseaséxludinginflammatory bowel diseas@BD), allergies

and even mental health disorderBhe ntestinal microbiota isargelydefined byhostdiet; a
recent mouse model of total parenteral nutritioff PN)showed that adysbiotic shift in
microbial dominance occurs following enteral nutrient depravatiofrurthermore,
metabolomic studieshaveidentified that IBDpatients can be discriminated from healthy
based on their urinary metabolite profiles, but whether such profiles are accountable to
intestinal dysbiosis remains uncertaifhe research presented heredémployedtwo human
models; a novel TPN model lioop ileostomypatients and patients with IBDto assess
microbial shifts and associatedhysiological consequences as welldetermine whether

urinary metabolite profiles are reflective of thietestinal microbiota.

Usingl6S rDNAIPCR aneDGGE methodse revealedextensivevariations irthe micraiota

of functional and defunctionedileum following enteral nutrient deprivation with a
significant relative decrease in the Firmicutes phylamd concomitant increased y- !
Proteobacteria Immunohistochemical techniques exposed a distinct physiological
environment associated witla dysbiotic micrdiota. Such environment was defined by
reduced epithelial cell proliferatioand mucosalatrophy that is likely due to altered host
microbiota interactions at the epithelial surfacaVe also observed posbperative

complications that were potentially dysbiosigediated in almost 50% dlie studycohort.

Urinary NMRand lllumina 16Shextgenerationsequencingmulti-omics statisticahnalyses
identified correlations between dietarassociated urinary mgtabolites, particularly
epicatechin anddistinct enteotype-like microbiotaprofiles. Application of thigrincipleto
prediction ofIBDQ as an examplef a dysbiosisssociated diseasprovedto bedifficult due

to limited sample numbers confounding interpatierdriability.

This researchiurthersthe utilisation ofintestinal microbiota as a therapeutic targgtossibly
via novel prebiotic administrationto the defunctionedileum with the potential to restore
microbiota function prior to reanastomosis and redugest-operative complications.
Furthermore, it also provides promise for inexpensive,-imvasive detection of dysbiosis as
a riskfactor of associated diseaseBurther research employing greater numbers of

participants is requiredto fully evaluate tle potential predictive value of dysbiosis.
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Chapter 1:

Literature Review



1.1- Introduction

This project aims to investigate intestinal dysbiosis both as a cause and a potential predictor
of various associated diseases. First, molecular and biochemical techniques will be employed
to explore dysbiosis and consequences for intestinal physiolodigingi a novel human
model which controls for confounding interpatient genetic and environmental variability. In
addition, urinary NMR metabolomics and Illlumina® 16S deep sequencing will be utilised to
determine whether host urine metabolites are refledivof intestinal microbiota

composition.

To provide a contextual background for this research and the data collected, the literature

review will be presented with particular focus on the following topics:

Diversity, structure and function of the humanéstinal microbiota
Acquisition and stability of the intestinal microbiota

Maintenance of homeostasis and tolerance to commensal microbes
Intestinal dysbiosis and associated diseases

Dysbiosis aetiology and influence of diet

=A =/ =2 =4 -4 4

Intestinal microbiota as therapeutic target

1.2 ¢ Structure and Diversity of the Human Intestinal Microbiota

The gastrointestinal (Gl) tract harbours a vast and diverse microbial community, referred to
as the gut microbiota. This complex ecosystem comprises ovErniibroorganismsof
approximately 1000 different species, differing in composition and increasing in abundance
and diversity with pogression through the Gl tracffigure 1.1 (Eckburg et al 2005) The

large intestine is resident to the vast majority of the human microbiota and is predominated
by obligate anaerobes, which collectively outnumber all cells of human origin by an order of
magnitucke (Zhu et al., 2010)The composition of the intestinal microbiota is also thought to
differ crosssectionally with distinct microbes residing the intestinal lumen and mucosa
(Eckburg et al., 2005Bacteroidetes and Firmicutes phyla account for >90% of the intestinal
microbiota, whilst the remaining populations consist of lesedominant phyla including
Proteobacteria, Actinobacteria, Fusobacteria and a small proportion of fungi and viruses

(Eckburg et al., 2005, Reyes et al., 2010, Hoffmann et al.,.2013)
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Figure 1.1¢ Microbiota of the Gl tract in humans.

The most diverse and abundant human microbiota is that of the Gl tract which
coevolved with the host to reach a state of mutualismgrAdient exists in microbiote
load with up to 1&* prokaryotes of around 100 different species residing within the la
intestine. Microbiota that are specially equipped to thrive under various h
physiological conditions, such as pH and oxygen lepeglominant each organ of the
Gl tract, with anaerobes and facultative anaerobes significantly outhumbering aero

Figure adapted fronfTsabouri et al., 2014)

Firmicutes is at present the largest phylum, containing no less than 200 genera, with most of
the intestinal microbiota belonging tGlostridiumand LacotobacillusFirmicutes a& Gram
positive bacteria with a low G+C DNA content that are particularly efficient at harvesting
energy from host diet(Vos et al.,, 2009) The second most predominant phylum,
Bacteroidetes comprises three broad classes of Gmagative, non sporeforming, rod

shaped bacteria; Flavobacteria, Sphingobacteria and the most well studied Bacteroida. The
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genus Bacteroidesprovide important metabolic capabilities which promote a diverse
metabolism in the human hogWexler, 2007) The Proteobacteria phylum consist of five
classes of Gramegative bacteria, categorised primarily according to trophic status.
Gammaproteobacteria is the most diverse class witliny human pathogens includiMiprio
choleraeand enteric bacteria including the most widely studi€éscherichia coE.coli;
(Garrity et al.,, 2009) Actinobacteria are Grafositive, high G+C DNA content
microorganisms which harbour the riltally relevant bacterial genemifidobacteriumand

ActinomycegWhitman et al., 2012)

The broad diversity of the intestinal microbiotasheecome increasingly well characterised

with the development of high throughput sequencing technologies, enabling progression

from limited culturebased methodologies. It was originally believed that all healthy adults
harboured the same intestinal micradda as the limited proportion of culturable intestinal

bacteria were repeatedly isolated from different individuals. Since then, cuibttependent

studies such as the human microbiome project, have demonstrated substantiad &mer
intra-individual V&R | GA 2y Ay YAONROAFIT RAGSNEAGEZI RSALR
(Consortium, 2012Eckburg et al., 20055ubsequent attempts to define a characteristic

microbiota at species level in the adult intestine have tiferd various functionally

important species, most notabliFaecalibacterium prausnitz{F. prausnitzii) which are

shared across most individuals, albeit at varying abundaficas et al., 2009)

In 2011 it was suggested that despite the substantiarimdividual species variability, a
common functionality, being the metabolism of nutrients within the lumen, is shared across
each unique microbiota and would therefore result in different types of intestinal microbiota
(Arumugam et al., 2011 he study identified three groups, termed enterotypes, across 4
combined datasets totalling more than 200 individuals from differenttures. Each
enterotype is predominated by a different bacterial geneBscteroides, Prevotelland
Ruminococcysrespectively. The first is also positively correlated wthostridia and
Lactobacilluswhilst the second and third are correlated negaty withE. coliiArumugam

et al., 2011)Since then a fourth enterotype has been suggested to be related to intestinal
disease with an altered intestinal microbiota and is defined with an abundance of

Proteobacteria, particularlfe. coli(Harmsen and C., 2016Jhe ongoing effort to define



specific enterotypes enabling stratification of individuals intizrobiota groups, analogous

to the distinct A, B and O blood groups, is desirable as it would simplify the diverse microbiota
to relatable and manageable subgroups. However, enterotype determination is subject to
selection and application of sequencingdaanalytical methodologieoren et al., 2013)
Furthermore, evidence has begun to demonstrate the vast temporal variability of the
intestinal microbiota in healthy adults which is increasingly suggestive of a continuous

dynamic ecosystertKnights et al., 2014)

1.3 ¢ Acquisition and Stability of the Intestinal Microbiota

The intestine of an unborn child was until recently, considered sterile with initial microbial
colonisation occurring during and immediately after bifigscherich, 1988 owever recent
studies have identified that foetuses are exposed to maternal microbiota that have infiltrated
the amniotic fluid, likely via the placenta, suggesting microbiome acquisition may begin in
utero (Collado et al., 2016)in addition, identification of bacteria in neonate meconium
samples further supports this notion, although given that thetbaal profiles resemble
maternal and later infant faecal profiles, rather than that of amniotic fluid or placenta, such
findings may be a consequence of colonisation during child birth rather than in the womb
(Collado et al., 2016)

Postpartum microbial colonisation of the intestine is determined by a variety of factors
including method of delivery and feeding, duration of hospital stay and use of antibiotics
(Penders et al., 2006puring vaginal delivery, the neonate is colonised with maternal vaginal
andfaecalmicrobiota via direct contact. Howevareonates delivered by caesarean section
are deprived of this direct contact resulting in a lack of maadlynderived microbes, such as
Bifidobacteriaand are instead colonised by environmental microf@msucci et al., 2008)
Likewise, breastfed infants are colonised predominanthBliiglobacteriaand lactobacilli,
whilst those fed on formula milk sharicrobial predominance betweeBacteroidesand
Bifidobacteria and also harbour microbes such as Escherichia coli and Staphylococci
(Harmsen et al., 2000The precise influence of each of these factors on microbial diversity
in children however is not yet well established but associations exist between disruptions in
intestinal microbiota development and establishment of disease in later life, particularly

allergies and obesitfWanget al., 2008, Kalliomaki et al., 2008)



The intestinal micrbiota is diverse and fluctuates considerably throughout infancy prior to
development of a more stable microbiota in adulthood. During the first year of life, the
intestinal microbiota has been shown to vary substantially both temporally within and
between babies, largely as a consequence of environmental exposures, such as the
microbiota of family members as well as di@almer et al., 2007)By the age of 1, the
microbial profiles coverge toward a characteristic adult intestinal microbiota, predominated
by Firmicutes and BacteroidetéBalmer et al., 2007)During adolescence, adulthood and
through to old age, thintestinal microbiota remains relatively stable at the phylum level but
is shaped by a variety of genetic and environmental factors to form a unique and
continuously diverse microbiota. Host genetics are considered to influence intestinal
microbiotacompgsition, with twin studies reporting a higkegree of similarity in microbiota
profiles (Dickved et al., 2008, Lee et al., 201Fowever, subsequent studies have also
reported a comparable level of similarity in the@stinal microbiota of monozygotic and
dizygotic twins, suggesting that it is in fact environmental factors which interact with host
genetics to shape intestinal microbiota composition, rather than genetic determinants
exclusively{Turnbaugh et al2009) Likewise, studies investigating cultural differences in the
intestinal microbiota composition have reported distinct profiles in healthy adults around the
world. One study, which compared the intestinal microbiota profiles of healthy adults living
in Souh Korea and the United States, found biogeographical signatures defined by significant
increases iactobacillalesand reductions irClostridalesn the South Korean cohoft.ee et

al., 2011) Although these cohorts undoubtedly have genetic differences, dissimilarity of the
intestinal microbiota is consideretb be a consequence of vastly contrasting lifestyles

causing distinct environmental exposurgse et al., 2011)

1.4 ¢ Functionality of Human Intestinal Microbiota

The intestinal microbiota has eavolved with human hosts to reach a state of mutualistic
symbiosis; humans provide nutritional sustenance and aedapve physiological
environment, whilst the microbiota implement a broad range of essential functions which
promote host health. The combined genomic capacity of the intestinal microbiota, referred
to as the intestinal microbiome, has been calculatedet@eed 3 million genes, which

outnumbers that of the human host by several orders of magnit(@m et al., 2010)This



vast microbial ecosystem and its combined genomic repertoire provides a range of

physiological and enzymatic functions which promote host health.

The broad mass of the intestinal microbiota provides barrier effects that protect the
intestinal epithelium from potential invasion by toxins and pathogens also present in the
lumen. Both gerrdfree (GF) and antibiotic treated mice have been shown to have a
increased susceptibility to infection by enteric pathogens sudBlastridium difficiléOsawa

and Mitsuhashi, 1964, Lawley et al., 200Bhe dexse population of resident microbes
generates competition for shared nutrients and niches within the intestine, acting as a
physical barrier to pathogenic invasion as well as attenuate overgroftbpportunistic
resident microbes. Resident microbes promthis defence via production of bacterial toxins
that inhibit similar and thus competing species. Furthermore, the production of short chain
fatty acids (SCFA) by bacteria sucBasteroidesan locally adjust the pH and consequently
inhibit growth of irtestinal pathogens, particularly enterohaemorrhagiccoli (Shin et al.,
2002)

It is also understood that the extent to which the intestinal microbiota contribute to host
health far exceeds such protective functions. In particular, a range abbiatogical studies
have demonstrated that resident microorganisms are crucial for normal development of
intestinal architecture in early life. For example, GF mice exhibit significant morphological
defects in the development of various secondary lymphisisues, including Peyer's patches
and lymphoid follicles, which usually provide innate immune functiogairst invasive
microorganismgBouskra et al., 2008)n addition, a substantial reduction in the overall
surface area of the intestine and thickness of the lamina propria was observed in GF mice
compared to control groupgAbrams et al., 1963Gordon and Bruckndfardoss, 1961)
However, although the developmental consequences of intestinal microbiota depletion are
well documented, the mechanisms by which microbes influence such development are not

yet comprehensively defined.

In addition, commensahicrobes are fundamental in establishment of proper host immune

function that supports hosinicrobiota symbiosis, via immune cell training upon first



encounter. It has been suggested that exposure to commensal microbes within the first three
months of lifeis essential for complete immune trainigrrieta et al., 2015)Research has
shown that regulatory T cells present in the intestineregs distinct cell surface receptors

to those in the periphery, inferring a superior role for immune cell interactions with localised
microbiotaderived antigengLathrop et al., 2011)Commensal interaction with such immune
cells results in peripheral expansion of regulatory T cells rather than inflammatory effectors,
as is observed with exposure to pathogenic microorganigiethrop et al., 2011)
Furthermore, research into this area has concluded that infants harbour a distinct premature
immune system prior to microbiotemediated immune cell training and an increased
susceptibility for infection and disease has been correlated withypeed microbiota

mediated immune training in early yeaiArrieta et al., 2015)

1.5 ¢ Metabolism of the Intestinal Microbiota

The intestiral microbiota contribute to host metabolism via production of essential dietary
SCFA, amino acids, lipids and vitamins which, due to a lack of host digestive enzymes, are
otherwise absen{Zhu et al., 2010)Disaccharides and simple sugars, such as lactose and
glucose, are hydrolysed and absorbed in the small intestine by host metabolism. However,
complex carbohydrates, also referred to as dietary fibre, are polysaccharide chains such as
starch and cellalse that are indigestible by host metabolic enzymes due to the configuration
of glycosidic linkages between oligoméfigure 1.8B).These carbohydrates reach the large
intestine undigested where various intestinal microbiota, includig prausnitzji are
equipped with a specialised range of enzymes capable of metabolising such compounds.
Complex carbohydrates are metabolised into simple oligosaccharide and monosaccharides
and then fermented, for energy harvest, into SCFA-prmiucts such as propionatend

formate, by the intestinal microbiotdigure1.2A) (Tremaroli and Backhed, 2012)

Propionate, acetate and butyrate are the principle SCFA produced within the large intestine
and provide some rutional value to the host as well as influencing intestinal health. SCFAs

traverse the intestinal epithelium via transporters such as monocarboxylate transporter 1
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Figure 1.2; Intestinal microbiotamediated metabolism of host dietary fibre.
(A) Complex carbohydrates are first metabolised into oligo and monosaccharides
fermented into SCFAs by the intestinatmbiota where they serve a variety of functior
both locally and on a systemic scale. Metabolites in excess are excreted in hos(Riyil
Microbiota fermentation to produce SCFA epibducts.Red circles depict glycosid
linkages indigestible by hostatabolic capabilities.

Figure adapted fronTremaroli and Backhed (2012
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(MCT1) where butyrate serves as an energy substrates for IECs whilst acetate and
propionate fundion as substrates for gluconeogenesis and lipogendgjaré 1.3 (den
Besten et al., 2013Additionalmechanistic effects of SCFA have been suggested to influence
host intestinal immunology and physiology. Suckchmanisms are highlighted figure 1.3

and discussed in relevant sections throughout.

In comparison to complex carbohydrates, there is limited research into micrebiota
associated protein metabolism, likely due to the generally accepted opinion that all nine
essential amino acids are provided host diet. However, as research began to acknowledge
the broad metabolic capability of the intestinal microbiome, investigative studies emerged
demonstrating a role for microbiotmediated de novosynthesis of amino acids. Studies
employing a combinatio of radiolabelled carbon and nitrogen tracers with antibiotic
treatments calculated the rate of microbiota contribution to leucine input to be up to 22% in
healthy adults(Raj et al., 2008)Furthermore, a similar study identified lysine, proline and
histidine contribution to be up to 21%, 41% and 52%, respectifiglgtges, 200Q)
Furthermore, intestinal microbiota harbour proteolytic metabolic capabilities which promote
catabolism of dietary protein it amino acidgWallace, 1996)Dietary and microbiota
derived amino acids are utilised for host and microbiota protein synthesis as well as
modulating host nitrogen and enerdyalance in peripheral tissuese(tiewed inDai et al.

(2011).

As with most intestinal microbiota functions, earhdications as to a role of the microbiota

in host lipid metabolism was provided by comparison of GF mice with that of conventionally
raised mice which found increased cholesterol and triglyceride levels in the serum of GF mice,
indicative of decreasedplid clearancgVelagapudi et al., 2010The intestinal microbita

have been identified to indirectly influence lipid metabolism via a variety of different
mechanisms. Firstly, the intestinal microbiota are able to metabolise bile acids in the
intestine that are responsible for emulsification, absorption and transpbrtlietary fats

from the intestine to the liver. Deconjugation of bile acids by intestinal microbes delays
absorption and enables further metabolism into secondary bile acids. A small portion of
secondary bile acids that are absorbed into the periphecy,as ligands for the G protein
coupled receptor (GPCR), TGR5 which modulates systemic glucose and lipid metabolism via
induction of glucagoihike peptide(GLPIL secretionNThomas et al., 2009) ikewise, bacterial

derived SCFAs are able to modulate host metabolism via localised signalling through GPCRs,
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GRCR41 and GER43 which also induce GllBecretion figure1.3) (Tolhurst et al., 20120n
the other hand, choline, an important nutrient required for lipid metabolism aegdtic
production of verylow-density lipoproteins (VLDLS), is metabolised by the intestinal
microbiota into toxic timethylamines. Trimethylamine is then further metabolised by the
host in the liver to form trimethylaminé\-oxide which has been implicated perturbation

of cholesterol metabolisniBennett et al., 2013)

Numerous essential vitamins including vitamin K, biotin, vitamin Biizlsamine, are also
produced by the intestinal microbiota, most notably by members of the ge@ématridium,
Bacteroidesand Bifidobacteriun(Hill, 1997) In addition, various studies have demonstrated
that indigenous microbiota are able to detoxify potentially damaging dietary compounds. For
example, heterocyclic aromatic amines (HAA), produceddurightemperature cooking of
meats, are implicated in the onset of colorectal cancer {{R€&mus et al., 2013)arious
species of.actobacillugand Bifidobacteriundirectly bind to and alter the structure of HAAs,

consequently reducing their mutagenic{igtidl et al., 2008)

1.6 ¢ Intestinal Homeostasis Modulated by the Intestinal Microbiota

In addition to serving beneficial developmental, metabolic and protective functions within
the host, the intestinal miabiota have been implicated in maintaining intestinal
homeostasis. The intestinal epithelium is composed of a monocellular layer of intestine
epithelial cells (IECs) arranged into specialised villi and crypts, referred to as the crypts of
Lieberkuhn. To niatain intestinal health the IEC layer is continuously replenished by the
division and differentiation of pluripotent intestinal epithelial stem cells (IESCs), residing at
the base of crypts, into a range of functionally distinct IEC subtsddie (1.1 figure 1.4A). A

state of intestinal homeostasis is achieved when the rate of IESC proliferation is equal to the
rate of programmed cell death, via anoikis or apoptosis, thus maintaining cell nufipisich

and Francis, 1994Farly gnotobiotic experiments demonstrated the significant influence
resident microorganisms have on intestinal homeostasis. Fompbka the rate of IEC
turnover in GF mice was found to be significantly reduced as a result of decreased IEC
proliferative activity, reduced rate of differentiation and upward migration within intestinal
crypts and an overall decreased rate of IEC apop{dsirams et al., 1963, Alam et al., 1994,

Savage et al., 1981%ubsequent studies investigadj the mechanisms underpinning such
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observations have identified that microbiadediated intracellular IEC signalling pathways

serve a vital role in maintaining intestinameostasisfigure 1.48) (RakoffNahoum et al.,

2004)

Differentiated Cell Type

Location and Abundance

Primary Function

Absorptive enterocytes

Goblet cells

Enteroendocrine cells

Paneth cells

Microfold cells (M cell)

Distributed throughout the
epithelium. Most abundant
cell type in small intestine

Distributed throughout the
epithelium. Increase in
abundance in the colon and
rectum.

Represent <1% of cell
numbers. Distributed
throughout the epithelium

Reside at the base of crypts
below stem cell populations

Located above lymphoid
Peyer's patchesarticularly
rare cell type.

Absorption of nutrients from
the intestinal lumen

Secretion of mucus into the
intestinal lumen

Secretion of a variety of
hormones that impact gut
motility and physiology

Secretion of antimicrobial
peptides for microbial
regulation

Selectively present microbia
antigens to the underlying
immune cells

Table 11 - Differentiated cell types of the intestinal epithelium

Table composed based on information presentdslarker et al. (2008andKucharzik et al. (2000)

Conserved microbial molecular products such as lipopolysaccharide (LPS) and muramyl

dipeptide (MDP) function as ligands for various pattern recognition ptecs (PRRS)

expressed on IECs. Microbial activation of different families of PRRs includindiklOD

receptor (NLR) and Tdike receptor (TLR) families, provide distinct intracellular signals that

promote and regulate homeostasiigure 1.4B) (Hirota et al., 2011, Rakeftahoum et al.,
2004) The specificity of IEC PRRs for such highly conserved midigdnds, provided the

first indications that downstream functions of IEC signalling extend far beyond that of

pathogen elimination. Since then, a variety of studies employing PRR sigdelfiicignt and

antibiotic treated mice, have demonstrated thessential role of microbenediated IEC

signalling in maintaining intestinal homeostasis. For example, bspadtrum antibiotic

treated mice as well as Tideficient mice were unable to recover from chemically induced

colitis, using dextran sodium sulpha@®SS), whilst TRRieficient mice given oral doses of
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LPS (a TLR&and) were protected from mortality due to IEC repair and restored IEC
homeostasigRakoffNahoum et al., 2004)Similarly, mice deficient in NLRP3, a member of
the NLR family of receptors that oligomerise to form inflammasome complexes and initiate
IL-18 release and immune activation, demonstrated an increased susceptibility to DSS
induced colitis as well as marked changes in the intestinal microflora, and reduced intestinal
bactericidal capabilitiesfiure 1.3 (Hirota et al.,, 2011)Further studies have begun to
elucidate the beneficial downstream effector mechanisms which influemtestinal
homeostasis and have identified that such signalling pathways promote IEC survival and
proliferation through expression of epidermal growth factor receptor (EFGR) ligands and

trefoil factor 3 TFF3figure 1.4)(Brandl et al., 2010, Taupin et al., 2000)

1.7 - Maintenance of Tolerance to Resident Microbiota

Although the intestinal microbiota usually obtain a symbiotic relationship with the host,
individual species are not necessarily benigon-pathogenic microorganisms. Certain
species, often referred to as pathobionts, reside within the intestinal microbiota but have the
potential to establish infection or disease in particular environments. For example,
Clostridium difficilebelonging tothe Firmicutes phylum, comprises a small portion of the
resident microbiota but can opportunistically induce pseudomembranous colitis following
long term antibiotic therapyLimaye et al., 200). In addition, the vast antigenic nature of

the intestinal microbiota paired with its residing proximity to the intestinal epithelium
presents an enormous challenge to the host immune system. Given that the host immune
system is specifically adapted eliminate nonself cells, the intestinal microbiota pose a
substantial threat of extensive immune activation. The host obtains several physiologic and
immunologic defence mechanisms which serve to prevent adverse immunological responses

to resident micoorganisms.

Primary physiological defence mechanisms involve creating a physical barrier to attenuate
direct contract between the intestinal microbiota and the underlying IECs. This is achieved
through production of a mucus layer to the intestinal mucosa and formatfaell junctions

which create tight, mostly impenetrable connections between IECs. The dense, gelatinous
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mucus layer is formed via assembly of mucin glycoproteins into #iestpolymers upon
exocytosis from goblet cel{gohansson et al., 2008)he mucus layer in the large intestine is
stratified and denser than that of the small @stine to account for the increased bacterial
load. It consists of two layers and the innermost-#s€ociated layer is firmly packed so
largely devoid of bacteri@dohansson et al., 2008The outer layer is less dense due to
proteolytic degradation of mucin polymers by intestinal bacteria and is as a result inhabited
by a vast number of microbes, known collectively as the muerssdciated itestinal

microbiota(Desai et al., 2016)

The small intestine has fewer goblet cells present in the epithelium and therefore does not
harbour a stratified mucus layer. To peat substantial bacterial penetration, as is observed

in the colonic epithelium of mucin deficient mice, immunological and chemical barriers exist
to maintain microbiota tolerancgJohansson et al., 2008)mmunoglobulin A (IgA) and
antimicrobial peptides (AMPs) such as defensins are secreted by Paneth cells and IECs in the
small intestine figure 1.4A). AMPs are small cationic proteins whichnae to modulate
bacterial loads by nospecifically inducing cell lysis through a variety of killing mechanisms,
including membrane disruption via pore formati¢Brogden, 2005) Secretory IgA have a
diverse repertoire for microbial specificity and which coat the cell surface of bacteria, upon
transcytosis into the lumerby IECs, targeting them for destruction via phagocytic
mechanismgKawamoto et al., 2014)lgA promotes diversification of the microbiota by
limiting species predominance, particularly in the abundant Firmicutes phgfiawamoto

et al., 2014)

A recent study has proposed a novel immune mechanism thought to support microbiota
tolerance in tke large intestine. A glycosylphosphatidylinositol (&Rbhored protein on the
surface of IECs, referred to as Ly6/PLAUR deowitaining 8 (Lypd8), is released into the
lumen during IEC turnover and favourably binds to flagellated microbes suPhotesis
mirabilis, preventing bacterial invasion and translocation across the intestinal epithelium
(Okumura et al., 2016Mice absent of Lypd8 were found to harbouicnobiota in the inner
mucus layer as well as the presence of flagellated bacteria in the lamina propria, supporting

a crucial role of Lypd8 in maintaining hasicrobiota homeostasi@Okumuraet al., 2016)
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(Continued)
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Figure 1.4 (continued) BPattern recognition receptor signalling pathways in IECs prorr
intestinal health, in response tontestinal microbiota detection. Recognition of bacteri:
products at the basolateral surface of the intestinal epithelium by TLRs, or in the cyt
NLRs, triggerintracellular signalling cascades and activation ef NF® 9 E LINS & .
IECs is polarised and aids differentiation between pathogenscantmensalsMicrobia
activation at the apical IEC surface inhibits“NF  {( NA ¥a§ 2 Gl 411
proteosomal degradatiordepicted in schematic using red arrow and cross. Blue ¢
represents activation of NF -associated gene transcription. Proliferation and surviv
IECs is promoted via the production of EGFR ligands and TFF3, whereas thgqradug/
is promoted byTGF |y Rsynthes® (EBF is fortified by the increased secretion of n
and AMP from goblet and paneth cells as wellm#narease in tight junctioformation. Thi

blue dashed box highlights the locationsafch signaltig events.

Figure composed based on information presentddakoffNahoum et al. (2004Abreu (2010and
Peterson and Artis (201
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A specialised subset of dendritic cells (DCs) are able to sample intestinal microbiota at
different locations across the intestinal epithelium; the lamina propria and withgamised
lymphoid nodules referred to as Peyegoatches figure 1.48) (Rescigno et al., 2001, Lelouard

et al., 2012) This sampling enables DCs to examine microflora located at the luminal side of
the IEC surface and those which have penetrated the IEC surface, respectively. Bacterial
activated DCs induce B lymphocyte differentiation into IgA secreting plasma cells whic
subsequently secrete bacterial specific IgA and promote swift clearance of penetrative

microorganisms via phagocytic mechanidiirslouad et al., 2012)

The aforementioned physical, chemical and immunological barriers function concurrently in
biologcal feedback processes to maintain intestinal microbimdat homeostasisfigure
1.4B).Mucussecretion is stimulated by recognition of microbiatarived metabolites such

as butyrate and propionate by NLRs in the cytoglife 1.3 (Shimotoyodome et al., 2000)

Whilst production of AMPs, tight junction expression and transcytosis of IgA is regulated by
TLRand NLR signalling pathways on the basolateral membrane of the intestinal epithelium

in addition to SCFfediated activation of GPCRs on IEC surféigaré 1.4B; ifjure 1.3)

(Abreu, 2010, Rakoefflahoum et al., 2004 )urthermore, regulatory immune responses are
co-ordinated by indirect expression of B cell activating factor expression (BAFF) and
transforming growth factof  6-¢ @ @romote IgA synthesis and regulatory T cell activity
(figure 1.4) (Xu et al., 2007, Zeuthen et al., 2008herefore, increased bacterial infiltration

and detection by PRRs subsequently escalates signalling cascades thus activating nuclear
factor® .NFO. 0 GNJI YAONRLIWGAZ2Y FI O02NJIFyR NBadzZ Ga Ay

increased IEC survival and immune response regulétibreu, 2010jfigure 1.4B).

1.8 ¢ Intestinal Dysbiosis

Under normal conditions the mechanisms discussed thus far maintain a state of homeostasis
within the intestine and promote health of the human host. However, disruption of such
mechanisms can pose severe pathologomaisequences. Intestinal dysbiosis is defined as a
perturbation of the microbiota composition or abundance which usually promotes host
health. Instead, dysbiosis often leads to a loss of host tolerance mechanisms and results in
non-specific chronic inflamation. Dysbiosis is categorised by pathobiont expansion,

commensal depletion and a reduction in overall diversity but often exists as a consequence
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of all three deviations simultaneously. However, for the sake of clarity, each will be discussed
as a sepate entity and considered with associated immunological and clinical

consequences.

Various intestinal microbiota have been branded as beneficial bacteria, or symbionts, as they
promote hostmicrobiota homeostasis through a variety of different mechanisms which
mitigate the host inflammatory response. For exampacteroides fragiligB. fragilis)
derived polysaccharide A (PSA) stimulates CD4+ T cells via TLRs which inei€asssld

and consequently suppresses inflammatory response mecharfidiazmanian et al., 2008)
Furthermore, Clostridiastrains from groups IV and XlVa stimulate Transforming Growth
Factod  0-i¢ &l€ase form IECs which promotes differentiation of regulatory T cells again
suppressinginflammatory responsesfigure 1.5 (Atarashi et al., 2013)Additionally,
commensalLactobacillus paracase&ind Lactobacillus casdioth produce lactoceptin, a
protease that degrades the inflammatory cytokine interferon garvintuced protein 10 (PP

10) responsible for chemoattraction of lymphocy{gen Schillde et al., 2012 loss of these
symbionts defines dysbiosis and has been observed in clinical investigations of several
dysbiosisassociated diseses. Notably, a reduction i@lostridiastrains from groups IV and
XIVa has been reported in the intestinal microbiota of inflammatory bowel disease (IBD)
patients compared to healthy control§&Gophna et al., 2006)urthermore, reductions in
Bacteroidetefias been reported in the mucosassociated microbiota of IBD patierfErank

et al.,, 2007) Symbiont decline wanes their protective mechanisms and generates a
proinflammatory environment, creating an environmental niche which suits pathobionts

(figure 1.5.

The abundance of pathobionts residing in the intestinal microbiota is usually controlled via
host defence mechanisms and microbiota niche competition, as discussed. However, in
various circumstances, expansion of such bacteria can occur contributing dasdis
pathology. Arguably the most frequently reported case of pathobiont expansion is that of the
Enterobacteriaceadamily and in particulaE. coliand Shigellaspecies These flagellated
bacteria have the ability to penetrate the inner mucus layer antdstinal epithelium and

have been identified as increased in abundance in patients wit{FBIDk et al., 2007 )An

overgrowth of pahobionts leads to increased bacterial translocation and chronic stimulation
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Figure 1.5- Loss of intestinal homeostasis associated with dysbiosis.depletion o
symbionts, represented by bold red cross, prevelf®&- and PSActivation of regulatory
cells and H10 mediatedsuppression of inflammatory response mechanisms. Conct
increasedpathobiont expansion anttanslocation as denoted with bold black arrow, lee
to increased hostnicrobial basolateral interactionsith chronic activation of IEC signall
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loop due to thedestructionof EBF and influx aicrobiota represented by bold red arrov

Figure composed based on informatiorsim et al. (2013Mazmanian et al. (2008nd Atarashi e
al. (2013)
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of TLR receptors on the basolateral IEC membrane and DCs in the peiogria figure1.5).

In response to activation, these immune cells secrete fogmt quantities of
proinflammatory cytokines such as Tumour Necrosis Factor{TNIF) L y i SMan8tz]l Ay 6L [
Mi  GKAOK adAYdzZtGS STFSOU2NI ¢ OSftf LI2LJdzt I Az
against the intestinal microbiotdt has been suggestdtat such immune responses fall into

a positive feedback loops due to a consequential-TN#Rd Interferon (IFN)-associated

breakdown of epithelial barrier and increased translocation of resident microflora and

associated products exacerbating the imneuesponsefigurel1.5) (Su et al., 2013)

A depletion in microbiota diversity is the third defining feature of intestinal dysbiosis. As
discussed, regulatory T cells are crucial in maintaining -tmistbiota homeostasis.
Grotobiological studies identified that multiple speciesGibstridiacontribute to activation

of regulatory T cellgAtarashi et al., 2013However, this stimuladin was abolished when
colonised with singleClostridiaspecies demonstrating the functional importance of less
abundant commensal microbe#s with symbiont depletion and pathobiont expansion,
reduction in intestinal microbiota diversity has been obseniaedIBD patients when
compared to healthy controls demonstrating the functional decline of a diversity restricted
microbiota(Willing et al., 2010)

A debate exists as to the cause or consequential role of dysbiosiarious associated
diseasesréviewed inButto and Haller (201%)Understandably, the answer to such question
will pose significant clinical implications, particularly if a causative relationship is established.
However, considering the different features of dysbiosis, it is probable that disease
connection is multifactgal. Logically, a loss of beneficial intestinal bacteria is likely to play a
causative role with initiation in the attenuation of host tolerance mechanisms. This is likely
later exacerbated by an outgrowth of pathobionts colonising a newly establisheshgi
associated niche within the intestine. Evidence to support this notion is provided by the
observation that a loss of beneficial microbiota was observed in IBD patients regardless of
active or remissive disease state, suggesting that it is not san@flection of inflammation

but an underlying persistent issy&ophna et al., 2006furthermore, familial IBD studies
have demonstrated that pathobid presence alone is not sufficient to induce disease,

therefore a loss of beneficial microorganisms and microbiota diversity is also necessary
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indicating a causative role for symbiont depletion and a consequential but detrimental role

for pathobiont expasion(Joossens et al., 2011)

1.9 ¢ Aetiology of Bysbhiosis andnfluence ofDiet

As is observed with intestinal microbiota development in early years, the aetiology of
dysbiosis is highly multifactorial with factors such as genetics, lifestyle shaioedical
practices and environmental exposures influencing microbimenposition figure 1.6).
These compound factors underpin dysbiosis by either depleting symbiont microorganisms or

hindering hostmicrobiota tolerance mechanisms.

Genetic mutationsn the NLR, nucloetidbinding oligomerisation domain protein 2 (NOD2),
responsible for initiating AMP synthesis following commensal microbial stimulation, are
implicated in 2535% of all cases of Crohn's disease and have been shown to induce a state
of immunodeficiency in the hogEconomou et al., 2004\ range of genetic mutations, such

as those which occur in the leucine rich regions (LLR) of the protein, alter the ability of NOD2
to recognise intracellulat.PS and peptidoglycan fragmer®onen et al., 2003)Such
mutations therefore disrupt the ability of the immune system to monitor the intestinal
mircroflora, rendering the host incapable of modulating microflora abundance and may

consequently induce dysbiosis.

Although genetic factors undoubtedly playvital role in the pathogenesis and aetiology of
dysbiosisassociated diseases, it is becoming more apparent that genetic factors simply
predispose certain individuals to disease by increasing sensitivity to fluctuations in the
microflora. Instead, it isactually an array of environmental factors that directly alter
microflora composition to induce dysbiosis and initiate disease. Evidence to support this
notion is provided by various epidemiological and clinical studies which have reported a
notable incrase in the incidence of various dysbies$sociated diseases, such as IBD and
CRC, in developing populations, including India, Israel and GDémaer et al., 2009)The

rapid nature of the observed increase in disease incidence cannot be due toog@ators

alone and highlights the importance of environmental influences in dysbiotic disorders.
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Figure 1.6 Aetiology of dysbiosis and associated diseases.

The cause of intestinal dysbiosis is highly multifactorial with singular factors consitx
predispose dysbiosis. Host genetics, lifestyle and colonisation in early year
immunological and physiological hesiicrobiota homeostatic tolerance mechanisms wi
host diet and antibiotic use directly modulate microbiota compaosition. Lifestiybices suc
as smoking and stress also indirectly alter the intestinal microbiota via influencing ho
illustrated by blue dashed arrow. Diet is considered to be the most influential fac
dysbiosis as it directly modulates microbiota predoamoe on a frequent basis °
composition of host dietary nutrienté& wide spectrum of dysbioséssociated diseases h
been identified and range from logsddintestinal pathologies to more systemic disorc

including obesity, allergies and schizoptiee
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Furthermore, migrant studies have showthat families emigrating from low incidence
countries to Westernised regions with a high incidence of dysbiotic disorders can acquire
diseases such as IBD, at a rate comparable to that of the native population, particularly in the

case of migrant childre(Pinsk et al., 2007)

Numerous environmental aetiological factors of dysbiosis have been identified and can be
categorised into three primary groups; medical practices, lifesyld diet (figure 1.6).
Medical practices refer to an individual's historic and present use of therapeutics that have
been linked to influencing intestinal dysbiosis. The most common and significant medicinal
factor is undoubtedly antibiotic use. It is well werdtood that antibiotic therapies rapidly and
non-specifically disrupt the diversity and abundance of intestimaicrobiota and
consequently impact on host health. For example, studies employing the use of broad
spectrum antibiotics demonstrated that a sificant disruption in the relative proportion of
dominant phyla,Bacteroidetesand Firmicutes with expansion of Proteobacteriaccurs
rapidly following first administrationDe La Cochetiere et al., 2005jurthermore, an
association between antibiotic induced dysbioaitd disruption of intestinal homeostasis
was identified in antibiotic treated mice. Significantly fewer4dFN SELINB & & Ay 3 NXB I dz
cells were identified in the lamina propria following antibiotic treatment, likely due to
antibioticmediated destruction of symbionts and resultant pathobiont expansion
dampening such antnflammatory mechanismgHill et al., 201Q)Therefore, although the
effects of shortterm antibiotic use have been identified to stabilise naturally following use,
longterm antibiotic exposure can both induce and sustain dysbiogishas been associated
with a significantly increased risk of developing dysbiasisociated diseases such as Crohn's

diseasgDe La Cochetiere et al., 2005, Card et al., 2004)

The intestinal microbiota is also defined by the major macronutrient components of host diet
(table 1.2. Differencesn intestinal microbiota profiles are reported in different types of diet,
such as those associated with geographical locations or veégeism. Such observations are
accountable to differences in predominating macronutrients: fats, proteins and
carbohydrates. Transient alterations are observed in the intestinal microbiota with each
predominant macronutrient as a consequence of complempnt contrasting bacterial

metabolic capabilities. Increased complex carbohydrates, such as dietary fibre, results in an
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increase in butyratgoroducing microbiota capable of dietary fibre fermentation, whilst
microbes with alternative metabolic preferencedecline(De Filippo et al., 2010)his
microbiota profile is often observed in vegetarians due to a high carbohydrate and low
protein and fat diet(Liszt et al., 2009)Alternatively, a diet rich in protein increases
microbiota with proteolytic capabilities which often results in a concomitant decline of
butyrate-producing populations due to associateztuction in carbohydrate intak@Russell

et al., 2011) A fat rich diet causes an increase in bile acid production which favours the
expansion of bile acid metabolising microbiota whilsbaksducing_actobacillugopulations
through bactericidal activitylslam et al., 2011)Furthermore, dysbiotic shifts in microbial
abundance, including decreases in sevBatteroidespecies and significant overgrowth o
members of the Firmicutes phyla, were reported in mice following transfer to a high sugar,
high fat, 'Westernised' digfTurnbaugh et al., 2006)

Macronutrient

. Intestinal Microbiota Composition Reference

Composition

Fat rich IncreaseBacteroides Islam et al.
DecreasedifidobacteriumandLactobacillus  (2011)

Carbohydrate rich Increased fermenting specieClostridium De Filippo et
cluster XVIII, F. prausnitaiid Prevotella al. (2010)
Decreasedifidobacterium, Lactobacillusd
Enterobacteriaceae

Protein rich Decreased butyrate producing species Russell et al.
Clostridium cluster X1V, F. prausnitzii, (2011)
Bifidobacteriumand Lactobacillus

Highfat, highrsugar¢  IncreasedEnterococcuand Clostridium Turnbaugh et

W2 S 3G SNY A& Decreasedacteroides al. (2006)

Table 1.2¢ Macronutrient influence on Intestinal Microbiota Composition.

Several lifestyle choices have also been implicated in underpidysigosisfigure 1.6. For
instance, the mechanistic links between cigarette chemicals and intestinal disorders are well
documented(reviewed inBirrenbach and Bocker (2004did Liang et al. (2009pr IBD and

CRC respectivelyput only relatively recently has the effects of smoking on the intestinal
microflora been suggested. Cessation of smoking in 15 heaittiyiduals was fond to
induce profound shifts in microbial populations, notably an increase in the number of
Firmicutesand a decrease iRroteobacteriavas observe@Biedermann et al., 2014ptudies

have previously concladl that this observation suggests smoking directly influences
dysbiotic microbial shifts in the intestine that may consequently induces disease

pathogenesis. However, it should also be noted that cessation of smoking is linked to
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increased hunger and eatinparticularly higkat, highsugar foodgHughes and Hatsukami,
1986) It is therefore morgrobablethat smoking cessation indirectly modifies the intestinal

microbiota via altered host diet.

Neuroemotional stress has also been linked to inteatimlysbiosis with early studies
demonstrating altered microbiota composition in Soviet cosmonauts with temporal
reductions observed in faechhctobacillusnd BifidobacteriunspecieqLizko, 1987)Stess

has been shown to increase hormone levels such as cortisol, which stimulate intestinal
motility and thus clearance of predominant intestinal microbiota populatigtekade et al.,
2007) Furthermore, stress has been linkieddecreasedsecretory IgA levels and dampened
mucus secretionthat subsequently supports growth of pathobiont®rummond and
HewsonBower, 1997, Lizko, 1987However,similarly to smoking cessation, individuals
enduring long periods of stress are more likely to make poor dietary choices, opting for
convenience or comfort foods that are high in fat and refined sugars and will often overeat
due to a hormonal dysregulation of apjtet(Sinha andastreboff, 2013)Furthermore, the
Soviet cosmonaut study failed to consider spaseociated dietary restrictiorikizko, 1987)
Therefore, whilst stress directly hinders hasicrobiota homeostatitolerance mechanisms

via the mechanisms described, it is also likely to indirectly modify the intestinal microbiota

composition through altered macronutrient intake.

Despite many years of investigation, none of the factors discussed thus far cancbe hel
entirely accountable for development of dysbiosis. In fact, that majority of cases of dysbhiosis
are thought to occur as a result of exposure to a combination of causative factors which
collectively induce major shifts in microbial profiles and attenu&@stmicrobiota
homeostasis. However, host diet is becoming increasingly recognised to be the most
significant environmental causative factor for dysbiosis. This is because it is the major
variable factor that directly encounters the intestinal microflooa a frequent basis.
Experimental support for this notion was provided by a comparative study which evaluated
the relative influences of host genetics and diet on microbial composition in mice and
subsequent metabolic syndrome complications. It was coreduthat changes in dietary
factors accounted for 57% of the total variation in gut microbiota, whilst less than 12% was

due to underlying genetic mutatior{&hang et al., 2010)
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1.10 ¢ Intestinal Microbiota in Dysbiosimssociated Diseases

Intestinal dysbiosis has been associated with underpinningptithogenesis of numerous
chronic and degenerative diseases, ranging from various localised disorders such as IBD and
CRC to more systemic pathologies including atherosclerosis, various metal health disorders

and obesity figure 1.6).

Dysbiosisassociategbathologies localised within the intestine have understandably received
the most attention in attempts to elucidate causative mechanistic interactions. IBD is a class
inflammatory conditions of the intestine that have been associated with a loss of sgibio
intestinal microbiota and their SCFA metabolites. Research has also investigated the
potential of a singular causative pathogen for IBD onset with studies suggesting
Mycobacterium avium paratuberculosiad Clostridium difficiles environmental infeabus
F3SyGa F2NJ L.5 &dzoANRdzZLJA / NB Ky Q@iere A2019 &S o/ !
Clayton et al., 2009Howe\er, a lack of direct evidence to support these studies has led to
scepticism regarding a ordiseaseone-microbe theory. Instead, depletion of butyrate
producing microbiota and a concomitant increase in pathobionts have been implicated in
breakdown of epitelial barrierfunction and induction of inflammation in the intestine (as
detailed in section 1) 8Frank et al., 2007)Thesame patern of dysbiosis is also reported in
CRC patients, with reduced SCFA producing microbiota and incredsetinbacteriaceae
pathobionts (Sobhani et al., 2011)A mouse model demonstrated a protective role for
butyrate in CRC as administration to genetically susceptible mice fed on a high fat diets,
typically associated with decreased SCFA production, led to a significant decrease in the

occurrence of tumourgSchulz et al., 2014)

Similar to IBD and CRC, obesity has also been linked to dysbiosis but with a high fghand hi
adzal NE W2 S zadsGeMigdiniic®Bidia. Noat Sdlably, a disrupted Bacteroidetes to
Firmicutes ratio, in favour of Firmicutes, is frequently reported with an overall decrease in
microbiota diversity Turnbaugh et al., 20097 his characteristic microbiota hasianreased
metabolic capacity for energy harvest with a significantly enriched genomic repertoire to that
of lean individuals. In addition, a high fat diet is linked to increased chylomicron lipid
transporters in the intestine that indirectly facilitate ayption of bacterial derived LPS

across the epithelium resulting in activation of innate immune responses. This process,
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referred to as metabolic endotoxemia, is considered to cause-dmge chronic
inflammation, often reported in obese patients and petpate disease pathologfCani et
al., 2007)

The metabolic functionality of the intestinal microbiota is associated with additional systemic
pathologies, including atherosclerosis. The influence of the microbiota on host lipid
metabolism, as discusddn section 1.5is mediated through catabolism of bile acids into
secondary bile acids. In peripheral organs and tissues, primary bile acids bind to farnesoid X
receptors (FXRs) to negatively regulate -bibéd synthesis, whilst secondary bile acids bind

to TGR5 and promote energy expenditure and maintain glucose homeot&asi et al.,
2000, Thomas et al2009) A loss of bile acid metabolising populations, such as species of
Clostridiaduring dysbiosis can reduce the production of secondaryauilds, concomitantly
increasing the absorption of primary bile acids into the bloodstream and consequently
creates excess levels of cholesterol due to a reduction in bile acid synthesis.tioradtkR
signalling exerts antiomeostatic effects on endothelial cells, macrophages and vascular
smooth muscle cells which collectively renders the host susceptible to atherosclerotic lesions
and plague formationréviewed inMencarelli and Fiorucci (201@urthermore, an altered
intestinal microbiota comgsition and its potentially increased capacity to metabolise
choline into trimethylamines has been shown to have important implications in the onset of
non-alcoholic fatty liver disease (NAFLD) as demonstrated in mice on a high fédDulieas

et al., 2006) Microbiotamediated decreased choline bioavailability is suggested to cause a
NAFLD characteristic accumulation of triglycerides in the liver due to impainedgtion of
phosphatidylcholine production, responsible for triglyceride assembly to form VLDL and

subsequent clearance from the livebumas et al., 2006)

The intestinal microbiota have also been implicated in numerous mental health disorders
primarily through metabolitemediated influence of the central nervous system (CNS), via
the gutbrain axis (GBA). Microbial derived products such as SCFA have neueftecis
which influence behaviour and brain development. Propionate produced by the intestinal
microbiota is able to cross the blood brain barrier and influence behaviour in adolescent rats
consistent with that observed in autism spectrum disord¢kdacFabe et al., 2011)

Furthermore, SCFAs are natural inhibitors of histone deacetylases (HDACs) which regulate
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gene expression via modulation of DNA coiled histone protdigaré 1.3. A dysbiosis
associated decrease in SFCA production causes an excess of HDAC expression which
consequently alters gene expression and has been implicated in schizopfifarita et al.,

2012) Administration of HDAC inhibitors have been shown in resolve schizophrenia
Faa20AFGSR 0SKIF@A2dzNT i ¢ AWK DR D FRniBSa ay, RABOK | &
However it should be noted that such research remains in its infancy and the full functional

and mechanistic influences of intestimaicrobiota on host mental health remain yet to be

comprehensively elucidated.

Returning to localisedssociated pathologies, irritable bowel syndrome (IBS) is a
heterogeneous functional disorder of the intestine that does not have an observable
pathology and has been associated with a dysbiotic microbiota. A typical microbiotathas n
been reliably identified in IBS patients, but increased temporal instability of predominant
populations with overgrowth of aerobic organisms has been repoftddukonen et al.,
2006) Lilewise to mental health disorders the microbiota is considered to influence IBS
through the GBA in mechanisms largely related to stess®ciated cortisol release and
altered intestinal motilityNakade et al., 2007)Furthermore, studies have identified that the
intestinal microbiota of IBS patients have an altered fermentation capacity resulting in
increased hydrogen gas production atids has been suggested to underpiretsignificant
bloating observed in IBS patier{fBana et al., 2010)

1.11 ¢ Defining a Characteristic Dysbiotic Intestinal Microbiota

Despite extensive attempts to clarify dysbiosis and how such profiles modulate associated
diseases, the findings from such research, although essential to improving censtarting

of dysbiosis, remain yet to be translated into suitable therapeutic or diagnostic procedures.
One major factor limiting such development is the variation in microbial profiles between
species commonly utilised in models of dysbiosis and thteohuman host. A comparative
meta-analysis of the core gut microbiome between mice and humans demonstrated that
although a considerable number of genera were shared, there were distinct quantitative
differences in their relative abundance between the twpecies(Krychet al., 2013)
Attempts to overcome this issue included the development of a mouse model referred to as

human floraassociated (HFA) mice. This model involves inoculating GF mice with human
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faeces and is considered to support a stable ecosystem rept@see of the human
microbiota (reviewed itHirayama and &h (2005). However, it has also been reported that
various genera which comprise a large portion of the human microbiota, succesbacilli
andBifidobacteria are lost upon transfer into the mouse intestif@orpet, 200Q)Therefore,
although studies employing animal models have proved useful in identifying key
physiological mechanisms that are influenced by the microbiota, the inability to extrapolate
these findings directly thumans has significantly hindered clinical progression. Similar issues
are also encountered in studies employing human participants. The considerable number of
genetic and environmental factors, which contribute to intestinal dysbiosis, vary significantly
between individuals and thus impedes the ability to perform interpatient comparisons during
attempts to accurately profile the intestinal microflora. One study, extensively profiling just
three individuals, noted substantial variations in presence of Baittetes phylotypes
(Eckburgetal.,2008) KA IKf AIKGAY3I GKS RAFTFAOdA G& Ay OKI
reseach to design and evaluate robust scientific methods that can control for interpatient

variability will aid in defining dysbiosis.

1.12 - Intestinal Microbiota Modulation: Aiming for Rebiosis and Implications for

Therapies

Given the pivotal role of the ingtinal microbiota in the onset and pathogenesis of numerous

disease, modulation of the microbiota utilising pre and probiotics are logical practices to
NBEAG2NE FyYyR YIFIAYyGFrAyYy K2ad KSIf (K®-digadble A 2GA 03
food ingedients that, when consumed in sufficient amounts, selectively stimulate the

growth and/or activity(ies) of one or a limited number of microbial genus(era)/species in the

Jdzi YAONROAZ2GF GKI G 02y {Rebedrdidet ak, 301@Piokiotics Sy S F A G
2y GKS 20KSNJ KFYR INB RSTAYSR FNB WtA@S 2NA!
FY2dzyGaz O2y FSNI I KEAOCIWHR, 20088n$ply, Ahé ovérall aitn KfFS K 2 &
pre and probiotic use is to inflate the beneficial effects of symbiotic intestinal mimiab

thus promoting host health.
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Lactobacilliand Bifidobacteriaare two bacterial genera that have received a lot of research
focus and are therefore recognised to benefit health via mechanisms discussed throughout.
Such beneficial microbiota are oftarsed in combination, termed polyiotics, to exploit
complementary differences in bacterial functionality. For example, VSL#3 contains over 450
billion bacteria from 8 different strains, 7 of which are membersLattobacilliand
Bifidobacteriagenera andis the most heavily dosed probiotic on tmearket table 1.3;
WWW, VLS#3 Polybiotic Food Supplenmdnhas been clinically proven to be therapeutically
valuable in alleviating intestinal disease symptoms, including IBD and IBS by altering the
composition and thus functionality of the intestinal microbiofaursi et al., 2004, de Boer et

al., 2012)

Poly- or - . .
Probiotic Contributing bacterial species Dose
VSL#3 Bifidobacterium breve, B. longum, B.infantis, Lactobacillu 4.5x 10!

paracasei, Lacidophilus, L.delbrueckii subsp. Bulgaricus,
plantarum and Streptococcus thermophiles.
Symprove Lactobacillus rhamnosus, L. acidophilus, L. plantarum ani 1.0x 10
Enterococcus faecalis.
Actimel Lactobacillus casei 1.0x10%
Yakult Lactobacillus casei 6.5x10°

Table 1.3; Compositiorand dose of reputable polgiotics and probiotics.

Table composed based on information preserdedVWW, VLS#3 Polybiotic Fd&aapplemen

Conversely, common prebiotics include lactulose, inulin and oligofructose which function to
promote the beneficial activities of symbiotic microbes. Oligofructose and inulin are
naturally occurring polysaccharides present in plant foodstuffs that wheificzatly
substituted into the host diet can influence both the intestinal microbiota composition and
metabolic activity. Selective increases Rifidobacteriaand concomitant reductions in
Staphylococciand Streptococciwere observed in faecal microbialrgfiles following
oligofructose and inulin administration. In addition, breath analysis revealed greater
guantities of hydrogen and methane were excreted with prebiotic use, indicating an increase
in carbohydrate fermentation and production of beneficialFA\s(Gibson et al., 1995)
Furthermore, lactulose has been clinically demonstrated to avert clinical complications o
liver disease by upregulating metabolic activityBdidobacterigpopulations Bifidobacteria
mediated lactulose metabolism lowers the pH within the intestine and converts gaseous

ammonia into salt form which is excreted. This process consequently @rawsniafrom
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the liver and prevents hepatic encephalopathy onset which occurs as a result of accumulated

ammonia crossing the blood brain barri@rasad et al., 2007)

One major limitation of pre and probiotic use is the temperamental nature of such beneficial
effects, thus requiring long term administration. A relatively novel metfmdachieving
intestinal rebiosis as a potential therapeutic for various diseases is faecal microbial
transplantation (FMT). FMT involves broad antibiotic depletion of the intestinal microbiota
of a diseased individual and subsequent oral or enema admatish of intestinal microbes,
obtained from healthy donor faeces, in large doses to the intestine. FMT has proven highly
efficacious at treating recurrentClostridium difficile infection, repeatedly restoring
microbiota and host health in over 90% of etfis over long periodé/an Nood et al., 2013)

A revolution in therapeutics for dbfosisassociated diseases was anticipated with FMT
following such impressive initial clinical outcomes. However, subsequent studies
investigating the efficacy of FMT at inducing remission in UC and CD patients have been
highly variedMoayyedi et al., 2015, Paramsothy et al., 201@yestigations to improve and
standardse several confounding variables such as deroipient match criteria and sample
collection and processing, in addition to number of donors and donor species are ongoing
meaning FMT continues to hold promising future implications for treatmerdysbicsis

associated diseas€bloayyedi et al., 2015, Paramsothy et al., 2017)

In addition to being targeted for therapeutic potential, the intestinal microbiota have been
implicated in determining the efficacy of numerous treatments. For example, the use of
VSL#3 pohpiotic dually administered with reducedbses of balsakide was identified to be
more efficacious in treating ulcerative colitis than balsalazide or mesalazine drugs alone
suggesting the presence of aimiflammatory host microbes can strengthen drug anti
inflammatory mechanismgTursi et al., 2004)However this study did not test sole
administration of VSL#3 and so improved efficacy could be a direct result of enhanced
microbiota composition rather than microbio@drug associations. Moreover, intestinal
microbiaa impact the immunomodulatory effects of chemotherapeutics in the treatment of
various cancers. A study hghouritis et al. (2015pvestigated various bacteria and cancer
cell lines bothin vitro and in vivofor influences on the efficacy of 30 chemotherapeutic

agents. In total, 30% of the drugs were identified to be significantly attenuatéd bgland
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Listeria welshimeriwhilst 20% were improved by the same microbes and 50% were
unaffected in cell toxicity assays. Furthermore, in vivo studies replicated such findings with
tumours supportingz. coligrowth and reduced toxicity of gemcitabine in the presencé& of

coli (Lehouritis et al., 2015)This research indicates the potential future direction towards
personalised medicines to accommodate individuality in the intestinal microbiota as well as

potential modulation of microbiota coposition to improve drug efficacy.

The principle of intestinal microbiota modulation is based upon the therapeutic potential of
inducing rebiosis. Research thus far has presented substantial developments and
breakthroughs in the treatment of dysbiosis asigted diseases by targeting or utilising
microbiota, however due to socioeconomic issues, prevention of disease is always better
than cure. Given that dysbiosis is recognised as a major causative factor in numerous
associated pathologies, perhaps resdmrshould be focusing on investigating novel
techniques to enable detection or diagnosis of dysbiosis rather than merely acting upon

clinical manifestation.
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1.13 Research Aims:

The intestinal microbiota ithe most abundantdiverseand complexmicrobial eosystem
residing within the human host. A range of hoahd microbiotamediated immunological

and physiological mechanisms have evolved to establish a mutualistic existence, but
disruption of such mechanisms posgavere pathological consequencégestnal dysbiosis

is associated with numerous chronic and degenerative diseasdstherapeuticshave
therefore targeted the microbiota for rebiosis However, clinical progression of such
therapeutics is limited, mostly due to substantial individual varigbiln microbiota

composition and lack of a characterigbiofile of dysbiosis.

To advance understanding of the role of intestinal microbiota in health and disease this
project aimed toemploy wo novel human modsl in loop ileostomy patients and IBD

patients, toachieve the following:
1 Investigate dysbiosis as a causative factor of disease utilising a novel human model

in loop ileostomy patients.

1 Explore mechanisms by which different microbiota profiles impact upon physiology

of the intestine utilisinga novel human model of dysbiosis.
1 Investigate the relationship between intestinal microbiota profiles and metabolites

excreted in human urine, with regard to potential clinical application to complement

diagnosis of dysbiosessociated diseases.
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Chapter 2:

Materials and Methods
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2.1- Materials

2.1.1- Reagents

Reagent/Product Supplier Catalogue Number
QlAam®cado®Pathogen Mini Kit Qiagen 54104
QlAam® UCP Pathogen Mini Kit Qiagen 50214
QIAamp® DNA Stool Mini Kit Qiagen 51504
Pathogen Lysis Tube S Qiagen 19091
aAyA9fdziSu t/ w t dzNR Qiagen 28004
Buffer ATL Qiagen 19076
Proteinase K Qiagen 19131
PowerClean® Pro DNA ClesnKit MoBio Labs 12997
3-Aminopropyltriethoxysilane (APES) Sigma Aldrich 440140
Bovine Serumilbumin (BSA) Sigma Aldrich A3294
Triton X100 Sigma Aldrich T8787
Trirsodium citrate dihydrate Sigma Aldrich S1804
Goat Serum Sigma Aldrich G9023
PAP pen Sigma Aldrich 2377821
ClickiT® Plus TUNEL Assay for In Situ ThermoFisher C10618
Apoptosis Detection, Alexdour® 594, Scientific
w95¢lljt wSlI ReaAEwn t| SigmaAldrich R2523
Ammonium Persulfate (APS) Sigma Aldrich A3678
b Z b X fetrantethylethylenediamine Sigma Aldrich T7024
(TEMED)
SYBR® Gold Nucleic Acid Gel Stain (10,0 ThermoFisher S11494
Scientific
{..wt DNBSYy WdzyLY (| Sigma Aldrich S4438
XL1Blue Subcloningsrade Competent Cell Agilent 200130
Technologies
SOC Outgrowth medium New England B9020S
BioLabs
Low Salt Luria Broth Duchefa Biochemig L1705
GeneJET Plasmid Miniprep Kit ThermoFisher K0503
Scientific
DUS 10 Reagent Strips for Urinalysis Dream Future 3064
Innovation Co Ltd
Sodium Azide Sigma Aldrich S2002
Deuterium oxide (BD) Sigma Aldrich 435767
Deuterated(TrimethylsilyQpropionic Sigma Aldrich 269913
2,2,3,3d4 acid sodium salt (TSH)
Potassium Phosphate Sigma Aldrich P9791

Table 2.1¢ Reagentsand products with supplier details.
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2.1.2- Antibodies

Antibody Manufacturer LIS Source | Concentration V\/_ork_lng
Number Dilution
anti-PCNA
(PC10) Lite | 133900 | Mouse | 500ug/mi | 1:350
primary Technologies
antibody
anti-mouse Life
(H+L) Alexa Technologies A-11001 Goat 2 mg/ml 1:1000
Fluor® 488 IgC
M'gﬁgg?é G Santa Cruz sG2025 200 pg/0.5ml 1:20
Hoechst Life
33342Nucleic . H3570 10 mg/mi 1:1000
. . Technologies
Acid Stain
Table 2.2 Antibodieswith working concentrations and supplier details.
2.1.3- PCR Primers
. Product
Primer Sequence Size (bp) Refs
Universal F:5-AAACTCAAAKGAATTGAGGG 180 Bacchetti
926F + 1062R R:5'-CTCACRRCACGAGCIGAC De Gregoris
1-Proteobacteria | F:5-TCGTCAGCTCGTGTYGTGA 170 et al.
Mnyni: C b|R5-CGTAAGGGCCATGATG (2011)
Bacteroidetes F:5-CRAACAGGATTAGATAELCT 240
798cfbF + R:5-GGTAAGGTTCCTCGCGTAT
cfb967R
Firmicutes F:5-TGAAACTYAAAGGAATTGACG 200
928FFirm + R:5'-ACCATGCACCACCT&TC
Firm1040R
Eubacterial F:p - WCTCCTACGGGAGGCAGGABT 190 Hartman et
(Universal) R:p ATTACCGCGGCTGCT&QC al. (2009)
Uni344F + Table S2
Uni514R
Universal 16S F:5'- 190 Muyzer et
341+GC Clamp +| CGCCCGCCGCGCGCGGCGGGCGHA al. (1993)
518r GGGCACGGGABIACGGGAGGCAG
G-3'
R:5-ATTACCGCGGCTGCBGG
Universal V3/V4 | F: 5 550 Klindworth
16S + lllumina® | TCGTCGGCAGCGTCAGATGTGTATA et al.
Overhang CAECTACGGGNGGCWGERAG (2013)
SD-Bact0341-b- | R: 5
S17 + -Bact | GTCTCGTGGGCTCGGAGATGTGTAT]
0785a-A-21 GACAGACTACHVGGGTATCTARTCC

Table 2.3; PCRorimer sequences.
Single nderlined sequence denotes @iCh clamp positioned at the 5' end of the forwar
primer. Double underlined sequences denote lllumina® overhang adapters.
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2.1.4- Buffers andSolutions

Solution

Composition

50 x Tris acetic acid (TAE)
buffer (1 L)

242.0g Tris base, 571hL Acetic acid, 100.0 mL O/BEDTA
g.sto 1 L with dHO. Autoclaved prior to use. Stock diluts
1:50 to achieve ¥k solution as required.

Gradient dye (1@nL)

0.05g Bromophenol Blue, 0.GbXylene Cyandad.sto 10 mL
with 1 x TAE buffer.

2 xGel Loading Dye (10
mL)

0.25mL of 2% Bromophenol Blue, 0.25 mL of 2% Xy
Cyanol, 7.0 mL 100% Glycerol anpsito 10 mL with dkD.
Solutions were degassed undevacuum.

0% Denaturant (20 mL)

5.0 mL 40% Acrylamide, 0.4 mL>SDAE buffeq.sto 20 mL
with dHO.

100% Denaturant (20 mL)

5.0 mL 40% Acrylamide, 0.4 mL 50AE buffer, 8.0 m
formamide and 8.4 Urea. Solution was heated to 5Q,
whilst stirring coninuously, to dissolve urea crysta
Solutions were degassed for 3 min under a vacuum.

10% APS (1 mL)

0.1g APS then.sto 1 mL with dkO.

4% Paraformaldehyde (1

800 mL 1xPBS was heated to 50°C. 40g paraformalde
was added to the heated solutiopH raised via addition g
1N NaOH dropwise until dissolved. Solution was filtered
pH adjusted to 6.9 with N HClg.sto 1 L with PBS.

Sodium Citrate Buffer
(10mM Sodium Citrate,
0.05% Tween 20, pH 6.0,
L)

Trirsodium citrate dihydrate 2.94 g, 9GaL dHO, mix to
dissolve. pH to 6.0 with 1N HCI, add 0.5 mL of Tween 2(
mix well. g.sto 1L with dHO.

2 x Phosphate Buffer (1M
KHPQ, 10% TSB4 in
10090, pH. 7.4100 mL)

1M KHPQ prepared by dissolving 13g¢into 80 mL 1009
D,0. 100 mgrSkd4 was dissolved in 6 mL 100 and
both solutions were mixed via sonication. pH was adjus
to 7.4 with addition of KOH pellets thensto 100 mL with
D:0.

Table 2.4¢ Buffersand Solutions
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2.2 - Methods
2.2.1- Research Ethics

Favourable ethical opinion was obtained from North West Research Ethics Committee
following submission of relevant study documentation through the Integrated Research
Application System (IRAS) and formal assessment by an independent peer review panel (REC
references 13/NW/0695 and 14/NW/1429 for surgical and endoscopy studies, respectively).
Local Research and Development approval was achieved at each collaborating National
Health Service (NHS) Trust; Lancashire Teaching Hospitals (Preston, UK) andyUniversi
Hospitals of Morecambe Bay (BarrdmFurness, UK), in addition to authorisation from the

study sponsor; Lancaster University Research Support Office.

2.2.2¢ Surgical Patient Recruitment

Patients at Lancashire Teaching pitads, scheduled for loop ileostomy reversal surgery,
were assessed against the inclusion and exclusion criteria of the study by the Surgical Care
Practitioner {able 2.5. Suitable and willing patients provided full informed consent and were
anonymised ia study ID allocation (BCRGXXX). -Mentifiable patient information
including age, gender, and BMI were recorded in addition to the following-qquestative

data: number of days with ileostomy, incidence of complications, C reactive protein (CRP),

WBC ad albumin blood levels. Relevant study docunagion is presented in appendix 1

Study Inclusion Criteria Study Exclusion Criteria

The partigpant may only enter the The participant may not enter the studyANY

study ifALLof the following apply: of the following apply:

9 Participant is willing and ableto | § Patients not undergoing ileostomy reverse
give informed consent for surgery.
participation in the study. 9 Patients who are currently, or have taken

1 Male or Female, aged 18 years or anycourses of antibiotics within the last 3
above. months.
1 Must be undergoing ileostomy

reversal surgery.

Table 2.5¢ Inclusionand exclusion criteria for patient recruitment to surgical st
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2.2.3¢ Provision of Surgical Specimen

lleostomy reversal surgery involvesanastomosis of functional and defunctioned intestine
using a linear stapler. During this process, a short region of the intestine is removed from the
end of each limb and are the specimens acquired for this stfigyré¢ 3.9. Immediately
following acquéition, luminal associated microflora were sampled by inserting a sterile swab
into the lumen of each specimen. Specimen were then transferred into sterile histopots and
sustained with Minimum Essential Media (MEM). All specimen were transported from the
operating theatre to the research laboratories at Lancaster Universityvaeré processed

within two hoursof collection.

To examine the mucosal associated microflora, an equal nhumber of mucosal biopsies were
dissected from each specimen. The number ofpbies obtained from each participant
ranged between 2 and 5 per limb and was determined by availability of mucosa in the
defunctioned specimen. For histological analysis, a full thickness portion was obtained from
each limb at immediately transferred intparaformaldehyde fixative. MEM media was
collected and processed to salvage loosely adhered bacteria which may have washed off

during transport.

2.2.4 Surgical Specimen DNA Extractions

2.2.4.1- Mucosal Tissue DNA ExtractigqniMucosal biopsies (~20 mgeh), dissected from
surgical specimen, were finely sliced to aid release of associated microflora. Biopsies were
exposed to various DNA extraction greatments associated with the QlAa®Cado®
Pathogen Lysis Minikit (Qiagen, Manchester, UK). Firsiples were digested in proteinase

K at 56°C for 30 mins, centrifuged at 408Qy for 30s to pellet tissue and the supernatant
subjected to mechanical lysis, at maximum speed fomir) utilising Pathogen Lysis Tubes

S (Qiagen) on a Vortex Genie 2 (Sdiientndustries). Following mechanical lysis, total

genomic DNA was extracted using QlAamp® Cador® Pathogen Lysis Mini Kit (Qiagen),

FOO2NRAY3I (G2 GKS YI ydzZFl OGdzZNENRa LINR(G202f @
2000c Spectrophotometer (Thernfeishe) and stored at20 'C until required.

2.2.4.2- Luminal Swab and MEM Media DNA Extractio®wab heads were separated from
transport vials and placed in 650 pL buffer ATL (Qiagen). Samples were vortexed at full speed

for 10 min, prior to incubation at 56C for 20min, in a thermoshaker at 800 rpm. Media
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samples were centrifuged at 8000g to pellet bacteria and resuspended in 500 pL buffer

ATL (Qiagen). Media and swab supernatants were subjected to mechanical lysis at maximum
speed for 10min utilising Pathogen Lysis Tubes S (Qiagen) on a Vortex Genie 2 (Scientific
Industries), prior to DNA extraction using QlAamp® UCP Pathogen Mini Kit (Qiagen),
FOO2NRAY3I (2 GKS YIydzZHFlI OGldzZNENRE LINR (202t & 9f

pooled, quantified asescribed, then stored a0 'C until required.

2.2.5- Denaturation gradient gel electrophoresis (DGGE)

2.2.5.1¢ Generation of a Standard DNA Marker for DGGE Analys@ssample enriched in
microbial diversity was generated from pooled human faecal BifAise as a standard
marker in DGGE analyses. Faecal samples were gifted from five healthy volunteers, differing
in age (between 20 and 50 years old), gender, weight (between 9 and 18 stone) and
geographical location to increase overall microbial divgnsithin the marker. All samples

were transported on ice to research laboratories at Lancaster University and processed
within two hours of collection in a class Il microbiological safety cabinet (Baker), employing
aseptic technique. Samples were processeduplicate by weighing2200 mg sample into
microcentrifuge tubes containing 1.4 mL buffer ASL (Qiagen). DNA extractions were
LISNF2NYSR dzaAy3 vL!FYLH 5b! {G22f aAiAyA YAlL
protocol, with the following modificatin; increased incubation temperature in lysis buffer
from 70 to 95°C, to improve lysis efficiency. DNA Eluted from 10 samples was pooled,

quantified as described, then stored-20 "C until required.

2.2.5.2¢ Polymerase Chain Reaction (PCR) for DG&Righly conserved 200 base pair (bp)

sequence, neighbouring the V3 hypervariable region of the 16S ribosomal ribonucleic acid

(rRNA) gene, was amplified using universal 16S rRNA primers, 341F_GC analbid 253 (

Muyzer et al., 1993) on luminal and musal microbiol DNA samplefor PCR reactions

performed for use in DGGE analysis, a 40 base pair nucleotide GC rich clamp was attached to

the 5' end of the 341F forward primer (GC Clamp sequence listéabla 2.3. All PCR

reactions were prepared inadegy I 6t SR t/w I NBIFX O2ydGlFAYySR gAi
Mini Airflow cabinet (Thermdrisher), using sterile filter pipette tips, sterile 0.2 mL PCR tubes

and sterilefiltered PCR grade water (Sigma Aldrich). The PCR reaction mix (Vf = 25 pL)
contained12.% [ w95 ¢l ljt wSIReaAEu t/w wSIFOlA2Y aiE ¢
0.4mM dNTP mix, 2nM TrisHCI, 100 mM KCI, 0.002% gelatin and 3mM Magnesium
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Chloride(MgC}); Sigma Aldrich), 1 uL BSA (@gduL), 1 pL 341f primer (OrdM), 1 pL 518r
primer (0.4mM), X pL template DNA (186/25 pL reaction) and.sto 25 pL with PCR grade
water. The PCR cycle was initiated with a denaturation step of 95°Crfior, ®llowed by 29
cycles of 95C for 3Geg 57°C for 30 sec, 7ZC for 3Gsecand a concluding sp of 72°C for

5 min. PCR was performed using a ADO® Thermal Cycler (BRad) with a totalun time
of approximately 1.5 h

2.2.5.3¢DGGE Profilingt | N} f t Sf 5DD9 gl & LISNF2NNSR dza Ay 3
Detection System (BiRad). DGGE aBabbA & ¢l a O2y RdzZOGSR F2fft26AYy.
recommended protocol (BioRad). Briefly, PCR products were resolved with 40%
polyacrylamide gels, composed with a 30 to 70% linear gradient of denatutabts 2.4,

which rise in concentration in thdirection of electrophoretic migration. Polymerisation was

initiated with the addition of 150 puL 10% APS and to each denaturant solution. Gels were

Ol &0 dza A y 3 -1llEconoPanipZBIAdDat a flBvt rate of BL/min, whilst gradients

were formed ughg a SG50 Gradient Maker (Hoefer, Massachusetts, USA) and visualised with

the addition of 200 pL gradient dye to the 70% denaturant soluttablé 2.4. Samples

composed of 5 uL PCR samplerf8ul), 7.5 pL loading dyeaple 2.4 and 2.5 pL sterile PCR

grade water (Sigma), were loaded into individual lanes, whilst the standard faecal DNA
marker was loaded into the two outermost lanes. Electrophoresis was conducted ‘& 60

and ran at 60/ for 16 h. Gels were postained using 20 mLASYBR® Gold Nuclécid Gel

Stain (Invitrogen) for 3@nin, with constant, gentle agitation, rinsed inXITAE buffer and

imaged using a BioDdci n HmMnAn ! = A YiIR&ljwitlesekpddirs. Gelwerk 2

stored in a refrigerated humidified chamber for up to 24 foptb band excision.

2.2.5.4¢ Digital Processing of DGGE ProfileBGGE profiles were processed digitally using
.A2bdzYSNRAOA 42F0 6l NB O0OSNEAZ2Y TopT ! LILX ASR a
guidelines; lanes and bands were automatically defiand manually corrected, followed by

automatic normalisation against marker lanes. Next, band matching analysis was performed,
dividing all bands into classes of common bands and generating a binary presence/absence
banding profile §ppendix 2. Percenpresence was calculated for each band class and those

differing in abundance between functional and defunctioned profiles were selected for

extraction and sequencing.

Il ASNF NOKAOIFft Of dzadSNJ Fylfteara gka | a2 LISNF?2

guidelines for band based coefficients, with the following defined parameters: Similarity
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02 ST ¥ A OA S Optimisatish 0B, Ban@raatching tolerance, 0.5%getain bands
Include;Method, Unweighted Pair Group Method with Arithmetic MefdFGMA).

2.2.5.5¢ DGGE Band Excisi@md Purification¢ Amplicons from DGGE bands of interest
were reamplified directly from the gel, using tRE€Rparameters as decribed in 2.2.5.2The
purity of the PCR products was confirmed via DGGE and the procesepeated until a
single band was obtained. Purification was confirmed by running extracted band

neighbouring the original samplappendix 3.

2.2.56 - Sanger ®quencingand Analysis; Following matched confirmation of target bands
with original sample profiles, amplicons were subjected, in triplicate, to Sanger sequencing
(Source Bioscience, Nottingham, UK), using priBddd=+GC Clamp and 518r. Consensus
sequences were generated usitlge ClustalW Multiple Alignment toaccessorywithin
BioEdit softwaredvailable online atwww.mbio.ncsu.edu/BioEdit/bioedit.htrpl Alignment
mismatches were manually corrected where possible or otherwise-baked as N. Using
FASTA format, consensus sequences were individually submitted to Ndel&atsic Local
Alignment Search Tool (BLASTn; (Altschul et al., 1990)
https://blast.ncbi.nim.nih.gov/Blast.chiBLASTn parameters were defined as: Highly similar
sequences (megablast), within the 16S ribosomal RNA segse(Bacteria and Archaea)
database. Each sequence and thus band class, was assigned a genus classification based on
BLAST E values, Query cover and Meares. Consensus sequences and taxonomic

assignments for eaobxperimentare presented inappendix4.

2.2.6 ¢ Phylumspecific 16S ibosomaldeoxyribonucleic acidquantitative reattime PCR
(16S rDNA gRPCR)

Predominant microbial phyla were compared using phykpacific and universal 16S rDNA
primers (able 2.3) PCR wagerformedin a 25uLreaction volume containing 12|51 SYBR®
GreenWdzY LY ( I ReadyMix RdjmM TrisHCI, pH 8.3, 100 mM KCI, 7 mM MgCI2, 0.4
mM each dNTP, stabilizers, 0.05 umit/Taqg DNA Polymerase, JumpStart Taq antibody, and
SYBRGreen I; Sigmaldrich), 3650 ng oftemplate DNA and uL eachforward and reverse
primer (10 uM andg.sto 25 pL with PCR grade wat&CR parameters were as follows: 1
cycle of 95°C for 5 min, 35 cycles of 96 for 20 sec, 613 for 10 sec, annealing, 7@ for

30 sec and 1 cycle oR7C for 5 min. Data was normalised to total bacteria, using universal
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primers, and the relative abundances of each phylum determined using the deltaCiéfta

Ky algorithmmethod (Livak and Schmittgen, 2001)

2.2.7¢ Quantification of Total Bacterial Load

pPCR®2:TOPO® plasmi@NA, containing &79bp cloned portion of the 16S rRNA gene was
kindly provided by Dr Sheena Cruickshank at The University of Manchester, with permission
from Professor Lora Hooper at University of Texas Southwestern Medical Centre. The
recombinantpCR®Z-TOPO®lasmid was generated at University of Texas Southwestern

Medical Centre.

2.2.7.1¢ Preparation of Luria Broth (LB) + Kanamycin Agar Pl&t&5g low salt LB (Duchefa
Biochemie, Haarlem, NL) was dissolved in 500 raD.dkyar was autoclaved foO2ninthen

left to cool. Prior to pouring, 500 puL kanamycin@mL) was added and mixed thoroughly.
Plates were poured in an Evanair Class Il Bio2+ Microbiological Safety Cabinet with a lit

Bunsen then stored at-2 "C until required.

2.2.7.2 ¢ pCR®.1-TOPO®FPasmid Transformation - The pCR®IOPO® plasmid was
transformed into XL:Bluecompetent cells (Agilent Technologies, California, USA). A single
vial was thawed slowly on ice then 50 pL -Blide competent cells and 1 uL pCREZPO®
plasmid were getly mixed in a falcon tube. The suspension was incubated on ice fair80
heat-pulsed at 42'C for precisely 45ecand again placed on ice for a furthengin. Next,

200 pL SOC Outgrowth medium (New England BiolLabs, Hertfordshire, UK) was added prior

to incubation at 37C for 1 h shaking at 250 revolutions per minute (rpm).

2.2.7.3¢ Clone Selection using LB Kanamycin Plag@he transformation suspension was
streaked onto an LB kanamycin plate (3mL kanamycin; prepared as descritie@.2.7.)

and incubated overnight, upsiedown, at 37'C. Since the pCR®T.OPO® plasmid contains
a kanamycin resistance cassette, -Blde competent cells which acquired the plasmid will

selectively grow on the LB kanamycin plate, thus generating a single cell clone.

2.2.7.4 ¢ Clone Anplification ¢ Followng overnight incubation, a single colony was
transferred into 3 mL LB broth (Life Technologies) containing kanamycin at a final
concentration of 30 pg/mL, using aseptic technique. Universal tube was incubated overnight

at 37'C, in a shaking incubator a2@rpm.
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2.2.7.5¢ Isolation of Fasmid DNA¢, Following overnight incubation, 1ml aliquot of culture

was transferred into areppendorf and centrifuged at 12000g for 3min to pellet cells.

Plasmid DNA was extracted and purified using GeneJET Plasmid Miniprep Kit (Thermo
CAAKSNDLZE F2ftf26Ay3a YIydzZFlI OGdzZNBENR&a LINR(G202¢
9f dziSR 5b! gt a ljdzZ yiATFTASR dzi A ye(ThermaFishgrg 5 N2 Ln

and stored at20 "C until required.

2.2.7.6 ¢ Generation ofpCR®2-TOPO®lasmid Standard @ve ¢ Molecular weigh of a
single copy of recombinant plasmid was calculated using the equation:
PBLWep T Q Where:m = calculated mass of single plasmid

o on n = plasmid + insert size (bp)
1.096 x 16 = average base pair mass

Mass of plasmid copy number of interest was calculated. This was selected te b& &

represent typical bacterial abundances within the smallstitee:
Copy # of interesk mass of single plasmid = mass of plasmid DNA required
The following formula was applied for dilution calculation:

GVi=GV2 Where G= concentration in copy number of plasmid sto
V1= volume of plasmid stock
G = desired concentration
V.= volume of diluted plasmid

A full worked example of standard curve calculatioprissentedin appendixs. Dilutionsl-
5, corresponding to 3 10° ¢ 3 x 10°copy numberswere utilised for constructionfestandard

curvewith physiological representation of bacterial load in the small intestine.

2.2.77 - pCR®.1-TOPO®IBsmid 16S rDNA gRACR Total bacterial load in the functional
and defunctioned intestine was measured VR®PCR, employing universalbacterial 16S
rRNA primers, Uni334F and Uni514Bble 2.3. PCR wagperformed in triplicate25 L
reactiors containing 12.51L SYBR&reenWdzY LY @ I RedyMixt RdjmM TrisHCI, pH
8.3, 100 mM KCI, 7 mM MgCI2, 0.4 mM edtirP, stabilizers, 0.05 wimL Tag DNA
Polymerase, JumpStart Taq antibody, and SYBR Green I:Adynoh), 0.75uLeach forward
and reverse primer (10 uM), 1 pL template DNA and 10 pL PCR gadeCR was performed
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using a CFX96 Reldme PCR Detection System (Rid) anctycke parameters were: 1 cycle
of 95°C for 10min followed by39 cycles of 95C for 15ecand 60°C for 1 min.

The abundance of bacterial 16S rRNA gene was quantified via extrapolation from the
pCR®2:TOPO® plasmigtandard curve utilising quantificatiocycle (Cq) values for each
sample Bacterial quantification relates to total 16S rRNA gene copy number and not colony

forming units orabsolutecell counts.

2.2.8- Histological Aalyses

2.2.8.1- Tissue Fixation and Sectionindrull thickness excisedrictional and defunctioned
tissue sections were fixed in 4% pamahaldehyde solution for 24 .hSamples were
transferred into cassettes and dehydrated through increasing concentrations of alcohol (70
100% 1 heach to 2 x 1 h incubations inxylene and paraffin wax. Samples were next
embeddedn liquid paraffin wax and cooled on ice overnight to form solid blocks. Histological
sections 7 UM thick were prepared using a RM2125 RTS Microtome (Leica Microsystems,
Milton Keynes, UK) on APE@Gated, frosted ndroscope slides and incubated at 3¢
overnight to dry.

2.2.8.2- Haematoxylin and Eosin (H&E) Stainin¢gd&E sections were generated to assess
tissue orientation and suitability for immunofluorescence experiments in addition to villous

height and crypt dpth analyses.

Tissue sections were deparaffinised in xylene fab2ninthen rehydrated in graded alcohol
(100-70%) for2 x 1 min each. Slides were washed in running tap water and rinsed in distilled
HO (dHO) prior to immersing slides in HaematoxyBigmaAldrich, Dorset, UK) for fin

with gentle agitation. Next slides were washed in hot running tap water fomitbthen
submerged into Eosin for 3@cwith gentle agitation. Slides were rinsed in running tap water
for 1 min then dehydrated in gradeadcohol (760100%) for2 x 5 min each followed by x 5

min xylene. Sections were mounted using DPX (Sigldach) and coverslips then stored at

room temperature until analysed.

2.2.83 - Morphological Analyses Morphological analysis was performed oritable H&E
tissue sectionsimages were captured using Nikon Eclipse E600 microscope with 10
magnification. Villous height and crypt depth were measured using ImageJ software as

illustrated n appendix §Schneider et al. (201 ttps://imagej.nih.gov/ij/). Measurements
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were converted from pixels to uM at 3.63 pM/pixel. Percent change in villous height and

crypt depth were calculated using functional measurements as control.

2.2.8.4¢ Inflammation Soring - Coded H&E sections were scored for inflammation by a
blinded obgrver. Scoring applied a weldlidated system which assigns a score qf40for
inflammation and mucosal damage based on degree and extent of transmural inflammation,

goblet cell depletion, immune infiltrate and architecture distortigRath et al., 1996)

2.2.9- ImmunofluorescenceProliferating Cell Nuclear Antigen (PCNA)alysis

Immunofluorescence was performed on suitably orientated embedded functional and
defunctioned human tissue sections. First, tissusections were deparaffinised and
rehydrated through xylenand decreasing concentrations of alcohol in,@H100-70%) for

2x5minand2 x 2 mineach prior to 0.5% NaCl in gbifor Smin.

HeatInduced Epitope Retrieval (HIER) was conducted to reveal antigen binding sites masked
during the fixation process, by boiling in sodium citrate buffer pH 6.0 in a microwave oven
for 15min, followed by gradual cooling in @Bl for 10min. Samples weraext permeabilised

using TBS + 0.25% Trito1100 for 10min with gentle agitation to ensure free access of the
primary antibody to its epitope, then washed in TBS + 0.025% Trifd@®Xor2 x 2 min. A

PAP pen (Sigmaldrich) was used to create a hydrogiiobarrier around each tissue section.
Non-specific antibody binding was attenuated via incubation in 10% sgraim in TBS + 3%

BSA for 2 lat room temperature in a humidified container. Slides were next immunised with
1.4 pg/mLmouse antiPCNA (PC10)iprary antibody in 3% BSPBS, overnight at &, in a
humidified container. A species matched isotype control was also included, incubated with

1.4 pg/mL Normal Mouse IgG in 3% B®S only.

Following overnight incubation, slides were rinsed in TBS + @ d28on XL00 for2 x 2 min

then incubated with 2 pg/mL Goat Addlouse AlexeFluor® 488 antibody in TBS (Therm
Fisher, Paisley, UK) for Zahroom temperature, in a darkened humidified container. Slides
were counterstained with Hoescht33342 Trihydraoide nucleic acid stain (Life
Technologies, Paisley, UK) and mounted using VectaShield® Mounting Medium (Vector
Laboratories, Peterborough, UK), then sealed with a coverslip and stored in the dalg at 4

until visualised using a Zeiss LSM 880 confocabstope.

The number of PCNA positive cells and all nucleatelts were counted by a blinded

observer. Rate of IEC proliferation was calculated as the percent of-pdRife cells/crypt
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to account for potential variation in total number of cells peymrbetween functional and

defunctioned samples.

2.2.10¢ ClickiT®Terminal Dexynucleotidyl Transferase&lUTP Nick End Labelling (TUNEL)
Assay

Paraffin embedded functional and defunctioned tissue sections were assessed for apoptosis
usingClickiT®PIusTUNEL Assay for In Situ Apoptosis Detection, Alexa Flour® 594, according

G2 GKS YI ydzFl OGdzZNENRa LINR(G202td | LRaAitAdS O
FOO2NRAY3I (2 YIydzZFlI OGdzZNBENR&a AyaldNHObAyao Ly
with ClickiT® Plus TUNEL Reaction Cocktail. Slides were counterstained with Hoescht33342
Trihydrochloride nucleic acid stain (Life Technologies) and mounted using VectaShield®
Mounting Medium (Vector Laboratories, Peterborough, UK), then sealedaeitiverslip and

stored in the dark at 4C until visualised using a Zeiss LSM 880 confocal microszopéo

the limited number of TUNEL positieells, quantification of positive cells/crypt was not

performed.

2.2.11¢ Statistical Analyses

Univariate satistical analyss, employingapaired Ftest, wasperformed using SPSS Statistics
Desktop (IBM, New York, US#) compare data from functional versus deftiomed
samplespXn®np 61 & RSSYSR aidi®apXOPh i @BnpppnghymkDF A Ol

kg XKndnnnamo @

2.2.12¢ EndoscopyOutpatient Recruitment

Patients undergoing colonoscopy or flexible sigmoidosaapgither Lancashire Teaching
Hospitals Ilancashire, UK) or University Hospitals of Morecambe Bay NHS Foundation Trust
(Cumbria, UKWwere assessed against the study inclusion and exclusion criteria by the
Research Nurse or Gastroenterologisable 2.§. Upon receipt of informed consent,
participants were anonymised via study ID allocation (LTHXXX/LANCXXX) and non
identifiable patient mformation including age, gendemd relevant treatment history was

recorded. Relevant study documentatiorpiesented in appendix.7
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Study Inclusion Criteria Study Exclusion Criteria
The participant may only enter the stu¢ The participant may not enter the studyANY

if ALLof the following apply: of the following apply:
9 Participant is willing and able to giy  Patients not undergoing colonoscopy
informed consent for participation i flexible sigmoidoscopy.
the study. 1 Participants who do not have IBD canr
1 Male or Female, aged 18 years be included in test group.
above. i Participants who have ongoing bow
1 Must be undergoing colonoscopy ¢ pathologies such as IBD, CRC
flexible sigmoidoscopy examination specifically IBS cannot be included in t
1 Diagnosed with IBD (test grpu 'healthy' control group.

1 Must notbe diagnosed with IBD, CR 1 Participants who are currently taking at
or IBS to be included as a ‘healtt antibiotic, or who have taken broa
control. spectrum antibiotics within the last
months.

1 Participants who have or, within the la
month, have hada urinary tract infection
(UTI.

Table 2.6¢ Inclusionand exclusion criteria for patient recruitment to endoscopy st

2.2.13¢ Urine and Colonic Biopsy Sample Acquisition and Processing

2.2.13.1¢ Sample Acquisitionr Immediately following collection, participant midstream

urine samples were screened for indications of a UTI udld§ 10 Reagent Strips (Dream

Future Innovation Co Ltd, Gyeongsangrdmn Korea) followingi KS Y I y dzF I O dzNB
instructions. Patients with olesved leukocyte and nitrite levels exceeding 3 @BC/uL and

trace levels respectively were excluded from the study and referred to their GP for
confirmatory diagnosis and treatment. For rercluded participant samples, sodium azide

was added to a final ewentration of 0.02%, to prevent bacterial growth.

5dzNAy 3 GKS LI GASyGaQ FtSEA0fS aAaavyz2arRz2a02L¥e
biopsies were obtained; one from the descending and one from the sigmoid colon. Biopsies

were placed directly into aterile 2 mL microcentrifuge tube containing 180 uL Buffer ATL

(Qiagen).

All samples were stored on ice, transported to the research labs at Lancaster University and
processed within 4 h of collection. Human samples were processed within a class Il

microbiological safetgabined (Baker), employirageptic technique.
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2.2.13.2 ¢ Urine Sample Processing Urine samples were prepared for analysis via
centrifugation for Sminat 3900x g at 4'C, to remove particulate matter. Aliquots of 1.5 mL
urine were snap frozen in liquid nitrogen and stored-8® 'C prior to nuclear magnetic

resonance (NMR) spectroscopy.

2.2.13.3¢ Colonic Biopsy DNA Extraction and PurificatipBiopsy samples were digested

in 40 plproteinase K at 56C for 1 rprior to bead beating, at maximum speed for hin,

utilising Pathogen Lysis Tubes S (Qiager)\dortex Genie 2 (Scientific Industries). Following
mechanical lysis, total genomic DNA was extracted using Ql&agdo® Pathogen Lysis
aAYAYAUG OVvAIFI3ISyousz FO0OO02NRAy3 (G2 GKS YL ydzFl O dz

PCR inhibitors were removed from extracted DNA sampsisguPowerClean® Pro DNA
CleandzL) YA G o6a2 . A2 [F02N}X{i2NARS&ASY [/ FEAF2NYALZT !
9f dzi SR 5b! gl a ljdza yiAFTASR dzaAy3a | IFibhgrg 5 NB LIn
and diluted to 50 ng/pL with a final volume of 50. #amples were stored a0 "C prior to

lllumina® MiSeq sequencing.

2.2.14¢ 1D*H NMR Spectroscopy

NMR spectroscopy experiments were performed at The University of Liverpool NMR Centre
for Structural Biology with technical guidance from Dr Marie PhatahDr Geoffrey Akien;
NMR Facility Managers from University of Liverpool NMR Centre for Structural Biology and

Lancaster University Chemistry Department, respectively.

2.2.14.1- 1D *H NMR Sample Preparatiom Urine samples were thawed at room
temperature for approximately 1 h and processed as described with minor modifications
(Beckonert et al., 2007Briefly, after centrifugation at 6000g for 5min, 500uL aliquot each
urine sample was mixed with 500 pk ghosphatebuffer, containing 10% TS (table 2.4.
Samples were vortexed for 1 min and centrifuged at 130§For 2min room temperature.

A 600 pL aliquot was transferréd a coded 96 deep wefllate for automated acquisition
and loading of 400 pL of each urine sample into racked 3mm NMR tubes by a-Bodiéed
Gilson Nebular 215 liquid handler (Bruker BioSpin, Karlsruhe, Germany).
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2.2.14.2- 1D*H NMR Spectroscopy Samples were processedraecutively at 298 K on a
Bruker AVANCE Il 600MHz spectrometer equipped with-aptifhisted 5mM helium TCI
cryoprobe Bruker BioSpinData were also acquired at 300 K, but due to the disappointing
separation in the statistical analysis of the 298 K Nigfa alone, and the limitations of time,

no attempt was made at a detailed analysis. Furthermore, data was also acquired in 5 mm
tubes on the 600 MHz instrument, as well as in both 3 mm and 5 mm tubes in a Bruker
AVANCE IlIl HD 700 instruméBtuker BioSp), but in all cases the lineshape and signal to

noise were poorer compared to the 3 mm/600 MHz dataset.

Prior to running each batch of samples, the temperature was calibrated using {d4Cdthd

the 3D shims (Topshim 3dopSpin, version 3.5, Bruker Bioy and water suppression
frequency (O1) optimised manually using a 90% H20/10% D20 sucrose test sample. Each
sample was allowed a 5 min equilibration period in the magnet, before shimming, automated
calibration of the 1H 90° pulse length (pulsecal).*H spectrum were acquired using a
standard vendor supplied, gradient enhanced, single pulse sequence wittli @hgle and

water suppression, referred to as 1D nuclear Overhauser enhancement spectroscopy
(NOSEWresat (ornoesygpprld),performed as preiously describedBeckonert et al.,
2007) A total of 32 scans were performed for each sample with an acquisition time of
approximately 4min per sample. Theacquired free induction decay (FID) data were
automatically processed to ensure consistency, with a line broadening of 0.3 Hz and zero
filled to 64k Fourier domain points prior to Fourier transformation. The automation routine

included manual phasing, balfe correction and reference to TSR at Oppm.

2.2.14.3¢ NMR Spectroscopy Data PreprocessiyMR spectra were overlayed in NMR

processing and analysis software, TopSpin (Version 3.5, Bruker Biospin). Buckets were
defined manually via visuahalysis and annotated using Chenomx NMR SuiteChénomx

Inc., Edmonton, Canada) to create a pattern (@dppendix8) that wasimported into AMIX

(Version 3.9.14, Bruker Biospin) for computational processirthetiefined buckets. The

Chenomx NMR Seienables comparisospectralpeaks against a reference library of defined
commonmammalianmetabolites,facilitating spectral annotation. Ambiguous peaks were
froStfSR Fa W yly26yQ FT2NJ FTAdZNIKSNI Ay@Sadaaal
generaed bucket table harboured a list of metabolémnotated peaks and relative

intensities, relating to total area under each peak, for each patient urine safapfendix

9). RepresentativdNMR spectra were labelled with assigned metabolite annotations using
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Tools for Analysis of Metabolic NMR (TameNMR) within the Galaxgiark (available at

www.galaxy.liv.ac.uk from autumn 2017

Normalisation and scalingreprocessing methods for acquired spectroscopic metabolomics
datasets are required to ensure amerilitly to downstream multivariate statistical analyses.
Such techniques are continually scrutinised and debated within the literatueand
standardisednethods donot currently existVarious appropriatenethodswere considered

in the context of the datset generated, previous experimental literature and advice from

NMR technicians.

Normalisation isapplied to the data obtained from each sample to ensure comparability. This
is important with urine due to drastic concentration variations between samples.
Normalisation can be performed to a housekeeping metabolite considered to be constant
across all samples, usually creatinine. However creatinine excretion rates have been shown
to vary between indiduals due to differences in aggenderand digase statgSlupsky et

al., 2M7). Another method is to normalise to the total intensity by expressing each data point
in relative terms as fraction of the total spectral integral, a method referred to as constant
sum normalisation(Craig et al.2006) This method assumes the total integral is constant
throughout all samples but is considered ineffective if drug metabolites are expected to be
present within the urine. This deus to consider probabilistic quotient normalisation (PQN)
which scats spectra according to thmost probable dilution factor in the dataset and has
been shown tdbe more robust and accurate thaither normalisation method¢Dieterle et

al., 2006) PQN normalisation watherefore selected forprocessing of thelataset.Next,
scaling functions to bring all variables to a comparable scale. Methods imokai® centring,
where all variables have the mean of pestive samples subtracted to give a mean of O, or
unit variance, where each variable is divided by the standard deviation of all respective
samples. Pareto scaling is a modification of the latter method which involves the division of
each variable by thequare root of the standard deation of all respective samples and was
selected fotthis study as it isonsidered to benore effective at minimising bias of abundant

urinarymetabolites such as uregvan den Berg et al., 2006)

Normalisation andscaling were performed utilising the R programming language script
WhawaSiGloub2NYy{OFfSowQ sNAGGSY I yR LINROARSR
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Computational Biology Facility, within the RStudio software interf@¢ersion 1.0.143,
RStudio Inc. &ton, MA https://www.rstudio.com/).

2.2.15¢ lllumina® MiSeq Sequencing

Purified DNA extracted from colonic tissue biopsies was outsourced to Source Bioscience for
lllumina® MiSeq Sequenciagd data processing. The full sequerg workflow isllustrated

in figure 2.landdescribed briefly as follows:

2.2.15.1¢ Library Preparationg Samples were first subjected tamplicon PCRidgure 2.1A)
to amplify target DNA utilising-B-Bact0341- b-S17 and €-Bact0785a-A-21 primers
containing llluma® overhang adapterdaple 2.3). PCR reactions were composed as

indicated in table2.7 then subjected to PC&/cle parameters outlineih table2.8.

PCR Reagent Volume (uL)
2 xKAPA HiFi HotStart ReadyN 12.5
Forward Primer (1 uM) 5.0
ReversePrimer (1 pM) 5.0
Template DNA (5 ngl} 2.5
Total 25.0

Table 2.7- AmpliconPCReaction components for Illumina® MiSkagyary preparation

Cycle Number of cycles | Temperature Duration
Initial .
. 1 95°C 3min
Denaturation
Denaturation 24 (Ampli PCR 95°C 30sec
. mplicon
Annealing (Ampl ) 55°C 30sec
- 8 (Index PCR)
Extension 72°C 30sec
Final Extension 1 72°C 5min
Hold 1 4°C K

Table 2.8- Amplicon and index PCR cycle parameters for lllumina® MiSeqy

preparation
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Finally, PCR purification using AMPure XP beads was again performed prior to library
validation checks utilising a Bioanalyzer DN®0 chip (Agilent, Santa Clara, CAye¢oify

amplicon size of 630p.

2.2.15.2¢ Cluster Generatiorg Library quantificattn, normalisation and pooling were first
conducted by diluting libraries todM and mixing 5 yL aliquots from each library containing
unique indices to generate a p@al amplicon library. Next, a 5 jaliquot was mixed with 5

UL 0.2N NaOH, briefly vortexed, centrifuge®80 xg for 1 min at 20C and diluted to 20

pM in prechilled HT1 hybridisation buffer to denature the pooled library in preparation for
cluster generation. A PhiX quality contrbkéry was prepared as described for the amplicon
library to a matched final concentration of 20 pM. Both libraries were then diluted to 4 uM
in HT1 buffer with a final volume of 600 uL and combined at a PhiX controkispike
concentration of 25% (150 pLiRrand 450 uL pooled). Finally, the combined library was heat
denatured at 96'C for 2min and placed on ice immediately prior to MiSeq V3 reagent

cartridge loading.

Cluster generation is an automated process by which single stranded DNA amplicons are
hybridised and clonally amplified in a flow cell via briégeplification {igure 2.B). Reverse
strands are cleaved and washed away leaving forward strands tethered to the flow cell for

subsequent sequencing.

2.2.15.3 ¢ Sequencingoy-Synthesis¢ Annealing & specific sequencing primers initiates
sequencingpy-synthesis. Following the addition of a complementary nucleotide a light
source excites the clusters resulting in emission of a distinguishing fluorescent signal.
Automated detection and interpretationf@mission wavelength and signal intensity defines
the base call and thus the DNA sequence. This process is conducted twice, first for forward

and second for reverse strand sequencing.

2.2.15.4 ¢ lllumina® Sequencing Data ProcessingFirst pooled sampldibraries are
separated based on the unique indices labelling systmprocessing raw lllumina@ext-
generationsequencinglata involves trimming adapter sequences and merging paered
reads. Sequencing reads were quality analysed and trimmed of edaptjuences using
Skewer(Jiang et al., 2014 Next, paireeend reads are overlapped and merged to create
longer read sequences using Fast Length Adjustmei@hoit Reds (FLASHYlagoc and
Salzberg (201))
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vdzl YGAGF GAGS LyairakKia L@Gapaasceehad @BIO\Wad utilised O2 f 2 3 &
to pick orthogonal taxonomic units (OTU), compose OTU tables, perform taxonomic
assignment and plot taxa samepdata. OTU picking was set to a 97% minimum threshold for
sequence similarity and subsequent clustering. Taxonomic assignments, connecting OTUs to

an organism identification, were definedsing the Ribosomal Database Project (RDP)
Classifiereference déabase with a confidence value of 0@Vang et al., 2007 axonomic

data is presented as a relative proportion of total OTd/sach patient and not precise OTU

counts for each taxonomy.

2.2.15.5¢ Plotting SequenceData ¢ The elative proportions of microbiota taxpresent
within each patientwas visualisedutilising bar charts.Such charts were generated using
RStudiosoftware (Version 1.0.143, RStudio Inc. Boston, MN)g the R package ggplot2
(Wickham, 2009)Microbiota variables with very low counts detected in few samples are
considered to arisgrimarily due to sequencing errors and can cause difficulties in data
interpretation. To control for this, a low count filter was applied tonéhate microbiota with

a sample prevalence of <25%.
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Figure 2.1¢ lllumina® sequencing workflomA) Library preparation, to anneal sequent
binding site, indices and complementary sequence to ft@&W oligos to PCR amplicons
Cluster generation; 1. Hybridisation, strand synthesis and denaturation, 2.

amplification and reverse strand dfaesis, 3. Clonal amplification and 4. Reverse sl

cleavage in preparation for (C) sequencing using sequehgisgnthesis technology

Figure adapted from WWW, Illumina Inc®., 2
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2.2.16¢ Multivariate Statistical Analysesf lllumina MiSeq Sequencing and Urinary NMR

Metabolomics Datasets.

Statistical analyses were performedth training and guidance provided by Dr Marie Phelan
and Dr Frank Dondelinger at University of Liverpool NMR Centre for Structural Biology and

Lancaster University Centre for Health Informatics, Computing and Statistics, respectively.

To account for th impact of metabolites on the measurement outcome (in this case control
and IBD groups), multivariate statistical analyses were employed. Furthermore, multivariate

models were utilised to identify metabolites contributing to, and predicting, such results.

Both unsupervised and supervised multivariate statistical methods were applied during data
analysis. Unsupervised analyses such as hierarchical clustering and principal component
analysis (PCA) are often the first step in data exploration as they inapipication of
statistical models without prior knowledge of sample classifications, such as disease group,
whilst supervised models, includirgartial least guaresdiscriminantanalyss, are built
following exposure to a training subset of data withidetl sample classifications that is then

applied to the remaining dataset.

2.2.16.1¢ HierarchicalCluster Analysec¢ To investigate potential existence of subgroups
within metabolomics and microbiota datasets, hierarchatastering was performedCluser
analysis was executed utilising RStustiftware (Version 1.0.143, RStudio Inc. Boston, MA)
and the accompanying hclust function. Within this script the Euclidean distance measure was

utilised to inform the hierarchical clustering.

2.2.16.2 ¢ Principal Components Analysex; PCA was performed to reduce the
dimensionality of the metabolomics and microbiota datasets as well as visualising data
structure. PCA scores and biplots were generated utilising the statistical analysis function of
MetaboAnalyst (Vegion 3.0; Xia et al. (2015)
http://www.metaboanalyst.ca/faces/home.xhtiil For metabolite data analysis the pre
processed NMR peak intensity data table was uploaded whilst the microbiota taxonomic
order proportion data table was upload as a concentrations table. The datasets were then
subjected to the inbuilt PCA multivariate statistical package and graphics were exported in

portable network graphic (PNG) format as a resolution of &0

2.2.16.3¢ Orthogonal Partial Least Squardiscriminant Analyse§OPLSDA)¢ OPLDA is

required to enhance the variance between groups and minimise intrinsic variance within
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groups (i.e. the systematic variation not related to test variables). Diagnostic parameters such
as explained variance JRhat are presented in the model overview are commonly utilised
as a measure of model performancgith acceptable values considered to bé>R.6 for

biological cohort§Worley and Powers, 2013)

OPL9A models were generated utilising the statistical analysis function of MetaboAnalyst
(Version 3.0Xia et al. (2015)http://www.metaboanalyst.ca/faces/home.xhtnl Datasets

were uploaded as described above and subjected to inbuiltSDfA statistical functions.
Graphical score plots and model overviews were exported in PNG format at a resolution of
300dpi.

2.2.16.4¢ Linear Regression Analyis ¢ Penalised linear regression analysis was performed
to investigate potential relationshipdetween metabolite and microbiota profiles or
predominant microbes via integration of mutimics datasets utilising RStudio software

(Version 1.0.143, RStudio Inc. Boston, dgkage gimnefFriedman et al., 2010)
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Chapter 3:

Investigating the effect of enteral nutrient
deprivation on intestinal microbiota composition
utilising a novel human model in patients
undergoing ileostomy reversal surgery.
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3.1¢ Rationale:

Surgical resection of the large intestine is commonly carried out in patients with intestinal
pathologies, such as colon cancer. To facilitate healing, prevent septic complications and
reduce requirement for repeabperations, a temporandefunctioning loop ileostomy is
formed upstream of the surgical sitfigure 3.1). It functions to protect the downstream
anastomosis via redirection of faecal stream through the abdominal wall, into an ileostomy
pouch. Diversion of the faecal stream imig way gives rise to two opposing nutritional
environments; the proximal ileum remains functional with nutrient and water absorption
occurring at the mucosal surface from peristaltic motioned chyme, whilst the distal ileum is

wholly deprived of luminal adents and consequently rendered inactiieg(ire 3.2A).

Sigmoid Colectomy

“'*L‘u)‘—u-‘?j

Defunctioning Loop
lleostomy

Tumour in _
S|gm0|d colon Anastomosis

Figure 3.1- Defunctioning loop ileostomy formation isurgical resection patientsA. ileun
is lifted through theabdominal wall and divided longitudinally. B. Proximal ileum is eve

exposing the mucosa. C. Both limbs are sutured to surrounding skin.

The compsition of the intestinal microbiota is modulated lwarious host genetic and
environmental factors including medical practices such as imtitthuse, method of childbirth

and most notably, host digDe La Cochetiere et al., 2005, Gronlund et al., 1999, De Filippo
et al., 2010)A plethora of literature now exists detailing the effects of diet madioh on

the intestinal microbiota(Graf et al. (2015)and discussed in the literature revigwAn

extreme exampleof diet modulation is demonstrated during medical interventions which
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impose complete withdrawal of enteral nutrients. In such circumstances, total parenteral
nutrition (TPN), a saline solution containing essential macronutrients, vitamins, electrolytes
and water, is delivered intravenously to bypass the gastrointestinal {(aatser and Parekh,
2005) The use of TPN is debated due to numerous assoctategblications, including sepsis

and hepatic dysfunction, motivatinggesearch to investiga the consequences of TPN on
intestinal microbiota (Kudsk et al., 1992, Peyret et al., 2Q1A)mouse modelof TPN
demonstrated thatdepravation of enteral nutritiorleads todyshotic shifts in microbial
dominance from Firmicutes to Proteobacteria and BacteroidéMiyasaka et al., 2013)
Similar observations were made in rats fed TPN for 14 days with changes in Bacteroidetes
and Firmicutes ratio in favour of Bacteroidetes phylihodin et al., 2012)his shift appears

to be a consequence of loss of Firmicutes rathentha increase ind&teroidetes.

Human studies investigating the impact of TPN on intestinal microbiota are few in number
and limited, due to the feasibility of sample collection, to analysis of faecal microbiota. One
recent study investigated the use of TPN in childretn aifunctional disorder of the small
intestine known as short bowel syndronfengstrand Lilja et al., 2018}omparison of the
faecal microbiome with both healthy siblings and short bowel syndrome children weaned
from TPN demonstrated an overall loss of microbial diversity as well as a distinct increase in
relative abundance of Proteobacteriblowever, this study also reports lotgym antibiotic

use in short bowel syndrome patients and it can therefore not be determined whether the
observed dysbiosis is a direct consequence of (BPlystrand Lilja et al., 201%jurthermore,

this studyq and many otherg, utilise faecabamples to assess the intestinal microbiota with
the assumption that they obtain similar microbial distribution and abundance, but faecal
microbiota has been reported to have limited representativeness of the mucosal microbiota,
largely undefrepresentingoacterial diversitfDurban et al., 2011)n addition to interpatient
genetic and environmental varidity, issues such as antibiotic use and ideal versus feasible
sample collection methods are common hindrances in clinical microbiome studies and efforts

should be made to develop scientific models with minimise such issues.
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A Functional ileum Defunctioned ileum B
(Normal) (Enterally Deprived) Reanastomosis
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4N

Figure 3.2- Structure of the intestine. A. loop ileostomy and B. following reanastomc
Block arrows denote presence and direction of luminal contents flow. Tissue locatec
dashed lines represent areas of intestine removed prior to reanastomosis and fol

specimen aguired for our research.

Figure published iBeamish et al. (201

Patients undergoing locpjeostomy reversal surgery present a novel human model of TPN
(figure 3.2). Theenterally deprived, defunctioned ileum receives only bldmane nutrition

and therefore simulags conditions observed with TPN use. Furthermore, the functional
ileum serves as a paired control which enables intrapatient comparisons, thus negating
interpatient variations which often encumber human studies. Harnessing this human model
provides unigueopportunity to evaluate intestinal microbiota profiles in distiriat vivo
nutritional environments, eliminating both interspecies and interpatient translational issues

common in microbiota studies.

This thesis proposes that ileostormyediated faecal seam diversion and the resultant loss
of enteral nutrition in the downstream intestine alters microbiota composition and
abundance, causing dysbiosis. We aimed to investigate the muemshluminalassociated
microbiota in functional and defunctioned irgine, obtained from patients undergoing

ileostomy reversal surgery, utilising a variety of biochemical and molecular techniques.
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3.2¢ ResearchAims:

- Toinvestigatealterations in the composition and abundance of the microbiolbowing a

period ofenteral nutrient deprivation.

- Attempt to elucidate a characteristic dysbiotic microflora utilising a novel human model in

loop ileostomy patients.

3.3¢ Methods Summary:

Tissue was obtained and processed froms8idy participantsrecruited from Rogl Preston
Hospital,while 9 participantswere excludedn medical groundsAll recruited patients had
loop ileostomy to protect downstream anastomoses following resection of colorectal cancer
tumours. Loop ileostomies were in place for an average of 1hm® prior to reversal

surgery.

Microbial DNA was extracted from functional and defunctiohadinal swab andmucosal
tissue samplegespectively,as described in sectiof.2.4. DNAfrom luminalassociated
microbiotawas utilised to perform DGGaofiling and gRTPCR analyses while mucesal
associated microbi DNA wagxpendedn DGGHprofiling, total bacterial load quantification

and lllumina® 16S sequencing analyses.
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3.4 ¢ Results:

3.4.1 ¢ Sanger sequencing of extracted DGGE bands enables accurate identification of

microbes to genus level.

Evaluation of DGGE band extraction and Sanger sequencing methods to identify unknown
bacteria from patient loop ileostomy samples was conductedsutd bacterial DNA from

four predominant phyla of the intestinal microbiota. DGGE analysis of DNA extracte8 from
longum, B. fragilis, E. faecaliand E. coli,pertaining to Actinobacteria, Bacteroidetes,
Frimicutes, Proteobacteria, phyla respectivislypresented iriigure 3.3 In addition, luminal
associated DNA extracted from functional and defunctioned ileum from one patient are also
presented. All sample lanes displayed more than one band despite containing purified DNA

from a single species of kacia, with E. colpresenting 4 distinct bands for example.

Figure 3.4presents fourteen bands post extraction and purification with corresponding
species assignment for ten samples sequenced. Visual analysis of the gel revealed that not
all bands were gccessfully isolated; bands 1, 5, 6 and 7 presented multiple bands after one
round of purification. In addition, bands 10 and 14 appeared to have amplified an incorrect
band and as a result were not selected for sequencing. However successful isolaamaof

10-13, as determined via presence of single band, demonstrated that bands of interest can

be extracted from complex mixed microbial samples.

Taxonomic species assignment, via BLAST analysis, was possible for nine of ten samples
sequencedfigure 34). Confidentaxonomic assignment was unsuccessful for the consensus
sequence generated from band 1, likely due to contaminating DNA from another distinct
band present in the sampldigure 3.4). Inaddition, band 4 was incorrectly assigned as
uncultured Bifidobacterium spwhen it was in fact DNA extracted froBr longum.lt was
therefore decided that bacterial taxonomic assignment should be limited to genus level for
unknown bands extracted from mixed samples. It was also concluded that multiple rounds

of extraction and purification should be performed to obtain a single band prior to

sequencing analysis.
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Figure 3.3; Microbial DGGE profiles for band extraction and sequencing.

DGGEPCR analysis of 16S rDNA PCR amplicons of bacterial species represen
predominant gut phylaB. longum Actinobacteria;B. fragilis BacteroidetesE. faecali
Frimicutes ancE. colj Proteobacteria, in addition to unknown functional and deftionec

paired profiles from patient 022. Blue boxes highlight bands selected for extraction.

Ladders composed from pooled faecal microbiota DNA to enable comparison betwer

Abbreviations: F, functional; D, defunctioned.
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Figure 3.4 Speciesassignment for extracted and sequenced microbial DGGE bands.

DGGHEPCR analysis of fourteen bands extracted and purified from microbial DGGE
presentedin figure 3.3, as indicated by blue arrows. Ten of the fourteen bands were se
for sequening. Inclined, the corresponding bacterial species ID for each band sequ
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taxonomic assignments for each band class are presantagpendix 4.

Ladders composed from pooled faecal microbiota DNA to enable comparison betwee
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3.4.2 ¢ Totalbacterial load is significantly reduced in defunctioned intestine.

Quantification of total mucosadssociated bacterial load was conducted via determination
of the 16S rRNA gene copy humb@mall intestinal bacterial load is considered &adround

1 cells per mLof luminal content(Berg, 1996) In accordance with thishé average
mucosalassociated bacterial load in the functiorielum was calculated to be 2.6810°

gene copies per gram of tissue, coaned with 9.89x 107 in the defunctioned figure 3.5A).

This constituted to a 62.4% average decrease in total bacterial load in the defunctioned ileum
(figure 3.%A; n=27, p=0.0003). A reduction occurred consistently across all paired samples
tested figure 3.8B), suggestinghat faecal stream diversion and consequential microbial
enteral nutrient deprivation leads to a substantial reduction in total mucasabciated

bacterial load.
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Figure 3.5 Enumeration of total bacterial loadBacterial enumeration of (A) averagmnc
(B) absolutel6S rRNA gene copy numbers per gram of mucosal tissue in functior

defunctioned intestine (n = 27; p = 0.0003). Data published iBeamish et al. (201:

3.4.3 ¢ Luminalassociated microbiota profiles differ in functional and defunctioned
intestine.

Intrapatient comparisons of luminalssociated microbiota profiles from functional and
defunctioned intestine were conducted to investigate potential variations in luminal
microbial composition utilising universal 16S rDNA PCR and visualisBG@ER anadys
(figure3.6). Unsurprisingly, it is immediately evident fréigure 3.6 that distinctive microbial
profiles are apparent both between patient samples and within paired samples taken from

our patient cohort, as evidenced by Mily diverse banding pattes.
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Figue 36 - Intrapatient comparisons of luminalssociated intestinal microbiota profiles between functional and defunctioned intestineGGHEPCI
analysis of 16S rDNA PCR amplicons. Band classes are depicted using characters a throughebportioaybands are enclosed. X depicts band cl
lost during extraction. Blue line segregates samples excluded from downstream analysis due to variant processing metbmsisohgabsed from pools

faecal microbiota DNA. Abbreviations: F, functioBaldefunctioned. Data published iBeamish et al. (2013
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Digital processing of the gel image enabled identification of common band classes shared
between different samples, presented tine form of a binary presence or absence banding
profile (@ppendix 2. Each band on a DGGE gel represents one or more closely related
bacterial species therefore the number of bands in each profile can be considered to reflect
the number of different bacterial species and thus overall microbial diversity. On average,
the total number of bands in the defunctioned profiles was lower than the number observed
in the functional profiles (average of 16 bands to 11 bamdspectively;figure 37A),
indicating that faecal stream diversion reduces diversity of the intestinal miciabiat
reduction in diversity was not observed consistently across the cohort as three samples were
found to have an equal or increased number of bands in the defunctioned prdfdese(

3.7B). Interestingly, such samples had the lowesediity in the functional ileum (figure 3).
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Figure3.7 - LuminalDGGE band analysi@) averageand (B) absoluteumber of bands il

luminatassociated DGGE profiles, representing microbial diversityl1, p>Kn ®n p &
Data published iBeamish et al. (201:

Subsequent hierarchical cluster analysis of the binary datasented in figure 3.8, revealed
considerable similarity between the defunctioned profiles as they frequently clustered
together rather than with their paired functional counterpartBrofiles from functional
intestine were ale observed to cluster togethetemonstrating that, irrespective of natural
interpatient genetic and environmental variability, distinct lumiagkociated microbial

populations exist within the functional and defctioned intestine.
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Figure 3.8¢ Hierarchical cluster analysis of luminaksociated DGGE profilespresente(
in graphical form as an UPGMA dendrogram. Braces highlight examples for functio
defunctioned profile clusters F: functional ileumD: defunctioned ileun

n=11. Data published iBeamish et al. (201:
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3.4.4 ¢ Luminalassociated microbial dysbiosis is apparent at phylum and genus level in
defunctioned ileum.

To further characterise the apparent disparity in luminasociated microbial profiles
between the functional anddefunctioned intestine, Sanger sequencing analysis was
performed on extracted band classes of interdgjure 3.9. In total, 73 distinct biad classes

were identified across 22 DGGE profiles (11 functional and 11 defunctioned paired samples).
A total of 10 band classes, differing in percent presence between functional and defunctioned
profiles, were selected and of these 8 were successfutipeted, purified and sequenced
(appendix3; figure 3.9). Subsequent BLAST analysis revealed the highest matched identities
from NCBI nucleotide databases for each band class and the highest sequence simikarity (99
100%) match was assigned at genus level. Band classes a and b were assigned to the
Bacteroidegienus, band class ¢ and d$treptococcusband class e t8higellaband class f

and g toClostridiumand band class h t8pirosomaShigellas ahumanpathogen that is not
commonlyassociated wh the intestinal microbiota. Therefore it is likely thaarigl ewas

misclassified and is actually tie®sely relatedcommoncommensalEscherichia
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Figure 3.9¢ Luminal band class quantificationLuminalassociated DGGE band cla:
differing in functional versus defunctioned profiles expressed as a percentage pr
across all patients. Charactershaorrespond to the band classes highlightedignire 36.
Inclined, the corresponding bacterigénus ID for each band class is displayed. Cons
sequences and taxonomic assignments for each band clagsesmented in appendix 4.
Data published ilBeamish et al. (201:
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Figure 3.%lso demonstratepercent reductions irfClostridium(18.2% and 36.3% band class
f and g, respectivelyghigella(9%, band e) an8treptococcu§36.3% and 18.2%, band c and
d) genera a@ss defunctioned profiles, compared with functional. Conversely, an increase in
the percentage presence dBpirosoma(27% increase, band h) was observed in the
defunctioned ileum. Interestingly, members of the Bacteroides genus were observed to
increase ordecrease in percent presence across the functional and defunctioned profiles

(27.3% reduction and 36% increase, band a and pexiely; fgure3.9).

Furthermore, the relative percent abundance of three predominant intestinal microbial
phyla,Firmicutes, Bacteroidetes andRroteobacteria, were calculated in the defunctioned
intestine compared to the paired functional control, utilising eRIR(figure 3.10) A
significant reduction in the relative abundance of the Firmicutes phylum was olusertiee
defunctioned intesting21% reduction, i 18; p=0.02) in addition to a concomitant small
but significant increase in the-Broteobacteria phylun{6.9% increase, & 9, p = 0.05).
Consistent with the DGGE sequencing data, no significant differevas observed in the
relative abundance of the Bacteroidetes phylum, due to substantial variation in phylum

abundance across the patient cohort¥d7, p= 0.22).
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Figure 3.10¢ Relative quantification of predominant luminalassociated phylaPercen
change of phylumabundance in defunctioned intestineelative to functional. Dal
normalised to universal 16S rDNA primers (Firmicutes1®, p=0.02), Bacteroiodetes

18, NS)y-Proteobacteria (=9, pXXn ®np 0 & Data published iBeamish et al. (201:
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3.45 ¢ Mucosalassociated microbial profiles differ in functional and defunctioned

intestine following ileostomymediated enteral nutrient deprivation.

Intrapatient comparisons of mucosassociated microbial profiles were performed to assess

the extent of dysbiosis within microbial populations at mucosal level utilising universal 16S

rDNA PCR and visualised via DGGE andigsite3.11). As withluminalassociated DGGE

profiles, distinct mucosadssociated microbial populations were observed both between and

within paired patient samples, as evidenced bgacly diverse banding patterndNo

difference was observed in the number of DGGE bands lerivike mucosahssociated

functional and defunctioned profiles suggesting that the diversity of mueassdcaited

microbiota is maintained despite enteral nutrient deprivation (fig8r&2).
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Hierarchical cluster analysis of binary data, representing common band classes shared

between sample profiles, revealed that distimaticosalassociated microbial profiles exist

in defunctiored and functional ileum as the profiles were observed to cluster togdflygre

3.13. Howevemucosalassociated microbiota in defunctioned ileum appear less affected

by ileostomymediated nutrien diversion compared to luminassociatedanicrobiota as four
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3.4.6 ¢ Mucosatassociated microbial dysbiosis is apparent at phylum, order and genus

level in defundioned ileum.

To further elucidate mucosalssociated microbial profiles in functional and defunctioned
intestine, band classes of interest were extracted and purified for Sanger sequencing analysis.
A total of 96 distinct band classes were identified across 30 DG@EE(d5 functional and

15 defunctioned paired samplesiiand classes were assessed for percent presence in
functional and defunctioned profiles and from a selection of 10, 6 were successfully extracted
and purified andsequencedappendix3; figure 3.14). Dueto limited sequence read quality,
confident genus assignment, with a sequence similarity ef@@b, was successful with only

3 band classesutling subsequent BLAST analysis using NCBI nucleotide databases (figure
3.14). The generatedlata demonstrags a reduction in th&emellaand Enterococcugenera

and aconcurrent increase in thBacteroidegenus in the defunctioned ileum compared to

functional igure3.14).
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Figure 3.14- Mucosal band class quantificatiorMucosatlassociated DGGE band clas
differing in functional versus defunctioned profiles, expressed as a percentage pr
across all patients. Characters gepresent band classes highlighted in figurel3lhclired,
corresponding bacterial genus ID for each band class. Consensus sequences and t.

assignments for each band class are presented in appendix 4.
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Nextgeneration lllumina® sequencing analysis of the mueassdciated microflora,
classified to phiym level, revealed alterations in the proportions of three predominant phyla
analogous to that observed in the lumiredsociated profiles; relative increase in
Proteobacteria, relative decrease in Firmicutes and a varied response in Bacteroidetes
phylumin the defunctioned ileum compared to the functionedntrols {igure 3.15). This
trend was observed in all except one patient in which the defunctioned profile microbiota
proportions remained relatively unchanged despite enteralriguit deprivation (Paént

043). Contrastingly, a drastic shift in microbial profiles was observed in another patient, with
microbial dominance shifting almost entirely from Firmicute®roteobacteria (Patient 029
Furthermore, less predominant bacterial phyla, includ®@iloroflexi Fusobacteria, OD1,
Cyanobacteriaand Actinobacteria, were identified to increase in relative prajorin the

defunctioned ileum
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Figure 3.15 Relative taxonomicomposition of 16S rRNA amplicon sequences in muw

associated microbiota, at phylum level. F, functional; D, defunctioned. n = 4.
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Taxonomic classification of sequencing data to order and genus level was carried out in
attempt to further characteriselysbiosis in the defunctioned ileum. This revealed the order
Clostridalesand Lactobacillales, of the Firmicutes phylum, are predominantly associated with
the functional intestine, often decreasing in relative terms in the defunctioned ildiguaré

3.16). LikewiseEnterobacteriales and Pseudomonadales are the predominant order of the
Proteobacteria phylum, appearing to increase in relative alamoe in the defunctioned
ileum. Interestingly, several less abundant order, including Xanthomonadales, Rkégobia
and Burkholderiales are primarily acquired in the defunctioned ileum and contribute to
predominance of Proteobacteria. The order, Actinomycetales and Bifidobacteriales compose
the Actinobacteria phylum and appear to remain stable within the defunctidlem often

presenting near equivalent relative abundance that obselwngohired functional profiles.

Further analysis of sequencing data revealed a large variation in microbial diversity within
both functional and defunctioned profiles is also appdracross the cohort, at genus level,
highlighting the extent of interpatient variability in the intestirmalcrobiome {igure 3.17).

In addition, increased bacterial diversity in the functional ileum appears to support greater
preservation of microbial pfiles in the defunctioned ileum, despite enteral nutrient
deprivation. For example, patient 043 hosts numerous genera within the Firmicutes phylum
which are largely maintaed in the defunctioned ileumin contrast, patients 029 and 040
host predominately Enterococcus and Streptococcus within the functional ileum,
respectively and are observed to lose substantial portions of suchobdsr in the
defunctioned ileum However, this data requires quantification, using OTU counts for each

paired sample, to coirim such suggestions.
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Figure 3.16 Relative taxonomic composition of 16S rRMplicon sequences in mucos

associated microbiota, at order level. F, functional; D, defunctioned. n=4.

Key presentpredominant order. Annotated figure and complete kastailingall assigne

taxonomic classifications presented irappendix 11F, finctional; D, defunctioned. n = £
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Figure 3.17 Relative taxonomic composition @6S rRNA amplicon sequences in muc

associated microbiota, at genus level. F, functional; D, defunctioned. n=4.
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Finally PCA was executed to visualise structure within the microbiota sequencingidata (
3.18). Separationvas observed between the functional and defunctioned microbiota profiles
with an overlap occuing due to the similarity of 043 functional sample with defunctioned
profiles figure 3.18\). The associated PCA biplot suggested that relative proportions of
Firmicutes, Bacteroidetes and Proteobacteria defined the variability between clusters with
Firmicutes correlating with the majority of functional samples whilst proportions of
Bacteroidetes and Proteobacteria correlate with defunctioned profiles, as evidenced by the
magnitude and direction of respective vectofigre 3.18). The similarity of sangpl043F

with defunctioned profiles is observed to be a result of reduced Firmicutes proportions
(figure 3.18B. Sample029D was identified to be a potential outlier with substantial

proportions of Proteobacteria, but this cannot be confirmed due to lim#achple numbers.
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defunctioned (red; D) ileum.
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3.5 ¢ Discussion:

For the first time, this research demonstrated a strong relationbleigveen loop ileostomy
mediated faecal stream diversion and profound alterations in the intestinal microbiota of the
defunctioned ileum at the time of reversal. A significant reduction in total bacterial load in
the defunctioned intestine was identifieds determined by a reduction in 16S rRNA gene
copy number, as well as broad shifts in microbiota composition between functional and
defunctioned intestine. Of particular note, a significant loss of the predominant phylum
Firmicutes was observed with a cé A (| y i A y-PdidsbacteSia ik yhe -
defunctioned ileum. Such dysbiotic characteristics are also reported in IBD, suggesting that
the microflora in the defunctioned ileum may potentially disrupt homeostasis and/or
promote diseaséBaumgart et al., 2007, Sokol et al., 2008)rthermore, these results are

also consistent with that repoed in the study investigating the effects of TPN on the
microbiota of human small intestingRalls et al., 2014)nterestingly, the study reports a
correlation between duration of TPN use and increased severity of dysbiosis; participants fed
with TPN either partially, or for less than 6 weeks, somewhat maintained microbial diversity
compared to one participant giveFPN for >2 months. Given that the downstream intestine

in participants of this study remained defunctioned for an average of one year, it is

unsurprising that such profound dysbiosis was observed.

The copy number of the 16S rRNA gene is frequentlyaedilés a measure of bacterial load

in microbial studies for both clinical and environmental samples as it highly conserved
between species of bacteria and contains 9 hypervariable regions which enable reliable
taxonomic classificatioKlappenbach et al., 2001Jhe 16S rRNA gene copy number varies
considerably between bacterial species, withfaecali®f the Firmicutes phylum obtaining

4 copies whilsk. coliof Proteobacteria harbours between 7 and 9 cop€appenbach et

al., 2001) In this study, gene quantification revealed an average of 62.4% reduction in total
bacterial load in the deinctioned ileum across the patient cohort. However, the reduction

in bacterial cell numbers may be underestimated due to dysbiotic shift in favour of
Proteobacteria which appear to obtain more copies of the 16S rRNA gene per bacteria.
Despite this, the osrarching conclusion that total bacterial load is significantly reduced in

the defunctioned ileum remains the same.
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Loss of total microbiota is also reported in patients with anorexia nervosa when compared
to gender and age matched contro{®orita et al.,, 2015) Anorexia nervosa patients
electively halt their intake dbod, without receiving artificial nutrition such as TPN, meaning
the intestine is consequently defunctioned and the microbiota starved. The observed
reduction in total bacteria was attributed to significant losses of members of the Firmicutes
phylum, ircluding Clostridium and Streptococcus, as weBasteroide®f the Bacteroidetes
phylum (Atarashi et al., 2013)These observations are consistent to that repdrti
defunctioned limb of loopleostomypatients in this study with a loss of Streptococcus and
Clostridium reported in both DGGE and lllumina® deep sequencing analyses. Moreover,
expansion of the Firmicutes phylum is frequently found in obese humanalasodorrelated

with adaption of a westernised diet, which is likely due to an increased capacity for energy
harvest from high fat diefTurnbaugh et al., 2006, De Filippo et al., 200¥nsidering this,

such drastic losses of predominant microbial phyla in the nutritionally deprived defunctioned
intestine is to be expected. This research also reported parallel increases in the abundance
of the Proteobacteria phylum following a period of enteral nutrieieprivation. Such shifts

in microbial abundance are likely due to changes in nutrient availability within the intestine.
Members of the Proteobacteria phylum have previously been shown to achieve increased
survival rates in nutritionally restricted envirorents, including sterile PBS and sewage water
when compared with other bacterial populatio(Sinclair and Alexander, 19840 addition,
literature has recently begun to consider Proteobacteria as a microbial signature of dysbiosis
in the intestine due to its recurrence in various dysbi@sisociated diseases, patiarly IBD
(Baumgart et al., 2007)t is also important to note that the microbiota sequencing data is
presented as relative proportions in abundance meaning increases repdmtexrtain
microbiota populations, such as Actinobacteria and Proteobacteria, may be a reflection of

the reduced total bacteria load, rather than increases in their numbers.

lllumina sequencing of mucosassociated microflora provided detailed insights into the
microbial profiles of the functional and defunctioned intestine and distinct differences were
observed throughout the cohort. Despite analysing phylogenetic profilegehus level, we
were unable to define a specific microbial profile characteristic of either nutritional
environment. Although disappointing, this is largely unsurprising considering culture

independent sequencing studies have demonstrated that an ingialidan host up to 200 of
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a possible 1,000 specisvel phylotypes and reports have noted significant variation in

species composition within the intestinal microbiota between healthy individ4alsrshina

and Rudi, 2015, Eckburg et al., 2006jven the enormous and unique diversity of the

intestinal microbiota, it is becoming seemingly unlikely that a determinative loss or gain of
ALISOATAO ol OGSNAIE 3ISYSNI F2N) ReaoArd@a al fA@ ¢
principle will not extend past the phylum level. To transition into clinical application the
individuality of intestinal microbiota must be accommodated and it may be that diagnostic

and therapeutic techniques will become personalised. Furtherndereasing costs of next

generation sequencing technologies will promote such clinical advancements.

The data presented herein also suggests that increased taxonomic diversity in functional
ileum may better preserve microbial profiles through a periofl enteral nutrient
deprivation. Previous studies have demonstrated that communities rich in diversity are more
resistant and resilient to perturbing environmental factors and biological invasion. For
instance, the invasive capacity of the we&depis tetorum, was found to be limited in areas

with high resident plant diversity due to limited nutrient and light availability, increasing
biological competitio{Naeem et al., 2000}-urthermore, soil microbial communities high in
species richness were found to be more resilient to various environmental stressors, such as
copper and excessive heat, than those with low diver&Byiffiths et al., 2005)This was
suggested to be due to a larger functional capacity of the diverse microbiotap8ociple

can also extend to the intestinal microbiota as low microbial diversity in the intestine has
been correlated with IBD, but it has not been yet determined whether such observations are
causative or consequential of diseag@/illing et al.,, 2010, Butto and Haller, 2016)
Considering this, techniques to promote the intestinal microbiota diversity prior to loop
ileostomy formation may prove to increase microbial resilience to eterutrient
deprivation and thus attenuate dysbiosis. Nonetheless, additional analyses employing OTU
counts to quantify and compare microbiota populations and overall diversity within the
functional and defunctioned intestine, with increased sample numpe&srequired to

confirm such suggestions.
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Here we present a novel human model of dysbiosis that enables assessment of variations in
the presence and profile of the intestinal microbiota, as a consequence of dietary
modification. The primary advantage this model is the paired functional sample obtained
from the same individual at the same time as the defunctioned. The paired sample nature
enables control of genetic and environmental bias as consequences of potential perturbing
factors, such as contamants from showering or changing ileostomy pouch for example, will
be apparent in both functional and defunctioned samples and therefore eliminated during
subsequent analyses. However, despite such unique advances, this model is not without its
limitations. Firstly, the anaerobic environment of the intestine is likely compromised during
ileostomy as the limbs are sutured to the abdominal wall. Due to this, we cannot determine
whether possible key bacteria have been eliminated from both limbs due to inadequat
growth conditions. Furthermore, this model is executed utilising the ileum of the small
intestine and although the majority of enzymatic digestion and absorption occurs here,
bacterial fermentation of indigestible complex carbohydrates, crucial mediatbrsost

health and disease, occurs in the co{dmemaroli and Backhed, 2012he consequences of
dietary modification in the small intestine are therefore arguably less relevant than those
observel in the colon. Future studies applying this model to colostomy patients may prove
beneficial, however only 35% of colostomies are tempanaogentially making recruitment

of patients undergoing reversal surgguroblematic (WWW, Colostomy Association)

In the context of patients recruited to this studgespite loop ileostomy generating such
drastic nutritional environments, research had not yet been conducted to elucidate potential
effect on the intestinal microbiota in the defunctioned ileumhid dda demonstrates
patients undergoing loop ileostomy reversal surgery harbour substantial dysbiosis in the
defunctioned ileum with profound shifts observed in microbiota predominance. Previous
research has demonstrated the crucial impact microbiota have aimt@nance of intestinal
homeostasis asvell as rapid breakdown of EBF associated with dysbiosis (as discussed in
literature review). Considering we have observed such profound dysbiosis in the
defunctioned ileum, future studies should investigate the consequences of dysbiosis on
defunctioned ileal morphology and homeostasis in view of potential implications for the

success of ileostomgversal surgery.

Collectively, findings presented within this chapter revealed that dysbiosis occurs in the

defunctioned ileum of loop ileostomy patients following enteral nutrient deprivation.
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Furthermore, we have presented a novel human model of dygsbiwhich can be utilised in
future studies to determine host microbiota profiles influence on intestinal physiology with

consideration to dysbiosis associated diseases.
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Chapter 4.

Investigatingthe morphology of functional and
defunctioned ileum following ileostomy

mediated faecal stream diversion
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4.1 ¢ Rationale:

The structure of the human intestine has evolved to support its primary function; the
absorption of nutrients and water from luminabntents. This function is aided considerably
by diverse metabolic actions of the intestinal microbiota and in return such resident
microorganisms receive sustenance from host enteral nutrition, inducing a state of host
microbiota mutualism. Loop ileostomgeprives the downstream intestine of enteral
nutrition, rendering it inactive until reversal surgery is carried out an average of 12 months
post formation. Research presented in chapter 3 demonstrated that loop ileostomy
mediated enteral nutrient deprivaén leads to profound disruptions to microbial structure
and abundance, termed dysbiosis, in the defunctioned ileum. However, the physiological

consequence of this dysbiosis remain yet to be investigated.

Previous mouse models have demonstrated thalNTRe, which deprives the intestine of
enteral nutrition equal to that of loop ileostomy, leads to microbial dysbifidiyasaka et

al., 2013) In addition, rats fed on exclusive TPN for 8 days were observed to develop
circunferential atrophy with remodelling of the intestinal wall, such as increased thickness
of the submucosal layers, throughout the intestine when compared to identically housed rats
fed and wateredad libitum (Ekelund et al., 2007)it is also known thatecognition of
commensal microbes bYEC TLR mediates hasicrobiota crosstalk and is crucial for
maintaining intestinal homeostas{RakoffNahoum et al., 2004)Collectively, this research
supports a probable role for the microbiota in influencing intestinal physiology in the

defunctioned intestine, consequential to enteral nutrient deprivation.

Chapter 3 utilised loop ileostomy patients undergoing reversal surgery, to investigate
nutritional influence on the presence and profile of the intestinal microbiota. The same
patients also lend themselves as a novel human model for analysis of how distinct microbial
populations may alter intestinal physiology, promoting either health or diseasewisiké¢o
chapter 3, the paired nature of obtained samples will enable intrapatient analysis of intestinal
morphology following enteral nutrient deprivatienduced dysbiosis whilst controlling for

interpatient genetic and environmental variability.
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This esearch model will also enable consideration of pmzérative clinical outcomes for
patients undergoing loofleostomy reversal surgery. In addition to the inconvenience of a
second operation for loop closure, the reversal procedure is associated withstastial
morbidity of 2:70%(Shabbir and Britton, 2010Fmall bowel obstruction ar@hastomotic
leakage are the most common posiperative complications with respective incidence rates
up to 22% and 19%Pemberton et al., 1987, Phang et al., 1999-HEsuna et al., 2012)
Further complications include prolonged postoperative ileus and faecal incontinence, as well
as incisional hernia and wound infections at the site of stoma foong&tHussuna et al.,
2012) Due to such complicationsroaind 5% of cases prove to be irreversible, leaving
patients with a permanent stoma and a reduced quality of (Bailey et al., 2003)
Investigation ofleostomymediated enteral nutrient deprivation and resultant influence of
dysbiosis on intestinal structure and funatiowith particular consideration to the rate of
postoperative complications, may potentially identify a novel therapeutic target for

improving the success of ileostomy reversal surgeries.

This thesis proposes that dysbiosis associated with loop ilegstoetiated enteral nutrient
deprivation in the downstream intestine results in distortion of intestinal morphology,
potentially via a loss of hoshicrobial interaction at the mucosal surface. We also suggest
that these mechanisms underpin the substantiabrbidity associated with ileostomy

reversal surgery.

90



4.2 ¢ Research Aims:

- Investigate the consequence of enteral nutrient deprivation and resultant dysbiosis on

intestinal function and morphology, utilising a novel human model.

- Explore possible n@hanisms by which microbiota impact intestinal function and how these

may influence clinical outcome of ileostomy reversal surgery.

4.3 ¢ Methods Summary:

Full thickness excised functional and defunctioned tissue sections, obtained from 35 patients
undergoing ileostomy reversal surgewere fixed, embedded and sectioned, as described in
section 2.2.8.1. Morphological analyses measuring villous height, crypt depth and
inflammation were performed on tissue sections from paired sampkeS. poliferation and
apoptosisrateswere assessed using immunofluorescence PCNACHDKIT TUNEL assays.
Participant demographics and pesperative clinical data were recorded and compiled for

exploratory data analysis using a scatterplot matrix.
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4.4 ¢ Results:

4.4.1 - Defunctioned ileum is atrophied but not inflamed at the time of loop ileostomy

reversal.

Assessment of intestinal morphology was conducted via qualitative and quantitative analysis
of histological sections. Atrophy of villi in the defunctionediih is immediately apparent

from figure 4.1A, with visibly distorted and stunted villi, in comparison to that of the paired
functional control. Following quantification, a 47% +15% reduction in average villous height
was observed in defunctioned ileum df patients, compared with functionafigure 4.1B).

This reduction in villous height was found consistently across all paired samples tested (figure
4.1C).
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Figure 4.1¢ Histological analysis of villous height in functional and defunctione
intestine. (A) Representative H&E stained sections, magnificatianB) Average villous
height £SEM (=9, p=0.0004) (C) Paired villousigkt (n = 9).

Data published iBeamish et al. (2017)
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Histological analysis of crypt depth was performed to assess total mucosal height and atrophy
of the mucosa found to extend to the crypts with a significant reduction in average crypt
depth inthe defunctioned limb following enteral nutrient deprivatiofigure 4.2A). The
average crypt depth in the functional ileum was 306 UM £48 uM, decreasing to 266 uM £31
UM in the defunctioned ileum, which constitutes to an 11.5% +12% overall reduction
observed in average crypt depth across all patients testigdre 42A). Analysis of paired

data revealed a varied response to enteral nutrient deprivation across the cohort with the
shortest of functional crypts seeing a slight increase in crypt depth in the defunctioned ileum
(figure 4.8B).

A 350 - * B 400 -
2 300 - 350 1
K T
8 250 - : g 0 -
a 2 250 | o
S 200 - %_
b o 200 -
ﬁ 150 - Q
> 8 150 -
© )
% 100 - O 100 -
50 - 50 -
0 - - - 0 w ‘
Functional Defunctionec Functional Defunctioned

Figure 4.2¢ Histological analysis of crypt depth in functional and defunctioned

intestine. (A) Averagecryptdepth £ SEM (n =9, p = 0.02) Bairedcrypt depth (n = 9).

Despite drastic mucosal atrophy identified in defunctioned ileum, scoring the extent of
mucosal damage, imune infiltrate and goblet cell depletion, revealed no significant
inflammation in the defunctioned ileum compared witimctional figure 4.3, suggestivef

an absence of chronic inflammation at time of reversal surgery.
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Figure 4.3¢ Histological analysis of inflammation in functional and defunctione
intestine. (A) Averaganflammation score £+SEM (n =9, p = >0.0pP@drednflammation
score (n =9).

Data published in supplementary materidiBeamish et al. (2017)

4.4.2 ¢ Villous atrophy accourdble to reduced IEC proliferation in defunctioned crypts

rather than increased anoikis.

Homeostasis of the intestine is maintained by a fine balance of epithelial cell proliferation in
the intestinal crypts and anoikis at the tip of the \(frisch and Francis, 1994 assess
potential functional impact of enteral nutrient deprivation upepithelial replenishment,

the proportion of proliferative cells per crypt and rate of apoptosias determined via

immunofluorescent PCNA antibody and TUNEL sta{fionge 4.4, figure 4.6).

Loop ileostomymediated defunctioning resulted in a declimethe percent of proliferating

cells, visualised as PCiddsitive IECs per crypt (38.1%.%; figure 4.5) compared to that
observed in the functional controls (61.8% +11.9%; figure 4.5). This represents an overall
average reduction of 23.7% +4% #rb, p=0.01; figure 4.5A), supportingvidence that

microbial changes influence IEC proliferation.
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Figure 4.4, Assessmenbf IEC proliferation in functional versus defunctioned intestine
Representative immunofluorescent PCNA labelling (green) to meagtoliferation.
White arrows illustrate individual proliferating cells identified for quantificatiaul.
nucleated cells, counterstained using Hoechst 33342, are colouredlbaigpe control

represents norspecific antibody binding. Data publifed inBeamish et al(2017)

95



A B
> 80% - 5 80% -
?5‘ * % o
3 70%- o 70% -
© Z60% - O  60% -
[a 5 ()
€ < 50% - = 50% -
88 S5
5 o 40% - < QL > 40% -
a3 = 5 ©
© O 30% | 5 30% -
cs A
& 20%- g 20%-
> o
< 10% - S 10%-
0% - : ‘ 0% : ‘
Functional Defunctioned Functional Defunctioned

Figure 4.5 ¢ Relative quantification of IEC proliferation in functional versu:
defunctioned intestine.(A) Average percent proliferating PCNA positive cells/cnRIEM
(n=5; p=0.01). (B Paired percent PCNgositive cells per crypt in the functional an

defunctioned inteine (n = 5).

Data published iBeamish et al. (2017)

TUNEL staining, which measures the extent of double strand DNA breaks generated during
apoptosis, revealed no difference in rates of apoptosis between the functional and
defunctioned ileum (figurd.6). Thissuggestghat reduction in villous height is likely due to
decreased proliferation of IEC rather than increased apoptosis, which may be due to a

dysbiosisassociated lack of prproliferative microbial signals.
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Representative immunofluorescenftUNEL labellingred) to measureapoptosis All
nucleated cells, counterstained using Hoechst 33342, are colouredB)Magnification
10 x. (B)Magnification 20x. (C)TUNEL +ve control treated with DNAse and TUNEL

control treated with TdT reaction cocktail onMagnification 16.



4.4.3 ¢ Blood CRP levels are raised but albumin and WBIs remain normal post

ileostomy reversal surgery.

To monitor postoperative clinical outcomes, routinely obtained serum CRP, Albumin and
WBC levelsvere recorded(table 4.1).As per Lancashirdeaching Hospitals NHS Trust
guidelines, the healthy reference ranges for serum albumin, CRP and WBC levels are as
follows: 34-54 g/L, 0-5 mg/L and 4.011.0 x1(/L, respectively. We found a substantial
elevation in postoperative CRP levels with an averagfeB7.9mg/L, andnormal levels of

serum albumin (average 38dlL) across the patient cohorFurthermore, # WBC counts

remained within referene range with an average of 9.4 10

Table 4.1- Mean Participant Demographicand
Postoperative Clinical data
Age (years)*| 58 (+16)
BMI* | 26.0 (£2.4)
Days since ileostomy formation] 392 (+264)
Gender (% females 51
Length of Hospital Stay (Days 6 (+4)
Postop CRP (mg/L| 87.9 (x54.8)
Postop Albumin (g/L)| 38.1 (+3.4)
Postop WBC (x19L) | 9.4 (+1.7)

* The mean is given with standard deviation in parentheses.
Abbreviations: BMI, body mass index; CRire&tive protein; WBC, white blood cells.

Data published iBeamish et al. (2017)

4.4.4 ¢ lleostomy reversal surgery is associated with substantial morbidity.

Patient postoperative clinical outcomes were documented to investigate potential influence
of dybiosis on clinical outcome of ileostomy reversadgery(table 4.2) Atotal morbidity

rate of 48.6% was observed pemperatively across the cohort, with wad associated
complications being the most common with 14% incidence, followed byquetative ileus

and erratic bowel functiototh with 11% incidence_ess prevalent complications included
abdominal distension and anastomotic leak with 8.6861 2.9% inidence, respectively.
Finally, 51.4% of patients recovered without complication, despite prolonged enteral

nutrient deprivation.
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Interestingly, two of the patients who developed pagierative ileus were also measured
for total bacterial load and weréound to have a higher than average reduction in total
bacterial load than the patients who did not (average reduction of 62.4%; patient 001 had

71.6% decrease, 038 had 97.2% decrease in total bacterial load).

Postoperative Complicationy  # %
lleus 4 11.4
Wound 5 14.3
Bowel function| 4 11.4
Anastomotic Leall 1 2.9
Abdominal Distensioff 3 8.6
Total Complicationg 17 48.6
Without Complication| 18 51.4

Table 4.2¢ Incidenceof postoperative complications following ileostomy reversa

surgery.#, number of patients affected; %, percent of patients affected across coho

4.4.5 ¢ Exploratory analysis of participant demographics revealed associations with clinical

outcomes.

Scatterplot matrix analysis was performed to investigate potentigbeisitions between

sample variables, particularly regarding changes in intestinal microbiota and clinical
outcomes. Full scatterplanatrix is located irappendix10 whilst noteworthy correlations

are presented ifiigure 4.7 Firstit was identified that prcent decrease in total bacterial load

positively correlated with mean posiperative CRP levels, mean pogterative WBC count

and with increased duration of hospital stay post loop ileostomy reversal surgery.
Furthermore, a strong positive correlatioraw/identified between mean posiperative CRP

f S@Sta FyR NBfIGAGS APOtNdBdctari@ ahyld and corcanita®tNE A R S (i
relative decreases in the Firmicutes phylum. Interestinglyation of hospital stay was

found to have no correlation ith patient age or BMI, factors which may have existed as

confounding variables.
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Figure 4.7¢ Noteworthy scatterplots correlating participant demographics with post

operative clinical data.R estimates fit of model to data and is the square of the Pear:

correlation coefficient.

(Continued)
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4.5 ¢ Discussion:

The data presented reveadsibstantial distortion of intestinal mucosal architecture following
enteral nutrient deprivation, with significant atrophy of villi in the defunctioned ileum.
Similar results were also reported in the rat jejunum following defunctioning by a blind end
Rouxen-y anastomosi¢Kovalenko and Basson, 201R)kewise to ileostomy patients, food

is provided for the rat, offering nutritional sustenance, whilst the bypassed jejunum remains
sedentary. This study reported mucosal and fiboromuscular atrophy when compared with
adjacent functional bowel and remarkagb$uch changes were observed within only 3 days

following initial anastomosis formation.

Previous studies have hypothesised that morphological dysfunction observed in
defunctioned ileum is likely a direct consequence of nutrient depletion. It is undedgteat

SCFA such as butyrate, act as nutritional substrates for epithelial cells and so such
assumptions are plausib{€sordas, 1996T he research presented herein demonstratiealt
ileostomy-associated defunctioning results in a reduction in IEC proliferation. Miyasaka
reported that mice fed exclusively on TPN demonstrated a reduatid&C proliferation in a
MyD88 dependent manngiMiyasaka et al., 2013MyD88 knockout-(-) mice, which lack

TLR signalling pathway function that is crucial in fmistrobiota homeostasis, presented
normal levels of IE@roliferation irrespective of enteral nutrient deprivation, but wilgbe

TPN mice, with reduced IEC proliferation, demonstrated a characteristic significant shift in
microbial dominance from Firmicutes to Proteobacteria, consistent with findings in loop
ileostomy patients presented in chapter 3. Furthermore, physiological preservation of
epithelial barrier function in MyD88- TPN fed mice was also reported, indicating minimal
disruption to intestinal morphology, suggesting that intestinal microbiotduérfce host
immunological responses and thus mucosal architecture. Considering this research with the
data presented in chapters 3 and 4, it is reasonable to conclude that the reduction we
observed in IEC proliferation and resultant intestinal atrophyhighly likely to be a
consequence of dysbiosis, via altered hostrobial interactions at the intestinal surface,

rather than exclusively due to nutrient deprivation.

Further support for this principle is provided by clinical studies which have attentpted

stimulate the defunctioned intestine prior to reanastomosis and loop closure, utilising a
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sterile saline solutiofMiedema et al., 1998, Abrisqueta et al., 2013, Abrisqueta et al., 2014)
Such studies were conducted with the aim of gradually activating cellular mechanisms of
absorption and motility to restore functionality to the intestine prior to reversal surgery.
However, there hae been varied and limited reports of success at reducing-ppstative
complications, particularly posiperative ileus. The rationale and practice within these
studies vastly disregards the importance of a healthy gut microbiome for proficient intestina
function. In particular, the absence of nutritional value to the stimulating solution used within
these studies is likely to conserve dysbiosis and continue to promote mucosal distortion in

the weeks prior to ileostomy reversal surgery.

Another possile mechanism which may underpin the observed physiological changes in the
defunctioned ileum involves direct nutrient sensing by enteroendocrine cells. Postprandial
nutrients including sugars, amino acids, SCFAs and bile acids are known to act as substrate
for GPCRs and transporters on the luminal surface of enteroendocrine cells (reviewed in
Gribble and Reimann (203)6puch interactions induce secretion of gut hormones, glucagon
like peptide 1 (GLB) and cholecystokinin (CCK), which function to regulate intestinal
mobility (Camilleri et al., 2012, Lin et al., 200Zherefore a loss of enteral nutrition, as a
consequence of loop ileostomy methd faecal stream diversion, deprives enteroendocrine
cells of luminal nutrients and thus attenuates CCK andXahBdiated functional activity
within the intestine. This mechanism likely occurs simultaneously to dyshkissixiated
disruption of hostmicrobiota interactions at the intestinal mucosal surface, consequently
perpetuating the deterioration observed in intestinal morphology and function in the study
cohort. Novel therapeutics to provide nutritional sustenance to defunctioned ileum may
potentially achieve rebiosis and activate host cellular mechanisms prior to loop ileostomy

reversal surgery.

Intestinal dysbiosis has been linked to the pathogenesis of numerous chronic diseases due to
the induction of a proinflammatory state within the intestirfas discussed in the literature
review). Interestingly we identified that there was no significant inflammation observed in
the defunctioned ileum at the time of loop ileostomy reversal. We propose that this finding

is linked to the reduction observed fatal bacterial load following nutrient deprivation. The

intestinal microbiome is sensitive to local nutritional fluctuations and data presented in
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chapter 3 indicated that nutrient deprivation in the defunctioned ilesignificantlydepleted

bacterial loal. It is likely that an initial period of inflammation following ileostomy formation
200dzNB o0dzi | adzoaSljdzSyid aidalaS 2F WReaoA20GA0 ¢
be it at a compromised capacity, is reinstated preventing chronic inflammaltiowever,
reanastomosis to reinstate luminal flow through the defunctionmeéstine (figure3.2) could

restore bacterial load while maintaining dysbiosis, therefore putting patients at risk of
complicationsThis notion is also supported by our finditgt the number of days between

loop ileostomy formation and reversal is not correlated with clinical outcome or decrease in

bacterial load, meaning that the observed physiological changes are likely to occur rapidly

following loop ileostomy formation rathiehan progressively over a long period.

Blood tests, measuring CRP, albumin and WBCs are routinely used as predictors of post
operative complications and clinical outcom@rtegaDeballon et al., 2010, Hubner et al.,
2016) Complied patient data reportedlevation ofpost-operative CRP levelgith normal

serum albumirand WBGevelsacrosghe patient cohort. Significantly elevated CRP and WBC
levels are often signals of infection and in loop ileostomy reversal patients can be early
indicators of anastomotic leafOrtegaDeballon et al., 2010)The observed elevated CRP is
possibly due to incompetent barrier function in the defunctioned intestine following
reanatosmosis. However, this would likely causcreased bacterial translocation and
inflammation, yet the WBC count in these patients is considered to be normal. It is therefore
more likely that, for the majority of patients, such responses occur in consequence of a
natural inflammatory response teurgery. On the other hand, it was also identified that
AYONBF&aSa Ay GKS NBf I (A O SProte@datritilayd@écregsadd . | O S
Firmicutes are positively correlated with increased pogérative CRP levels, suggesting a
role for dysbiosisn influencing posbperative inflammatory responses. Further research to
perform precise time course analysis of CRP, WBC and albumin levetpposively may

prove useful in elucidating possible influences.

The combined morbidity rate of the cohasas identified to be 48.6%, fitting centrally within
the range of 2170% previously reported in literatu&habbir and Britton, 2010jhe most
frequently reportedpostoperativecomplicationin the studycohortwasassociated with the

surgical woundand islikely occur as a result of environmental factors such as infeatather
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than dysbiosisHowever,all other recorded complications, includirsggvere complications
such as ileus and anastomotic leakay potentially be linked tomicrobialdysbioss. Studies

have shown that depletion of microbiota populations within the Firmicutes phyla (as was
observed in our study) is associated with altered intestinal permeability and activation of
local immune cells in miggCani et al., 2009}t is plausible that dysbiosis driven changes in
the defunctioned limb following reversal surgery, promote itigsl inflammation and
contribute to an increased risk of developing pestgical complications, such as ile\e

also identified a small positive correlation between decreased bacterial load and increased
duration of hospital stay which, when paired Wwibur observation that two patients who
developed ileus were also found to have a higher than average reduction in total bacterial
load, suggests that loss of intestinal microbiota populations may increase risk of post
operative complications that ultimatg result in lengthier hospital stays. Factors such as
patient age and BMI are usually crucial factors in patient prognosis following surgery
however, for this procedure, this did not appear to be the case as no correlations were

observed between such famts withinthe studycohort.

To strengthen our hypotheses, future studies exploring the expression levels of TLR receptors
in defunctioned ileum following enteral nutrient deprivation would be most interesting as it
would elucidate our suggested mechanisof dysbiosisnediated distortion of the
defunctioned intestine. In addition, clinical studies to measure levels of bacteria and/or
associated products in the blood of patients pre, during and post loop ileostomy would offer
interesting insights into theinfluence of dysbiosis on epithelial barrier function and
subsequent clinical outcomé-inally, this research presents the microbiota as a potential
novel therapeutic target for improving the outcome of iletostomy reversal surgery.
Subsequent clinical fedmlity studies toprovide the defunctioned ileum with nutritional
sustenance prior to reanastomosis, with the aim of promoting microbiome restoration, may

prove to reduce posbperative morbidity in loopleostomy patients.
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Chapter 5:

Utilising NMR Spectroscopfased Urinary
Metabolite Profiling for Prediction of Intestinal
Microbiota Composition
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5.1¢ Rationale:

The broad diversity and functional capacity of the intestinal microbiota is becoming
increasingly recognised with the advancement of Higtoughput sequencing technologies.
However despite such advances, understanding of the functional role of even tee mo
abundant bacteria within the gut remains limited. It is well accepted that microbiota
generated metabolic products are important in maintaining health and homeostasis, most
notably during an inflammatoryesponse (as discussed in literature reviel)t emerging
studies indicate that such metabolites are also pivotal in the onset and pathogenesis of

numerous systemic and gastrointestinal diseases.

The indigenous human metabolism is tightly integrated with that of the intestinal microbiota,
whose vast gnomic capacity provides a repertoire of supplementary enzymatic and
biochemical capabilities of benefit to the ho&in et al., 2010)The significant influence
resident microbes have on the host metabolome is highlighted in a study that demonstrated
humanised mice (mice transplanted with human faecal microbiota) harboundisirinary

and faecal metabolome profiles to that of conventionally raised r(i¢@rcobal et al., 2013)

This observation indicates that differing profiles of intestinal microbes can induce systemic

changes in host metabolites, outweighing tluditthe indigenous host metabolism.

Metabolomics is defined as the systematic analysis of metabolites produced during specific
cellular processs and in recent years efforts have been made to map the intestinal
microbiota and their relationship to speitifmetabolites. A comprehensive review from
Nicholsoret al., defined several chemical classes involved in-hustobiota cometabolism

via compilation of data presented in the literature thus f@ble 51) (Nicholson et al., 2012)
SCFA are considered to be the most significant micralsiedciated metabolites due to their
localised functional influence on gut motility and IEC turnover and associations with
colorectal cancer(Park et al., 2016)However, choline metabolites, although primarily
metabolised in the liver, are also converted by microbial enzymes into trimethylamine, which
has been implicated in development of NAF{Dumas et al., 2006)Such systemic
consequences of microbiaksociated metabolites highlight the vast functional influence of

the intestinal microbiome.
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Chemical classes witexample metabolites

Associatedmicrobiota

SCFA:
Acetate, propionate, butyrate

Clostridia; Eubacterium and
Faecalibacterium

Bile Acids:
Cholate, hyocholate, glycodeoxylcholate

LactobacillusBifidobacteria
Enterobactey Bacteroides Clostridium

Choline:
Methylamine, trimethylamine,
trimethylamineN-oxide, betaine

Faecalibacterium prausnitzii
Bifidobacterium

Phenol:
Hippuric acid, hydroxybenzoic acid,
phenylacetate, phenylpropionate,

Clostridium difficileF. prausnitzji
Bifidobacterium Sulgoligranulum
Lactobacillus

Indole derivatives:
Indoleacetate, indole3-propionate,
melatonin, serotonin,

Clostridium sporogenek. coli

Conjugated fatty acids, LPS, peptidoglycar
cholesterol, phosphatidylcholines,
triglycerides

Vitamins: Bifidobacterium
Vitamin K, vitamin B12, biotin
Lipids: BifidobacteriumRoseburiaLactobacillus

Klebsiella
EnterobacterCitrobacter Clostridium

Others:
D-lactate, glucose, urea, creatinine,

succinate.

BacteroidesRuminococcus
FaecalibacteriumBifidobacterium,
Lactobacillus

Table 5.1- Humanmetabolites and associated intestinal microbiota.

Table modified from information presentedNiicholson et al. (2012)

The majority of gut microbiahetabolome studies have to date focused on targeted analysis
of covariation, such as thi microbial SCFAs, but have not yet comprehensively explored the
wider indigenousand microbiotametabolic interactions. Considering the broader nature of
the intestinal microbiome, lat alattempted to characterise key microbial populations which
influence host metabolism via functional metagenomics analyses in Chinese and American
families(Li et al., 2008)They reported that variation iBacteroides uniformig/as identified

to be positively associated with citrate aneaginoisobutyrate. Furthermore, variation in
Faecalibacterium prausnitzis assoeted with modulation of eight different urinary
metabolites, including -hydroxyisobutyrate and dimethylamine. Interestingly
dimethylamine, produced during microbial catabolism of choline, has been linked with fatty
liver and type 2 diabetes in mi¢g®umas et al., 2006nd an increased abundance of the
Firmicutes phylum, to whiclr. prausnitzibelongs, has been associated with obesity in
humans(Ley et al.2006) However, this study is limited by the employment of DGGE faecal

sample analysis as such methodology may disregard key musssadiated microbiota.

108



Furthermore, the kindred study cohort share genetics and environmental exposures and are

therefore not representative of the general population.

The research presented herein has focused on localised physiological consequences of
dysbiosis when in reality, the effects are broadly systemic, with correlations reported
between microbiotaassociated mibolites and disorders such as obesity and
cardiovasculadisease. This thesis postulates tlla¢ metabolic signatures of human urine
reflect gut microbiota composition and thus health or disease, and may potentially be

exploited as an early clinical indicator of numerous dysbiass®ciated diseases.

5.2¢ Research Aims:

- To determinewhether intestinal microbiota compositiois reflected inthe profile ofhost

urinary metabolites.

- To evaluate the capability of urinary metabolites as early predictors of various dysbiosis

associated diseases via detection of dysbiosis.

5.3¢ Methods Summay:

Study participants were recruited from Gastroenterology outpatient clinics at Royal Preston
Hospital and Furness General Hospital. A-gtidam urine sample and two biopsies were
obtained from each patient; one each from the descending and sigmoidn.célth
participants within thecohott were pooled, disregarding IBD or Control status, to facilitate

investigation of the research aims within this chapter.

DNA extracted from colonic biopsiegas utilised for lllumina® 16S sequencitog profile
intestinal microbiota and each classified microbial taxa was presented as a relative
proportion of the total number of OTUs/sample for subsequent analysiseldamples were
subjected to urinary NMR analggo profile metabolites Relative NMR peak intensitie$ o
annotated urine metabolites were normalised and scaled to minirhias due tovariation

in urine sample concentration and the presence of very abundant metabolites (e.g. urea),
respectively.Hierarchical cluster and penalised linear regression analysie utilised to

investigate potential influence of intestinal microbiota on urinary metabolite profiles.
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5.4 ¢ Results:

5.4.1 ¢ Hierarchical clustering analysis of microbiota sequencing data revealed five

enterotype-like groups.

Intestinal microbiota waprofiled via Illlumina 16S sequencing of microbial DNA extracted
from colonic biopsies that were obtained from 42 patients during endoscopic examination.
Taxonomic classification of Illumina sequencing data identified a total of 20 microbial phyla,
42 clas, 83 order, 172 family, 412 genus and 566 different species across the entire patient
cohort. The vast interpatient variability of intestinal microbiota composition is apparent in
figure 5.1with broad diversity observed across the cohort in relative prtipns of the 4

predominant phyla; Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria.

To assess similarity between the microbiota profiles, hierarchical clustering analysis was
performed on proportionate sequencing data, at phylum, order gadus taxonomic levels
(Figure 5.2 Hierarchical clustering analysis measures the distance, or dissimilarity, between
samples by pairing the closest related samples first, then methodically linking such samples
with those that are more distinct. Hieraridal cluster analysis revealed a crescendo in
interpatient variability from phylum through to genus level as the first level branches were
observed in increase in height at genus level indicating the presence of more dissimilar
microbiota profiles. In adtion, hierarchical analysis revealed 5 clusters with closely related

microbiota profiles, at order level, at a branch cut position of Biure 5.B).

Relative proportions of lllumina 16S sequencing data at taxonomic level order according to

the 5 hierarchicatlefined groups are presented figure 5.3 Eachgroup is observed to be

defined by predominant microbial order in an Enterotylpe=s manner. Grop 1 is defined by

almost complete predominance of Enterobacteriales belonging to the phylum,
Proteobacteria. Due to the limited patient numbers within group 1 it was excluded from
downstream analyses. Group 2 equates to over one third of the cohort alefited by what

Ad O2yaARSNBR G2 0S I WieLAOITQ YAONROA2GIFT
Bacteroidales and a small proportion of less predominant microbes, including
Enterobacterales and Verrucomicrobiales. Group 3 harbour reduced piops of

Clostridales corresponding increased relative proportions of Verrucomicrobiales,
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Fusobacteriales and Actinomycetales, with a consequential overall increased microbiota
diversity compared to the other groups. Proportions of Bacteroidales are relatively average
within this group. On the other hah group 4 is defined by Bacteroidales predomination with
reduced Clostridales and limited microbiota diversity across less predominant order such as
Enterobacteriales. Group 5 is distinguished by an almost equivalent abundance of
Enterobacteriales with gabined Clostridales and Bacteroidales, and a depletion of other

less predominant bacterial taxa to very low and in some cases almostxstent levels.

5.4.2 ¢ Substantial interpatient variation observed in human urinary metabolite profiles.

'H NMR spectroscopy and subsequent metabolite annotation was employed to determine
urinary metabolite profiles in the patient cohort. A representative urine NMR spectra is
presented and annotated ifigure 5.4 using TameNMR within the Galaxy framework
(avalable at www.galaxy.liv.ac.ikThe highly overlapped nature of urine NMR spectra is
visible, particularly in theromatic signals region between 6 and 9 ppfntotal of 237

metabolites were identified across 41 urine RMpectra in the patient cohofappendix 8).

As with lllumina sequencing data, hierarchical cluster analydisch assigns &uclidean
pairwise distance measute samples to denote similarity or singularityas perfomedon
normalised and scaled relative metabolite concentratidosas®ss similarity of urinary
metabolite profiles figure5.5A). No distinct grouping was observable in profiles across the

cohort as the dendrogram is predominated by small and highly dissimilar clusters.

To gain initial insights into the relationship betvethe microbiota groups and metabolites,

the microbiota group assignments for each participant were transposed onto the paired
metabolite dendrogram labeldigure5.5B). On the whole the microbiota groups are broadly
distributed throughout the metabolitadendrogram with no immediate observable trend.
However, group 2 (red) and group 3 (green) appear to cluster with themselves and each other
more frequently than any other group. Groups 3 and 5 (turquoise) are most distinct from
each other whilst group 4 [lee) has similarities with all other groups except groufidite

5.5B). Samples LTHTr013 and LANCO012 are highly distinct to all other samples as they cluster
individually with a distance measure of 30+, likely due to confounding interpatient variables

affecting metabolite composition.
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5.4.3 ¢ Various urinary metabolites are correlated with intestinal microbiota giftles in

humans.

Regression analysis of urinary metabolites was performed against the composition of four
intestinal microbiota clusters identified at taxonomic level order to investigate the potential
relationship between microbiota profiles and urinanetabolites inhumans(figure5.6). On

the whole the effect sizes, indicating extent of association between the two variables, were
small, likely as a result of large variability in metabolite profiles between patients. Despite
this, several candidate mabolites were identified; carnosine was positively correlated with
group 2 whilst negatively correlated with group 5. Epicatechin was positively associated with
groups 3 and 5 whilst inversely associated with groups 2 and 4. In addition, urocanate and
hydroxytryptophan were positively correlated with groups 3 and 4 respectively. Interestingly,

no SCFA metabolites were identified to be associated with intestinal microbiota profiles.

0.50-
0251 (Intercept)
Epicatechin
o 000-
N
A
° : :
Ko Epicatechin
 -0.25-
-0.50~-
-0.75-
2 3 4 5
Cluster

Cluster 2a 3 a4 5

Figure 5.6¢ Penalised multinomial regression analysis of urinary metabolites agail
enterotype-like microbiota profiles.Metabolites with a positive effect size are positive
correlated with microbiota profile witst a negative effect size indicates atige

correlation with corresponding microbiota profile. (Intercept) represents the bias of
model, i.e. the odds of choosing a cluster if the metabolite levels were all 0. Group .

omitted from analysis due to limited sample numbers.
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5.4.4 ¢ Urinary metabolites are also associated with specific microbial populations.

Considering the observed interpatient limitations related to study participant numbers in
identifying associations between intestinal microbiota profiles and urinary metabolites,
regression analysis of urinary metabolites against specific microbiota classifications at

phylum and order taxonomic levels was gisoformed figure 5.7.

As was observed with the resultstbie microbiota group regression in figube6, epicatechin

was ickentified to be the metabolite most strongly correlated with intestinal microbiota
populations At order level, epicatechin was identified to be negatively correlated with
Baceroidales and Clostridiales with an effect sizelo85 and-0.2 respectivehand inversely
correlated with Enterobacteriales, Lactobacillales and Rhizobiidesq 57). Also observed,
urindine monophosphate (UMP) negatively correlated with Clostradiales but strongly
correlated with Enterobacteriales whilst trigonelline was found to have inverse correlative
trends to UMP. In addition, -Rarbamoybeta-alanine and ZHydoxyisovalerate were
identified to have small effect sizes in positive and negative correlation with
Enterobacteriales and Clostridales, respectively. Cytidine was identified to have a similar
correlation profile to epicatechin as it was found to negatnarrelate with Bacteroides and
Clostridales and positively correlate with Enterobacterigtesyever, the overall effect sizes,
indicating extent of association between the two variables, were small, suggesting that the
representativeness of the microbigopulations may be limited due to large interpatient

variation in urinary metabolites.

These findings phylogenetically translate to that presented in figuBewith epicatechin,
cytidine, NCarbamoybeta-alanine and UMP iddified to negatively correlate with
Bacteroidetes and Firmicutes phyla and positively correlate with Proteobacteria phylum.
Trigonelline was identified to be negatively correlated with Proteobacteria and positively

correlated with Firmicutes.
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Figure 57 ¢ Penalised linear regression analysis of urinary metabolites againsstinal microbiota taxa at ordetaxonomic level.Metabolites with

a positive effect size are positively correlated with microbiota taxa whilst a negative effect size indicates negatiediocordth corresponding

microbial taxa(Intercept) represents the bias of the model, i.e. the odds of choostigster if the metabolite levels were all 0.
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5.5¢ Discussion

This chapter aimed to explore the temtial relationship between intestinal microbiota
composition and urinary metabolites in humans, with the ldagm goal of utilising urinary
metabolite analysis as a potential rapid and convenient indicator of health and disease. To
do this intestinal mirobiota profiles and urinary metabolites were determined for 42
patients utilising lllumina® 16S sequencing AAdNMR spectroscopy, respectively then

compared via hierarchical and regression analyses.

First, hierarchical cluster analysis of intestirmatrobiota profiles at taxonomic level order
identified 5 distinct enterotypdike groups within the study cohort, each predominated by a
different bacterial taxa. Interestingly, none of these profiles were unigue to this study and
have all been previouslyeported in the literature as associated with health or disease
phenotypes. Groups 1 and 5 were predominated by Enterobacteriales belonging to the
phylum, Proteobacteria, with significant reductions observed in the proportion of all other
microbial orders particularly Bacteroidales and Clostridales. Such microbiota composition is
often reported in cases of active IBD and CRC, which are primarily defined by an outgrowth
of EnterobacterialegFrank et al., 2007, Sobhani et al., 20Gjoup 2 was identified to be
largely predominated by Clostridales and Bacteroidales, then harbour a small proportion of
order such as, Enterobacterales, VerrucomicrobialesAgtthomycetales. Such microbiota

Ad O2yaARSNBR (2 0SS Wy2N¥IfQ YR | aa20AFGSR
host-microbiota tolerance and promoting overall host healffhe Human Microbiome
Consortium (20123nd as discussed in literature reviewlowever it is also observable within

this group that several patients are largely predominated by Clostridales. Such vast expansion
of Clostridales has also been reported in cases of obesity, with a disrupted Bacteroidetes to
Firmicutes ratio and reduckoverall microbial diversit§Turnbaugh et al., 2009Group 3 was
defined by reduced proportions of Clostridales to create an even Bacteroidetes to Firmicutes
ratio. A reduction in the Firmicutes phylum is often linked to carbohydratkiced diets and

so may be a refle@in of host dietary preferencefe Filippo et al., 2010¥croup 3 also
appeared to have increased proportions of typically less predominant microbial populations.
This may be a reflection of pathobiont expansion in consequence to a loss of predominant
microbial populations and reduced nichempetition. Group 4 was identified to have a shift

in microbiota predominance to Bacteroidales with reduced Clostridales and overall bacterial

diversity in less predominant order. Expansion of the Bacteroidetes phylum has been
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previously correlated withlliets that are protein rich but reduced in calori@ussell et al.,
2011, Monira et al., 2011puch diets and their associated microbietgerotype have been
suggested to be detrimental to intestinal health due a reduction in protective micta@bio
mediated SCFA synthesis and a concomitant increase in easseciated metabolites

(Russell et al., 2011)

The fourpredominantenterotypelike groups identified within this study soméat conform

to those suggested in the literature to be defined Bgcteroides, Prevotell&uminococcus
and Enterobacteriacaeabundance (Arumugam et al., 2011, Harmsen and C., 2016)
Bacteroidesand Prevotellaare genus classifications within the order Bacteroidales whilst
Ruminococcus andnterobacteriacaeare classifications belonging to €lddales and
Enterobacteriales respectively, thus fitting with 3 of the microbiota groups identified in the
cohort within this study. This trend also indicated that the data presented fits into different
categories of dysbiosis with group 2 typically es@nting health and the other groups
signifying distinct profiles of dysbiosis that may be associated with various diseases.
However, longerm participant follow up and assimilation of medical history would be
required in future studies to confirm whethesuch profiles are retained over time and

identify any connections to clinical complications.

It is known that various intestinal microbes contribute to host metabolism, but it is likely that
the full breadth of such interactions will not become apparéot many years, as the
contentsof table5.1 continuesto expand. For example, it is not currently understood which
microbes are involved in the conjugation of glycine and benzoic acid to form hippurate,
despite it being one of the most frequently detedterrinary metabolitegBouatra et al.,
2013) This study aimed to perform broad functional charasation of the intestinal
microbiota relationship with urinary metabolites and several associations were identified.
Epicatechin was observed to be positively correlated with groups 3 and 5 but negatively
correlated with groups 2 and 4, thus suggesting@gative association with potentially cancer
and obesitylinked dysbiotic profiles. Epicatechin (KEGG ID: C09727) is a polyphenolic
flavonoid present in abundance in plants, cocoa, tea and grapes which is known to have
strong antioxidant properties and hdmeen shown to mimic the effects of insulin, offering

protection against dibetes KEGG pathywaysanehisa and Got@Q00) Samarghandian et
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al. (2017). Furthermore epicatechin and associated metabolites have recently been
identified to harbour protective effects in cervical cancer by attenuating proliferatiotro

in HeLa cell§HaraTerawaki et al., 2017)'he mechanisms underpinning such observations
remain speculativebut the health benefit of this metabolite is undoubted. The negative
association observed in this study between epicatechin abundance and groups 2 and 4
microbiota enterotypes indicates a potential role for epicatechin as aineasive predictor

of dysbiwis and associated complications including obesity, type Il diabetes and cancer.

Urocanate (KEGG ID: C0785) is a metabolic intermediate derived fromahdshicrobiota
mediated metabolism of histidine to glutamat€EEGG pathywaitanehisa and Goto (20Q0)

This metabolite was found to be associated with group 3 microbiota, defined by an increase
in proportions of usually less predominant microbial populations and a reduction in
Clostridiales. Whilst this profile is not readily associated with a host clinical phenotype it may
be a reflection of increased microbial diversity. Predominant metabolic functions ardyusual
attributed to the most abundant microbiota, but microbes present in minor abundances can
share metabolic functionality, promoting their survival and collectively inducing functional
changes in thdost (discussed iArumugam et al. (201))It is therefore plausible that low
abundant microbes with combined metabolic activity can substantially influence the muma
urine metabolome. It is also generally accepted that a microbiota rich in diversity promotes
host health therefore, metabolites such as urocanate may be a reflection of a diverse

microbiota, rich in low abundance species.

Carnosine (KEGG ID: C00386) is a dipeptide composed of alanine and histidine amino acids
that is abundant is muscle tissgEGG pathywayanehisa and Goto (20Q0)ncreased
carnosine levels have previously been associated with diets high in meat and fish intake
(Chaung et al., 2017)Such protein rich diets have been associated with colorectal cancer
development due to production of harmful metabolites such as nitrosamine and concomitant
losses of S@ (Russell et al.,, 2011However, a diet well balanced with protein and
carbohydrate intake has been shown to promote microbiota diversity and have sufficient
SCFA to counteract effects of such harmful metabolites and promote host l{Raifisell et

al., 2011) The observation that carnosine is associated with group 2 microbiota profile
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typically representative of health, presents itself as a potential biomarker of intestinal health

if present with a definable phydogical range.

Linear egression analysis was also performed against predominant microbial taxa in the
intestine to investigate the relationship between metabolites and different microbial
populations. The metabolites identified to be correlated witle #gnterotypelike microbiota
groups were also reflected in the microbial texssociated analysis. For instance,
epicatechin, that was identified to be negatively associated with a Firmicutes dominant,
obesitylike profile, was observed to negatively cdate with Clostridales and Bacteroidales
and positively correlate with Enterobacteriales. The strong association between epicatechin
and Proteobacteria abundance may potentially prove to be useful in prediction of localised

pathologies associated with Pemibacteria predominance, such as IBD.

Numerous studies report significant alterations in the abundance of microbiota derived
metabolites in the urine of patients with various dysbiesssociated diseasg®Villiams ¢

al., 2009, Stephens et al., 2013)his indicates that different populations of microbiota
produce different end products of metabolism that are detectible in host urine. To our
surprise, none of the metabolites identified to be associated with the ficrobiota profiles
observed inthe studycohortwere derived from the intestinal microbiota. This is likely due
to the limited study numbers, especially within each microbiota group, meaning that any
consequential changes observed in the bacterialviat metabolites were not significant
enough to outweigh the variations in endogenous and-digsociated metabolites between
the same groups. For example, -Qdrbamoybetaalanine (also referred to as
Ureidopropionic acid; KEGG ID: C02642) and UMP (KEGGO0105)etected in our
analyses, arntermediatesin the endogenous metabolism of uracil and are indicative of the
chemical complexity of urine (The human metabolome datab##ishart et al. (2009) To
overcome this, future work should increase participant numbers andextgoloy targeted
profiling of bacterial derived metabtdis to extract this potentially important information
from the dataset. Furthermore, former studies have concluded that urinary metabolites are
influenced by environmental factors more significantly than serum metabdMédsh et al.,

2006) Considering this, it may be more feasible in future work to first apply our study
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rationale and methodology to blood samples as serum is relatively easy to obtain, chemically

less complex and subject to less enviromta variation than urine.

The majority of metabolites identified in this study, including epicatechin, 2
Hydroxyisovalerate (KEGG ID: C04181) and carnosine, originate from food present in the host
diet (The human metabolome databas@lishart et al. (2009) Although such metabolites

exist mainly as a result of endogenous metabolism, they may have potential to reflect
intestinal microbiota composition. The influence of host diet on shaping the composition of
the intestinal microbiota is well documented andgtstudy has shown correlations between
hostmetabolised compounds and different microbiota profiles. It is therefore possible that
dietary metabolites present in the urine may reflect a specific type of host diet, such as
carnosine in omnivorous diets, v is indirectly indicative of the intestinal microbiota

profile of that individual.

The methods utilised for metabolite identification of NMR peaks are based entirely on
annotation via fitting to a reference spectral library of purified metabolites.cdofirm
metabolite identification, future experiments should spike urine aliquots with purified and
guantified metabolites of interest, to determine the affected NMR peaks as well as enabling
absolute quantificatior{Stephens et al., 2013furthermore, the microbiota sequencing data
are presented as relative proportions of total bacteria and mawylten misinterpretation of
microbiota predominance. For example, the increase in proportions of typically less
predominant microbiota observed in group 3 of this study may actually be a reflection of a
loss of predominant populations and thus a decreaegdrall bacterial load. It would be
beneficial in future analyses to determine the OTU counts for each microbial taxa to enable

direct comparison.

This research has suggested associations between gut microbiota profiles and various urinary
metabolites which may potentially be implicated in health and disease. To fully evaluate their
potential as predictive clinical biomarkers for various dysbiasgociated diseases, long

term follow up studies should be conducted in future to assess progressive ineidates

for each diseasassociated metabolite or metabolite profile. Although this study has
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identified correlations between microbiota profiles and various metabolites,-teng data
detailing clinical outcomes of these patients was not obtained, duéhe nature of the

original research aims, therefore such analyses were not possible.

oA

LY FTRRAGAZ2YS GKA&A adGdzRe | YoOAGA2dzate |GGSYLIS
and successfully identified potential urinary metabolites associated vafined intestinal
microbiota profiles via combined analysis of microbiomics and metabolomics datasets. Such
multi-omics approaches are relatively novel and are said to require large sample numbers,
tailored statistical analyses and considerable time investt from skilled researche(slasin

et al., 2017) This study was primarily hindered lsubstantial interpatient variability in
urinary metabolite profiles that is likely to be diassociated variation. Future work to
significantly increase study participants will aid in achieving statistical power for urinary
metabolite analysis and dowtieam integration of different omics datasets. Furthermore,
collection of qualitative data concerning participant lifestyle and diet with particular focus on
macronutrient intake, BMI, use of medicines and any additional pathologies will further assist

in elucidating the relationship between the intestinal microbiota and urinary metabolites.
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Chapter 6:

Investigating the Potential Application of
Diagnosing Dysbiosis via Urinary NMR
Metabolomics for Detection of Disease

Susceptibility.
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6.1 ¢ Rationale:

Intestinal dysbiosis is associated with numerous localised and systemic pathologies and
research presented in chapter 5 demonstrated various urinary metabolites that are
putatively associated with intestinal microbiota composition and tihesilth or disease.
Utilising IBD as an example of a localised dysbassisciated disease, this study aimed to
apply such principle to prediction of microbiota composition in health and disease states,
which may in time be utilised to aid diagnosis vépid, inexpensive and nenvasive

methods.

CD and UC are the two predominant classifications of IBD which are thought to manifest as
a consequence of a disrupted immunological response to a dyshjoticmicrobiota.
However, despite extensive efforte elucidate the complexities of these diseases, the
precise aetiology and pathophysiology remain uncertain. Current diagnostic strategies for
IBD involve combined analysis of historical clinical data, endoscopy examination and
histological assessment of uwvosal biopsies. Collectively, such techniques are
disadvantageous due to their highly invasive and titnasuming nature. Prompt and
accurate diagnosis of IBD has proven crucial for improved patient quality of life and effective
clinical management as é@nables timely administration of appropriate therapeutics. For
example, newly diagnosed Cpatients promptly given immunosuppressants such as
azathioprine, were observed over a period of 26 weeks and feomater remission earlier

and more frequently tha those initiallygiventherapeutics considered to be less efficacious
(Ricart et al., 2008)Furthermore, the study also reported théimely administration of
appropriate therapeutics almost doubled the median time to psia between the two
cohorts(Ricart et al., 2008 At present, no adequate method for detection of IBD exists prior
to clinical presentation and so there remains an urgent requirement for novelimasive

pre-screening and early diagnostic techniques for IBD.

In recent years research has begun to investigate the role of metabolites in the onset and
progression ofvarious diseases, including IBD. Current studies have utilised both animal
models, with IE10 gene deficient micéMurdoch et al., 2008and serum, faecal and urine
sampling of IBD patients, in an attempt to identify clinical metabolic biomaddedssease.

Several studies investigating faecal metabolomics reported significant differences in the
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metabolite profiles of IBD and controls as well as between IBD subsets, CD and UC. Notably,
decreased levels of butyrate, acetate and methylamine weumdoin faecal samples of IBD
patients compared to those of healthy contrgidarchesi et al., 2007, Le Gall et al., 2011)
Similar metabolomics studies have also investigated the profiles of urine obtained from IBD
patients and controls, primarily due to the mooenvenient nature of sample collection
within a clinical environment. Reported results were largely analogous to those obtained
from faecal samples, with considerable separation of the two groups utilisinDRIb$odels.
Determinative urine metabolites ahude increases in amino acids such as leucine and
creatinine, as well as decreases in concentrations of hippurate, acetate and 2

hydroxyisobutyratgStephens et al., 2013, Dawiskiba et al., 2014)

There is evidence to sugst that the gut microbiome of IBD patients is distinctive from
controls with significant shifts observad microbial predominance (as discussed in the
literature review; Frank et al. (2007) However, despite repeated conclusive evidence
presented in the literature that IBD patients can be distinguished from healthy based on
either metabolite or microbiota profile analyses, research has notcpehprehensively
explored whether such findings are linked. It may be that dysbiosis of the gut microbiota is
accountable for changes observed in the urinary metabolome of IBD patients as a
consequence of altered metabolisin a dysbiotic gut. Evidence tagort this theory is
provided by the fact that the key metabolites identified to hold distinctive power between
IBD and controls are primarily amino acids and SQBfesrum et al.,, 2015) SCFA
metabolites, including acetate, butyrate and propionate are produced by the activity of the
gut microbiota durindermentation of indigstible complex carbohydrates (Revieweins
Covian et al. (201p) It is therefore feasiblehat IBDassociated fluctuations in the
composition of the gutmicrobiota alters synthesis of SCFAs to an extent detectible in
LI GASYyGQa dNAYySe® ¢KA&a (KSaAa LINRLR&aSa GKI G
variations in the urinary metabolite profiles which may be harnessed for-imeasive

diagnodic tests.
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6.2¢ Research Aims

- To validate literature reporting distinct microbial and urinary metabolome profiles between

IBD and control cohorts.

- To investigate potential relationship between dysbiotic gut microbiota and altered urinary

metaboite profiles in IBD patients.

6.3 ¢ Methods Summary:

lllumina® 16S sequencing microbiatad urinary metabolite profile datasets, generated as
described in sections 2.2.13, 2.2.14 and 252.BAnd analysed in chapter ,5were
retrospectivelyassignednto IBD or Control groups according tteeir diagnosis following
endoscopy and histological examination Multivariate statistical analyses, including
hierarchical cluster, PCA and OfL/&Swere employed to investigate potential differences in

microbiota and metabolite profiles in IBD and control participants.
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6.4 ¢ Results:
6.4.1 ¢ Partial separation observed between IBD and contialestinal microbiota profiles.

Intestinal microbiota profiles of IBD and control individuals were generated utiligingjng
16S sequencing and are presented at phyla, ofeeel in figuress.1 and 6.2espectively
Whilst no immediate trends are apparent between the two groups in these figtivesast

interpatient variability in microbiota composition is obvious, peutarly at order level.

Hierarchical clustering analysis of the proportionate microbiota data at phylum, order and
genus level, was performed to assess the relationship of microbiota profiles within the two
groups figure 6.3. At phylum level, foudistinct groups are apparent with the majority of
IBD patients clustering within the rightmost group, although this trend is not exclusive to IBD
patients figure 6.3). The same pattern is observed in the clustering of IBD and control
patients at order lgel, with no distinct clusters observed between the two groupgre
6.3B). At genus level there are no distinctive trends in clustering between IBD and control
patients with an almost even distribution of the patients observed throughout three main
clugers, thus indicating that interpatient diversity is more substantial than diseasgrol

group variation Figure 6.8).
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Comparison of control and IBD intestinal microbiota profiles was conducted usingiB@aA.
6.4A demonstrates little separation between the two groups with entirely overlapping
clusters. However, the plot also indicates that IBD patients appear to harbauore
consistent microbiota profile as they are observed to be gathered in a tighter cluster than
that of the control cohort. Furthermore the PCA biplot which represents the relationship
between PC scores and variables as vectors, demonstrates thatatfebnity observed
across the control cohort is accountable to proportionate difference in the three

predominant order ClostridalesBacteroidalesand Enterobacterialegfigure 6.4B).

Supervised multivariate statistical modelling utilising GBBASeveted greater separation
between IBD and control microbiota profiles with little overlap observigu(e 6.5\).
However,figure 6.3 presentsthe model overview and it can be seen that although the
model explains a large amount of the variance observedsaccohorts, as evidenced by R
values of 0.50@nd 0.159 for X and Y axis respectively, the model has a ne@&tinadue of
-0.0421 and thereforeloesnot predict disease state when applied to new data. In addition,
orthogonal variation Rvalues were identified to be 0.134 and 0.159 for X and Y axis,
indicating that a considerable amount of variation in the microbiotahef studycohort is

not related to disease groups.
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Figure 6.4; PCA of intestinal microbiotprofiles from IBD and control patients. (A)CA

scores plot andB) corresponding biplot of proportionate microbiota data, at taxonon

level order, from IBD (green) and control (red) cohorts.
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01, orthogonal variation, is the variation in X that is uncorrelated to Y.
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6.4.2 ¢ No distinct differences observed in urinampetabolite profiles of IBD and control

cohorts.

RepresentativéH NMRspectra of urinary metabolites fromBD and control participants are
presented irfigure 6.7 Distinct differences in peaks and péatensities are apparent in IBD

and control spectra, particularly the region of2-3ppm.

Hierarchical clustering analysis revealed that all metabolite profiles are largely dissimilar, as
evidenced by an absence of distinct clustpresent on the dendrsgram (figure 6.6) In
addition a minimum branch height of 15 on a relative scale of closeness for all samples is
substantially larger than that of the microbiota clustering dendrograms indicating greater
variation in metabolite profiles than imé microbiota across the cohoriThere is no apparent
similarity within the metabolome profiles of IBD and control groups evidenced with cluster
analysis, but interestingly, the three most unique profiles, individually branched on the

leftmost side of the dendragm, are those of IBD patients
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Figure 6.6¢ Hierarchicalcluster analysis ofH NMR urinary metabolite NMR profiles

from IBD (red) and control (black) cohorts
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Figure 6.7¢ RepresentativetH NVIR spectra of (A) IBD and (B) Control urisemples

with defined bucketoundaries. Metabolite annotations have been omitted for clari

bucket identities are reported in appendix 8.

Comparison of urinary metabolite profiles of IBD patients and controls utilising PCA revealed
no differencesetween the two cohorts as no segregation was observed in the PCA clusters

(figure 6.8\). Additionally, the associated PCA biplot revealed that there are no metabolites

that hold importance as evidenced by the equivalent magnitude of vectors present on the

biplot (figure 6.8B).Of all metabolites analysed, thelroxybutyrate vector was observed

to have the largest magnitude and therefore may hold potential importance in distinguishing

urinary metabolite profiles.
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OPLA supervised modelling of urine metabeldata revealed greater segregation of IBD
and control metabolite profilegfigure 6.9A)However, as was observed with the microbiota
data, the model explained a reasonable amount of variance withaRies of 0.0762 and
0.228 for X and Y axis respectivédut the model has no predictive power for disease group
with a G of -0.331 and igherefore invalid figure 6.8B). Furthermoreorthogonal variation
was identified to be higher than predictive variation withvialues of 0.0762 and 0.228 for X
and Y ais, respectively, indicating that the interpatient variation in metabolite profiles is

greater than intergroup variation.
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6.4.3 ¢ Participant demographics demonstrated well matched study cohorts but a variety

of confounding \ariables exist between IBD patients.

Considering the lack of differences observed in the intestinal microbiotanagtdbolite
profiles observed thsi far, subsequent attempts to perform integrated analysis of the two
datasets was not feasible or worthwhile. Instead review of participant demographics and
clinical characteristics was performed to assess suitability of the study cohort and the

relevant ollected data argresented irtable 6.1

Table 6.1- Participantdemographics and clinicalharacteristics of IBD cohort

IBD Control Excluded
Number (male/female 15 (8/7) 26 (13/13) 12
Average age in years (StD¢ 55 (x16) 56 (x16) -

Averagedisease duration in years (Rang 16 (042) - -
Disease Classification:

/ NB Ky Qa 8 - -
Ulcerative Colitig 5 - -
Other 2 - -
Disease state:
Active IBD 10 - -
Remission 1 - -
Untreated- new diagnosis 4 - -

Medication/treatments:
Surgical resectiof

Asacol

5-ASA

Azathioprine

Methotrexate

Budesonide|

Sulfasalazine

P ERPNPAADODN
1

A total of 53 patients consented to participation in the study, fifteen of whom were
confirmed IBD cases based on a combined review of historical, endoscopic and histological
data, whilst 26 were classified as controls as defined in the study inclusioexahgsion
criteria, resulting in largely unbalanced study groups. A variety of factors including
retrospective IBS diagnosis and complications preventing sample collection led to the
exclusion of 12 participants. The male to female ratio was well matalighdd 7% females in

the IBD group and a 50% even split in the controls. In addition the average age was almost

identical at 55 and 56 (£16) years in both groups.
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Ulceative colitis. In addition 2 patients were classified as other following diagnosis of
ischaemic colitis and collagenous colitis respectively. Furthermore, substantial variation was
observed in disease state with two thirds of IBD patients classified ased&D whilst

receiving treatment, whilst 1 patients was in remission and 4 others were retrospectively
diagnosed and had not yet received any treatment. Finally the range of treatments received

was highly variable with administration of various combioas and doses of therapeutics

and 2 bowel resections.
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6.5 ¢ Discussion

This chapter aimed to explore the relationship between the gut microbiota and urinary
metabolite profiles in IBD and Control patients, with an anticipation of identifying a novel
non-invasive diagnostic tool for IBD, with potential future application to other dysbiosis
associated pathologies. First, the gut microbiota profiles of IBD and control patients were
compared and no difference was observed between the two groups utilisitigdupervised

and supervised statistical methods. This observation is inconsistent with findings presented
in the literature as previous studies have reported substantial difference in intestinal
microbiota profiles(Frank et al., 2007)Next the urinary metabolite profiles of IBD and
controls were compared however, little separation was observed between the two cohorts
utilising hierardical, PCA and ORD& models. Again, this finding contrasts with that
reported in the literature, with distinct differentiation identified in the urinary metabolite
profiles of IBD and controléStephens et al., 2013Villiams et al., 2009)The OPLBA
statistical modelling employed in this study generated highly disparaten® G values
whilst well matchedvalues ofR: =0811; Q =0.698were reported in the Stephenset al.
study, indicating that the datpresentedin this thesis isubject to model overfittingWorley

and Powers, 2013)0verfitting occurs in supervised statistical methods when the model is
highly dependent on the training data, usuadlg a result of a large number of variables
compared with the number of observatioifé/orley and Powers, 2013Alternatively, such
discrepancies in the data presented with that in the literature nmayaict be a result of
differences in study design and implementation. For instance, the control cohort in Stephens
et al. study were seHdentified healthy individuals, whereas we recruited outpatients at
endoscopy clinics and retrospectively assignedepas to studygroupsfollowing diagnosis
(Stephens et al., 2013n addition, differentH NMR acquisition parameters were employed

in both studies as well as different data processing methods; targeted vs exploratory
metabolomics. Such variability in study methodologies can cause data discrepancies and

reinforces the requirement for widecale méhod standardisation.

Interestingly, hierarchical clustering of the metabolome profiles identified that the most
dissimilar and therefore unique samples were obtained from IBD patients. IBD is defined by
RSGSE2LIVSYd 2F | Wt I pakdothdaERF flidahg dlldss df tight SE G Sy
junction expression, increased apoptosis and chronic inflammgfanet al., 2013)Such

physiology leads to increased intestinal permeability and has been shown to result in
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escalated translocation of bacteria and derived products across the epithelial barrier and into
the periphery of the hostDemehri et al., 2013) This process is considered crucial in disease
progressionand severity, and hasduced debates to whether dysbiosis is a cause or
consequence of IBD (reviewedButto and Haller (201§)It is therefore also plausible that

a breakdown of EBF results in an uncontroifeétlix of host and bacterial derived metabolites
following aloss of absorptive selectiomechanisms This wouldmanifest substantial
alterations in thehost urinarymetabolite profile and abundam®s and may explain the highly

dissimilar profiles observed in three thle studycohort.

The lack of separation between intestinal microbiota ametabolite profiles observed in this
study may be a consequence of limited sample size, with only 41 participants in total; 15 in
the IBD group and 26 controls. Previous studies successfully demonstrating separation
between the groups have been conducted 100+ participants, likely providing sufficient
statistical power to outweigh interpatient genetic and environmental confounding variables
to accurately reject the null hypothes{Stephens et al., 2013, Williams ait, 2009) In
addition, the control population within this study is not without limitations; control
participants were recruited from endoscopy waiting lists and were categorised
retrospectively based on inclusion criteria of no IBD, IBS or colaercdiagnosis. However,

it should not be ignored that the majority of such patients were referred to endoscopy
following presentation of concerning clinical symptoms, such as chronic diarrhoea. Such
clinical features have been associated with altered itit@$ microbiota composition and
could consequently attenuate distinction between IBD and control populations. The NHS is
now gradually implementing a new CRC screening programme available to all men and
women over 55, inviting individuals for endoscopemination in addition to the faecal
occult blood test routinely utilised forcseening WWW, NH®BowelCancer ScreenipgThis
programme will benefit futurestudies as it will facilitate access to more ideal control patients

that are better representations of the general population and healthy individuals.

The reliability of the IBD test group may also be scrutinised as collated participant
demographics dethsubstantial variations between IBD participants particularly in the case
of treatments. It was found that one third of the participants were not receiving treatment,

either due to remission or new diagnosis, whilst 2 participants had previously undergon
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surgical bowel resection and the remaining individuals were in receipt of a variety of
medications. Previous research has demonstrated that various forms of prescribed
medication and treatments can attenuate metabolic discrimination of IBD patients,
particularly between disease subsets. Two studies reported differing metabolite profiles in
patentson TNE | yiA02Re GKSNI LR (2 (K2 &SepBeyfset f G§SNY I
al., 2013, Bjerrum et al., 20153y addition, the same studies demonstrated that IBD patients

who have previously undergonsurgical bowel resection may also confound statistical

outcome of urinary metabolite analyses, which is logical as a shorter colon is likely to result

in reduced or altered metabolite absorptidi$tephens et al., 2013, Bjerrum et al., 2015)
Furthermore, it has been previously reported that urinary metiéb profiles differ in patient

with active IBD and those in remissi{Idawiskiba et al., 2014¥onsidering this study was

conducted with the long term goal of developing a potential novel diagnostic or pre
screening test fo IBD in addition to other dysbios#ssociated diseases, future research

should aim to obtain samples from newly diagnosed and untreated IBD patients to remove
confounding variables and ensure representativeness, although such rigorous recruitment

criteria would have been infeasible within the time frame of this study. Longitudinal studies

GKIFEG Ay@SadAaarasS LI NIAOALIYydGa G RAFIy2aAa |
useful to eliminate confounding variables and thus facilitate monitoring téstmal

microbiota and host metabolite responses to either drug or diesgociated therapeutics.

Overall, this study aimed to first confirm reports of distinct urinary metabolite and intestinal
microbiota profiles in IBD and healthy individuals amérnt perform integrated omics
analyses, analogous to that applied in chapter 5, to investigate the potential relationship
between bacterial derived metabolites and health or disease state. However, due to limited
patient recruitment and subsequent sampleesi statistical power was not reached with the
initial aim of this study meaning the latter could not be conducted. Further research,
implementing the improvements suggested herein, is therefore required to establish
whether specific urinary metabolites anetabolite profiles can predict inflammatory bowel

disease, as an example of a dysbi@sisociated disease.
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Chapter 7:

Discussion and Future Directions

148



7.1¢ Discussiorand Future Directions

The intestinal microbiota is a highly diverse microbial ecosystem that holds vast health
implications for the human host. From promoting metabolic capabilities and mediating
inflammatory responses through to potentially influencing host behaviour via titdoigain

axis, the intestinal microbiota is undoubtedly a super organism that is pivotal in most aspects
of health and disease. Decades of research has methodically unravelled the complex cellular
and biochemical mechanisms facilitating hasitrobiota coolution as well as factors such

as dysbiosis that underpin the breakdown of homeostasis and onset of intestinal disease.
Howeverdespite such advancesaveats in this literature persist, most notably regarding
characterisation of dysbiosis antlanslation of research intoclinical diagnostic and

therapeutic applications

In relation to this project, our research area of interest concerned dysbiosis of the intestinal
microbiota and its role in the onset and as a potential predictor of associated patbslog
We first employed a novel human model utilising loop ileostomy patients to study intestinal
microbiota profiles in distinct nutritional environments, controlling for confounding
interpatient genetic and environment variability. From here we next aesthe
consequences of dysbiosis in patients undergoing ileostomy reversal surgery with
consideration to posbperative clinical outcome. Finally we attempted nHalthics
integration of NMR and lllumina sequencing data to assess the relationship between
intestinal microbiota profiles and urinary metabolites as a potential clinical indicator of
dysbiosis. Collectively, the results generated advance our understanding of intestinal

dysbiosis and provide promise for further development in future studies.

7.2 ¢ Dysbiosis as a Cause of Intestinal Pathology.

A long standing debate exists in the fieldmtestinal microbiota research as to the cause or
consequential role of dysbiosis in pathogenesis of associated diseases (reviéwtd iand
Haller (2016) One side of the argument proposes that dyskiaxcurs in consequence to
disease as localised inflammatiassociated changes epithelial integrity may select for a
dysbiotic microbiota and perpetuate disease phenotype. Alternatively, it is also suggested

that the acquisition of a dysbiotic micrada induces inflammation and causes breakdown
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of EBF resulting in disease pathology. Both theories are plausible but the latter, if proven
accurate, would influence the clinical management and diagnosis of associated diseases

considerably.

Our investigatins into microbiota composition exploiting a novel human model in loop
ileostomy patients identified that intestinal dysbiosis caused substantial distortion of
mucosal architecture, with considerablgllous atrophy as aresult of reducedIEC
proliferation which is likely due to altered hosticrobiota interactions at the epithelial
surface The use of our novel human model was advantageous as it enabled intrapatient
comparisons of microbiota profiles and associated intestinal physiology whilst contfolling
interpatient genetic and environmental variables that often confound such clinical studies.
Functional ileostomy limbs served as paired controls due to receipt of enteral nutrition and
these samples were found to maintain healthy intestinal environtemen compared to the
respective defuntioned ileum. Such findings support a causal role for perturbations in the
intestinal microbiota in localised disease pathologies as the experimental model controlled
for all confounding variables thus demonstratingpacity for a dysbiotic microbiota to

instigate disease pathology.

The aetiology of dysbiosis is regarded as multifactorial since no contributory genetic or
environmental factor is independently sufficient to instigate dysbiosis associated disease.
Consi@ring ourhuman model, the intestinal microbiota was subject to extreme insult in the
form of complete nutritional deprivation which induced dysbiosis amstinal injury.
However, it is unlikely that natural variation in host diet is substantial endoigause such
profound and detrimental dysbiosis, meaning host genetic and environmental influences are
also required for disease onset. Interestingly, the aetiology of cancer has been defined by a
WY di Ahijy@thesis which states that multipl®utations acquired in tumour suppressor
genes are required to instigate tumour growth, particularly in C&&gditsas et al., 2009)
Furthermore, this same principle has been suggested for two recedjdigsbiosis associated
pathologies, schizophrenia amdAFLD with a combinationof genetic susceptibility and
various determinative environmental factors that are encountered at different stages
through life resulting in full clinical ons€Feigenson et al., 2014, Buzzetti et al., 2016)

Intestinal dysbiosis also fits this hypothesis, with genetic and environmental factors, such as
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NOD mutations and postpartum colonisation, underpinning predisposition, then subsequent
lifestyle practices such as diet and antibiotic use whigbtpily lead to dysbiosis. Essentially,
0KS Y2NB WKAGAQ Yy AYRAGARIzZ f KIFI& SAGK LINBRA

developing dysbiosis and associated diseases.

Current treatments for dysbiosis associated diseases function to reveds&4d 6§ Q Ay RA &S
susceptibility by disrupting functional interactions that promote disease onset. These
therapeutics usually target either the aberrant immune response or the dysbiotic microbiota

to attenuate disease pathology. For example, inflammatonpldiges have been targeted

with antibody therapies suchas aiNFh | yiA02R&3 LYy Tf A EReBied T2 NJ (
et al., 2011) Alternatively, FMT which involves transplanting a healthy microbiota into a

diseased host to eliminate dysbiosis has also been explor&DitHerapy and is considered

to be more efficacious than immunomodulatory techniques which may be counteracted by

compensatory immune pathwayMoayyedi et al., 2015, Paramsothy et al., 2017)

A novel opportunity for microbiotéargeted therapeutic intervention which may provide an
interesting avenue for further researdnvolves the use of prebiotic preparations in loop
ileostomy patients. Direct administration of prebiotics to the defunctioned intestine in the
weeks prior to reversal surgery could restore the microbiota and reinstate intestinal
homeostasis, offering aimproved microbial and physiological environment better able to
promote intestinal health and repair following reanastomosis. This could potentially reduce
morbidity rates associated with reversal procedure as the risk of developing complications
such agostoperative ileus may be consequently reduced. Furthermore, the application of
probiotics to the defunctioned intestine should be considered inappropriate as artificial
increases in bacterial load within a dysbiotic and unstable physiological envirdsviiaely

to trigger chronic inflammation and perpetuate breakdown of EBF, increasing potential of

clinical complications.

Finally, one overarching conclusion from this research is that the future direction of
therapeutics is likely to progress into nigenalised treatment strategies to accommodate

individual variability in the functional composition of the intestinal microbiota. The principle
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of personalised medicine to make such accommodations has recently been explored in type

Il diabetic patients. Zvi et al. developed a clinical model which successfully utilised 16S

rRNA intestinal microbiota, clinical and postprandial glucose data of 800 individuals to predict

3f dzO2a$S NI & LAFYSE0S YIS f ANBFI2(RekeMi et df 12015)Rik résedtcyi O2 K2 N
then enabled personalisation of meal choices based on intestinal microbiota profiles which
consequently reduced the risk of diabetes via microbimiediated indirect conil

postprandial glucose levels

7.3¢ Dysbiosisas a Predictor of Disease.

t NE@OA2dza adGdzRASa KI @S RSFAYSR AydaSadaylrt YAO
a different microbial phyla and exist independent of cultural differences within the human
race(Arumugam et al., 2011, Harmsen and C., 20Ik¢se four enterotypes are suggested

to share common functionality and have been inferred with either health or disease. In our
research five distinct enterotypkke profiles were identified within the study cohort via
hierarchical cluster analysis of proportionate microbiota data. These profiles were analogous
to enterotypes described in the literature, with each predominated by distinct microbiota
populations that have previously been associated with health or disease status such as IBD
and obesity. This suggests that the substantial hinteividual variation observed in intestinal
microbiota profiles, at genus and species taxonomic levels, may not hinderaklinic
advancements as much as is currently anticipated because such rationale endorses
stratification of patients into defined microbiota subgroups. This principle is fortified with the
observation that different microbial species share common metabolic fonality and so

exert significant influences on host phenotype through combined biochemical and enzymatic
capabilities despite presence in low abundances. Ultimately, this may render microbiota
variation at species level insignificant when concerning tnectional consequences of

dysbiosis inlie onset of associated diseases.

The current diagnosis of dysbiosis associated diseases relies solely on combined assessment

of clinical presentations and historical patient data, largely due to the multifactoataire

of such diseases which makes their prediction difficult. However, considering the proposed
LAG2GFf NRtS 2F ReéeaoAz2aia ad ' RSOIGSNYAYIGADS
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diseases, and the association of specific enterotypes with vadisaases, it may be possible

to predict host disease susceptibility based on analysis of intestinal microbiota composition.
To test this theory we investigated the potential prospect that host urinary metabolites
reflect functional enterotypes. The ratiafe for this connection was supped by the
understanding that different microbial fermentation pathways produce distinct SCFA end
products, that when in excess, are excreted through urinafdremardi and Backhed,
2012) Several urinary metabolites were identified to be associated with the enterotypes
defined in our study cohort, however such metabolites tended to be diedappciated, such

as flavonoids, rather than metabolites directly asstadawith bacterial activity, such as
SCFA. This is not entirely surprising as it may be a reflection of a diet that is supportive of a
particular enterotype, rather than a reflection of enterotype metabolism. We found such
dietary metabolite associationwere replicated when correlated with four predominant
YAONROA2GIlI LIKefl & {dzOK FAYRAYy3Ia& Yl & K2fR L}RG:
through dietary means. In addition, these findings do not discount the distinguishing
potential of SCFA metabtes for intestinal microbiota prediction as the enriched and
chemicallycomplex nature of urine as a waste product of metabolism is likely to have
overshadowed fluctuations in less abundant metabolites. Targeted metabolite analyses can

be employed in futre to investigate specific metabolites of interest.

Future research should also undertake application of this theory to detect dysbiosis
associated diseases by investigating the predictive capatitye intestinal microbiota for

IBD (or another exampldisease) through urinary metabolite analysis. Previous research has
demonstrated an ability to distinguish IBD from healthy via discriminant analysis of urinary
NMR metabolite profiles, with significant differences observed in+arsd bacterialderived
metabolites(Stephens et al., 2013, Williams et al., 20@ill, research had not yet correlated
such metabolite profiles with intestinal microbiota composition and health and disease
status within the same indidual. Unfortunately our attempts were hindered by limited
sample numbers and flawed participant cohorts resulting in no distinction between IBD and
controls using metabolite or microbiota analysis. In future, particular consideration should
be paid to esure the representative nature of study cohorts to undiagnosed IBD and healthy
populations, for example. This will offer better predictive capacity to first replicate the

findings of previous studies and subsequently enable integration of the microbiata an
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metabolomic datasets to determine predictive capacity of host urinary metabolites for health

and disease.

One significant issue surrounding application of novel diagnostic or screening techniques is
the feasibility of biomarker detection. To ensure dstneam compatibility of this theory and
practise to clinical implementation, a convenient and nowasive test to detect dysbiosis
would be required. Current NMR spectrometry based analysis of urinary metabolites would
be costly, time consuming and thugfeasible on a broad scale. Following comprehensive
identification of characteristic metabolite profiles, associated with intestinal enterotypes, a
set of reagent strips could be developed to enable rapid anddost quantification of
metabolites, in theform of a urine dipstick test, analogous to that routinely utilised to

estimate glucose levels during diagnosis of type Il diabetes.

In conclusion, this thesis supports the growing body of evidence suggesting that the
microbiota is paramount in intestihgand organismal) health. Determination of intestinal
microbiota composition, ideally via rapid, inexpensive and-imwasive techniques such as
analysis of urinary metabolites, could theoretically be utilised to predict patient disease
susceptibility ad stratify patients to appropriate therapeutics. Such a -poeeening
technique lends itself well to the probable forthcoming application of personalised medicine,
as a convenient detector of microbiota compaosition that could be utilised to make informed

decisions with drug prescriptions and disease diagnoses.
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ABSTRACT

Loop ileostomy is an effective procedure to protect downstream intestinal anastomoses. lleostomy
reversal surgery is often performed within 12 months of formation but is associated with substantial
morbidity due to severe post-surgical complications. Distal ileum is deprived of enteral nutrition
and rendered inactive, often becoming atrophied and fibrotic. This study aimed to investigate the
microbial and morphological changes that occur in the defunctioned ileum following loop
ileostomy-mediated fecal stream diversion. Functional and defunctioned ileal resection tissue was
obtained at the time of loop-ileostomy closure. Intrapatient comparisons, including histological
assessment of morphology and epithelial cell proliferation, were performed on paired samples
using the functional limb as control. Mucosal-associated microflora was quantified via
determination of 165 rRNA gene copy number using qPCR analysis. DGGE with Sanger sequencing
and gqPCR methods profiled microflora to genus and phylum level, respectively. Reduced villous
height and proliferation confirmed atrophy of the defunctioned ileum. DGGE analysis revealed that
the microflora within defunctioned ileum is less diverse and convergence between defunctioned
microbiota profiles was observed. Candidate Genera, notably Clostridia and Streptococcus, reduced
in relative terms in defunctioned ileum. We conclude that lleostomy-associated nutrient deprivation
results in dysbiosis and impaired intestinal renewal in the defunctioned ileum. Altered host-
microbial interactions at the mucosal surface likely contribute to the deterioration in homeostasis
and thus may underpin numerous postoperative complications. Strategies to sustain the microflora
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before reanastomosis should be investigated.

Introduction

Loop ileostomy formation is often performed to
reduce septic complications in patients who have
undergone extensive bowel surgery. It is most fre-
quently formed following surgical resection in colorec-
tal carcinoma patients to prevent leakage of distal
anastomosis, sepsis and the requirement for urgent
repeat operation. It functions to protect downstream
anastomoses via temporary fecal stream diversion
through the abdominal wall. Despite its precautionary
therapeutic benefits, the use of fecal stream diversion
continues to be debated due to complications associ-
ated with ileostomy formation and reversal.

Previous studies have highlighted the effectiveness
of a well-formed loop ileostomy at defunctioning

downstream intestine following surgery.' Loop ileos-
tomy formation gives rise to 2 contrasting nutritional
environments; the proximal ileum remains functional
with nutrient and water absorption occurring at the
mucosal surface from peristaltic-motioned chyme,
while the distal ileum is deprived of luminal contents
and thus rendered inactive. A defunctioned loop
ileostomy is usually reversed within 12 months, rein-
stating luminal flow through the entire intestine. In
addition to the inconvenience of a second operation
for loop closure, the reversal procedure is associated
with a substantial morbidity of around 20%.> Small
bowel obstruction and anastomotic leakage are the
most common post-surgical complications with
respective incidence rates up to 22% and 10%.>°
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